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PREFACE



This volume contains the papers presented at the Symposium on


Gamma Ray Spectroscopy in Astrophysics held at the Goddard Space Flight

Center, Greenbelt, Maryland on April 28 and 29, 1978.



This was the first symposium devoted entirely to spectroscopy in


gamma ray astronomy. Its purposes were to bring together most of the


scientists contributing to all the aspects, experimental and theoretical,

of this new field and to discuss and compare ideas, measurements, calcu­

lations and technical experience in what we confidently expect to be a 
very important new discipline in high energy astrophysics.



This goal was achieved, we feel, in that a very large fraction of


all that is known about gamma ray spectroscopy in astrophysics was


indeed presented or discussed at the Symposium, yet many of these results


are new, presented here for the first time. 
 Further, the discipline is


on the brink of moving to the next level of development within the coming


year, with 
a number of satellite experiments and major balloon experiments

in gamma ray spectroscopy and in related astrophysical sciences about to be


launched. 
 We therefore felt that we should publish the Proceedings as soon


as possible, without the delays involved in reformatting the manuscripts

and extensive editing. 
 We hope that the information that will thus become


available 
 will prove to be useful to all workers in these fields.



We have ordered the papers approximately as presented, with experimental
and theoretical papers combined in each session. 
 The introductory session


is followed by the sessions on solar, stellar, and planetary gamma ray

spectroscopy, and on cosmic gamma ray spectroscopy, with the technical


discussions and previews of new experiments in the last two sessions.



The Symposium was organized by the editors of these proceedings,

T. L. Cline and R. Ramaty. 
We wish to thank the Symposium Session Chairmen,

D. D. Clayton, and M. M. Shapiro, and the Workshop Session Chairmen,

G. J. Fishman and N. S. Wall, for their assistance. We are grateful to


R. C. Reedy for supplying us the manuscript on Planetary Gamma Ray Spectro­

scopy which was not presented at the Symposium. This paper is taken from


the Proceedings of the Ninth Lunar and Planetary Science Conference


(Pergamon Press 1978, with permission). We are also indebted to R. W.


Bussard and R. P. Weaver for their help in running the conference. We 
thank F. B. McDonald for his continued support of this Symposium, and


R. S. Cooper for his interest and his contribution. We thank Barbara Pratt


in particular for her excellent secretarial help with both the organization

of the Symposium and the preparation of this document.



T. L. Cline 
R. Ramaty
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OPENING REMARKS



Robert S. Cooper



Director, Goddard Space Flight Center


Greenbelt, Maryland 20771, USA
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It is a pleasure for me to be here and welcome you all to the Goddard



Space Flight Center. I noticed from the agenda that we have speakers from



all the major groups that are interested in high energy astronomy and in



particular in gamma ray astronomy virtually in the entire free world. 
 The



agenda is particularly interesting to me and I intend to spend as much of my



time here over the next day as I can. I would like to make a couple of



points. The people here at Goddard know that when they give me an oppor­


tunity to come and welcome you, the potential is always there for me to say



something. But they have to suffer through that. I have only been at the



center a couple of years now, yet it is clear to me that one of the most inter­


esting and vital areas of research in the space program is high energy astro­


physics. Also, the high energy astrophysics group here is vital and strong



and they have a great deal of enthusiam for what they do. The other point



is that high energy astrophysics and particularly gamma ray astronomy is in



a very fermenting intellectual period right now.



Because it is in such ferment, I have tried to sort through exactly why



and how the high energy activity has grown and what its development has been



by reading and by talking to people such as Frank McDonald, Reuven Ramaty and



others. The developments have been outstanding and rapid over the last 10



or 15 years and particularly over the last few years as the detector development



and the capability to put larger and larger objects in space has grown.



One of the things I -did last night, while thinking through these developments,



was to compare the development of the activity in this scientific area to the 

development of the intellect of the human child. There is an interesting analogy 

that can be made. When a child is born he comes into the world with the ability 

only to have large scale perceptions or sense impressions of the various physical 
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phenomena about him. His eyes don't focus well; he feels heat and cold only 

in a very diffuse manner;, he is unable to integrate any of the sense impressions 

that he has and it must be a chaotic universe to him. In the beginning he 

complains about that a great deal. I think that is a stage through which this



intellectual activity has passed, and if you think carefully about the details 

many of these correspondences will come to your mind. Now, as this conference



attest's, we are passing from that early development into a period when the 

details of the sensory stimuli that come to us will be understood. That is a 

maturation of any scientific discipline when an essentiallymajor advancement in 

observational science moves from the general to the particular, from the photometry 

to the spectroscopy of the science. We are at the threshold of that period in 

both gamma ray and x-ray astronomy now. it is going to give new intellectual 

insights into mysteries of the universe.



Continuing the analogy, in human intellectual development there is another



period of maturation that occurs during the teens. That is the time when the 

human mind is able to overcome its emotional impulses and to begin to intellectualize



things, and where the sensory apparatus are largely matured, perhaps even at their 

highest capability and sensitivity. There is every evidence that high energy­

astrophysics is moving into that developmental period. The development of the 

instrumentation has reached a level where I believe over the next few years it will 

have matured essentially to what the current state-of-the-art will allow and 

perhaps in many cases to what the fundamental physical limits will allow. Also,, 

£ believe that the vitality, the intellectual maturity of the maybe few hundred 

people.who are working in this area will have reached a stage where the intellectual 

development of the physical discipline itself will be accelerating at a maximum pace. 

Society stands to benefit in many ways from the intellectual developments in this 

area over the next 5 to 10 years. There exists in the life of every human being 
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and in the life of activities of this sort a period of mature activity and



senescence;-but I don't believe that we can even see when that period is likely



to occur for the high energy astrophysical discipline.



One more point. Without the ability to do significant experiments in space, 

there really would be no gamma ray and x-ray astronomy of any note. People 

have been doing experiments in the upper atmosphere with balloons for a number 

of years and we still do some of them here at the center, but I think that almost 

all of the interest now has turned to the HEAO spacecraft, to the prospects for 

the Gamma Ray Observatory, and to follow-on x-ray experiments of major proportions 

in space. The reason, of course, is because of our ability to do major large 

scale space experiments. That is where Goddard can make some contributions. We



have in the past by placing the SAS spacecraft into orbit and helping to make 

them successful. We contributed to the HEAO program substantially and we are



looking forward to the major new high energy programs of the future. So, we 

have a great interst in this. I am glad that you are all here today and I look



forward to participating with you in this exciting review. 
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Mechanisms and Sites for



Astrophysical Gamma Ray Line Production



R. Ramaty


Laboratory for High Energy Astrophysics



NASA/Goddard Space Flight Center


Greenbelt, MD, 20771 USA
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1. INTRODUCTION



Gamma-ray lines result from nuclear deexcitations, positron annihilation



and neutron capture, processes which are expected to occur at many astro­


physical sites. Supernova and nova explosions synthesize long-lived radio­


active isotopes and eject them into space where they produce cbservable gqmma­


ray lines by decaying into excited levels of daughter nuclei or by emitting



positrons. Energetic charged particles in the interstellar medium, in



supernova remnants, in solar or stellar flares, and possibly in the vicinity



of compact objects, produce gamma-ray lines by inelastic collisions which either



excite nuclear levels or produce positrons and neutrons. The energetic particles



could result from acceleration in time-varying magnetic fields, as for example



in solar flares, or from gravitational accretion onto neutron stars and black



holes. Electromagnetic processes in the strong magnetic fields of pulsars



could produce positron-electron pairs, and line emission can result from the



annihilation of these positrons. Deexcitations of quantized states in strong



magnetic fields can also produce lines, and these have energies of tens of keV



for magnetic fields typical of neutron star surfaces.



The purpose of the present paper is to review the production mechanisms



of gamma-ray lines of astrophysical interest, to briefly discuss the siteswt



which detectable line emission could be produced, and to present realistic



estimates of line fluxes that could be expected from these sites.



The general scope of gamma-ray line astronomy prior to this Symposium has been



reviewed by Lingenfelter and Ramaty (1978), and some of the material of the



present review is based on that paper0 The numerical results for gamma-ray line



production in energetic particle reactions that are used in both these reviews are



based on the extensive calculations of Ramaty, Kozlovsky and Lingenfelter



(1978) which will be published shortly.
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The status of astrophysical gamma-ray line observations was reviewed at



the Symposium by E. L. Chupp whose paper appears elsewhere in this volume



(Chupp 1978). Here we only briefly mention some of the key observations,



and give the appropriate references for treatments of their interpretation.



Gamma-ray lines were seen from the solar flares of 1972, August 4 and



7 (Chupp et al. 1973) and possibly from the flare of 1977, November 22



(Chambon et al. 1978). The implications of solar gamma-ray observations



were treated in detail by Ramaty, Kozlovsky and Lingenfelter (1975) and



Ramaty et al. (1978), and are discussed in this volume by Lin and Ramaty



(1978). Gamma-ray lines were possibly detected from the galactic center



(Haymes et al. 1975) and from Centaurus A (Hall et al. 1976). Interpretations



of the galactic center observations were given by Lingenfelter and Ramaty
 


(1976) and Audouze et al. (1976), and in the present volume by Lingenfelter
 


Higdon and Ramaty (1978). Upper limits on gamma-ray lines from Nova Cygni



were given by Leventhal, MacCallum and Watts (1977), and the implications of



these observations are discussed by Truran (1978). A 20 minute burst of



gamma-ray lines was observed in 1974 (Jacobson 1977, Jacobson et al. 1978),



and an interpretation of this very exciting event is given in the present



volume by Lingenfeltar, Higdon and Ramaty (1978). The cyclotron line from



Hercules X-1 was first observed by Trumpet et al. (1978), and several papers
 


in this volume provide further observational results and theoretical discussions



of cyclotron line emission (Trunper 1978, Durouchoux, Boclet and Rocchia 1978,



Dennis et al. 1978, Daugherty 1978, Bussard 1978, Weaver 1978, Meszaros 1978).



The observation of positron annihilation radiation from the galactic center



was reported at this Symposium by Leventhal, MacCallum and Stang (1978a,b),



and some of the implications of this very imortant observation are aiven in



the present paper.
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The principal mechanisms for gamma-ray line production. (decay of



radioactivity from processes of nucleosynthesis, excitation of nuclei by



energetic particle reactions, positron annihilation,,neutron capture, and



cyclotron line emission) are reviewed in Section 2; The astrophysical sites 

and the estimates of line fluxes are discussed in Section 3; the implications



of the 0.51-1 MeV gamma-ray line observations from the galactic center are



given in Section 4; and a Summary is provided in Section 5.



2. EMISSION MECIANISMS 

Radioactivity. Excited nuclear levels can be populated by the decay of



long-lived radioactive species which are formed during processes of nucleo­


synthesis. The decay chains 
 hich are likely to produce detectable gamma-ray



lines are listed in Table 1, together with the relevant mean lives, yield of



radioactive nuclei per supernova, photon energies, and the number of photons



per disintegration (Clayton, Colgate and Fishman 1969, Lingenfelter



and Ramaty 1978, Arnett 1978). The supernova yields relative to the 56Ni 

yield are based on solar system abundances (Cameron 1973), and the assumption 

56 57 44that all the Fe, Fe and 'Ca in the galaxy, and 2%, 1% and 0.1%of the 

galactic 22Ne, 60Ni and 26Mg, respectively, are produced via the decay chains 

shown in this table. 
The absolute yield of 56Ni is normalized to the production



of the galactic abundance of 56Fe by approximately 1.7x109 supernovae (Clayton



1973). It should be emphasized that these assumptions are strongly model



dependent and that their validity could be best tested by the line observations



themselves.



The 2Na yield per nova is from Truran (1978). With a nova rate of about­


40 events per year and a supernova rate of one every 25 years, the average



22Ne production from novae is smaller than that from supernovae. But because



of the higher nova frequency, there is a better chance for observing the 1.275



MeV line from novae than from supernovae.
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The half-lives of the radioactive isotopes are of crucial importance for 

the detectability of the lines. Because the nucleosynthesis takes place 

in dense regions, the gamma rays cannot escape unless significant expansion 

occurs before the decay of the nuclei and the emission of the lines. For the 

lines of 56Co one expects that the medium will just become transparent in 100 

days provided that in the explosion one solar mass is ejected with a velocity



of at least 104 km/sec. If, however, the explosion leads to the ejection of



56


a larger mass, the lines from the Ni decay chain may not be observable,



but in any case the opacity of the medium should present no problems for



the detection of the lines from the other deday chains shown in Table 1.



The widths of gamma-ray lines from nucleosynthesis are determined by



For supernova
Doppler broadening due to the velocity of the expanding medium 
 

ejecta the appropriate velocity, 104 km/sec, results in line widths of about



The isotopes 60Fe and 26AZ have long mean lives and essentially come to rest
6%. 
 

before they decay; their lines have widths of only , 0.2%, mostly due to



For the 22Na line (1.275 MeV) from novae, the ejection
galactic rotation. 
 

- 0.6%.
velocity of - 103 km/sec results in a width of 
 

Among the lines listed in Table 1, the 1.809 MeV line from 26At decay



has a very good prospect for detection. The long lifetime of this radioactive



nucleus guarantees an emitting region (most likely the interstellar medium)



which is transparent to gamma rays; this lifetime also implies that the width



of the line is very narrow. Both these features are important for a high



Moreover, the discovery of anomalous 26Mg in the
probability of detection. 
 

Allende meteorite (Lee, Papanastassiou, and Wasserburg 1977) lends support to



the notion that large quantities of freshly nucleosynthesized 26At are ejected



by supernova explosions, and it is the decay of these nuclei which should



produce the 1.809 NeV gamma-ray line (Ramaty and Lingenfelter 1977).
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Inelastic Collisions. Nuclear reactions between energetic charged



particles and ambient interstellar material lead to gaenna-ray line emission 

following the excitation of nuclear levels both in the accelerated particle



population and in the ambient medium. 
 Lines of this nature have been observed



from the large solar flare of 1972, August 4 (Chupp et al. 1973); and their



interpretation has been treated in several publications (e.g. Ramaty,



Kozlovsky and Lingenfelter 1975, Ramaty, Kozlovsky and Suri 1977-). 
 An



example of the gama-ray spectrum due to inelastic collisions is shown in 

Figure 1. Here three line components can be distinguished. There is a broad



component from deexcitation of excited energetic nuclei which have energies



of a few Hey/nucleon or more, a narrow line component from deexcitation of 

excited ambient nuclei which pick up recoil energies of a few tens of keV/



nucleon, and a very narrow line component from deexcitation of those excited



nuclei which can essentially come to rest before deexcitation, because the



lifetime of the level, or its radioactive parent, is long enough and the



ambient density high enough. In solids with densities of the order of a



3 -12 -4gm/cm , the slowing down time and distance are about 10 sec and 10 cm. 

The broad lines with widths of up to an MeV merge into the underlying



continuum upon which the narrow and very narrow lines are superimposed. The



widths of the narrow lines are less than about one hundred keV (e.g. the



4.438 MeV line from 12C), while the widths of the very narrow lines (e.g.



the sharp component of the 6.129 MeV.line from 160) are only a few keV. 
 In



the interstellar medium, very narrow lines may be produced in interstellar



grains (Lingenfelter and Ramaty 1977). The strongest lines from energetic 


particle interactions are expected at 4.44 MeV from 12C, at 6.129 MeV from 


160 and at 0.847 MeV from 56Fe. 

The production rates, q, of the 4.44, 6.129 and 0.847 MeV lines and of



the total nuclear radiatio, normalized to the energy density, W, in energetic
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shown in Figure 2. These
particles and 1H atom in the ambient medium are 

results are based on solar abundances for both the ambient medium and the



energetic particles. For the 4.44, 6.129 and 0.847 MeV lines, the q's



of this figure are those resulting from proton and alpha interactions, i.e.



the narrow component of the 4.44 MeV line and the sums of the narrow and



very narrow components of the other two lines. For the total, q is the



sum of the production rates of photons of all energies in all three line



the energy
components. The production rates can also be normalized to 
 

deposition rate, W, of the energetic particles in the ambient medium. The



ratios q/W are shown in Figure 3. As in Figure 2, the q's are the production.



rates of the narrow 4.44 MeV and narrow plus very narrow 6.129 MeV line, and



both the ambient medium and energetic particles have solar abundances. The



energy loss rates in a neutral medium of 90% H and 10% He are from Northcliffe



and Shilling (1970) and Barkas and Berger (1964). The parameters s and E


C 

in Figure 2 and 3 define the spectrum of the energetic particles: the number 

of particles per unit energy per nucleon is proportional to E
s for E>Ec and



to a constant otherwise.



Positrons. Positron annihilation leads to gamma-ray line emission at



0.511 MeV. The principal mechanism for positron production are the decay of



radioactive nuclei from processes of nucleosynthesis, inelastic collisions



which produce nuclei that decay by positron emission, and possibly pair



production in pulsar magnetospheres. We now consider these in turn.



The yield of positrons that accompanies nucleosynthesis is given for



the various decay chains in Table 1. In assessing the contribution of each



chain to detectable 0.511 MeV radiation, we distinguish between short-lived



and long-lived decay processes. Positrons from short lived chains (e.g.



56Ni - 56Co + 56Fe and 22Na - 22Ne) annihilate in relatively dense regions of 

the expanding supernova-envelope on time scales much shorter than the longest 
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mean life in the chain. Such positrons produce a 0.511 MeV line whose



time history is similar to that of the characteristic gamma rays that accom­


pany the decays in the chain. The considerations for the detectability



of the 0.511 MeV line from these positrons, therefore, should be the same



as those of the characteristic gamma rays, and these considerations are dis­


cussed separately below. On the other hand, the positrons from decay chains



44 44 44 26 26
with relatively long mean lives (e.g. the Ti- Sc-4 Ca and A.& Mg) are 

expected to annihilate on time scales longer than the time interval between 


supernova explosions, and hence to produce an essentially steady flux of 


0.511 MeV photons. For 26A4 decays, the positrons almost surely annihilate



in the interstellar medium; for the 44Ti chain, the positrons probably 

annihilate inside supernova remnants. Positrons resulting from the decay cf 

2 2Na produced in nova explosions should also annihilate in the interstellar 

medium, on time scales much longer than the interval between nova explosions. 

The production of nuclear gamma-ray lines by energetic particle reactions



is accompanied by positron production from the decay of radioactive positron



emitters produced in these reactions. Such positron production has been



treated in considerable detail by Ramaty et al. (1975). The cross sections



used by these authors have been recently updated, and several new positrnn 

emitters such as 160"6"052 and 56Co have been added (Ramaty et al. 1978). In



Figure 4 we show the ratio of positron production, q_, to the narrow 4.44 MeV



line production, q4 4 , as a function of s and E, for solar abundances. We



+
note that q+ in this figure does not include positron production from n
 

decay. An upper limit on the intensity of the 0'"511 MeV line from w+ decay. 

can be obtained from the observed >100 MeV gamma-ray emission from the galactic 

0center by assuming that all the high energy gamma rays are from n decay. 

This upper limit is lower by at least an order of-magnitude than the 0.511 MeV 
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line intensity observed by Leventhal et al. (1978a,b) from the galactic



center.



The production of positrons by electromagnetic processes in pulsar



magnetospheres has been treated by Sturrock (1971). It is suggested that



about 3xl051 positrons are produced in the lifetime of a pulsar, and that



the production rate by the Crab pulsar at the present time 
is about 1041



positrons/second.



We turn now to a discussion of the positron annihilation process. The recent
 


results of Bussard, Ramaty and Drachman (1978) are shown in Figure 5, 6 and 7.



Figure 5 shows the fraction of positrons that form positronium in flight as



a function of the degree of ionization of the ambient medium. As can be seen,



in a neutral gas over 90% of the positrons from positronium in flight before



they thermalize, but this percentage drops rapidly with increasing ionization



fraction. As we shall see below, positronium formation in flight leads to



a fairly broad 0.511 MeV line whose width is independent of the temperature



of the ambient medium.



The rates of the various processes that affect thermal positrons are 

shown in Figure 6: Rce/nH and Rda/nH are the rates for charge exchange with 

neutral hydrogen and direct annihilation with atomic electrons per unit 

target density, while R In and R In are the radiative recombination 
rr e da. e 

and direct annihilation rates with free electrons, also per unit target density. 

As can be seen, only for temperatures greater than 106K is direct annihilation 

the dominant process. At lower temperatures, the bulk of the positrons 

( 90%) form positronium, either by radiative recombination or by charge 

exchange. The relative rates of these two processes depend on the amount



of residual neutral hydrogen present. For example, at T = 105K, the rate of



6 .
charge exchange is greater than that of radiative recombination if nh/ne > 5x10-


Since for temperatures less than 10 5K, we expect larger neutral hydrogen concen­
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trations, charge exchange should be the dominant process down to tempera­


04K 
tures around 10 K. At 8000 K, Re/n, = Rrr/n., so that for a medium that



is half ionized, the rates of charge exchange and radiative recombination



are about equal. At lower temperatures, radiative recombination should



remain the dominant process as long as there is an appreciable concentration



of free electrons. However if n e/nH becomes small, a large fraction of the



positrons form positronium in flight, as can be seen from Figure 5.



In Figure 7 we show the shapes of the 0.511 MeV line resulting from 

annihilation in cold neutral hydrogen and from charge exchange after 

thermalization. As can be seen, the full width at half maximum (FWHM) of 

the line produced in a cold medium is about 5 keV; however, a narrower 

line (e.g. FWHM - 1.5 keV for T = 8000K) can result from positronium formation 

after thermalization.



Neutrons. The radiative capture of neutrons by protons (n + p -4 d + y) 

produces a gamna-ray line at 2.223 MeV. The strongest line from solar flares 

has been observed at this energy (Chupp et al. 1973), and is believed to be 

due to neutrons produced in inelastic collisions of energetic particles in 

the solar atmosphere. The 2.2 MeV line is.produced in the photosphere where 

-
the density is sufficiently high (1017 cm 3) to allow the capture of the



neutrons before they decay. Neutrons in the photosphere can also be captured,



nonradiatively, by 3He nuclei (Wang and Ramaty 1974). Because of this effect,



observations of the 2.2 MeV line from flares set meaningful upper limits on



the abundance of 3He in the photosphere. The width of the 2.2 MeV line from



solar flares reflects the photospheric temperature and is of order 0.1 keV.



A detailed discussion of the physics of solar gamma-ray production is given



elsewhere in this volume (Lin and Ramaty 1978).



The detection of the 2.223 MeV line from non-solar sources would have



important implications on the question of the origin of deuterium in the
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dniverse. It is believed that deuterium is of cosmological origin produced
 


in the Big Bang. However, for this interpretation to be correct, the



density in the universe has to be low, which implies that the universe is open.



If other sources of .deuteriumwere known, less deuterium production would be



required ir the--Big Bang, and hence- a higher -universal density would-be possible. 

Radiative neutron capture also leads to other lines. Of considerable 

astrophysical interest is the reaction n+56Fe457Fe + y which produces two 

lines at 7.632 and 7.646 MeV. Since the capture cross section of neutror



on 56Fe is larger than that on H by a factor of 8, in a medium with Fe/H 

ratio > 0.1, the above two lines will have comparable or larger intensities



than the 2.2 MeV line. A large Fe/H ratio may exist on the surfaces of neutron 

stars. Three of the-4 lines observed,by Jacobson et al. (1978 ) in the 20 minute 

burst of June 1974 can be associated with neutron capture on H and Fe, according 

to the model of Lingenfelter-et al. (1978) presented elsewhere in-this volume. 

.Cyclotron Emission. Emission lines in the soft gamma-ray region could



result from, cyclotron radiation in the very strong magnetic,fields believed



to exist at the surfaces of neutron stars. The square of the perpendicular 

2momentum of an.electron in a magnetic field B is quantized, p 
1q 

(n 2 c 2 )j ,2BB 

13

where 3 is an integer and B 

q 
= 4.414 x 10 gauss (e.g. Daugherty and Ventura 

L977). Cyclotron and synchroton radiations are produced by transitiond between



these levels. While for low fields, the separation in 'levels is so -small



that the radiation can be approximated by a continuum, for magnetic fields 

at neutron star surfaces, the energy level separations are large and-transitions



-among them can produce discrete line emission,. In the nonrelativistic case



(E <<=2), the energies at the line centers for transitions between j and j-n 

are given by me (B/Bq)n, i.e. they are independent-of j. But in the relativistic 

quantum case, significant line splitting is introduced if more than one quantum 
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level j is excited. This is illustrated in Table 2, where we show the line



center energies for transitions among the first three quantum levels in a



magnetic field of 6.62x0.2 gauss. As mentioned in the Introduction, the



observations and theory of cyclotron line emission from pulsars is treated



in detail in other papers in this volume.



3. 	 ASTROPHYSICAL SITES



We proceed now to discuss the various astrophysical sites that could



produce detectable gamma-ray line emission.



Supernovae. Radioactivity is the most important mechanism for gamma-ray



line production in supernovae, The various lines listed in Table 1 should



be observable from a galactic supernova for differing periods of time after 

the 	 explosion. For the higher energy lines, these times are determined by the



-
detector sensitivity. For a sensitivity of . 5xl0 5 photons/cm2 sec for a line 

of FM , 60 keV at 1 MeV, the 0.847 and 1.238 MeV lines of the 56Ni: 56Co- 56Fe 

chain, the 1.275 MeV line of the 22Na 22Ne chain, and the 1.15"6 MeV line of 

44 	 44 44Ti- Sc4 Ca chain should be observable for about 4, 25 and 120 years. If,



on the average, there is one supernova explosion every 25 years in the galaxy, 

then 	 there should exist several galactic supernova remnants with detectable



44Ti 	 radioactivity, and perhaps one remnant with detectable 22Na. 
 But there



is only a 10% chance for detecting 56Co radioactivity from a galactic super­


nova, provided that the supernova envelope is transparent to the lines of 56Co. 

The 	 detectability of the 0.122 MeV line from 57Co 57Fe decay is limited by



the universal background, and .it could be observed for about 5 to 8 years after 

the explosion for detector opening angles ranging from 200 to 5'. With the 

above supernova ratd, there is about a 25% chance for finding 'asupernova 

remnant with detectable 57Co in the galaxy. 

The 44Ti decay chain could be observed from the supernova remnant 

Cassiopeia A (distance = 2.8kpc, age - 300 years). The predicted flux is 
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-
4x10 5 photons/cmsec. The 0.847 and 1.238 MeV lines from the decay



chain 56Ni-+56Co-56 could be observed from a single supernova out to a



distance of 3Mpc. The Virgo cluster of galaxies at 1Mpc could present a



steady source of 0.847 and 1.238 MeV lines provided that the supernova



rate in this cluster -exceeds-about 10 events per-year. Here again, -these



predictions assume that the individual supernovae are transparent to these



gamma-ray lines.



Novae. Accretion from a large, cool companion onto a white dwarf leading



to thermonuclear runaway in the CNO cycle has been suggested as the cause of



novae (e.g. Starrfield et al. 1972). If so, novae could also be sources



of gamma-ray line,emission from the decay of synthesized radionuclei (Clayton



and Hoyle 1974). The easiest line to detect is at 1.275 MeV from 22Na decay.



For the 22Na yield per nova as given in Table 1, the flux of the -1.275 MeV



-
line from a nova at I kpc, in photons/cm'sec, is 8x10 5 exp(-t/3.8 years)



(Truran 1978).. The limit of 8xlO photons/cm sec set by Leventhal et al.



(1977) on Nova Cygni.(distance = 1.5 kpc) 9 months after the explosion is



larger by more than an order of magnitude than the expected flux from this
 


nova. 

Nevertheless, for an estimated nova rate of r 40 per year, a few closeby 

novae should occur during a two year gamma-ray astronomy mission. With a 

-detector sensitivity of , 2x10 5 photons/cm2sec for a line of FWHM - 10 key 

at 1 MeV, an individual nova could be detected from a maximal distanc of 

about 2kpc. But because the time between nova explosions is much shorter 

than the 22Na mean life;--d etctor-with a broad,field of view observing



the galactic plane in the direction of the galactic center would probably



observe diffuse emission at .275 MeV. We provide a rough estimate of the



expected diffuse 1.275 MeV intensity below.
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Interstellar Medium. Line emission intensities from the interstellar



medium can be estimated by considering the emissivities per hydrogen atom



in the vicinity of the solar system. Such emissivities are showm for several



lines in Table 3. For inelastic collisions, the emissivities of the 4.44,
 


6.129 and 0.847 HeV lines are from Figure 2 for s = 4, Ec =10 MeV/nucleon, 

W = 1 eV/cm3 , and a solar composition for the ambient medium. We take half o 

the 0 in grains and the other half in gas, and all th& Fe in grains. For the 

interstellar lines from nucleosynthesis, we assume that the production rates 

of 26At and 60Fe at the present epoch are a factor of 10 less than the 

average rates required to produce over the age of the galaxy (1.2x1010 years) 

0.1% and 1% of the 26Mg and 60Ni abundances, respectively, and that 1% of 

the galactic mass is.in the interstelar medium. 

For the 1.275 MeV line from unresolved novae, we assume a nova rate larger



by a factor of 103 than the supernova rate and a yield of 1048 22Na nuclei



per nova. This yields a 1.275 MeV line emissivity larger by a factor of 2.5



than the 1.809 MeV emissivity.



For positron annihilation in the interstellar medium, we consider inelastic



collisions, 26At decay from supernovae and 22Na decay from novae. The 0.511 MeV



- 2 6 ,
photon production rate per Hatom from these processes is about 2xl0



2 6 ­
5xl0- and lIxlO 2 5 photons/(H atom see), respectively, where we have used



q+/q4o44 = 1 from Figure 1, thepositron yields of Table 1, and the 4.44 MeV, 

1.809 MeV and 1.275MeV line emissivities of Table 3. Since about 93% of the
 


positron annihilatevia positronium, the annihilation of 1.6 positrons is



required to produce one photon in the 0.511 MeV line.
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The emissivity of gamma rays of energies greater than 100 MeV is shown



for normalization purposes. Since gamma rays in this energy range have



4
been observed from the galactic disk.with an intensity of - 10- photons/cme



see rad for longitudes between 3300 and 300 (Fichtel et al. 1975), the expected



flux of a -given line can be estimated by scaling its emissivity to the >100 MeV



emissivity given in the table. For the 0.511 MeV line from processes of


26 60 e 22a 

nucleosynthesis and the lines from At Fe and Na decay we thus obtain 

the fluxes as given in Table 3. For the lines from inelastic collisions, we 

take the average emissivities along a line of sight near the galactic center 

to be larger by a factor of 3 than the local emissivities. This is based 

on evidence (Peimbert, Torres-Peimbert and Rayo 1978 and references therein) 

for a substantial increase in the relative abundance of elements heavier 

than helium compared to hydrogen with decreasing disthnce from the galactic 

center. Thus, the estimated fluxes of lines from inelastic collisions given 

in Table 3 are 3 times larger than those estimated for a constant heavy element­

to-hydrogen ratio. 

Compact Objects. Neutron stars and black holes could produce gamma-ray 

lines in several ways. 

Accretion of matter on neutron stars produces gamma-ray lines by 

inelastic collisions induced by the accreted particles which can reach the 

neutron star surface with energies in the range 10 to 100 MeV/nucleon (e.g. 

Ramaty, Borner and Cohen 1973). Gamma-ray lines could also be produced from 

quasithermonuclear excitation of matter, either in a standing shock above 

the surface of a neutron star ot in-an accretion disk around a neutron- star or 

a black hole (Higdon and Lingenfelter 1977).' The strongest lines from these 

processes should be at 4.438 and 6.129 MeV. Inelastic collisions on and around 

compact objects also produce neutrons and positrons. It is possible that the 

413.2 and 1789.7 key lines of the June 10, 1974 burst (Jacobson et al. 1978)
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could be redshifted lines from positron annihilation and neutron capture



on H. The other two lines observed from this burst could also be due



to neutron capture (Lingenfelter, Higdon and Ramaty 1978).



Neutron stars could be strong sources of quantized cyclotron emission,



as the observations of Hercules X-l (Trumper et al. 1978) and of the Crab
 


Nebula (Jacobson 1977, Jacobson et al. 1978) have shown. We would expect



cyclotron lines from other x-ray or gamma-ray pulsars: Cen X-3, Vela X-i, 

3U0115+63 and the Vela pulsar. 

The origin of gamma-ray birsts is~not known, but it is possible that 

dompact objects could be responsible for their production. Metzger et al.
 


(1974) have observed radiation up to - 5 MeV from the gamma-ray burst of



April 14, 1972, and at this energy nuclear processes could be responsible fo



the bulk of the radiation as they are in solar flares (Ramaty, Kozlovsky and



Suri 1977). Therefore, we expect considerable line structure from gamma-ray
 


bursts at energies above an MeV. These lines could be very broad; but by 

measuring the line shapes, unique information could be obtained on the distri­

bution of matter in the gravitational walls of compact objects. 

Extragalactic Emission. Both discrete extragalactic sources and the



udiversal background should be examined for possible line emission. As mentioned,



in the Introduction, Hall et al. (1976) have reported line emission from the



radiogalaxy Centaurus A. Objects in which non-thermal processes are dominant,



could be important sources of gamma-ray lines. Schonfelder et al. (1978) reported



at this Symposium the observations of MeV gamma rays from NGC4151, and it is



conceivable that this emission contains lines as well. As already mentioned,



clusters of galaxies, e.g. the Virgo cluster, could produce detectable line



emission from radioactivity in supernovae.



Nucleosynthesis in extragalactic supernovae in the past could have contri­


buted significantly to the universal background around 0.5 to 0.8 MeV through
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photon emission from the decay chain 56Ni3 56Co- 56Fe (Clayton and Silk 1969).



These authors suggest that, even though the cosmological redshift considerably



-broadens the nuclear lines, they nevertheless could be discernable in the



background and thereby provide information on the rate of nucleosynthesis



in the past.



4. IMPLICATIONS OF THE 0.511 MET LINE OBSERVATIONS FROM THE GALACTIC CENTER.



One of the highlights of the Symposium was the presentation of convincing



evidence for positron annihilation radiation from the galactic center (Leventhal,



MacCallum and Stang 1978a,b). The observed line at 0.511 MeV line has an



-
intensity of (1.21 +0.22)x10 3 photons/(cmesec), and a full width at half



maximum of less than 3.2 keV. There is also evidence for the 3-photon continuum



from triplet positronium annihilation.



Bussard, Ramaty and Drachman (1978) have recently analyzed the implication



of the very narrow width of this line, and they conclude that a fraction of the



positrons should annihilate in a medium which is at least partially ioiized.,



Possible annihilation sites are the warm (10 4 K) component of the interstellar



medium (McKee ard Ostriker 1977), filaments or knots in supernova remnants,



and the extended HII region in the nuclear disk at the galactic center.



The possible detection of triplet positronium annihilation radiation



from the galactic center (Leventhal et al. 1978a,b) has the implication that



- 3


in the annihilation region the density of matter is less than about 1015cm



and the temperature less than about 10 6K. At a higher density triplet posi­


tronium would dissociate befoie it could annihilate (Crannell et al. 1976),



and at higher temperatures positronium formation would be suppressed (Figure 7).



The origin of the positrons which produce the observed 0.511 MeV line is



not well understood, and'all the mechanisms discussed in Section 2 (radioactivity,



inelastic collisions, pulsars) could be possible candidates. As already
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mentioned, positrons from Tf+ decay cannot produce the observed line, because 

such an origin would imply more high energy gamma rays from & decay than 

observed (e.g. by Fichtel et al. 1975). It is also unlikely that diffuse 

emission from the interstellar medium could produce a 0.511 MeV flux as



strong as observed (see Table 3). Future measurements of other gamma-ray
 


lines from the galactic center, however, should provide a much better indication



regarding the origin of the positrons responsible for the observed 0.511 MeV line.



The detection of a strong 1.809 MeV line from 26At decay would indicate



that the positrons result predominantly from processes of nucleosynthesis.



To provide an estimate of the expected intensity, we assume that the observed



0.511 MeV line is steady emission from the annihilation of positrons from



44Ti and 26AZ decay. 
 From Table 1, we then obtain a positron-to-l.809 NeV



gamma-ray production ratio of about 16. Since , 90% of the positrons are
 


expected to annihilate via positronium, the observed 0.511 MeV line intensity


-3 2



3
of l.2x10- photons/cm sec (Leventhal et-al. 1978a,b) implies-a 1.809 MeV



4
intensity of -10- photons/cm2sec.



If, on the other hand, the positrons are produced predominantly in



inelastic collisions, then the results of Figure 4 imply a positron-to-4.44 MeV



photon production ratio of about 1 (Figure 4), and a 4.44 MeV line intensity_



from the galactic center of about 2xl0-3photons/cm2sec. For a detector of 150



opening angle (leventhal et al. 1978a, b), this intensity is larger by two
 


orders of magnitude than that calculated for diffuse emission in the
 


interstellar medium (Table 3). But the energetic particles could be confined



to their sources; in particular, the nuclear reactions could occur in the
 


accretion disk of a massive black hole at the galactic nucleus, as suggested



in this volume by Lingenfelter et al. (1978). The observations of Haymes et al.



a spectral feature around 4.4 MeV from the galactic 
center would support


(1975) of 


this measurement, however, needs to be confirmed by 
independent


this possibility; 


http:positron-to-4.44
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observations.



Unlike radioactivity and inelastic collisions, positron production by



pulsars is not accompanied by strong line emission due to processes other



than annihilation However, if pulsars are the major contributor to the



observed 0.511 MeV line from the galactic center, posftron annihilation radiation,



perhaps redshifted, should be observed from known.pulsars.



5. SUMMARY



The positive detection of gamma-ray lines promises to open a new area



of observational astronomy with enormous potential for making fundamental



contributions to astrophysics. The observation of gamma-ray lines can



provide direct evidence for the existence of freg1ilynucleosynthesized 

matter and supply observational tests for theories nucleosynthesis. In



particulag, these observations would prove that some of the elements are



synthesized in short time intervals in supernova explosions and not during 

the long evolution of the presupernova' star. Gamma-ray line observations 

could also detect new supernovae and unknown supernova remnants in the galaxy, 

and confirm the thermonuclear theory of novae. 

The detection of gamma-ray lines could reveal the existence of large 

fluxes of hitherto undetected low-energy cosmic rays and give unique infor­

mation on the composition, size and distribution of interstellar dust grains.



The combination of .highenergy-resolution with spatial resolution could



give information of the rotation of interstellar dust on a galactic scale.



Nuclear 'reactions due to gravitationally accelerated ions around neutron



stars and black holes could be strong sources of gamma-ray lines through 

neutron and positron production and the excitation of nuclear -levels in 

abundant heavy nuclei (e.g. C, 0 and Fe). The observation of gravitational 

redshifts would yield exciting information on the physics of compact objects 
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as pointed out by Brecher (1978) at this Symposium. The best example to date



of gravitational redshift from compact objects has been provided by the



observation of Jacobson et al. (1978) of a 20 minute burst of gamma-ray



line emission.



The observation of Leventhal at al. (1978a, b) of positron annihilation



radiation from the galactic center implies the existence of very powerful



high energy processes in our galaxy. A variety of other gamma-ray lines 

should accompany the 0.511 MeV line. The intensities of these lines are 

lower by one to two orders of magnitude than that of the observed line. Their 

detection, however, would not only unambiguously determine the origin of the 

positrons, but also provide new and unique information on the high energy



processes (e.g. supernova explosion, energetic particle interactions) that



take place in the central parts of our galaxy.





26



REFERENCE S 

Arnett, W. D. 1978, Gamma Ray Spectroscopy in Astrophysics, Symposium 

Proceedings, eds. T. L. Cline and R. Ramaty, this Volume, p. 310. 

(Letters),
Audouze, J., Lequeux, J., Reeves, H., Vigroux, L. 1976, Ap. J. 

208, L51. 

Barkas, W. H. and Berger, M. J. 1964, Tables of Energy Losses and Ranges 

of Heavy Charged Particles, NASA SP-3013 (Washington, D.C.). 

Brecher, K. 1978, Gamma Ray Spectroscopy in Astrophysics, Symposium 

Proceedings, eds. T. L. Cline and K. Ramaty, this Volume, p. 275. 

Bussard, R. W. 1978, Gamma Ray Spectroscopy in Astrophysics,Symposium 

Proceedings, eds. T. L. Cline and R. Ramaty, this Volume, p. 404. 

Bussard, R. W., Ramaty, R. and Drachman, R. J. 1978, to be published. 

Cameron, A. G. W. 1973, Space Science Review, 15, 121. 

Chambon, G., Hurley, K., Niel, M., Talon, R., Vedrenne, G., Likine, 0. B., 

A. V., and Estouline, I. V. 1978, Gamma Ray Spectroscopy
Kouznetsov, 

T. L. Cline and R. Ranaty,in Astrophysics, Symposium Proceedings, eds. 

this Volume, p. 70. 

Chupp, E. L. 1978, Gamma Ray Spectroscopy in Astrophysics, Symposium Proceedings, 

eds. T. L. Cline and R. Ramaty, this volume, p. 42. 

Chupp, E. L., Forrest, D. J., fligbie, P. R., Suri, A. N., Tsai, C., and 

Dunphy, P. P. 1973, Nature, 241, 333. 

Clayton, D. D. 1973, Gamma Ray Astrophysics, (NASA SP 339), p. 263.



Clayton, D. D., Colgate, S. A. and Fishman, D. J. 1969, Ap. J. 155, 75.



Clayton, D. D. and Hoyle, F. 1974, Ap. J. (Letters) 187, L101.



Clayton, D. D. and Silk, J. 1969, Ap. J. (Letters) 158, L43.



Daugherty, J. K. 1978, Gamma-Ray Spectroscopy in Astrophysics, Symposium



Proceedings, eds. T. L. Cline and R. Ramaty, this .Volume, p. 394. 



27



Daugherty, J. K. and Ventura, J. 1977, Astron. and Astrophys. 61, 723.



Dennis, B. R., Maurer, G. S., Cutler, E. P., Crannell, C. J., Dolan, J. F.



and Frost, K. J. 1978, Gamma Ray Spectroscopy in Astrophysics,Symposium



Proceedings, ads. T. L. Cline and R. Ramaty, NASA, this Volume, p. 371.



Durouchoux, Ph., Boclet, D. and Rocchia, R. 1978, Gamma Ray Spectroscopy



in Astrophysics Symposium Proceedings, ads. T. L. Cline-and R. Ramaty,



NASA, this Volume, p. 346.



Fichtel, C. E., Hartman, R. C., Kniffen, D. A., Thompson, D. J., Bignami,



G. F., Ogelman, H., Ozel, M. E., and Tuner, T. 1975, Ap. J. 198, 163.



Graml, F., Penningsfeld, F. P. and Schonfelder, V. 1978, Gamma Ray Spectroscopy



in Astrophysics, Symposium Proceedings', eds. T. L. Cline and R. Ramaty, 

this Volume, p. 207. 

Hall, R. C., Meegan, C. A., Walraven, G. D., Djuth, F. T., Shelton, D. H. 

and Haymes, R. C. 1976, Ap. J. 210, 631. 

Haymes, R. C., Walraven, G. D., Meegan, C. A., Hall, R. D., Djuth, F. T. 

and Shelton, D. H. 1975, Ap. J. 201, 593. 

Higdon, J. C. and Lingenfelter, R. E. 1977, Ap. J. (Letters) 215, L53. 

Jacobson, A. S. 1977, Invited paper presented at the APS Spring Meeting, 

April, Washington, D.C.. 

Jacobson, A. S., Ling, J. C., Mahoney, W. A. and Willett, J. B. 1978, Gamma



Ray Spectroscopy in Astrophysics, Symposium Proceedings, eds. T. L. Cline 

and R. Ramaty, this Volume, p. "228. 

Lee, T., Papanastassiou, G. J. and Wasserburg, G. J. 1977, Ap. J. (Letters)



211, L107.



Leventhal, M., MacCallum, C. J. and Stang, P. D. 1978a, Ap. J. (Letters),



in press.



Leventhal, M., Macdallum, C. J. and Stang, P. D. 1978b, Gamma Ray Spectroscopy 

in Astrophysics,Symposium Proceedings, eds. T. L. Cline and R. Ramaty, 

this Volume, p. 169. 



28



Leventhal, M., IacCallum, J. C. and Watts, A. C. 1977, Ap. J. 216, 491.



Lin, R. P. and Ramaty, R. 1978, Gamma Ray Spectroscopy in Astrophysics,



Symposium Proceedings, ads. T. L. Cline and R. Ramaty, this Volume, p. 76.



Lingenfelter, R. E., Higdon, J. and Ramaty, 1978, Gamma Ray Spectroscopy in



Astrophysics,, Symposium Proceedings, ads. T. L. Cline and R. Ramaty, NASA,



this Volume, p. 252.



Lingenfelter, K. E. and Ramaty, R. 1976, The Structure and Content of the



Galaxy and Galactic Gamma Rays, NASA CP002, p. 237. 

Lingenfelter, R. E. and Ramaty, K. 1977, Ap. J. (Letters) 211, L19. 

Lingenfeltar, K. E. and Ramaty R. 1978, Physics Today 31, 40. 

McKee, C. F. and Ostriker, J. F. 1977, AP. J. 218, 148. 

Meszaros, P. 1978, Gamma Ray Spectroscopy in Astrophysics, Symposium 

Proceedings, eds. T. L. Cline and R. Ramaty, this Volume, p. 4Z5.



Metzger, A. E., Parker, R. H., Gilman, D., Peterson, L. E.,and Trombka, J. I.



1974, Ap. J. 194, LI9. 

Northcliffe, L. C. and Schilling, R. F. 1970, Nuclear Data Tables, A7, 233. 

Peimbert, M.,, Torres-Peimbert, S. and Rayo, J. F.- 1978, Ap. J. 220, 516. 

Ramaty, R., Borner, G. and Cohen, J. M. 1973, Ap. J. 181, 891. 

Ramaty, R., Colgate, S. A., Dulk, G. A., Hoyng, P., Knight, J. W., Lin, K. P., 

Melrose, D. B., Paizis, C., Orrall, F., Shapiro, P. R., Smith, D. F., 

Van Hollebeke, M. 1978, Chapter 4 in the Proceedings of the Second Skylab 

Workshop, P. A. Sturrock Editor, University of Colorado Press, in press. 

Ramaty, R., Kozlovsky, B. and Lingenfelter, R. E. 1975, Space Sci. Rev. 18, 341.



Ramaty, R., Kozlovsky,-B.-and Lingenfelter, R. E. 1978, to be published.



Ramaty, R., Kozlovsky, B. and Suri, A. N. 1977, Ap. j. 214, 617.



Ramaty, R. and Lingenfelter, R. E. 1977, Ap. J. (Letters) 213, L5.





29



Starrfield, S., Truran, J. W., Sparks, W. M. and Kutter, G. S. 1972, Ap.



176, 169.



Sturrock, P. A. 1971, Ap. J. 164, 529.



Trumper, J. 1978, Gamma Ray Spectroscopy in Astrophysics, Symposium



Proceedings, eds. T. L. Cline and R. Ramaty, this Volume, p. 331.



Trumper, J., Pietsch, W., Reppin, C., Voges, W., Staubert, R. and



Kendziorra, E. 1978, Ap. J. (Letters) 219, L105.



Truran, J.W., Starrfield, S. G. and Sparks, W. M.- 1978, Gamma Ray Spectroscopy



in Astrophysics, Sumposium Proceedings, eds. T. L. Cline and R. Ramaty,



this Volume, p. 315.



Wang, H. T. and Ramaty, R.'1974, Solar Physics 107, 1065.



Weaver, R. P. 1978, Gamma Ray Spectroscopy in Astrophysics, Symposium



Proceedings, Es. T. L. Cline and R. Ramaty, NASA, to be published.





30



FIGURE CAPTIONS 

1. 	 Theoretical gamma-ray spectrum from inelastic collisions. The 

energetic particles are assumed to have a spectrum proportional



to 	 - 3 , and both the energetic particles and the ambient medium 

have 	 solar composition. Interstellar grains are assumed to have 

mean 	 radii of 5xl0- cm, and half the C, N, 0, Ne and S, and all



the 	 Mg, Si, and Fe is assumed in grains. 

2. 	 Gamma ray emissivity per unit energy density in the energetic 

particles. The emissivities are for the narrow 4.44 MeV line,



the 	 narrow plus very narrow 6.129 and 0.847 MeV lines, and the



total broad, narrow and very narrow emissions. Both the energetic 

particles and ambient medium have solar compositions.. __



3. 	 Emissivities of the narrow 4.44 MeV and narrow plus very narrow 

6.129 MeV lines per unit energy deposition rate of the energetic 

particles in a neutral medium. Both the energetic particles and 

ambient medium have solar compositions. 

4. 	 Ratio of positron production to narrow-line 4.4 MeV photon production. 

Both the energetic particles and ambient medium are assumed to have 

solar composition. 

5. 	 The fraction of positrons forming positronium atoms before thermal­

izing, by charge exchange with atomic hydrogen as a function of the 

ionization fraction of the gas for two sets of parameters. 

6. 	 The rates (per unit target density) at which thermal positrons form 

positronium by chdg--&dha---fTthtieutral H (Rce/N) or by radiative 

recombination -withfree electrons (Rrr/ne), and annihilate directly 

with free electrons (Rdaine) or with bound electrons (Rda/n), as 

functions of the gas temperature. 
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7. 	 The calculated profiles of the 0.511 MeV line in (a) molecular hydrogen



in which 95% of the positrons from positronium in flight and 5% annihilate



directly, and (b) following charge exchange of thermal positrons in



a partially ionized gas.
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TABLE I 

GAFMMA RAY PRODUCING DECAY CHAINS FROM SUPERNOVAE AND NOVAE 
Photon



Mean Life Nuclei/ Energy Photons or positrons/
Decay Chain 
 (yr) Supernova (MeV) disintegration



56Ni56Co 56Fe 3x10 54  
 0.31 0.847 
 1



1.238 0.70 

2.598 0.17 

1.771 0.16 

1.038 0.13 
e+ 0.2 

57Co->57 Fe 1.1 
52 

7x10 
e 
0.122 

. 
0.88 

0.014 0.88 

0.136 0.12 
2Na2WeN­ 8 3x1052-­ (1048 /nova).­ 1.275 1- -

-i a 0.9 
44Ti-44SC-44Ca 68. 6xO 51 1-156 1 

0.078 1 

0.068 .1 
+ 
e 0.94 

60Fe- 60Co 60Ni 4 .3x105 5x!050 1.332 1 

1.173 1 

0.059 1 
26A126 I.ixl06 4x1050 1.809 1 

1.130 0.04 
e+ 0.85 
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Table 2 

Line center energies for j-j-n, 

B = 0.15 B = 6.62xi012 G,q 

UANTUM 

J 

NUMBER 

n 1 

RAPMONIC NU-MBERS 

n= 2 n=3 

1 71.64 keV' 

2 63.72 keV 135.36 key 

3 58.00 keV 121.72 keV 193.36 keY 
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TABLE 3



Anproximate Local Interstellar Emissivities and Diffuse Galactic 
Fluxes



from the Direction of the Galactic Center



Photon Energy FTWBM Local Emissivity Flux inotons/


2 
 

Mechanism (Mev) keV (photons/H atom sec) cm sec rad



-5


100 3x10 26 6xl0


4.44
Inelastic 
 
-5
Ixl0
8 5x10-27 
 collisions 6.129(grain) 
 
-
-2 6 
 2x10
 5
 150 xlO


(w=leV/cm ) 6.129 (gas) 
 
1x10-5
2 6xl0-27 
 0.847 (total) 
 

--2 5  
 1x10 4 
5 2x10
0.511
e annihilation 
 

- 2 5  - 526AZ) Mg 1.809 3 IXl0 7x.0 

2 5  5
60Fe+60Co60Ni 1.332 2 ixl0- 7x10­


- 5


2 1xl0 -2 5 7xl0

1.173 
5 

0.1 1xl0 -25 7x10­
0.059 
 

-25  - 4
22Na22Ne 1.275 10 2x10 iNl0
 

I. 5xicf 25 1x10 4 
r decay + >100 
 
bremsstrahlung
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AiSTRACT 

An overview of the observational status of gamma ray astronomy based on results



reported prior to April 1978 is presented. Specific line observations are



reviewed from the Sun, the galactic plane, the Galactic Center region, 
the



the Crab Nebula region, and a transient source

active Galaxy NGC 5128 (Cen A), 
 

in the general direction of the anti-Galactic Center region. 
A statistical



method is describedwhich determines the relative probability that a 
given,



compared to a random
reported observation is due to an external source as 
 
We conclude that
fluctuation in the experimental background counting rate. 
 

only a few of the many reported observations can be considered 
likely extra­


terrestrial observations of an extraterrestrial source made 
with a confidence



level of 99%.



1.0 INTRODUCTION



Gamma ray spectroscopy, as a potential probe for the study 
of astrophysical



phenomena, was first discussed by Morrison in 1958; however, only 
now, some



20 years later, have experimental results in this field begun 
to bear out early



The reason, which is well known,is that experimental efforts

expectations. 
 

have been plagued with high background and low fluxes and 
that instruments



with suitable telescopic properties in the energy range of 
interest have not



been available. Yet gamma ray spectroscopy today is a strong, viable field



of research because of recently acquired observational 
evidence and because



of the convictions of researchers in the field that gamma 
ray line astronomy



will become a very effective tool in probing the Universe 
due to the unique



signature of gamma ray spectral lines, the penetrability 
of gamma rays, and



their origin in high energy astrophysical processes.
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In this report we will first present an overview of observational evidence



for gamma rays of discrete energy in the range from 50 keY to 20 MeV reported



prior to-28 April 1978. Therefore, we will not include yesterday's report



by McCallum at the Washington, D.C. Meeting of the American Physical Society



where evidence was presented for the existence of a sharp Galactic Center



region gamma ray line at 0.511 MeV, and further evidence for a Galactic Center



line at 4.4 MeV from HEAO-l observations was reported by Matteson. Papers



on both of these experiments will be given at this conference and are found



in these proceedings (cf. Leventhal et al., 1978; Matteson, 1978).



Following our review of the observations, the likelihood iethod we have adopted 

for evaluating experimental results will be described. We will conclude with 
a discussion of the results of applying this method to the reported observations



of gamma ray lines.



2.0 REPORTED OBSERVATIONS OF GAMMA RAY LINES



In general, gamma ray spectroscopy experiments can be carried out by using



various techniques, depending on the energy range of interest. Table 1


summarizes the instrumentation techniques by energy range that are used in



gamma ray spectroscopy observations. Also shown are the platforms that


have been used, or that will be used, in the near future (cf. Lingenfelter and



Ramaty, 1978). The gamma ray spectroscopy measurements we will discuss today


have all been carried out using actively shielded scintillation or solid state



spectrometers.



One of the most likely expected sources of gamma ray lines is the Sun,



especially during periods of high solar activity when energetic particles


(solar cosmic rays) are known to be produced. For early predictions of solar



gamma ray line fluxes, see Lingenfelter and Ramaty (1967). However, not



until 1972 was it possible (due to a combination of a suitable instrument


in satellite orbit, and a period of dramatic solar activity) to obtain the



first spectrum of solar gamma rays. 
 In Figure 1 we show the results obtained



with a small (3" x 3") actively shielded NaI(TZ) scintillation spectrometer



onboard the 0S0-7 satellite during the rising phase of the large solar flare


which erupted'at'c0621 UT on .4August 1972 (Chupp et al., 1973, 1975). The
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Table 1. 	Gamma ray experiments - conducted,


in progress, or development.



PLATFORM
DETECTORS 	 ENERGY RANGE 


.
0 - 10 MEV BALLOONS AND SATELLITES 
INCRGANIC SCINTILLATION (OSO-7, }SO-8, HEAO-A, SIGNSE,
ACTIVELY SHIELDED 


SYM, 
SPECTROMETERS 	 ARIEL V, ES, APOLLO) 

ACTIVELY SHIELDED COOLED O.1 ­ 10 MEV BALLONS AND SATELLITES 

SOLID STATE SPECTROMETERS (072B HEAO-C, ISEE-C, 578-1) 


COMPTON TELESCOPES 0.5 - 20 MEV BALLOONS 

SPARK CHAMBERS 5 - 50 MEV BALLOONS 
(LOWMASS) AND 
PROPORTICHL-CI-&WNERS 

SPARK CMAMBERS >50 MEV 3ALLOONS ANT SATELLITES 
(EX U, OSO-3, SAS-IT, COS 3) 

CEREPWOV LIGHT TELESCOPE >50 MEV TERRA FIRMA 
AIR SF CER ARRAY 

satellite was spin stabilized (30 rpm) so that the spectrometer could alternately



view a quadrant in the direction of the Sun and in a direction away from'the



satellite-Sun direction. Therefore, spectra could be obtained in these two



directions, stored in separate buffers,and read out every three minutes. The



dotted curve in Figure 1 shows the background spectra (anti-solar direction)



obtained during three full spectrum accumulations (% 9 minutes) covering the



impulsive rise of the flare as observed in X-ray, optical, and radio frequency



emissions. The solid curve, the solar quadrant,shows strong spectral features



at 0.51 and 2.22 MeV and weaker features at 4.4 and 6.1 MeV with the following


-
 -
average respective flux values: (6.3 + 2.0) x 10 2, (2.8 + 0.22) x 10 1, 

-	 2 -1
 
(3.0 + 1.0) x 10-2, (3.0 + 1.0) x 10 2 photons cm- sec . Leakage calibration 

lines from 60Co at 1.17 MeV and 1.33 MeV appear in both the solar and background 


quadrant spectra. (See Forrest et al., 1972 and Higbie et al., 1972 for 
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Figure 1. 	 The gamma ray spectrum observed during the 
impulsive phase of the large solar flare on 
4 August 1972. ,(From Chupp et al., 1975.) 
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details of the instrument.) The 0.51 NeV line has as its origin the annihila­

tion of solar cosmic ray produced positrons with ambient electrons in the 

solar atmosphere; the line at 2.22 MeV is a result of capture of flare produced 

neutrons with photospheric hydrogen. Finally, the weaker features at 4.4 and 

6.1 MeV are'expected to be the result of inelastic scattering of energetic



protons and alpha particles on ambient carbon (12C) and oxygen (160) nuclei.



The relative intensities of the observed lines are in agreement



with that expected from the Sun during sufficiently intense solar flares.



Gamma ray lines at 0.51 and 2.2 1eV were also seen by the same 0S0-7 instru­


ment during the decaying phase of another large solar flare which ernpted on 
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7 August 1972; however, in this case the satellite was on the dark side of



Earth during the initial phase of the flare. A general discussion of the



interpretation of these solar flare gamma ray observations may be found in



Ramaty and Lingenfelter (1975), Ramaty et al. (1975), and Ramaty et al.



(197-7-. 

Probably the first report of an observation of a cosmic gamma ray line was by



Johnson et al. (1972) of Rice University, who reported on a spectral feature



observed from the direction of the Galactic Center. In November 1970 an



actively collimated scintillation spectrometer was used to scan the Galactic



Center region including the bright X-ray source GX5-1 for gamma rays in the



energy range 23 to 930 keV. The balloon experiment, carried out from Parand,



Argentina (PC = 11.5 GV), utilized a large NaI(TZ) crystal (4" diameter x 2"
 


thickness) in a thick NaI(Tk) anticoincidence shield collimator, which formed



a crude telescope with a 12' half angle. By use of an orientable gondola,



alternate source (GX5-1) and background spectra were taken for a time period



of 7 hours on 25 November 1970. Source and background observations were



taken in alternate 10 minute segments by shifting the azimuth of the telescope



by 180' so,.in effect, the source would rise in the east and set in the west



while the background moved in the opposite sense. The net Galactic Center



source spectrum was found for a single source observation interval by sub­


tracting the average counting rate/channel during the two adjacent 10 minute



background measurements, giving the counting rate spectrum from the source,



assuming the background is independent of azimuth. With this procedure applied



to all source and background segments, evidence was obtained for a Gaussian shaped


- -1

.
line centered at 473 + 30 keV with a flux (1.8 + 0.5) x 10 3 photons cm-2sec
 

The existence of this spectral feature was reportedly confirmed by an additional


balloon flight experiment on 20 November 1971 using the same apparatus. In


this case a similar method of data analysis gave a Galactic Center spectral


feature at 485 + 35 keV. The weighted average energy and flux for this


Calactic Center feature reported by Johnson and Haymes (1973) is 476 + 24 keV


and (1.8 + 0.5> x 10 photons cm- -­- 3 2 ec1 respectively. 

This evidence for a Galactic Center gamma ray line under 500 keV was drastically



from a balloon launched
altered by new observations reported by the same group 
 

at Rio Cuarto, Argentina on 2 April 1974 (Haymes et al., 1975). The gamma ray
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instrument 	 used for the new observations was very similar to that used pre­


viously ana had only marginally better efficiency and energy resolution, but



a significantly smaller angular"resolution, 150 (FWHM) as compared to 240



(BWHM). The method of taking Galactic Center and background spectra was



effectively the same as ised in the previous flights. The difference



spectrum obtained from a 219 minute observation of the Galactic Center now



gave evidence for a gamma ray line centered at 530 + 11 keV with a flux of



- 4 	 2 -1(8.0 + 3.2) x 10 photons cm- sec . Figure 2 is this latest result on the 

galactic gamma ray spectrum below 1.0 MeV.



Figure 2. 	 Measured differential energy spectrum of


the Galactic Center region for energies


below 1.0 MeV. The solid curve is the


best-fit power law. The spectral line at


0.5 MeV is at the 3.5a confidence level.


(From Haymes et al., 1975.)
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These two sets of results are at variance with one another and Haymes et al.



(1975) offer three possible hypotheses to explain them:



" 	 Since the solid angle in the latest experiment was 0.4 of that used


previously, the lower flux may be evidence that the Galactic Center source


is larger than the 15' beam width,



" 	 The apparent time variation of the flux values and the line energy may be


a result of nova activity in the Galactic Center region as discussed by


Clayton and Hoyle (1974), or



" 	 The average energy of the 0.5 MeV line may depend on the galactic coordinates
 

being observed and since there was a slight difference in the viewing


directions for the two observations there may be evidence for such a


correlation.



Also, the 1974 Rice experiment gave evidence for an additional significant



Galactic Center line feature located at 4.6 + 0.1 MeV with a flux of



(9.5 + 2.7) 	 x 10 4 photons cm-2sec . This result is shown in Figure 3 as
 


Figure 3. 	 Measured differential energy spectrum of the Galactic 
Center region for energies greater than 1.0 MeV. The 
line between 4 and 5 MeV is at the 3.5a confidence 
level, the sum of the overlapping spectral lines 
between 1.2 and 2.0 MeV is at the 4.1a level. (From 
Haymes et al., 1975.) 
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a difference spectrum for energies above 1 MeV. The line in question, which 

appears to be broadened, is attributed to emission from the first excited 

state of 12C at 4.43 HeV. There is also an indication of-gamma ray emission 

(not necessarily a single-line) over the energy region from 1.2 to 2.0 MeV. 

[See the paper in - these proceedings by Leventhal et al. (1978) 

for recent 	 results on Galactic Center gamma ray emission.



A further report of a gamma ray line, possibly from explosive supernova nucleo­


synthesis, was given recently by the Rice University group (Walraven and Haymes,



1976). By studying data from the background scans of the celestial sphere taken



by Haymes et al. (1975), these authors found that one particular background



segment had anomalously high counts in a certain spectral region, The "back­


°
ground segment" in question was near the galactic plane but centered % 15 

away from the Galactic Center. By using another background scan measured 

' 30 minutes earlier at a higher galactic latitude and subtracting it from the 

anomalous scan a hypothetical source energy spectrum was obtained as shown in



Figure 4. Two features of this spectrum have been pointed out; first the



continuum spectrum, fit by a power law shown by the solid line, which has a



Figur 4. 	 A spectrum of gamma rays obtained from a 
possible source in the galactic plane. A 
possible spectral line exists 't 1.16 MeV. 
(From Walraven and Haymes, 1976.) 
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harder spectral shape than measured at lower energies for the Galactic Center



and second, the spectral feature centered at %v1.16 MeV. Hypothesizing the



presence of a Gaussian line superposed on the power law spectrum in Figure 4



- 2 ­
gave a line flux of (3.4 + 1.5) x 10 3 photons cm- sec 1 at an energy of



(1.15 + Q.-07) MeV; that is, the spectral feature is ,\2a above the continuum.



Even though this spectral feature is marginally significant, it was considered



to be tantalizing since some calculations of explosive nucleosynthesis predict a



line at 1.156 MeV. In particular, Clayton et al. (1969) predict that


44Ti(Tl/ 2 48 yrs) is produced in sffficient quantity in a supernovae event



that its decay to 44So(T 1/2 " 3.9 hrs) and subsequently to 44Ca will give a 

strong line at 1.156 MeV from an excited state of 
44Ca. This would 

be the case for events occurring within the past 100 years or so within 

our galaxy; thus for this reason and the fact that the background segment in 

question was located near the galactic disk, the presence of the reported 

line feature is believed by the Walraven and Haymes (1976) to be more than 

coincidence even though the statistical significance is low. 

Mention should also be made of gamma ray observations of the galactic 


plane using a high resolution spectrometer on board a spinning polar 


orbiting satellite in 1972. Imhof and Nakano (1977) used a 50 cm3 Ge'(Li) 


detector having a FWHM energy resolution of % 3.5 keV in a passively collimated 

shield forming a crude telescope with broad angular acceptance of 90' 

degrees. For a time period from 3-12 October 1972 the satellite scanned across 

the galactic plane,but some distance away from the Galactic Center. By choosing 

other portions of the sky for background determination, difference energy 

spectra were obtained, which could be studied for evidence of line emission 

over an energy range 38 keV-2700 key. This method gave net galactic plane 

spectra for cases where the satellite was near the Earth's magnetic equator 

at local noon or at local midnight. The two portions of the galactic plane 

that were scanned were separated by N 1700 and covered a galactic longtitude



range of u 1000-170o and 2600-330*. The difference spectra obtained from local



noon passes is shown in .f-igur-e-5. . nshort,.there was no strong evidence for



any gamma ray line emission from either galactic plane scan. A special study



was made of the spectral region around 0.5 MeV to see if evidence existed for



-the lines reported by Rice University discussed above. Unfortunately, the





Fi re 5. 	 Energy spectra measured during local noontime passes near the geomagnetic equator in the period


3-12 October 1972. The original 4096 channels in the spectrometer data have been combined by


fours and are presented for 827 keV-2700 key. The spectrum in the bottom section is a sum



over all zenith angles within a spin. In the middle and top sections are presented the difference



spectra over the central zenith angle sweep intervals indicated. (From Imhof and Nakano, 1977.)
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flux sensitivity achievable by Imhof and Nakano (1977) was just about at the



level of the strongest fluxes reported by Johnson and Haymes (1973) and



-
Haymes et al. (1975), that is 'b 2 x 10- 3 photons cm-2 sec . It should be 

remembered nevertheless that the Galactic Center region was not covered in 

these observations. The diffbrence spectra shown in Figure 5 do show weak 

pedks at 1116 an 1358 keV, which are suggested as possibly from levels of 
46Ti and 2 4Hg (cf. Lingenfelter and Ramaty,,1976); however, the lines are 

statistically marginal n 3.1a and 2.9a, respectively. 

Besides the strong possibility that our own galaxy may emit observable gamma



ray lines, there is a reasonable chance that the powerful radio galaxies may



be intrinsically stronger sources of gamma ray lines than presumably ordinary



galaxies, This possibility has also been investigated by the Rice University



group, who searched for gamma ray emission from the radio source Cen A associ­


ated with the optical galaxy NGC 5128. Hall et al. (1976) observed this



source during the same balloon flight that made the Galactic Center
 


observation (Haymes et al., 1975). The same instrument, a NaI(TL) spectro­


meter, was used for both observations. For further details on the instrument,



see Walraven et al. (1975). Source plus background and background spectra were



taken in a manner identical to'that used for the Galactic Center observations.
 


By this method Hall et al. (1976) recorded from Cen A a flux of hard X-rays



and gamma ray lines that was not present during a 1968 observation of the same



source. In addition to a continuum flux observed in the X-ray region, the



existence of two' gamma ray lines was reported as illustrated in Figure 6.



The first line is a broad feature centered at about 1.6 MeV and extending



from 1.27 MeV to 1.95 MEV, a range much larger than the instrument FWHM



resolution of 0.12 MeV at this energy. The line flux for this broad feature



is (3.4 + 1.0) x 10 3 photons cm-2sec 1. The second line feature extends


2 ­
from 4.42 to 4.65 MeV with a line flux of (9.9 + 3.0) x 10-4 photons cm- sec



This latter line is suggested to be a result of excitation of ambient 
12C



to its first excited state by low energy cosmic rays and the broad feature



at 1.16 MeV is suggested to be a blend of nuclear lines from excited states



in 24Mg*(l.37 MeV), 20Ne*(l.63 MeV), and 28Si*(1.78 MeV). If these spectral



features are indeed from Cen A, then the luminosity of this radio galaxy in



gamma ray lines is n,4.8 x 1043 ergs sac-1 . The continuum spectrum observed



has about the same luminosity so the total gamma ray luminosity is



http:28Si*(1.78
http:20Ne*(l.63
http:24Mg*(l.37
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Figure 6. The Centaurus A spectrum at energies above


0.686 MeV. The curve is the sum of the


best-fft power law and two spectral lines


as indicated by Gaussian shape. (From


Hall et al., 1976.)
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- 11044 ergs sec which is 't 10 times greater than the radio luminosity of 

Can A! If.confirmed, this observation is of considerable importance for 

understanding the behavior of dramatic objects such as Can A. 

Recently there have been reports of positive fluxes of gamma ray lines from



the Crab Nebula region by two different groups using high resolution spectro­


meters. The first was a reported line at (400 + 1) keY by Leventhal et al. 

(1977) observed during a balloon flight on 10-11 May 1976. Their measurement



was made with a 93 cm3 cooled Ge(Li) spectrometer. Crab target and background



spectra were taken in a manner very similar to that adopted by the Rice
 


University group as discussed above. By taking difference spectra,



Leventhal et al. (1977).found a possible line feature at It400 keV with a


-
 -
reported intensity of (2.24 + 0.65) x 10 3 photons cm-2sec and a width 

< 3 keV (see Figure 7). This line feature corresponds to a 4a deviation above



a continuum background. These authors have suggested that this line may be a



result of gravitationally red-shifted 0.511 MeV annihilation radiation



emanating from the surface of the neutron star. Verification of the existence
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Figure 7. 	 The Crab target energy spectrum in the 
vicinity of 400 key and the Crab back­
ground energy spectrum from the JPL 
observation. The lower data is adopted


from Leventhal et al., (1977). (From


Ling et al., 1977.)
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of this line is of considerable astrophysical importance; but Ling et al. (1977),



after searching the JPL group's high resolution spectra from the Crab Nebula



taken oh 10 June 1974, failed to find any evidence for it. The JPL instrument



fsed four 40 cm3 Ge(Li) crystals in a Csl(Na) anticoineidence shield giving



collimation to 250 FWUM. H wever, only three crystals functioned in flight.



In viewing sources with this instrument, the telescope viewing axis is kept at



a fixed altitude and azimuth thus, in this case, the Crab Nebula made a transit



of 	 the field of view. In this way, source and background observations are made





55



under identical (or nearly identical) conditions as contrasted to the method



used by the Rice University and Bell/Sandia groups. Ling at al. (1977) should


- 3



have seen a 	 3.9a signal in their Crab spectra if the flux was (2.24 + 0.65) X 10 

photons cm-2sec-1 as reported by Leventhal at al. (1977). Instead Ling et al.



3 2 -1
cm- sec .
(1977) gave 	a 3o upper limit for a 400 key Crab line of 1.75 x 10
-


Figure 7 from Ling et al. (1977) shows a comparison of the spectra from both



experiments 	 in the vicinity of 400 key.



At energies below 100 keV, there have been reports of spectral lines from two



objects, the Crab Nebula and the X-ray source Hercules X-1. First, the high



resolution experiment described above (Jacobson, 1977; Ling et al., 1977)



which viewed the Crab Nebula gave evidence for a spectral line at 73.3 keV 
3 2 -t 

with a line flux above the Crab continuum of (4.0 + 1.1) x 10 - photons cm- sec 

and a width < 4.9 keV FWRIM. In Figure 8 the total Crab Nebula spectrum from 

.Figure 8. 	 The net photon spectrum from the Crab Nebula in the energy


range of about 50 keY to 300 keV, measured on 10 June 1974.


The solid and dashed curves indicate, respectively, power


law fits to the data with and without a Gaussian shaped


line at 73.3 keV. The inset shows details of the fit in


the vicinity of the possible line on a channel-by-channel


basis; (From Jacobson, 1977.)
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50-300 keY observed by Ling et al. (1977) is shown. The flux value given



above is based on a best fit to the overall spectrum by the function



10.1 E-2.1 + (1.15 x 10- 3)e- (E - 73.3)2/3.64, The excess-counts in the line



correspond to a 3.8a effect over the Crab continuum. Jacobson (1977)



suggested that this line observed from-the direction of the Crab Nebula may



be produced by cyclotron emission in the strong magnetic field of the Crab



pulsar as proposed by Triimper At al. (1978a,b) in the case of line emission from



Her X-l. If the 73 key line is the first harmonic and is red-shifted by



-IV20%, then the magnetic field strength would be it 8 x 1012 Gauss. Later in 

this conference Dr. J. TrUmper will give a detailed discussion of the pulsed 

line observation from Her X-1 and its possible interpretation as cyclotron 

radiation. We, therefore, will not review this important result here (cf.



(TrUmper et al., 1978b).



The last important observation of gamma ray lines are those recorded in the



transient event seen in the JPL balloon flight of 10 June 1974. The experiment



was intended to study line emissions from the Crab Nebula as was discussed



above (Jacobson, 1977, Ling et al., 1977). Near the end of this balloon



flight a transient burst was recorded by the experiment, which lasted for



about 20 minutes resulting in the appearance of four gamma ray lines in the



measured spectrum (cf. Jacobson, 1977).



Figure 9 shows the spectra obtained in three energy intervals containing the 

four lines during the time interval during which the transient sourcewas 

present r 2020-2041 UT.. The average background, spectra based -on earlier and later 

time intervals are also shown for comparison. Comparison of these two 

spectra provide the evidence for the four lines at nu 413 keV, 1.8 MeV, 2.2 MeV, 

and 5.9 MeV. The pertinent information concerning these lines is shown in 

Table 2, which gives the centroid location of each feature and the error in 

this position, the approximate width of each line, and the line flux intensity 

(ef. Jacobson, 1977). One unique aspect of these features is that they are 

all much broader than the instrument's energy resolution. The belief that this 

is a true extraterrestrial transient event is greatly strengthened by the fact 

that the anticoincidence shield elements of the detector also registered simul­

taneous counting rate increases corresponding to 3-5a deviations from the average. 

Information on the direction of this source is not too good but the telescope 

http:73.3)2/3.64
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field of view included several interesting objects including the gamma ray


source y 195+5 and the supernova IC 443. In a later paper in this symposium,


Dr. Lingenfelter will present a possible model to interpret this interesting



event (cf. 	 Lingenfelter, 1978).



Figure 9. 	 Those portions of the spectrum containing the 
lines measured during the transient event of 
10 June 1974 observed by the JPL group. All the 
lines widths are greater than the resolution


width of the instrument. (From Jacobson, 1977.)
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Table 2. 	 The detailed properties of the lines observed in 
the transient burst spectrum shown in Figure 9. 
(From Jacobson, 1977.) 

LIVE COUNT PATE FLUX TIME INTERVAL1ENERGY- - 2 £E) HM SPANNED 
(key) (SEC) (CM - SEC) (1ccv) (U.n.) 

3413.2 t1.8 (5.5±1.6) x 102 (7.0=2.0) xlC 15 2020-2041 

1769.7 6.O (6.78 kt.55) x10 "2 
(3.ISt0.74), 1072 95 2026-2041 

2 	 Z2218.6 *6.3 (2.67-0.M . 16 " 
(1.51 ±o.49) . i0 70 2020 -2041 

"5946.5 *3.7 (7.06 t2.I8) x 103 (1.471 0.46) * 2 25 	 2006 -2041 

"ASSUMES SOURCE ON THE DETECTOR AXIS 

http:3.ISt0.74
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3.0 SIGNIFICANCE OF THE REPORTED OBSERVATIONAL RESULTS.



The observational results in gamma ray line astronomy discussed above are generally



It seems clear in this circumstance that

not of high statistical significance. 
 

some standardized statistical method should be used to determine quantitatively



the confidence that can be attached to a given report in terms of 
its astro-


Of course, it must be taken for granted that the experimenter
physical presence. 
 

has taken every precaution to insure that some systematic instrumental 
or



observational effect cannot produce an "apparent" extraterrestrial flux of a



gamma ray line. With the understanding that this is'the case, then various



statistical methods can be used to determine the significance of 
an observation.



The approach we have adopted in our laboratory has already been 
used by Hearn



(1969) and O'Mongain (1973) in evaluating the earlier reports of various 
sources



The method consists of determining the

of high energy gamma rays (> 50 MeV). 
 

the presence

probability that a given number of suspected source events is due 

to 
 

of a real source relative to the probability that it is due to a 
statistical



This basic approach, apparently
fluctuation in the number of background counts. 
 

first proposed by Greisen (see Hearn, 1969), has been modified by Cherry et al.



(1978) to take into account uncertainties in experimental conditions 
under which



gamma ray astronomy experiments are usually conducted. 
 We will briefly 
review



the basic principles involved and apply the technique to several of the 
results



,previously discussed.



In particular, consider an experiment in which B background counts are accumula­


of counts obtained when lookingted in a given time interval. Now take the number 

at the source for an equal time interval as N, where N > B. Now since B is



only a best estimate of the true mean background B', one can write down the



Poisson probability that the measured background is obtained from a distri­


bution with average background counts B':



1.

(B') e 
 

=P(B,Bt) B! 


By summing over all possible values of the true mean background B', since B'



is in principle unknown, one can then compute the probability that the total



number of events N is due only to background by computing the following



quantity:
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P(N,B') P(B,B') 
 2.


B' = 0 

Similarly, the probability that N counts are produced by a background plus a



source S is the corresponding summation:



P(N,S+B') P(BB') 
 3. 
B' = 0 

The ratio of these probabilities, that is, the probability that the N counts


are due to a source plus background divided by the probability that the N


counts are due to background alone, is defined as the relative likelihood



L(N,S,B) of S so that: 

L(N,S,B) 
( ) 
w' 

P(N,S+B') P(B,B') 

Y P(N,B') P(B,B') 
B' =0 

By using the explicit form (Equation 1) for the probability distribution



P(x,y), the likelihood ratio L(N,S,B) can be rewritten as:



=x exp[N ln(S+B') + B in B'-2B'-S] 

L(N,S,B) = B' =0 5.


X exp[(N+B) In B'-2B'] 
B' = 0 

For background intensities B sufficiently large,L is maximized for values 
of the source intensity S % N-B. We may, therefore, evaluate Equation 5 

at S = N-B (where N and B are measured quantities) and introduce the signal­
to-background ratio a = S/B. Then B 
 = NI(I+0) and S = $NI(I+B), and the



likelihood ratio may be expressed in terms of the two variables 0 and N:
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In B' 2B'
 0Nn 
 

expi - +')+ +[InI+ i+ 
6
B' = 0 

L(8,N) 0 2+ 6. 

" 0exp N[y .nN[2+1 I[ B' N



Bf 0



This expression gives the relative likelihood that a particular single observa­


a background fluctuation. In a typical

tion is due to a source rather than to 
 

One generally

experiment, however, many attempts to observe a source are 

made. 
 

searches for a source by scanning an area of the sky or 
a range of energies,



(in the case of a transient or variable source). by repeating 
the measurement



or 
 

Then, if M attempts are made to observe the source, the probability
many times. 
 
This



of seeing a statistical fluctuation increases roughly by 
a factor of M. 
 

increased probability of observing a spurious background 
fluctuation may be taken



into account by considering not just the likelihood ratio 
L but rather the



normalized value L/M.



One can also write down the confidence level to which one can 
claim the presence



of a source S:



C = 1 - M/nL = L- 7. 

In order to claim the presence of a source with C 
 = 99%, a normalized 
likelihood
 

ratio L/M = 100 is required.



Hearn (1969) and O'Mongain (1973) have considered just the B' = B term of 

Equation 5 or 6. In this case:



- - 14 ) 8.-s + )Ne /(L(S) = LB(=B1(,N = [(S/B) + 1 ]Ne 

However, in


This expression is correct if one knows the background exactly. 
 

a gamma ray astronomy experiment, one knows only that the true background 
B'



iB. On the basis of Equation 8,
is probably within the range B - YB< B' < B + 
 

O'Mongain (1973) has evaluated several of the early reported observations 
of



( 50 MeV) sources in the directions of the Galactic
high energy gamma ray 
 

http:source).by
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Center and anticenter, Cygnus, Cassiopeia, the Crab Nebula, and various



pulsars. For each observation, he took the worst-case estimate B + 1ff for 

the background, and evaluated the normalized likelihood ration L/M. 'He 

considered 60 observations and found 12 with normalized'likelihood ratios 

L/M > 20, corresponding to a 95% confidence leve. Only 5 observations had 

L/M > 100, the requirement for 99% confidence. The inescapable conclusion was 

that a large number of reported gamma ray source observations were likely due 

to statistical background fluctuations. By using the pessimistic backgrouhd



estimate B + 1B, O'Mongain has introduced a certain arbitrariness into his


calculations and has perhaps placed overly strict requirements on the observa­


tions. However, even using the value B for the background, one finds only 13



measurements with normalized likelihood ratios in excess of 20, and 9 with



L/M above 100.



The more general form for the likelihood ratio (Equation 6) has been evaluated



for a range of values of N and 8 and the result is plotted in Figure 10 as a



Figure 10. The likelihood ratio L(N,5) plotted versus 
signal-to-background ratio 0 for different


values of the total number of counts N. The


dashed line at L = 100 corresponds to a


confidence level of 99%. (From Cherry et al.,


1978.)
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function of the signal-to-background ratio a = S/B with the total number of



counts N as a parameter. Curves are shown for L(C,N) for values of the total



number of counts N = S+B ranging from N = 10 to 5 x 106. For sufficiently



small values of signal-to-background, , the likelihood approaches unity which



means that it is no more probable that a number of counts S = N-B is caused



by a weak source then by a fluctuation in the background. For larger values of



N and B such that B2NI, however, the likelihood increases dramatically with



It should also be noted that if one is dealing with a small
increasing N and 0. 
 

number of total counts (N N 10), then L(N,3) increases relatively more slowly



with a than if a large number of total counts are involved.



In order to evaluate the reported observations of gamma ray lines we discussed



earlier, the likelihood ratio will be evaluated for those experiments where



there is sufficient published data to determine the basic quantities. These



observations are listed in Table 3 with a summary of the basic experiment



parameters and the quantities S, B, 5, and L. Also listed is the number of



standard deviations above background claimed by the experimenters for each



The results are presented in order of general significance.
specific report. 
 

A more extensive discussion of this analysis will be published elsewhere



(Cherry et al., 1978).



The first entry in the table and the most significant of these observations



is that of 2.2 MeV line seen during the solar flare of 4 August 1972 by the



UN sodium iodide spectrometer aboard OSO-7 (Chupp et al., 1973, 1975). This



gives a likelihood ratio of L = 5.6 x 1016. During the same flare, a less



significant line was obsdrved at 0.5 MeV, with L = 21, and possible line



features were seen at 4.4 and 6.1 MeV, which were reported as circumstantial



evidence. In addition, the 2.2 MeV and 0.5 MeV lines were observed during the



Again the
decaying phase of the large flare which erupted on 7 August 1972. 
 

likelihood ratio is extremely high for the neutron-proton capture line giving



t confidence level of its presence of tu100% while the confidence level for the



0.5 line is ' 94%-95%. -Avblue ofM 1 -correspondingto only one trial was 

used for eyaluating these observations since lines were expected theoretically 


at the energies observed. 
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Tzbe S. The likelihood value obtained for various reported observations 
of gamma ray line emission. (From Cherry et al., 1978.)



EXPERIMENlT OBJECT ENERGYV) A L* 

CiJ? ET AL, (Q973,1975), 
00-7 SATELLITE 1971-1972 

3"X3" Na(Tz)
CsI( a) S-HELD 
8% FHM AT 662 KeY 

90 SEC ON SCURCE 
-90 SEC OFF SOURCE 

AUG. 4, 1972 
SOLAR FLARE 

AUG. 7, 1972 
SOLAR FLARE 

2.2 
0.5 

4.44.1 

2.2 
0.5 

147 
87 

40 
48 

96 
470 

20420 
20 
67 

1.5 
0.18 

2 
029 

15 
4 
3 
3 

6 
6 
3 

5.6 X 2 16 

21 

4 

3.8X10 
16 

(1977) CRAB NEBULA 0.073 950 2.25 X 104 4.2 x 1 -2 1.3 X 104 

BALLOON FLIGHT 6/10/74. 

135 o3 CLi) 
CSI(Nal SHIELD 
2.9 Key F'hM AT 1.3 YeV TRANSIENT EVENT 0.413 54 159 .34 >3 40.2 
0.2 SR SOLID ANGLE 1.790 .52 101, .51 >3 151.5 
104 MIN ON SOURCE (26-35 MIN 2.219 34 59 .58 >3 36.4 
128 MIN OFF SOURCE DLATION) 5.947 10 2 5.0 >3 41.6 

LEVRI EWTAL. 0977) 
BALLOON FLIG4T 5/11/76 

92 C.3 GeLi]) 
Nat SHIELD CRAB NEBULA 0.400 47 120 0.39 

37 

3.4 Key sn-uJ 
*420 pWHM 
15 HR OBSERVATION 

dAY'S E-TAL. (2975) 
AL.CN FLIGHT 4/2/74 

12Z Ca 
-

NaI(TZ) 
Nat COLLIMATOR 
13* F6?rN 
12% F"' AT 0.5 MeV 

GALACTIC CENTER 0.530 
0.9c0 
1.2-2 
4.6 

380 1.15 x 100 3.3 X 3.5 
1.2 
4.1 
3.5 

219 MIN ON SOURCE 
219 MI, OFF SOURCE 

HALL ET AL. (1976) 
BALLO FLIGHT 4/2/74 

cf. HAYNESet a. (1975) C3TAURUS A 4.5 66 356 0.18 3.3 10 
85 MIN ON SOURCE 1.6 
109 MIN OFF SOURCE 

11Wf AMD WA3ID (1977) 
4SATELLITE OBSERVATIGN 

50 C G3 e(Li) 10/72 
TUNGSTEN COLLIMATCR 
3.5 KeV WH 

GALACTIC P1N 
LffG-225-328* 

1.1.21 
1.369 

13 
09 

1920 
0A(e 

0.07 
0.08 

3 

3 

7.8 

5.7 

:k 450 C.OLLIMATION . 

*See text for a discussion of the consequence of using the normalized like­

lihood ratio L/M when there is justification for using X>1.



100 
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Jacobson (1977) has discussed a 73.3 key line seen in the spectrum of the Crab



-3 2 -

Nebula. He reported a flux of (3.8 + .86) x 10 cm- sec I measured over a time



of \,6 x 103 sec. Assuming the error estimate to be a lo statistical error, one



can compute the values of S and B given in Table 3. Since the spectra were 

accumulated in 8192-channel analyzers, we must use M = 8192, since there is no 

special reason for expecting a line at 73 keY. The normalized likelihood ratio 

is then L/M = 1.58 but if M = 1 is used the result, of course, becomes highly 

significant at L 1'10 . Jacobson (1977) also reports four lines seen between 

0.4'and 6 MeV in a transient event in the same experiment but later in the flight 

(see our previous discussion of this event). In Table 3 we give the values of



S and B obtained from Jacobson (1978) for each of the reported lines. The



resulting values obtained for L assuming M = 1 range from n 40 to rb150, so the



results are fairly significant with a confidence level of r-96-97% of being



due to a true source. On the other hand, if one considers the large number



of possible trials in 8192-1 keY channels, then the normalized likelihood



ratio, L/M, could be considerably reduced. This, of course, might eliminate



the significance of this observation but as mentioned earlier, support for the



reality of the transient event comes from the simultaneous increase in the



On the other hand, as far as the presence of spectral
shield counting,rates. 


lines is concerned, it would be gratifying to know if they are observable



in each of the independent Ce(Li) crystals.



In the case of the report of Leventhal et al. (1977) of a 400 keV line from



the Crab Nebula, we take the values of S and B from the tabulation of



Leventhal's data by Ling-et al. (1977). The resulting value of L is 37;



however, in general.one should consider that there is no reason to expect a



sharp line at 400 keY, therefore, one should use the normalized likelihood



ratio. If the line is interpreted as due to red-shifted 511 keV gamma rays



from positron annihilations near the'surface of a 1.4 ME) neutron star then a



reasonable value for M, the number of trials, is M = 96 corresponding to the



number of data channels between 400 and 511 keV. The resulting value of L/M



is so low that there is a-significant probability that the feature observed



by Leventhal et al. (1977) may have been caused by a background fluctuation.
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If a second observation were to yield a feature at the same energy, then



one could reasonably use M % 1 and much more confidently attribute a weak


feature to a real gamma ray line source. Ling et al. (1977) had earlier



(1974) flown another solid state detector which viewed the Crab Nebula.



They carried out a search of their data for a 400 key line from the Crab,
 


but reported negative results. The reported line flux of 2.24 x 10- 3



2 ­

- photons cm- sec I by Leventhal et al. (1977) would have increased the 

counting rate in the earlier experiment by a factor of u 6. 

The Rice group has reported lines from the Galactic Center (Johnson and Haymes,



1973; Haymes et al., 1975) and Centaurus A (Hall et al., 1976), obtained with
 


a balloon-borne NaI(TZ) detector. The line 'observations were first reported



at 476 keV and later at 530 keV. It is not'clear whether this difference in



energy, which is significantly larger than the quoted uncertainty in the energy



measurement, is due to instrumental effects or to variation in real source.



Hence, the lowest value one can use for M is the number of channels (15) between



the expected 511 keV and the reported energy. Taking the values for S and B



from the graphs in the published papers, one finds L/M -' 1 for the more



recent 530 keV measurement of Haymes et al. (1975)-v Galactic Center lines were



also reported by Rice University in the range near 1.2-2 MeV, at 900 keV, and



at 4.6 MeV, but the published data is insufficient to permit a detailed



analysis. For the Centaurus A line feature at 4.5 MeV observed by the same



group one can again take S and B from the published graphs. ,In this case, we



take M as 1 since the 12C line at 4.4 MeV is very nearly at the reported energy.



The resulting value for L is 10 corresponding to a 90% confidence level.



Imhof and Nakano (1977) using data from a Ge(Li) spectrometer on a satellite,



have reported possible distinct line features at 1121 and 1369 keV from the



galactic plane. Using values for the counting rates supplied by one of the



authors (Imhof, 1978), we compute values of L = 7.8 and 5.7 respectively for



these two lines assuming the lines are expected. However, since it was



necessary to scan through a large number of channels, there were, therefore9 4096



chances for a large statistical fluctuation to occur.. Although the observed



features were sharp and distinct, the probability is quite high that they were



due to background fluctuations.
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Of the 20 reported line observations in Table 3; we have applied a likelihood



analysis to the most significant. Although each line was reported at the 3a



level or higher, the present discussion shows that only the oo-7 solar flare



lines at 2.2 MeV were clearly due to an extraterrestrial gamma ray source.



In all other cases, either the reported line features are weak or their



statistical significance is drastically reduced when one considers the



number of trials made in searching for a line. We, therefore, must draw a



conclusion similar to that of O'tongain (1973), that a 3a criterion is neither



a significant nor a reliable criterion to use in the detection of weak gamma



ray sources. One must be especially wary of designing experiments to detect



sources at the 3a level, or of using this criterion to predict very low



minimum detectable fluxes. A much more reliable criterion is the requirement



that a measurement be made at a confidence level of 99%, or a normalized,



likelihood value of 100.



4.0 CONCLUDING REMARKS



This review and .evaluation of the reported results in gamma ray line astronomy



should be tempered with the following statement. We have presented a method



for evaluating the significance of a suspected extraterrestrial gamma ray line



- observation that we believe is more reliable than the usual 2a-3a statement and 

less subject to bias. This method, determination of the likelihood ratio for 

the result, should not be applied until after all systematic effects have either 

been eliminated or carefully evaluated, quantitatively if possible. In our 

application of the likelihood method to the reported observations of gamma ray 

lines, we are not saying that experimental situations giving low L values should 

be discarded, but rather that the case for a cosmic gamma ray line should be 

held open until one or more additional experiments confirm the same line or



fails to find it. One can safely claim success when a normalized likelihood



value of approximately 100 is achieved.



finally, the significance of an observation as indicated by the likelihood ratio



L(N,S) (see Figure 10) depends critically on an accurate determination of the
 


appropriate background for the source observation since L varies so strongly



with 8 = S/B, the ratio of suspezted sources counts to the background counts.
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This is even more true when < 1
1. The background counts we have used for


the likelihood analysis of reported line observations presented here have been,



for most cases, our own estimates of backgrounds based on the published data;


however, in some instances we have used background data provided by the experi­


menters themselves.



This same likelihood method can be used to predict in advance the sensitivity 

expected for a given new experimental design. Again, a design goal to achieve 

an L value of 4' 100 should be the guiding criterion. 

In conclusion, it is the author's conviction that with the larger and more


sensitive gamma ray telescopes that will be available in the future many more



significant results in gamma ray line astronomy should be obtained and the


value of this new astronomical tool as an effective probe of the Universe will



be realized.
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1I. -SOLAR, STELLAR AND PLANETARY LINE EMISSION
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A HARD X RAY AND GAMMA RAY OBSERVATION OF



THE 22 NOVEMBER 1977 SOLAR FLARE



by 

C. Chambon, K. Hurley, M. Niel, R. Talon, and G. Vedrenne



C.E.S.R. Toulouse, France
 


and



O.B. Liline, A.V. Kouznetsov, and LV. Estouline,



IKI, Moscow, U.S.S.R.



The Franco-Soviet experiment package Signe 2 MP for solar and cosmic



-X and gamma ray observations was launched aboard a Soviet Prognoz satellite on



22 September 1977 into a highly eccentric earth orbit. The experiment operated



successsfully until around February 1978, when the satellite ceased to function.



It consists of several different detectors, which were built at the C.E.SR. An



uncollimated Nal detector (Fig. 1) 37 mm. thick by 90 mm. diameter is placed on



the upper surface of the satellite, and faces the sun; a collimated lateral Nal



detector 14 mnm. thick by 38 mm. diameter also faces the sun, and a similar late­


ral detector faces the anti-solar direction. These instruments have as their pri­


mary objectives the detection of cosmic gamma ray bursts and solar X and gamma



rays. A more detailed description is currently being prepared ; briefly, however,



these detectors measure X rays in the energy range 20 keV-5 MeV, approximately,



with a time resolution which is variable, but reaches 2 ms. for strong events.



The upper detector has a photopeak efficiency of about 8 % at 2 MeV.



Its energy resolution at this energy is about 8 % FWM. Typically, spectra over



the energy range 160 KeV - 5 MeV are transmitted in 9 channels. Therefore, this



instrument cannot be considered a true gamma ray spectrometer. However, in the



data tapes which were received at the end of.February, it was found that an excep­


tionally intense solar flare was observed around 10:00 UT on 22 November 1977, up



to energies of 5 MeV, with evidence for line emission at 2.23 MeV-and possibly



4.4 MeV. We report here the results of a very preliminary treatment of these data.



Due to the presence of line emission, which has been observed for only two other



solar flares (August 4 and 7, 1972), the results of the complete analysis should be



especially interesting; they will be presented at a later date.
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According to the Prompt Boulder Reports (Nos 400 and 401), the event



which we observed was associated with the Mc Math Plage Region 15031, and an H­


alpha flare of importance 2B; it is not yet clear what radio emission is asso­


ciated with our X-ray observations.



Figure 2 shows the counting rates in different energy bands for the



uncollimated upper detector, which always faces the sun. The time scale is appro­


ximately 163 seconds/measurement. The onset and decay are visible most clearly in



the low energy bands. The unique feature of the event, however, is revealed by the



two higher ehergy bands at the bottom of the figure. In the curve (1.59-2.95 MeV)



we note that the counting rate does not increase at the onset of the -event, but



rather, 163 seconds after. However, in the curve (2.95-4.9 1eV) an onset is evi­


dent which is coincident with the onset at low energy. We take this as evidence



that the increase in one band is due to the 2.23 MeV line produced by neutron



capture on protons, whichshould be slightly delayed due to the capture time,



while the other increase can be attributed to the excited state of 12C, which



should de-excite promptly. Although we are not prepared at the moment to quote



the statistical significance of these results, our conclusions are strenghhened



by a consideration of Figure 3, which shows two spectra observed by the same



detector. Around 4.4 MeV, both spectra are inconsistent with a simple power



law; around 2,2 MeV, the earlier spectrum lies below the later one. A rough



estimate of the 2.2 MeV flux is 0.15 photons/cm2.see, which is comparable



with Chupp's observation of the 2.2 MeV line during the August 4, 1972 event



(Chupp et al., 1973). If the 4.4 MeV excess is indeed due to a line, its inten­

sity is about a factor of 3 less. This would in turn mean that the 51i KeY line 

should be about a factor of 2 less intense than the 2.2 MeV line (Ramaty and 

Lingenfelter, 1973) and that it should not be detected in these data. 

These intensities are subject to some uncertainty, since a complete spectral 

fitting program has not yet been applied to these data ; they have been estima­

ted by subtracting the simple power laws shown in Fig. 3 from the observed spectra. 

An additional uncertainty comes from the possible presence of many unresolved ­

lines at MeV energies, which would make this simple power law fit inappropriate. 

The experiment contains high time resolution memories, storage into which



is triggered by a rapid increase in the counting rate. These memories were trigge­


red by this event, and during the most intense part, the counting rates were



sampled every 2 ms for a total of 2 sees. During the less intense part, there



was a 16 ms sample time for a total of 16 sees, and 250 ms sample times for 32 sees.



The analysis of these results has only begun as of this writing.
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FiguKe 1 Detector configuration



Figure 2 Count rate histograms as a function of Universal Time in different



energy bands.



Figure 3 Raw spectra for the first two measurement intervals.
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Abstract



Solar gamma-ray line and continuum emission can provide unique information



about particle acceleration and its temporal behavior; the energy spectrum,



composition and directivity of the accelerated particles; and the composition,



density and temperatures of the ambient medium. This information, coupled



with the comprehensive photon and particle observations available for the



sun, give a detailed picture of the particle acceleration and flare energy



release processes. In addition information on elemental and isotopic abun­


dances, surface nuclear reactions and coronal heating mechanisms can be ob­


tained. We discuss the implications of the present observations and the



potential return from future observations.
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I. Intrdduction



Gamma-ray emission from the Sun results from the interactions of energetic



protons, nuclei and electrons with the solar atmosphere. These interactions



produce gamma-ray lines from the captures, annihilations and deexcitations of



neutrons, positrons and excited nuclear levels, respectively, and continuum



emission from bremsstrahlung of relativistic electrons and Doppler-broadened



The observation of these gamma rays provides unique information
nuclear lines. 


on high energy processes at the Sun, including properties of energetic par­


ticles such as the timing of their acceleration, the ratio of electrons to



protons, and the number, energy spectrum, chemical composition and possible



beaming of the particles. Comparisons of the gamma-ray observations with



the comprehensive photon observations available for the sun and with the



spacecraft observations of solar energetic particles which escape the sun will



provide crucial information on particle acceleration processes. In addition



since energetic particles accelerated in solar flares contain a significant



and possibly dominant fraction of the total flare energy, information on the



flare energy release mechanism and the generation of other flare phenomena by



energetic particles may also be obtained.



The same gamma-ray lines should occur prominently in non-solar objects



whose gamma-radiation results from energetic particles. The solar gamma-ray 

observations can thus provide a basis for the interpretation of the spectra 

of cosmic gamma-ray emitters. Additionally, solar observations can provide 

information on elemental and isotopic (particularly He3) abundances, surface 

nuclear reactions, and noronal.baatingmechianisms. 
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II. The Present Observations and their lmplications



Solar gamma rays were first observed from the 1972, August 4 and 7 flares



by a detector employing a Nat (T £) crystal flown on 0S0-7 iChupp et al., 1973,



1975). The August 4 observations detected two strong lines, at 2.223 and



0.511 MeV, provided reasonable evidence for lines at 4.44 and 6.13 MeV, and



mapped the continuum from about 0.35 to 8 HeV. The measured relative inten­


sities of these fou lines were consistent with earlier calculations (Lingen­


felter and Ramaty, 1967) which showed that the strongest lines from flares, in



decreasing order, should be at 2.223 MeV from neutron caputre, at 0.511 MeV



12 16


from positron annihlation, and at 4.438 and 6.129 MeV from C and 0 de­


excitations. The latter two lines are prompt so that their production varies



as the instantaneous number of energetic particles, while the 2.223 and 0.511



MeV lines are delayed because of the finite neutron-capture and positron­


annihlation times. Indeed, on August 7, when OS0-7 emerged into sunlight from



behind the Earthafter.the peak of the flare, only the 2.223 and 0.511 MeV



lines were detected (Wang and Ramaty, 1975).



In Figure 1 we show a theoretical solar gamma-ray spectrum calculated for 

spectral parameters of the accelerated particles and nuclear abundances which 

best fit the 1972, August 4 observations. These calculations are obtained from 

a computer program which employs a Monte Carlo simulation and data for close 

to 100 nuclear lines derived from either laboratory mea'urements or theoretical 

interpolations and evaluatione CRaMty,. Kozlovsky and LTngenfelter, 1938j. The 

shapes of the lines ate calculated by taking into account nuclear kinematics 

and data on the differential cross sections of the reactions. The 2.223 and


0.511 MeV lines are based on separate calculations of neutron and positron pro­

duction CRaaty et al., 19751, and the bremastrahlung, which contributes to the 

underlying continuum, is taken from the calculations of Bal C1977). The results 

of the simulation are binned into energy intervals ranging from 2 to 5 keV, as 
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indicated in the figure. With energy resolution of 3 keV at 2.2 MeV,



the intensity of the neutron capture line is larger than that of the neigh­


boring solar continuum by more than two orders of magnitude.



2
10 .... ......................... ..........
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HIGH RESOLUTION FIT TO THE AUGUST 4, 197 SPECTRUM 

to, E0' 0 
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Fig. 1 -- Calculated hizglhresolution spec'trum of the 1972



August 4 flare. The calculation represents thea inci'dent 

plioton spectrum and thus does not- take into account any 
detector background or'efficiency correction; the figure, 

does show an assumed energy resolution CFWLI) of the de­
tectoi-system. Thie spectral and abundance parameters are 

indicated on thle figure. 

The widths of other strong lines mentioned above are about 5 keV at 

0.947 NeV, 18 keV at 1.369 MeV, 13 keV at 1.434 MeV, 100 keV at 4.44 14eV,



and 150 keV at 6.129 MeV. The width of the 0.511 MeV line depends on the 

temperature and-density, and in Figure 1 a width of 5 ke Ywas used. The 


spallation features ats5.2 and t6.3MeV are a few hundred keV wide. 
 There
 

are many oths ofter lines, which together with Doppler broadened nuclear



http:fYFPFe.Ft


81



emission produced by heavy accelerated particles, merge into a strong continuum



which dominates the solar gamma-ray spectrum in the 4 to 8 MeV band (Ramaty et



al., 1977). At higher energies, an important line occurs at 15.11 MeV (Crannell,



Ramaty and Cannell, 1977). Even though its intensity is less than 2% of the
 


4.44 MeV line intensity, its high energy could make this line detectable above



background for large flares.



III. 	 The Particle Acceleration Process



Detailed information on particle acceleration processes can be obtained



from gamma-ray observations as discussed below:



Timing.



The timing of the acceleration of protons and nuclei in relation to



the acceleration of electrons can be obtained from comparison of gamma-ray



line emission with x-ray and gamma-ray continuum. Figure 2 shows the timing



for the 4 August 1972 flare event. Here only the 2.2 MeV neutron capture



line was sufficiently above background for comparison. The observed 29-41 keV



x-ray and Z.35 MeV gamma-ray continuum (produced primarily by electron brem­


sstrahlung) time profiles were used as inpu5 to compute the expected time



dependence of the 2.2 MeV line, using a Monte-Carlo model for the neutron



capture in the photosphere. The protons and nuclei appear to be accelerated
 


at the same time as the relativistic electrons which produce the z0.35 MeV



gamma-ray continuum, and several minutes after the acceleration of the lower



energy electrons. This two-stage acceleration is consistent with observations



of two stages in the low energy x-ray emission, with a harder x-ray spectrum



in the,second stage (Frost and Dennis, 1971). Also observations of flare
 


accelerated electrons and ions escaping into the interplanetary medium indicate



a few minutes delay in the time of release from the sun for the energetic ions



and relativistic electrons after the -10-102 keV electrons (see Lin; 1974 for
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.review). However, the best direct timing evidence for two stages of accelera­


tion would be obtained by comparing the time dependences of prompt gamma-ray



lines such as those at 4.44, 6.129 and 0.847 MeV with the time dependences



of hard x-rays, gamma-ray continuum and high frequence microwaves.



4 AUGUST, 1972 

V .- 29-41 keV 

-- (photns cnf 2see1 )­
-C O-08 MeV 

(Chupp eal195­
a ­

/v ......... --7- G14z-
U) , watts -Hz­b I ~(Chupp et l.7) 

. (v.n BHrris 1973) 

MeV­05.2.2 
 
eoTbtons cni2 se6l)_ 

42'0 ,
M 61,30 G40 m 

TIME (U.'L 

Figure 2. Time dependences of radiations of the 1972 August 4



flare from Bai and Ramaty (1976). The three upper lines are the



measured time profiles of x-rays C29 to 41 keV), gamma rays (0.35
The error bars in the lower
to 8 MeV), and microwaves (37 GHz). 


part of the figure represent the measured intensities of the 2.2



MeV line. The--o id-,da Ifed-,-and dotted lines are calculated


line. The solid line is obtained
time profiles of the 2.2 MeV 

by assuming that the instantaneous number of energetic nuclei in 


tie lare region has the same time dependence as that of the ob­


served 0.35 to 8 MeV'gamma-rays. The dashed and dotted lines


are obtained by assuming that th time dependence of the nuclei 


is the satmeas that of the 29 to 41 keVe3)x-rays. For he solid 

and doted lines we use a photaspherict e aundane He/ d 

5 XI -pr, for the dashed line = 0. ioe/bi 
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The delayed onset of the second stage acceleration coincides with the



onset of the type II radio burst. Type Ir bursts are produced by a shock



wave travelling through the corona. Eventually these shock waves are o5­

served by spacecraft near 1 A.U., whece they are often observed to be locally 

accelerating ions-up to the 1-10 MeV energy range. 

Energy Spectrum



The spectrum of energetic particles in the 1972, August 4 flare has



been estimated by comparing the calculated and observed ratios of the inten­


sities of the 4.44 and 2.223 MeV lines (Ramaty and Lingenfeltet, 1973; Ramaty



et al., 1975), or of the total 4 to 8 MaY radiation and the 2.223 MeV line 

(Ramaty at al., 1977). Under the assumptions of a power law proton spectrum 

and a thick target, i.e., the protons are stopped by collisions in the medium, 

the. accelerated proton spectrum is found to be 

2 7
 dN = 1.3 X 1036 E- . + 0.2 protons/MeV


dE



For a thin target, .e., where collision losses are assumed negligible, the



spectral exponent would be -1.8 + 0.2.



The gamma-ray ratios used above depend strongly on spectral parameters,



but because they also depend on chemical abundances, the deduced spectrum is



subject to uncertainties caused by possible deviations of the compositions of



both-the energetic particles and the ambient medium from standard photospheric



abundances. A better determination of the spectrum of energetic particles



could be obtained from the comparison of the intensities of lines that are



produced from the same target nucleus, but whose production cross sections



have markedly different energy dependences. Two such lines are at 0.847 MeV



from 56Ye and 1.434 MeV from 52Cr, and, as can be seen from Figure 1, a high



resolution spectrometer is needed for their detection above the continuum and



to avoid blending. The ratio of the intensities of the 1.434 and 0.847 MeV
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lines is shown in Figure 3 as a function of the spectral parameters of s and



s



These are defined such that the proton spectrum 
is proportional to E

-


E 
 

for E > E C and to a constant otherwise. Since the target nucleus for both



these lines is 56Fe, they provide an'excellent diagnostic of the proton spec­


trum, independent of elemental abundances. The ratio of the intensities of



the 15.11 and 4.44 MeV lines from 12C gives a similar diagnostic of the ener­


getic proton spectrum in flares (Crannell et al. 1977).



o0



S=2



1"4/0.847
.
-I-S=3 
 

:5 5-2 0'O847" 6129 

.. -'--/ 0:847 /4.44 

'S=4 
S=3 
S=2



Ec (MeV/NUCLEON) 

Figure 3. Line intensity ratios' The 0.84Z6MeV line is from


deexcitation of the first excited5 9tate of 6Fe, the 1.434 MeV


Atne is from the deexcitation of 5 Cr, a spallatf2n prodygt of



Fe, and the 4.44 and 6.129 XeV lines are from C and 0.


The weak dependence of the 0.846 to 6.129 MeV line ratio upon


the spectral index s and the cutoff energy E implies correspon­

dingly good precision in abundance determinaion for Fe.
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The number and spectrum of protons escaping from the sun can be obtained
 


from direct spacecraft observations (Lin and Hudson, 1976). The angular and



radial extent of the cone of field lines in the interplanetary medium filled



with particles was estimated for the 4 August 1972 flare from observations on



the Pioneer 9 and 10 plus near-earth observations from IMP-6 (Roelof et al.,



1974) to be about 102 degrees and about 1.5 AU, respectively, giving a total



3
volume of V z1040 cm . Then the total number is just



dN dJ 4w
T (escape) V E 

We find the integral number of escaping >10 MeV protons is 
-5 X 1035



compared with a maximum of -1034 for the thick target interpretation, implying



that most of the energetic protons either escaped to the interplanetary medium



or were accelerated there. Furthermore, the spectrum of the energetic protons



-
at 1 AU was approximately E 2 in the energy range 10-102 MeV, closer to the



think-target interpretation of the 4.43/2.23 MeV gamma-ray line ratio than the



thick target. The observations therefore indicate that the gamma-rays originated



in thin-target emission as the energetic protons escaped from the sun.
 


This would be consistent with shock wave acceleration of the protons in the



uppet corona, where escape would be relatively easy. The ionization state



has been measured for low energy l MeV/nucleon 0, N and Fe, ions from solar



flares (Gloeckler et al., 1976). There mehsurements give ionization states



typical of the 1-2 X 106 oK corona rather than the -107 oK flare plasma,



again consistent with acceleration in the corona.



Proton to Electron Ratio
 


The 4 to 8 MeV region, seen in Figure 1, was studied by Ramaty,



Kozlovsky and Suri (1977), who showed that all the observed counts in this



energy band from the August 4, 1972 flare are consistent with a pur4 nuclear



http:4.43/2.23
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origin. This result has the important implication that the energetic proton



to electron ratio at a given particle energy above a few MeV is quite high



l00), of the sameorder as in the galactic cosmic rays. The 1972 August 4



flare is the first astronomical object in which the proton-to-electron ratio
 


has been determined inside the source region. This determination is of gen­


eral importance for other astronomical sources such as supernovae, radio­


galaxies, and quasars. The deduced p/e ratio for flares is an important



parameter for acceleration theories (it is consistent with Fermi acceleration),



and should be further explored with new gamma-ray data.
 


Chemical Composition
 


The ratio of protons to heavy nuclei for the accelerated particles
 


can be studied by comparing the intensities of narrow lines from heavy nuclei



in the ambient medium excited by protons to the broad continuum, which is due,



in part, to excited heavy nuclei in the energetic particle population. For



example, one of the persistent puzzles of the OSO-7 data has been the presence



of a bump in the gamma-ray spectrum between I to 2 MeV (Suri et al, 1975). It



is possible that this bump is due to an overabundance of the heavy nuclei (Mg,



Si, Fe) in the solar energetic particles, and possibly also in the corona



relative to the photosphere. But only high resolution observations can distin­


guish narrow lines from excited nuclei in the ambient medium from the broad



continuum due to the deexcitation of accelerated heavy particles.



Directivity



An exciting objective of high resolution solar gamma-ray spectroscopy



is the possibility for detecting the beaming of the energetic particles in the



flare region. If the energetic particles have isptropic momentum distributions,



the lines peak at the rest-frame transition energies, but if the particles



stream appreciably, the lines shift in energy (e.g. the 6.13 MeV line, Ramaty
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and Crannell, 1976); they may also become anomalously narrow (the 0.438 and



0.478 MeV lines, Kozlovsky and Ramaty, 1977), or they may exhibit a deep dip 

at the line center Ce.g. the 4.44 MeV line, Dyer, Chiang and Bodansky, 1977, 

Ramnty et al., 1978). The continuum in the 4 to 8 MeV region is also strongly 

affected by the directionality of the accelerated particles (Ramaty et at., 

1977). These effects, if present in the solar flare spectrum, should provide 

valuable information on the flare mechanism. For example, significant beaming



of energetic protons is expected in the flare model of Colgate (1978), or if



energetic protons excite the wite-light flare continuum' (Najita and Orrall,



1970; Svestka, 1970).



3He Rich Solar Cosmic Ray Events



A question of great interest for high energy solar physics is the



origin of the 3He enrichments in energetic particle events (Garrard, Stone and



Vogt, 1973). The possibility that these enrichments originate in nuclear pro­


cesses (Ramaty and Kozlovsky, 1974; Colgate, Audouze and Fowler, 1977) could



be best tested by correlating 3He-rich events with gamma-ray producing flares,



the 2.223 MeV line being the best candidate for monitoring the gamma rays. The



absense of gamma rays from 3He-rich flares would support Fisk's (1978) model



3

for preferential He heating by ion cyclotron waves.



Characteristics of the Positron'Annililatin Region



The temperature and density of the ambient medium in the positron



annihilatinregion mn be determined by measuring the width of the 0.511 XeV



line, and the ratio of 2-photon to 3-photon positron annihilations. Since



the positrons are expected to be produced close to the flare site in the



chromosphere or lower corona, and since they probably annihilate close to



their production site, they may provide a measurement of the temperature and



density in the flare region.
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The most important sources of positrons are radiative nuclei



(e.g. I1C, 13N, 140, and 150), the first excited state in oxygen,



1606"052 , and n& mesons. 
The positrons are produced with initial energies



ranging from several hundreds of keV to tens of MeV (depending on the pro­


duction mode), but if trapped by magnetic fields close to the-sun, the



positrons can be slowed down to energies of tens of eV on time scales



less than 102 sec (if the ambient density is ;i012 cm-). The positrons



then annihilate, either directly or from a bound positronium atom. The



6

latter annihilation moda dominates if-the temperature is less than L06K



and the densitiy is C1015 cm-3 (Crannell et al., 1976). In this case the



0.511 XeV line is accompanied by a characteristic 3-photon continuum at



energies just below 0.511 MeV.



The width of the 0.511 MeV line can depend on the state of ionization,



4ensity and temperature of the ambient mediunm.(Crannell et al. 1975). In



a medium which is mostly neutral, the bulk of the positrons from positronium



in flight, in which case the width depends only on the density: it is about



5 keV if the density is less than about 1015 cm -3 , and decreases to about



3 keV if the density is higher. If, however, the ionization fraction of the



medium is higher than about 10%, the bulk of the positrons thermalize



before annihilation.-In this case, the width of the line is determined



by the temperature of the medium. At 105K the full width at half maximum



is about 3 keV, and it varies roughly as the square root of the temperature.



For partially ionized media of temperatures less than about 106K, positronium



f£rmation has'a higher probability than free annihilation and the 3-photon
 

-3
 


continuuIm is formed as long as the density is less than 
about 1015 cm
 



89



IV. 	 The Flare Process



Gamma ray observations can provide fundamental information on the flare



process. High sensitivity, high resolution measurments of the 2.2 NeV line



prior to a flare should provide a straightforward test of the Elliott (1959)



,hypothesis that the basic energy source for flares is provided by protons



slowly accelerated and accumulated in coronal storage regions. Observations



during flares provide a measure of the total energy deposited in the solar



atmosphere by accelerated protons. It is known from x-ray measurements that



i0-I02 keV electrons may carry a substantial and possibly dominant fraction



of the total energy released in a flare (Lin and Hudson, 1971, 1976). For the



4 August 1972 flare >10 MeV protons appear to carry only a small fraction of



the energy in the 10-102 keV electrons. However, there is some indication



that for the 7 August flare approximately an order of magnitude more >10 MeV



protons are accelerated (Wang and Ramaty, 1975). 
 Thus the basic energy release



mechanism in these flares may be the acceleration of particles.



Energetic particles may play a critical role in the transport of energy



in a flare and in the production of other flare phenomena via their interactions



with the ambient medium. White light continuum emission observed in very



large flares has been attributed to heating of the photosphere by energetic



protons CNajita and Orrall, 1970). 
 Figure 4 shows the energy depoadton into,



the solar atmosphere from energetic electrons and protons for the 4 August 1972



flare, computed under the assumption that the particles are accelerated high



in the solar atmosphere and then precipitate downward. It is possible under



this naive model to produce most of the observed flare phenomena, including



the electromagnetic radiation, flare hot plasma production, and mass ejection



and shock wave formation. For this flare the energetic protons appear to be



less of a factor than the electrons; however they may play a major role in



the 7 August 1972 flare.
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Figure 4. The energy deposited in the solar atmosphere by



energetic electrons and protons in the 4 August 1972 large



proton flare is plotte' here as a function of column density


for a flare area of 10 -cm and for the thick target model



(from Lin and Hudson, 1976). The rate of energy deposition



per ambient particle is given by the lower scale and the



total energy deposited (flare duration -500 sec) by the



upper scale. The particle ranges are shown on the right.



Note that the energy deposition for protons is substantially



less than for electrons to a column density of <10 cm-


V. 	 Abundances, Coronal Heating an& Surface Nuclear Reactions



Heavy Elements



It is possible to determine the abundances of some heavy nuclei in the



ambient medium of the gamma-ray emitting region (probably the corona). We



show in Figure 3 the ratios of the intensities of the 0.847 MeV to the 4.44



and 6.129 MeV line intensities as functions of s and Ec,. and normal photospheric



As can be seen, these ratios are almost indepen­
abundances of C, 0, and Fe. 
 

dent of spectral parameters. Furthermore, since the 0.847 and 6.129 MeV lines



are almost entirely due to 56Fe and 160, respectively (spallation of 160 con­


tributes significantly to the 4.44 MeV line), the measurement of fI(0.847)/



(6.129) leads to a unique determination of the Fe to 0 ratio. Even if no re­


strictions are placed on the spectral parameters, the uncertainty in this de­


duction does not exceed a factor of 2. But the measurement of (1.434)/I (0.847),
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for example, can considerably restrict s and Ec, and hence reduce the under­


tainty in the deduced Fe/O ratio, to probably less than 50%. Implicit in this



statement is, the requirement for precise nuclear cross sections. Some of



these are already available (e.g. Ramaty, Kozlovsky and Lingenfelter, 1978),



while others will have to be measured in the laboratory.



Using similar techniques, high resolution gamma-ray spectroscopy can



determine the abundances of Si, Mg and Ne. The determination of the Si and



Mg abundances is quite straightforward because the characteristic lines of



these nuclei are not much contaminated by spallatiqn reactions of heavier



nuclei. (The main other contributor to the 1.369 MeV line of 24Mg is 28Si, and



32S contributes to the 1.779 MeV line of 28Si.) 
 But the determination-of the



Ne abundance is complicated by the 1.632 MeV line of 14N, which cannot be re­


solved from the 1.634 MeV line of 20Ne.



3He Abundance



Non-radiative capture of neutrons by 3He in the photosphere, a



process whose cross sections exceeds that of radiative capture on H by four



orders of magnitude, is 
an important neutron sink. But rather than hindering



the observability of the neutron capture line, this process can place meaning­


ful limits on the photospheric 3He abundance. If the number and spectrum



of the accelerated ions isdetermind from other lines, then the expected 2.2



MeV line strength can be calculated as a function of the photospheric He abun­


dance. The observed 2.2 MeV intensity then gives the He abundance.



Quiet Time Observations



Finally, solar gamma ray observations should be carried out during



quiet times. We estimate that if -3 X 10- 4 of the energy required to accelerate



the solar wind is deposited in the corona by protons of energies greater than



10 MeV, then the sun would be a steady 2.2 MeV source with a flux of -10- 4
 photons/



(cm2see) in a very narrow line at this energy. The detection of this radiation
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would greatly clarify the mechanisms which heat the corona. Quiet time measure­


ments would also determine the rate of nuclear reactions on the solar surface.



By analyzing lunar soils, Fireman, Defelice and D'Amico (1976) have concluded



that very large amounts of 
14 C are produced at the sun and carried into the



If this 14C is due to nuclear reac­
interplanetary medium by the solar wind. 
 

tions, then the implied steady state flux of 2.223 MeV gamma rays from the



sun would exceed the peak flux in this line observed from the 1972 August 4



flare by an order of magnitude, or the above quiet time flux by 4 orders of



magnitude. These are cleat inconsistencies even with the present meager solar



gamma-ray data, and hence their most likely implication is that not all the lunar



14C is 	 from the solar wind. But these results also point to the greatest poten­


tial of solar gamma-ray astronomy; future measurements will determine the nuclear



reaction rate at the solar surface without the uncertainties that were inherent



in this problem in the past when only charged particle observations near the



earth 	 were available.



VI. 	 Flare Observations and Sensitivity



The solar flares which produce the largest energetic particle events, i.e.



the events likely to produce intense gamma-ray emission, occur not at solar



maximum but several years later on the descending phase of the solar cycle.



Figure 6 shows the distribution over the past 3 solar cycles of flare events



that caused ground-level increases (GLE) in the cosmic-ray counting rates of



Ground level events are the highest
ionization chambers or neutron monitors. 
 

energy and most intense solar cosmic ray acceleration events observed from the



see -2 truly major (GLE) flare events in
sun. Based on Figure 5 we expect to 
 

one year of observation in the 1983-85 period. This estimate is based on -60%



duty cycle, and an equivalent duty cycle for observing energetic particles at



1 A.U. 	 from a flare (due to particle propagation in the spiral interplanetary
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magnetic field, energetic flare particles are generally only observed from



Western hemisphere flares.) We note that there are no solar missions planned



after the Solar Maximum Mission (expected lifetime 1980-1981) which can provide



the long-term observing necessary for solar gamma-ray flare observations.



GROUND LEVEL SOLAR COSMIC RAY EVENTS 
(1942-1974) 
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Figure 5. The. occurrence of ground level solar cosmic


ray events observed over the last three solar cycles,


plotted versus year in the solar cycle (adapted from


Pomerantz and Duggal, 1974).



With-the next generation of gamma-ray instruments, it should be possible



- 3


to achieve a 2.2 MeV line sensitivity for transient flare events of -10



the level of the 4 August 1972 event. By scaling the ganma-ray fluxes from the



single previously observed gamma-ray event (August 4, 1972) by the ovserved



energetic >10 MeV proton flux at I A.U., and using the energetic-particle event



observations over the 1972-1974 period, we estimate that -6 flare events/year



could be detected in 1983-1985. Cledrly, this estimate is highly speculative



since it is based on only one gamma-ray observation. Analysis of the delayed



gamma-ray line emission in the 7 August 1972 flare suggests that the prompt



emission (not observed) was an order of magnitude higher than in the 7 August



1972 event (Wang and Ramaty, 1975), even though the energetic particle flux was





94 

lower. Also, many flare events show high.He
3 abundance, suggesting that



relatively more spallation had occurred than did in the 4 August 1972 event.
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The y rays emitted from the moon or any condensed object carry information on



the composition of the surface layer and on the characteristics of the exciting
 


flux. At energies below a few MeV, the major sources of y-ray line emission



from planetary bodies are the radioactive elements potassium, thorium, and



uranium. The'next most important source of line radiation results from



bombardment of the surface by cosmic-ray particles. Both the primary and the



secondary particles induce significant y-ray emission by interactions with the



abundant nuclear species: oxygen, magnesium, aluminum, calcium, silicon,



titanium, and iron. In our lunar observations, more y rays are produced by



secondary neutrons than by primary cosmic rays. The processes include both



inelastic scattering of fast neutrons and prompt capture of thermal neutrons.



Discrete y-ray line emission observed during the Apollo 15 and Apollo 16 missions



was used to determine the abundances of the radioactive elements and the abundant



nuclear species in the lunar surface. Iterative methods were employed for



separating discrete y-ray lines from continuous spectra. The lunar source spectrum



was obtained from the observed spectrum by least-squares matrix inversion



techniques with constraints.-From the relative intensities of discreta lines



resulting from different reactions in a particular nuclear species, variations



in the neutron spectrum were mapped around the lunar surface. Spectral



diagnostics were used to locate areas of significant depression in the thermal
 


neutron flux associated with high rare-earth concentrations. The power of these



analytic techniques has been verified by independent zonfirmation of our results



based on the chemical analysis of returned moon rocks. The lunar investigations



may now be regarded as the proving ground for methods of studying the



characteristics of the energetic particle flux and the elemental composition of



cosmic sources through y-ray observations.
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ABSTRACT



The distribution of certain elements over a planet's surface



specifies important constraints on models of its origin and evo­


lution. The measured intensities of certain gamma rays of speci­


fic energies escaping from a planetary surface can be used to



determine the abundances of a number of elements. The major



sources of these gamma-ray lines are the decay of natural radio­


nuclides, reactions induced by energetic galactic-cosmic-ray



particles, the capture of low-energy neutrons, and solar-proton­


induced radioactivities. The fluxes of the more intense gamma-ray



lines emitted from 32 elements have been calculated using current



nuclear data and existing models for the source processes. The



source strengths for neutron-capture reactions have been modified



from those previously used. The fluxes emitted from a surface of



average lunar composition are reported for 292 gamma-ray lines.



These-theoretical fluxes have'been used elsewhere to convert the



data from the Apollo gamma-ray spectrometers to elemental abun­


dances and can be used with measurements from,future missions to



map theconcentrations-of a number of elements over a planet's



surface. Detection sensitivities for these elements are examined



and applications of gamma-ray spectroscopy for future orbiters to



Mars and other solar-system objects are discussed.
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INTRODUCTION



Determining the chemical composition of a planet's surface is an essen-,



tial part of the investigation of the planet. The abundances of certain



elements with different condensation temperatures and with various types of



geochemical behavior can provide valuable clues to a planet's origin and



evolution (Anders, 1977). A planet's gross chemistry is established during



its accretion from the solar nebula and certain elements are indicative of



the nature of the early condensate, e.g., uranium (a refractory element in



the early condensates), iron (condensed as metallic iron-nickel), and mag­


nesium (the first silicate formed). Planetary processes, such as core and



crust formation during differentiation and later magma formation and emplace­


ment, greatly modify the distribution of the elements in the planet and



produce the present crusted rocks. Geochemical clues to the evolution of a



planet (Anders, 1977) include the supply of sulfur and metallic iron (for­


mation of FeS), the ratio FeO/MnO (the oxidation of iron), the ratio K/U



(remelting of the primordial condensates), and the ratio Ti/U (relative



abundance of volatiles). Since many elements can be grouped according to



their condensation and geochemical behavior, chemical abundance data for only



a few key elements are needed-to determine the origin and evolution of a



planet.



The surface layers of most planets usually involve a regolith consisting



of rock fragments and reworked materials, such as glasses. The extent to



which regolith material has been transported away from its origin influences
 


the chemistry of the surface layers of a planet. Transport mechanisms possible



on various planets include volcanism, meteoroid impact (ballistic or flow



processes), water and wind movement, and electrostatically charged particles



in electric fields. The lateral movement of material into geologically



different provinces can be detected by photogeology or chemical analyses.
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Another source of foreign material is vertical mixing in regions with rela­


tively thin layers of different composition. The composition of ejecta near



a large crater often isdifferent from that of the surface layer.



The chemical nature of a planetary surface can be determined from re­


turned samples, by experimental instruments placed on the surface, or by



remote-sensing experiments. Returned samples allow extensive analyses to be



performed and surface instruments (on penetrators, rovers, or landers) can



provide valuable data, but these result only apply to a localized region.



Orbital experiments allow global surveys to be made of a planet's surface,



and complement surface measuremdnts (Haines et al., 1976).



Some orbital remote-sensing experiments, such as mass spectrometers and



alpha-particle spectrometers, provide only a limited amount of information on



surface chemistry. Measurements of the spectrum of albedo neutrons above a



planet's surface can indicate the presence of hydrogen and the macroscopic



properties for the transport of neutrons inthe surface layers (Lingenfelter



et al., 1961). The relative abundances of the major elements with atomic



numbers up to about 20 can be-measured by X-ray fluorscence, using solar X­


rays as the exciting source (Haines et al., 1976). Successful X-ray fluor­


escence experiments were flown on Apollos 15 and 16 (Adler et al., 1973).



Orbital X-ray fluorescence is applicable only to planets with no atmosphere



because X-rays have very.short mean free paths in matter. The relative



reflectance in the wavelength region from 0.3 to 3.0 pm and absorption bands



at certain wavelengths can be used to map several elements, such as titanium



and iron, in a number of minerals. Earth-based multispectral measurements



have been used to classify lunar regions on the basis of spectral type



(lNcCord et al., 1976). The physical properties of the reciolith, such as soil



maturity, also affect the reflectance spectrum. The above two techniques can



map the distribution of a few elements in the uppermost surface layers of a



planet with good spatial resolution.
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Gamma-ray lines emitted-by various isotopes allow the abundances of many



,elements to be determined by gamma-ray spectroscopy. These gamma rays are



produced in the top few tens of centimeters of the planet's surface and can



be detected above planets with no or little atmosphere. The spatial resolu­


tion for an isotropic detector isfairly poor but can be improved by collima­


tion of the detector (Haines et al., 1976), and by deconvolution techniques



(Haines et al., 1978). The flux of gamma-ray lines from a planetary surface



is low, so long counting times over a given region are required, especially



if collimation is used. These four geochemical mapping techniques generally



complement each other, and their inclusion on future planetary polar orbi­


provide valuable chemical data with which to study the planet's
ters wil 


origin and evolution.



Gamma-Ray Spectroscopy



This paper discusses the applications of gamma-ray spectroscopy in



mapping the distribution of certain elements in planetary surfaces. The



fluxes of gamma-ray lines expected from the moon are given and used to ex­


amine the ability of orbital gamma-ray spectrometers to determine the concen­


trations of a number of elements in the surface of the moon, Mars, Mercury,



asteroids, and comets.



Gamma-ray spectrometers were carried to the moon on Luna 10 and Apollos



15 and 16 and to Mars on the Soviet Mars-5. The Apollo spectrometers allowed



the relative variations of the natural radioelements (K,U, and Th) and



certain other elements (such as Fe) to be mapped on a relatively fine scale



over 20% of the lunar surface (Arnold et al., 1977). The abundances of Th,



K, Fe, Mg, and Ti were determined for a number of lunar regions overflown by



the Apollo spectrometers by analyses of their gamma-ray spectra (Bielefeld et



al., 1976).
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The spectrometers flown on these missions used scintillator detectors



made of NaI(Tl). Future planetary missions will probably use solid-state



detectors of high-purity germanium, which allow greatly improvedoresolution



of the detected gamma-ray lines (Metzger et al., 1975). Because of the poor
 


resolution of NaI(T-l) detectors, only a few gamma-ray lines were actually



observable in the Apollo lunar spectra. Since germanium detectors can dis­


tinguish between gamma-ray lines only a few keV in energy apart, they will



detect many lines in the energy region of geochemical interest (0.2 to 10



MeV). To plan for such missions flying with high-resolution spectrometers,



the fluxes expected for less intense gamma-ray lines (minor lines from major



elements and major lines from minor elements) as well as those for strong



lines must be calculated.



The fluxes of gamma-ray lines from the moon have been calculated by 

Gorenstein and Gursky (1970), Armstrong (1972), and Reedy et al. (1973). All 

three of these papers gave fluxes for only the strongest gamma-ray lines. 

This work is an extension of the calculations in Reedy et al. (1973), here­

after called RAT. It uses the same models as in RAT to determine source 

strengths for gamma-ray lines, although the absolute magnitude of the neu­

tron-capture rate in the moon has been modified using recent experimental 

results. The spatial resolution of an isotropic spectrometer is given in RAT 

and the effects of collimation on detection sensitivities are discussed in 

Metzger et al. (1975). The procedure presented in RAT for unfolding the 

NaI(TIl) spectra has evolved to that described in Bielefeld et al.(1976). 

Other procedures for reducing the Apollo gamma-ray data have also been devel­

oped (Metzger et al., 1977; Arnold et al., 1977). 

The first spectral unfolding of the Apollo gamma-ray data (Metzger et



al., 1974) used the lunar gamma-ray line fluxes of PAT. It was found that



the RAT library of fluxes was too small for good spectral unfolding (several
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lines unaccounted for and other lines- poorly fitted), so a greatly expanded



library of gamma-ray line fluxes was calculated. This improved library was



used by Bielefeld et al. (1976) in unfolding the Apollo spectra and resulted



in better fits to the lunar data. Itwas also used by Metzger et al. (1977)



inmapping lunar thorium via integral count rates in the 0.55-2.75 MeV energy



band. Arnold et al. (1978) used this library to remove contributions of



iron gamma rays from an energy band used to map titanium. The gamma-ray line



fluxes used by Bielefeld et al. (1976), Metzger et al. (1977), and Arnold et



al. (1978) are included here with only a few minor changes.



The major improvement in the gamma-ray line fluxes presented here is



that more recent and better nuclear data were used in calculating the source



strengths. In RAT, the energies of gamma-ray lines often were given only to



the nearest 0.01 1eV and some lines several keV apart in energy were com­


bined. Since germanium detectors have energy resolutions of several keV, the



energies given here are as accurate as possible (usually to better than a



keV) and only a very few lines with almost identical energies are combined.



Many more gamma-ray lines were calculated for the major sources of lunar



gamma rays (0,Mg, Al, Si, K, Ca, Ti, Fe, Th, and U) than were given in RAT.



Also, gamma-ray line fluxes were calculated for 22 other elements, and any



element likely to produce gamma-ray lines in planets, comets, or spacecraft



was considered. The quality of the models used to calculate the fluxes and



of the nuclear data (and hence of the calculated fluxes) is discussed. The



fluxes are given for the average lunar chemical composition given in Table



I; RAT used the Apollo 11 soil chemistry. These calculated gamma-ray line



fluxes are used to discuss the ability of orbital gamma-ray spectroscopy to



determine elemental abundances on future planetary missions.



http:0.55-2.75
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CALCULATED FLUXES



The general procedure used to calculate the flux of gamma-ray lines from



a planetary surface is that described in RAT, and depends on the gamma-ray



source strength as a function of depth and on the mass attenuation'coefficient



for each gamma-ray energy. The calculated fluxes are for the photons which
 


escape from a semi-infinite plane without undergoing any interactions. Four



sources of gamma-ray lines are considered: decay of naturally occurring



radionuclides, decay of solar-proton-induced radionuclides, reactions by



energetic galactic-cosmic-ray (GCR) particles (nonelastic neutron scattering,



proton spallation, and radionuclide production), and neutron-capture reactions.



With a few exceptions, only gamma-ray lines with energies greater than about
 


0.2 MeV are considered here. For the gamma-ray fluxes tabulated below, the



limit below which fluxes are not given was chosen so that the minimum fluxes



for all major elements at their average lunar abundances were about the same.



Natural Radionuclides



The naturally occurring primordial radioactive nuclei (40K, 138La,



176Lu, and the U and Th decay chains) were assumed to be uniformly distribu­


ted in the top few meters of the lunar surface. For each radionuclide, the



half-life and the elemental atom abundance were 1.250 x 10 y and 0.0001167



K), 1.35 x I01 y and 0.00089 (138La), 3.6 x 10 y and 0.026 Lu),'



1.40 x 1010 y and 1 (232Th), 7.04 x 108 y and 0.0072 (235U), and 4.47 x



109 y and 0.9928 (238U).



The parameters for 40K, including the 0.1048 yield per 40K disintegra­


tion for the 1.4608-MeV gamma-ray line from excited 4oAr, are from Steiger



and Jager (1977). The decay parameters for 138La are from Pancholi and



Martin (1976), and those for 176Lu are from Horen and Harmatz (1976). Data



for the 185.72 keV line of U are from Schmorak (1977).
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For gamma-ray lines produced by the daughtersof 232Th, recent measure­


ments made by high-resolution ganma-ray spectrometers were evaluated to-get



energies and yields per disintegration of 232Th.' Beck (1972),reported abso­


lute gamma-ray yields for the entire decay chain. Evaluated yields for the



decay of 228Ac were given by Horen (1976) and are adopted here. For the



gamma rays emitted by the daughters of 228Th, Heath (1974) and Avignone and



Schmidt (1978) reported relative yields (which were normalized assuming a



yield of 0.307 for the 583.1 keV line produced by the decay of 208TI). The



relative yields for the decay of 208TI presented by Pakkanen et al. (1969)



and by Larsen and Jorgensen (1969) were normalized using a 0.360 yield for



the 2.6146-MeV gamma ray. I evaluated these data to get the yields used for



the daughters of 228Th.



For the 238U decay chain, the energies andyields in recent evaluations



were adopted. All the gamma-ray lines with energies above 200 keV are emitted



in the decay of 214Pb and 214Bi (Toth, 1977b'). The 1.0010-MeV line emitted


by the decay of 234mPa has only a 0.6% yield and was not included. The only



-226
other 238U daughter emitting a relatively strong gamma ray is Ra, which



produces a gamma ray at 186.0 keV in its alpha-particle decay to 222Rn (Toth,



1977a).



Table II gives the energy, yield, decaying nuclide, and flux escaping



the moon for each of the gamma ray lines emitted by natural radionuclides.



For the 238U and 232Th decay chains, only lines with,yields above about 1%



are given. (Results are given to lower yiel'ds for high-energy gamma rays



since they can travel farther inmatter.) Most of the yields used here



probably have uncertainties of ± 5% or less. Under the assumption of a



source uniform with depth, the only other parameters involved in calculating



the flux escaping the moon are the source strength (determined from the half­


life of the radionuclide) and the mass attenuation coefficient, both of which
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are known quite well. The overall uncertainties in the fluxes of most gamma



rays from natural radionuclides are about ± 10%. The yield of the 2.614-MeV



gamma ray per decay of 232Th is vell known, and the uncertainty in its flux



is about ± 5%.



Solar-Proton-Induced Radioactivity



About 90% of the nuclear particles emitted from the sun during strong



solar flares are protons and these protons travel only a few centimeters in



the lunar surface before they are stopped by ionization energy losses (Reedy



and Arnold, 1.972). Some of these solar protons induce reactions before they



are stopped, producing several radionuclides which emit gamma-rays. Because



of the relatively low energy of these solar protons, these product radionuclei



are close inmass and charge to the target nucleus. Prompt gamma rays



produced by solar protons will be extremely difficult to detect since the



high proton flux incident on an actual detection system will saturate the



spectrometer and charged-particle anti-coincidence circuits.



The lunar gamma-ray fluxes reported in RAT for solar-proton-induced



radioactivities were for three different incident solar-proton spectral



shapes (exponential-rigidity parameter, Ro, values of 50, 100, and 150 MV)



and an omnidirectional proton flux above 10 MeV of 100 protons/cm2s. As dis­


cussed in Reedy and Arnold (1972), the activity of any solar-proton-induced



radionuclide at a given time depends on the solar-proton fluxes during the



last few mean-lives of that nuclide. The gamma-ray fluxes reported here are



those for solar-proton-induced radioactivities at the times of the Apollo 15



and Apollo 16 missions. The radionuclides considered are 7 x 105-year 26AI,



2.6-year 22Na, 303-day 54Mn, and 78-day 56Co; their activities were calcu­


lated using the model and cross sections of Reedy and Arnold (1972).



The activities of the short-lived radionuclides depend on the fluxes of



solar protons since 1956. The evaluated solar-proton data of Reedy (1977)
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were used to calculate the activity-versus-depth profiles for 22Na, 54Mn, and


56Co. 
 For the Apollo 11, 12, and 14 missions, the agreements between calcu­


lated and observed profiles were quite good (Reedy, 1977). There are no de­


tailed depth-versus-activity profiles measured in samples from the Apollo 15



and 16 missions, so the profiles used to calculate gamma-ray fluxes were



determined from the solar-proton fluxes of Reedy (1977). The solar-proton



fluxes just previous to these missions were relatively low, so the induced



54Mn and 56Co activities were low and the uncertainties in their gamma-ray



fluxes are large because the satellite solar-proton fluxes have not been



confirmed by lunar sample measurements. Most of the 22Na atoms present in



the Apollo 15 and 16 samples were made before Apollo 14,so the measured lunar



rock data insures that the activity-versuS-depth profiles used here are



probably good to.within about ± 20%.



The half-life of 26A] is so long that contemporary solar-flare activity



has a negligible effect on the lunar radioactivity-versus-depth profile.. The


26Al data in Apollo 12 and 14 rocks were used to derive the average solar­


proton flux over its mean life of 80 protons/cm2s above 10 MeV with a spec­


tral shape of Ro = 100 MV (Whalenet al., 1972). The uncertainties in this



average flux and in the excitation functions used to calculate the expected



-activities for monoelemental targets result in an overall uncertainty for


26Al gamma-ray fluxes of about ± 20%.



Table III gives the gamma-ray fluxes for these solar-proton-produced



radioactivities at the times of the Apollo 15 and 16 missions. Because of



its long half-life, the 26Al values will be applicable to future lunar mis­


sions. The August 1972 solar flares produced much 22NPa, and more recent



flares will produce additional atoms of 22Na, 54Mn, and 56Co, so the fluxes



of these and other short-1ived radionuclides will need to be calculated from



solar-proton measurements before future orbiter missions. If a strong solar
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flare occurs shortly before or during such a mission, activities of short­


lived,solar-proton-produced radionuclides, such as 56Co and especially 16-day



48V (made from titanium), will be, very large, and their gamma-ray fluxes will



be much larger than those reported here.
 


Solar-proton fluxes at othet planets will vary depending on their dis­


tance from the sun (higher fluxes at Mercury, lower ones at Mars) and the



positions of the planets in their orbit relative to the sun (since solar



protons are not emitted isotropically from the sun, but travel out from the



sun along specific magnetic field lines). Since solar protons are the least



important of the four gamma-ray sources reported here, the inability to



predict solar-proton-induced radioactivity fluxes for other planets won't be



a serious limitation. Relative ratios of gamma-ray fluxes measured for



radionuclides which are produced mainly fromrone target element, such as 48V



from titanium and,56Co from iron, could be used to study the relative spatial



distributions of such elements. The measured fluxes of other gamma-ray lines



from the same target element could be used to convert these relative results



to absolute abundances.



Energetic GCR Particle Reactions



The bombardment of the moon by the primary galactic cosmic rays (about



90% protons) produces many reactions and numerous secondary particles. Most



secondary charged particles have low enough energies that they are stopped



before they can induce a nuclear 'reaction, leaving neutrons as the major



nuclear particle (Reedy and Arnold, 1972). Most of these secondary neutrons



are produced with energies between 0.5 and 20 MeV, and can produce gamma-rays



via nonelastic-scattering, (n,xy), reactions. These secondary neutrons also



can be slowed by scattering in the moon and captured via (n,y) reactions.



The production of gamma rays by neutron-capture reactions is discussed in the



next section. High-energy GCR particles also can produce gamma-rays, denoted
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here as (p,xy) reactions, and some gamma-ray-emitting radionuclides.



The model used for the fluxes of energetic GCR particles as a function



of depth in the moon was that of Reedy and Arnold (1972). For radionuclides



at various depths in lunar samples, the ratios of the measured activities to



the calculated production rates usually are within 30% of unity. No syste­


matic trends in these ratios were,observed either as a function of depth in



the moon (including near the surface where gamma-ray production is most



important) or of the effective energy of the nuclear reaction involved (low­


energy reactions usually produce the strongest fluxes of gamma rays). As



described in RAT, the source strengths for gamma rays produced by energetic



GCR particles were calculated using excitation functions for the relevant



reactions and. the Reedy-ArnoldGCR fluxes. The sources and quality of the



cross-section data are discussed below and the changes inthe gamma-ray



fluxes relative to those in RAt also are mentioned' A complete listing,of



references containing information on neutron reactions are given in CINDA



(the Computer Index of Nuclear Data), issued periodically by the Internation­


al Atomic Energy Agency, Vienna. Neutron cross secti'on data are compiled for



many reactions inGarber and Kinsey (1976) and Bormann et al. (1974). For



gamma-ray-production cross-sections, the data measured at angles of about 550



or 1250 with respect to the incident neutrons usually were used since these



data are more typical of the values averaged over angle than those measured



at other angles (such as 90°y. Table IVgives the fluxes of gamma rays



.produced from the major elements (0,Mg, Al, Si, Ca, Ti, and Fe) by neutron



nonelastic-scattering reactions and by the decay of GCR-produced radionu­


clides. The uncertainties given below should not be considered absolute, but



are intended to indicate the relative quality of these fluxes. Low uncer­


tainties were given to fluxes calculated with well-determined excitation



functions for gamma-ray production, i.e., for cross sections measured with



high resolution-Ge(Li) (as opposed-to NaI(Tll spectrometers, for cross
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sections available at many different energies, and for good agreement among



the excitation functions measured by different experiments.



The evaluated oxygen photon-production cross sections of Foster and



Young (1972) and P. G. Young (private communication, 1975) were used for



(n,ny), (n,ay), and (n,nay) reactions. The cross sections used for the



16(n,p)16N reaction were those in RAT. 
Relative to RAT, the gamma-ray



fluxes from (n,ny) reactions are slightly lower, those from (n,cty) reactions



are up a factor of about 1.25, and that from the (n,nay) reaction up by 2.64.



These new fluxes for oxygen gamma rays gave better fits to the Apollo data



than those in RAT, especially for the 160(n,ncy)12C line at 4.438 MeV (Biele­


feld et al., 1976). The quality of the evaluated cross section data for



oxygen is quite good, comparable to some of those used for radionuclides, and



I would estimate the uncertainties in these fluxes as of the order of ± 20%.



The quality of the magnesium cross-section data is poor, especially for



gamma rays other than the one at 1.3686 MeV, since there have been few high­


"resolution measurements made of Mg(n,xy) reactions. The evaluated cross



sections of Drake and Fricke (1975) and P. G. Young (private communication,



1975) were used for the 1.3686-MeV gamma ray. The flux calculated for this



line is 1.07 of that in RAT. The gamma-ray lines produced by the decay of



24Na were calculated using the same cross sections as in RAT, and that from



22Na decay was calculated using the cross sections of Reedy and Arnold (1972).



The uncertainties in the above magnesium gamma-ray fluxes are estimated to be



about ± 25%. The (n,ny) cross sections for other gamma rays from 24Mg, 25Mg,



..and 26Mg were derived from various measurements below about 4.5 MeV and at



14-15 MeV. Their uncertainties are estimated to be of the order of ± 50%.



Two gamma rays identified in NaI(TI) spectra at about 6.2 and 7.2 MeV were



not included here because of fhe uncertainties in their energies and because



their fluxes are lower than those of the others reported here.





III 

For aluminum (n,xy) reactions, the evaluated cross sections of P. G.
 


Young (private communication, 1975), based mainly on the measurements of



Orphan and Hoot (1971), were used. The cross sections for 26AI and 22Na



production were those of Reedy and Arnold (1972). The measurements of



Bayhurst et al. (1975) were used for the 27A1(na)24Na reaction and the



evaluated data of Young and Foster (1972) were adopted for the 27Al(n,p)27Mg



reaction. The calculated gamma-ray fluxes are similar to those in RAT and



their estimated uncertainties are about ± 25%.



The strongest silicon gamma-ray line is that at 1.7788 MeV via the


28Si(n,ny) reaction, and the measured cross sections of Dickens and Morgan



(1974) and the evaluated ones of P. G. Young (private communication, 1975) 

were used. The cross sections used for other Si (n,xy) reactions were based 

on the measurements of Dickens (1970) from 5.3 to 9.0 MeV, various other 

measurements, and evaluations of P. G. Young (private communication, 1975). 

The fluxes of the two strongest (n,ny) gamma rays are 1.22 times greater than 

those in RAT. The same cross sections as were used for RAT were used for the 

production of 22Na, 24Na, and 26Al. The evaluated cross sections of Bhat et 

at. (1973) were used for the 28Si(np)28Al reaction. The gamma-ray fluxes 

from the decay of these radionuclides are identical or very similar to those 

of RAT. The uncertainties in the fluxes for silicon gamma rays are estimated 

to be of the order of ± 30%, although that for the 1.7788-MeV gamma ray 

probably is less. 

The calcium cross-section measurements of Dickens (1972) and Dickens et



al. (1974) were used for the gamma rays at 3.7366 and 3.9044 MeV from 40ca



(n,ny) reactions and that at 0.7705 MeV from the 40Ca(n,py) reaction. Cross



sections for other Ca(n,xy) reactions were based on the measurements of



Dickens (1972) and miscellaneous other workers. In some IaI(T1) spectra of



calcium nonelastic-scattering gamma rays, there was a fairly strong peak at



about 3.15 MeV, but only a number of weak peaks were observed near this energy
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in Ge(Li) spectra. The 4 Ca(n,ny) fluxes are about factors of 1.3 greater



than those in RAT. The estimated uncertainties in these gamma-ray fluxes are



about ± 40%.



The measured titanium gamma-ray-production cross sections ofDickens



(1974) for 4.9-, 5.4'-, and 5.9-MeV neutrons were used and extended to and



.beyond various measurements at about 14.5 MeV. For the'production of 46Sc,



various measured cross sections for the 46Ti(n,p) and'47Ti'(n,np) reactions,



(cf., Garber and Kinsey, 1976) and estimated cross sections for the 48Ti(n,x)


46Sc reaction were used. The flux of the 0.'98344ieV gamma ray reported in



RATwas based only on estimated cross sections and was.a factor of 1.85 lower



than that calculated 'here. Because of the scarcity of measured cross sections



for the Ti(nxy)-ahd 48Ti(n,x)46Sc reactions, the garnma-ray fluxes reported



here probably, have uncertainties of the order of ± 50%.



The Fe(n,ny) cross sections used were those of Orphan et al. (1975) and 

the cross sections for the production of 54Mn were those of"Reedy and Arnold 

(1972). The gamma-ray fluxes,calculated' here for these sources were very 

similar to those in RAT and.their estimated uncertainties probably are about 

± 25%. Cross sections for the production-of gamma rays by 56Fe(n,2ny) 

reactions were measured by'Korkal'chuk et al. (1975) and extended t6 higher 

energies using the 56Fe(n,2n)55Fe excitation function of Reedy and Arnold 

(1972),. Fluxes-for two gamma rays produced by 56Fe(n,2nyY reactions are in­

cluded here and their uncertainties are estimated to be of the order Of 

± 40%' 

Table V gives the fluxes of gamma rays produced from 16 other elements 

by neutron nonelastic-scattering reactions or by the decay of GCR-produced 

radionuclides. Generally, because of lovielemental abundances,-these gamma 

rays will not be detectable for small regions ofa planet's surface, althoQgh 

somecould be (-such as nickel and sul'fur on asteroids of chondritic composi­

tion or carbon in,comets). Some of these gamma rays will be detectable with 
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long counting times for large regions of a planet (e.g., sodium, chromium,



and manganese). The quality of the cross-section data is quite vriable,



ranging for different elements from very good to virtually non-existent.



The cross-section data for the 12C(n,ny) reaction producing the 4.4383-


MeV gamma ray (Rogers et al., 1975) are very good, agreeing well with other



measurements, and the flux uncertainty is about ± 20%. The crass-section



data for 14N(n,xy.) reactions of Rogers et al. (1975) are also of good quality



and result in flux uncertainties of about ± 30%. The quality of the data of



Morgan and Dickens (1976) for the 0.1971-NeV inelastic-scattering gamma ray



of 19F are about as good as those for nitrogen, while the quality for other



prompt fluorine gamma rays are very poor, resulting in large uncertainties



(of the order of a factor of two)in their gamma-ray fluxes. The cross sec­


tions used for 23Na(n,ny) reactions are based mainly on the measurements of



Donati et al. (1977) and Dickens (1973), plus various ones near 14.5 MeV.



The data for th6 23Na(n,2n)22Na and 23Na(n,a) 20F are from Reedy and Arnold



(1972) and from various sources (cf., Garber and Kinsey, 1976), respectively.



The estimated uncertainties in the sodium gamma-ray fluxes are about ± 30%.



Kellie et al. (1973) was used for the 31P(n,ny), reactions and, since
 


their data for iron agreed well with those adopted here, the data are probably



of reasonably good quality (about ± 40% uncertainty). The data for the


32S(n,ny) reaction producing the 2.2301-MeV gamma ray are of poor quality



(uncertainty of over ± 50%) and probably include cross sections for gamma 

rays produced by the decay of the 4.47-MeV level to the 2.23-MeV level of 

32S. The nonelastic-scattering gamma-ray fluxes for 35C1-, 40Ar, and 39K are 

based on only a few measured cross sections and are of poor quality.



52 55
The scatter in the measured 52Cr(n,ny) and 5n(n,ny) cross sections is



fairly large, and the resulting prompt gamma-ray fluxes are of poor quality.



The evaluated data of'Magurno and Takahashi (1975) for the 55fln(n,Zn)54,Mn
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reaction is of fairly good quality. The data for the inelastic-scattering



reactions with 58Ni and 60Ni from many sources are of good quality, and those



for the 58Ni(n,p)58Co reactions are also very good.



For the 88Sr(n,ny) reaction, I know of only one cross section (at 14.4



MeV), so the uncertainty in its flux is large. There is a fair amount of



spread in the data which exist for the 89Y(n,ny) reactions, and there are no



measurements between 5 and l4 MeV. The 89Y(n,2n) 88Y and 90Zr(n,2n)89Zr



cross sections of Bayhurst et al. (1975) are of very good quality,, but the



decay of these products produces gamma rays from levels in 88Sr and 89Y,



respectively, so these particular gamma rays, originating from reactions



with two different elements, are less suitable for geochemical mapping.



The data for the 90Zr(n,ny) gamma ray is of good quality, but the inelastic­


scattering cross sections for the 92Zt and 94Zr nuclei are poorly known,



being assumed equal to half of the measured values for 0.92-MeV gamma rays



from natural iirconium. There exist no cross section data above 1.73 MeV for



the 138Ba(n,ny) reaction, and the quality of the calculated gamma-ray flux is



very poor. This 1.4359-MeV gamma ray is also made by the decay of the



natural radionuclide 138La.



Table VI gives fluxes of gamma rays produced by several high-energy



reactions induced by GCR particles. The energies required to induce these



spallation reactions are considerably above those for the (n,xy) reactions



considered above because several nucleons or alpha particles are removed from



'the target nucleus by these reactions. These reactions are denoted here as



- (p,xy) since protons are more numerous than neutrons at these incident par­

ticle energies. These spallifion readtidns wgere not considered in RAT as a 

source of lunar gamma rays. A gamma-ray line in the Apollo spectra at 1.63 

MeV can be explained and its flux reasonably well calculated by (p,xy) 

reactions with Mg, Al, and Si producing the 1.6337-MeV excited level in 2Ofe 
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(cf., Bielefeld et al., 1976, and Metzger et al., 1977). The measurements of



Foley et al. (1962), Chang et al. (1974), and Artun et al. (1975) for the



bombardment of various targets with energetic protons show many (pxy)gamma



rays. Their observations indicate that these reactions produce relatively



strong fluxes of gamma rays from the de-excitation of the first level of 4n



nuclei with even numbers of protons and neutrons and that most of these



strong gamma rays are from product nuclei which are equivalent to the target
 


nucleus minus one to three alpha particles.



In addition to the production of the 20Ne line at 1.6337 MeV, other



strong spallation lines observed include 2.6133 MeV (20Ne), 1.3686 MeV (24Mg



from Al and Si), 2.2104 and 1.0144 MeV (27A1 from Si), 1.9704 (36Ar from Ca),



and 1.4342 MeV (52Cr from Fe). The 20Ne line at 2.6133 MeV will interfere



with the detection of the thorium line at 2.6146 MeV. The only cross sec­


tions measured for this line were those of Foley et al. (1962), and result in



fairly high calculated lunar gamma-ray fluxes (equivalent to about 0.4 ppm of



thorium in the moon). The lunar gamma-ray data indicate that the flux of the



2.613-MeV line of 2ONe is considerably lower than calculated and is equivalent



to about 0.1 ppm of Th or less (Metzger et al., 1977). The Foley et al.



(1962) cross section for the-production of this line from magnesium is greater



than that for the 1.634-MeV line of 20Ne, which is inconsistent since, in



20Ne, a 1.634-MeV gamma ray is always emitted after a 2.613-MeV gamma ray.



For these reasons, the Foley et al. (1962) data for the 2.613-MeV line of


20Ne were not used.



The scarcity of measured (p,xy) cross sections and the possible uncer­


tainties in the few measured data result in poor quality gamma-ray fluxes.



These spallation gamma rays generally are not suitable for elemental deter­


minations, but are given here as examples of interferences which can occur in



planetary gamma-ray spectra. The production of the 1.3686-MeV gamma-ray of
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24Mg by reactions with aluminum and silicon must be considered in determiring



magnesium abundances from this line, otherwise there-will be an offset in



these determined abundances. The low "ground truth" factors for magnesium cl-


Bielefeld et al. (1976) could result from the presence of such spallation



lines, although hopefully most of these (pxy)lines were removed in the data



analysis.



Neutron Capture



Many of the neutrons in the lunar surface have energies below the thresh­


olds for nonelastic-scattering reactions (i.e., below about 0.5 MeV), and, as



these low-energy neutrons travel through the lunar surface, they scatter from­


nuclei, until they either escape-from the surface or are captured, by a nucleus.



Many gamma rays, including some with high energies, are produced by such



neutron-capture reactions. The energy spectraof these low-energy 'neutrons



in the,moon .and their capture rates were calculated,as a function of chemica.It



composition by Lingenfelter et al. (1972),, hereafter called LCH. The various



effects of chemical composition on neutron-capture gamma-ray fluxes are



discussed, in RAT.



The total, neutron-capture rates used in RAT were based on computer



printouts provided,by R. E. Lingenfel.ter and. E. H. Canfield (private communi:­


cation, 1971) with the rates for the capture of neutrons v)ith. energies below



3 eV.. The factor used in RAT to convert these rates to-total neutron-capture



rates was 1.77. This factor included nonelastic-scattering reactions in,



addition to tn,y) reactions, and so resulted in an.overestimation of the



rates.of lunar (n,y) reactions. Detailed neutron fluxes-in the moon as a



function of depth and energy were provided-by E. H. Canfield (private com­


munication, 1973)'. Using neutron-capture cross sections which were inversely



proportionaj, to, the neutron velocity ("]/v" cross sections)' and. these cal­

culated neutron fluxes at a lunar'depth of 4 g/cm2 , the ratio. of the total 

http:rates.of
http:chemica.It
http:ratio.of
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"1/v" capture rate to that for neutrons with energies below 3 eV was deter­


mined to be 1.31, which is 0.74 of the factor used in RAT.



The best measurement of the neutron density in the moon was made by the



Apollo 17 Lunar Neutron Probe Experiment -LNPE- (Woolum and Burnett, 1974,



and Woolum et al., 1975). From tracks produced by the 1OB(n,a)-and 235U(n,f)



reactions, the lunar fluxes of low-energy neutrons were determined and com­


pared with the theoretical fluxes of LCH. Woolum et al. (1975) concluded



that the actual lunar neutron density was 0.8 of that used by LCH.
 


To convert the Apoll.o 17 LNPE results to a solar-cycle average, Woolum



and Burnett (1974) derived a solar-cycle correction factor based on neutron



fluxes measured in the Earth's atmosphere and on neutron-monitor counting



rates. Since the neutron-monitor counting rate was greater at the time of



the Apollo 17 mission than that averaged over a solar cycle, the Apollo 17



flux of neutrons was estimated to be a factor of 1.21 greater than the aver­


age flux of neutrons (Woolum and Burnett, 1974). Using this neutron-monitor



approach, I determined the solar-cycle correction factors for the Apollo 15



and 16 missions to be about 1.15 and 1.19, respectively. A factor of 1.17 was



adopted for the increase in the lunar neutron fluxes observed by the Apollo



Gamma Ray Spectrometer Experiment relative to the solar-cycle-averaged flux.



The lunar neutron-capture gamma-ray fluxes calculated here are those



applicable at the times of the Apollo experiments.. These fluxes will need to



be modified for future missions using solar-cycle correction factors deter­


mined during those missions. To convert PAT neutron-capture gamma-ray fluxes



to those relevant for the Apollo experiments,, the above, three factors (0.74,



0.8, 1.17) must be multiplied to get the final conversion factor, 069.



Because the neutron fluxes at the times of the Apollo 15, 16, and 17



missions were very similar, the Apollo 17 LNPE neutron-capture rates can be



used directly to determine a cbrrection factor for those used in RAT. At a
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lunar depth of 150 1/cm2 10


f, the measured 
 B capture rate in the LNPE (Woolum



et al., 1975) was 467 ± 74 captures/s g(lOB) and that calculated by the cap­

ture rates used in RAT was 719. 
 Thus the LNPE neutron-capture rates were


0.65 ± 0.10 of those used in RAT. 
 A value of 0.67, the average of this


factor and the 0.69 factor calculated above, was adopted to convert the


neutron-capture rates used in RAT to those applicable to the Apollo gamma-ray


data. Some of the neutron-capture rates used in these calculations (inunits



of captures/g s) for various lunar depths (inunits of g/cm 2) were (0.00131,0),

(0.00255,5), (0.00367,10), (0.00579,20), (0.00962,40), and (0.01437,70). 
 The


fraction of the neutrons captured by each element is given inTable I.



The neutron-capture gamma-ray fluxes reported in RAT were those calcu­

lated for the chemical composition of the Apollo 11 
 soil. This composition


is not typical of the average lunar composition given inTable r,especially


in its neutron-capture properties. 
 The effective I/v cross section for a


given composition is Xeff = 
 

/1 
N0 Z(fii/Ai, where No is Avogadro's Number, fi



is the weight fraction of element i,Ai is its atomic weight, ai is its


effective I/v capture cross section (cf., LCH; for major elements, ai is


just its thermal cross section), and the sum is over all elements. 
 For the


average lunar and the Apollo 11 chemical compositions, the Zeff values are


about 0.0066 and 0.0098 cm2/g,respectively. The neutron-capture gamma-ray


fluxes for a given element vary with Seff' the ratio of the fluxes for a


given chemical composition to those for the average lunar composition being


denoted the "chemical correction factor" (CCF). For I/v ­
capturing nuclides,



-CCF is about 0.01237 (Zeff)­
 87 6. Chemical correction factors calculated


with this formula give values very similar to those given in RAT for several


chemistries. 
 A CCF factor of 1.40 should be used to convert the neutron­

capture fluxes for an'Apollo 11 chemistry to those for an average lunar



chemistry.
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The flux of a neutron-capture gamma ray for a given element depends on



the gamma-ray's energy (which determines its mass attenuation coefficient),



its yield per capture in that element, and the elemental neutron-capture



For all the elements reported here, the yields per capture were assumed
rate. 


to be those determined for the capture of thermal neutrons. 
 The cross sec­


tions for the capture of thermal neutrons by these elements were taken from



The capture cross section
the evaluations of Mughabghab and Garber (1973). 


The yields per
used for silicon in RAT was 10% higher than that used here. 
 

thermal capture were evaluated from literature data and the references used



Table VII gives the calculated fluxes of
for my evaluations are cited below. 
 

neutron-capture gamma rays produced by reactions with the major elements in



The lowest fluxes given for each element were selected so that
the moon. 
 

their values for an average lunar chemistry were about the same.



The magnesium neutron-capture yields of Spilling et al. (1967) are in



very good agreement with other measurements. The aluminum measured yields of



(1972) were emphasized in determining
Nichol et al. (1969) and Ishaq et al. 
 

the evaluated yields. The three sources mentioned in Bhat et al. (1973) for



silicon were used in getting the yields. The calcium yields of Arnell et al.



(1969) are the bases of the-yields adopted here. For titanium, emphasis was



placed on the yields of Tripathi et al. (1969). The iron yields used in RAT



were modified slightly using various other measurements. The agreement among



the few measurements of iron's neutron-capture yields is good.



The quality of these neutron-capture yields for the'major elements is



quite good. Neutron-capture gamma rays were used to determine iron and



titanium abundances from the Apollo data and the ground truth factors for



these elements in Bielefeld et al. (1976) varied about unity by only ± 20%



These ground truth factors indicate that the neutron-capture gamma­
or less. 
 

ray fluxes probably are accurate.
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Table VIII gives neutron-capture gamma-ray fluxes for 15 other elements.



The quality of the data for neutron-capture yields varied from very good to



very poor, but only when the data is not good is there a comment. Neutron



capture by hydrogen-always resul-ts in a 2.2-233-eV gamma- ray, the -only-gamma



ray produced by hydrogen. Carbon, oxygen, and fluorine have very low (n,y)



cross sections and are not included here. The energies and neutron-capture



yields given in Ajzenberg-Selove (1976) were used for 14N. For sodium, the



yields of Nichol et al. (1969)-were emphasized inmy evaluation. Phosphorus



has a relatively low capture cross section and no gamma rays with high



yields. The sulfur gamma-ray yields essentially were those of Egri et al.



(1969). For chlorine, which has a high capture cross section, about six



sources, cited in Spits and Kopecky (1976), were used to derive the yields



adopted here. The yields for potassium were similar to those measured by Op



den Kamp et al. (1972). There is only fair agreement among the yield data'



for chromium and nickel and various sources were used to get the yields used



here. The yield data of Mellema and Postma (1970) were used for the prompt



neutron-capture gamma rays of manganese. There are large spreads among the



yields measured for strontium and yttrium. There is fairly good agreement



among the reported yields for the capture gamma rays-of neodymium and the



decay gamma rays of 152gEu. The spreads among the yields given for samarium



and gadolinium capture gamma rays were considerable.



DISCUSSION



These fluxes for gamma rays from the moon should include all the gamma



rays likely to be seen on any future gamma-ray-spectroscopy mission to var­


ious planets, asteroids, or comets. Since the fluxes of nuclear particles in



-aspacecraft are similar to those used here, these gamma-ray fluxes also can be



used to estimate.backgrounds from materials ina spacecraft. The most intense
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gamma ray emitted from the moon for each element is given, inTable I. Fig. 1



shows the fluxes of the lunar gamma rays as a function of energy.



An earlier version of this library of lunar gamma-ray fluxes, similar to



the one given here, was used by Bielefeld et al. (1976) inunfolding the



Apollo gamma-ray data. The only gamma-ray line inthe Apollo spectra which



was not fitted reasonably well by this library was one at about 2.2 MeV and



it probably was produced via the capture of lunar-albedo neutrons by hydrogen



in matter around the detector. Another preliminary version of this library



was used by Metzger et al. (1975) in determining detection thresholds as a



function of counting time for high-resolution detectors in orbit about the



moon and Mars. Haines et al. (1976) discuss a large number of geochemical



questions, such as the presence of volatiles at the lunar poles, which can -be



addressed by future gamma-ray-spectroscopy missions.



Several relatively strong gamma rays from different elements have ener­


gies similar enough that even a high-resolution detector could not resolve



them. There are neutron-capture lines from Ca and Ti at energies of 6.420 and



6.419 MeV, respectively. The interference between the 208T1 line at 2.6146



MeV and the (p,xy) line of 2PNe at 2.6133 MeV was mentioned above, but it



should be a problem only for very low abundances of thorium (Metzger et al.,



1977). Another example is the lines from Fe (0.8467), Al (0.8438), and Th



(0.8402). Various gamma rays from the decay of uranium and thorium have



energies close to those from other elements: e.g., 1.3777 MeV (U)and the



48Ti(n,y) line at 1.3815 MeV; 0.7684 (U), 
 0.7721 (Th), and the 40Ca(n,py)



line at 0.7705 MeV; 1.2381 (U)and the 56Fe(n,ny) line at 1.2383 MeV;



1.5092 (U)and the 89Y(n,ny) line at 1.5074 MeV; 1.4080 (U)and the 152gEu



decay line at 1.409 MeV;*and 0.7859 (U)and the 138La decay line at 0.7887 1eV.



Ina number of cases, the same gamma-ray line can be produced by reac­


tions with several di-'-rent elements. Many of the (p,xy) reactions dis­
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cussed above can produce gamma rays which also can be made by inelastic­


scattering reactions. Such (p,xy) gamma rays will be a serious problem in



analyzing for minor elements whose major isotope is one to three "alpha



parti-cles" away from a major nuclide, e.g., the 32S line at 2.2301 MeV made



from 40Ca and the 52Cr line at 1.4342 being made from 56Fe. Since the fluxes



for the spallation gamma rays are not well determined, itwill be hard to



correct for the spallation contributions to these inelastic-scattering gamma



rays for minor elements. The relative variations in the abundance of a minor



element could be mapped by comparing changes in the nonelastic-scattering



gamma-ray fluxes for the minor element's gamma rays relative to those for the



major element's gamma rays. Most neutron-capture gamma rays are not produced



by nuclear reactions with other elements, so such gamma rays should be free



of interferences. A few radionuclides made from various elements will produce



gamma rays which are also made by inelastic-scattering reactions in a differ­


ent element. The decay of 24Na (made readily from Al or Si) produces the



1.3686- and 2.7539-MeV gamma rays of 24Mg.



The 160(n,nay) reaction produces a strong flux of the 4.4383-MeV gamma



ray from 12C. An oxygen abundance of 5,83% produces the same flux of this



gamma ray as a 1.00% abundance of carbon. Since oxygen is usually inmost



planetary surfaces with abundances of about 40 - 45%, the detection of carbon



via this line will be difficult. Most of the excited levels in 12C decay by



the emission of three alpha particles. The level at 15.110 MeV is one of the



few levels in 12C which decays by gamma-ray emission, mainly decaying to the
 


ground state. Cross sections for the production of this 15.110-HeV gamma ray



have not been measured, so its flux can't be calculated. Another possible



way to map carbon in a planet is to compare the flux of the 4.4383-MeV gamma



ray with the fluxes for other oxygen gamma rays.
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For an element, its most intense gamma ray emitted from a planetary sur­


face generally is the best one for determining its abundance. However, 1T of



the 32 most intense elemental gamma rays listed inTable I have interferences



strong enough either to hamper or to make impossible the use of that gamma ray



for elemental determinations. Several 'interferences were discussed above.



Sodium, sulfur, and chromium have spallation interferences from (p,xy) reac­


tions with major elements; neutron-capture gamma rays from 23Na (6.395 MeV),


32S (5.424 MeV), and 53Cr (8.884 MeV) are strong lines from these elements



which are suitable for determining their abundances. Fdr manganese, its neu­


tron-capture gamma ray at 7.244 MeV is free of interferences. Yttrium and



europium can be studied using the 89Y(n,ny) gamma ray at 1.7445 MeV and the



152gEu decay gamma ray at 1.113 MeV, respectively. The 138Ba(n,ny) reaction



produces the same gamma ray as made in the decay of 138La and the other 138La



gamma ray isclose in energy to one from uranium, so studies of these two ele­


ments will be difficult using gamma rays.



Mars is different enough from the moon that the emission of gamma rays



from its surface should be discussed. Metzger and Arnold (1970) discussed



the general aspects of martian gamma-ray spectroscopy, including atmospheric



attenuation of gamma rays and-spatial resolution. The presence of about 1%


40Ar in the martian atmosphere will produce a flux of 1.4608-MeV gamma rays



which is comparable to the flux from the decay of 40K in approximately 100



ppm of K in the martian surface. Thus martian atmospheric argon will not



seriously interfere with the detection of 40K.



The presence of about 0.7% hydrogen in the martian surface twould increase



the thermal-neutron flux near the surface and decrease the neutron leakage



from the surface (Lingenfelter et al..; 1961) and would result in a neutron­


capture chemical correction factor of approximately two (cf., discussion in



RAT about the effects of hydrogen on neutron-capture gamma-ray fluxes); hence
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neutron-capture gamma-ray fluxes will be enhanced. Ifchlorine ispresent in



the martian surface at the about 0.7% abundance reported by the Viking landers



(Toulmin et al., 1977), its neutron-capture gamma rays will have fairly high



fluxes. Similarly, the hydrogen line at 2.2233 MeV will ,be observable ifthe



surface contains clay minerals like those used by Toulmin et al. (1977) to



match the Viking lander chemical analyses or if it contains appreciable



amounts of water.



Gamma-ray spectroscopy, especially from orbiters, is an excellent tech­


nique to map the distributions of a number of elements in a planetary sur­


face. It is able to detect most major elements and several minor elements.



including the natural radionuclides K, U, and Th, which are important sources



of heat ina planetary interior. The spatial resolution possible with gamma­


ray spectrometers is relatively poor, though more than adequate for the



detailed study of a planet. 
 Gamma rays can be used for the determination of
 

elemental abundances in the moon, Miars, Mercury, asteroids, and comets.



Hopefully, high-resolution gamma-ray spectrometers soon will be flown on



missions to these interesting planets and solar-system objects.
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Table I



For each element considered here, its average abundance in the moon (as



adopted for these calculations), the fraction of low-energy neutrons it



captures, and its most intense gamma ray escaping from the moon.



a raction Strongest lunar-gamma ray­ 2 

Element mg/g a captured Sourceb Energy (11eV) photons/cm min 

H 0.04 0.0012 ?H(n,Y) 2.2233 0.00349 

C OA c --­ 12C(n,ny) 4.4383d 0.00163 

N 0.1c --­ 14N(n,ny) 2.3127 0.000323 

0 435. 0.0007 160(n,ny) 6.1294 2.592 

F 0.1 --­ 19F(n,ny) 0.1971 0.00144 

Na 3.5 0.0075 23Na(njny) 0.4399d 0.0558 

Mg 40. 0.0096 24Mg(n,ny) 1.3686d 0.727 

Al 110. 0.0868 27A1(n,n¥) 2.2104 0.675 

Si 200. 0.105 28Si(n,ny) 1.7788 3.223 

P 0.6 0.0003 31p(nny) 1.2661 0.0038 

S 0.7 0.0010 32S(n,ny) 2.2301d 0.0067 

Cl 0.02 0.0017 35C1(n,y) 6.111 0.00215 

Ar 0. c --­ 40Ar(n,ny) 1.4608d 0.0013 

K 1.2 0.0059 40K 1.4608 2.352 

Ca 100. 0.099 40Ca(n,ny) 3.7366 0.346 

Ti 14. 0.165 48Ti(n,y) 6.7615 0.412 

Cr 1.0 0.0055 52Cr(n,ny) 1.4342d 0.0160 

Mn 0.8 0.0179 56Mn 0.8467 d 0.0243 

Fe 90. 0.380 56Fe(n,ny) 0.8467 1.149 

Ni 0.4 0.0028 58Ni(n,y) 8.999 0.00732 
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Table I, (cont.)



a Fraction s cb Strongest lunar gamma ray



Element ng/g a captured Source b Energy (M6V) photons/cm min



Sr 0.18 0.0002 88Sr(n,nY) 1.8360 0.0019



Y 0.06 0.0001 89Y(n,nY) 1.5074d 0.00024



Zr 0.25 --- 90Zr(n,ny) 2.1865 0.00089



Ba 0.20 0.0002 138Ba(n,ny) 1.4359d 0,00147



La 0.010 --- 138La 1.4359d 0.00247



Nd 0.017 0.0005 143Nd(n,y) 0.697 0.00043



Sm 0.007 0.027 149Sm(n,y) 0.3340 0.014



Eu 0.0005 0.0008 152gEu 1.409d 0:00024



Gd 0.008 0.072 Gd(n;y) 1.187 0.014



Lu 0.0005 --- 176Lu 0.3069 0.00756



Th 0.0019 --- ?08TI 2.6146 2.193



U 0.0005 --- 214Bi 0.6093 1.li1



aThe abundance as mg of element per g of lunar surface material.



bThe reaction or radionuclide producing the most intense gamma ray.



CNominal abundance used in these calculations, not a.lunar abundance.



dstudy of this element using this gamma ray is hampered or impossible because



of interferences by other gamma rays of the same or nearly the same energy.



See the text for discussions of the interferences and of other gamma rays



suitable for determining abundances of some of these elements.
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The fluxes of gamma rays produced by the decay of the natural radionuclides



at the lunar elemental abundances of Table I. The yield is per disintegration



of the parent radionuclide. 

Flux2 
Element Nuclide Energy (HeV) Yield (photons/cm min) 

K 40K 1.4608 0.1048 -2.352 

La' 138La 1.4359 0.671 0.00247 

138La 0.7887 0.329 0.00090 

Lu 176Lu 0.3069 0.94 0.00756 

176Lu 0.2018 0.85 0.00573 

Th 208T1 2.6146 0.360 2.193­

228Ac 1.6304 0.019 0.0919 

212Bi 1.6205 0.016 0.0771 

228Ac 1.5879 0.037 0.177 

228Ac 1.4958 0.010 0.0464 

228Ac 1.4592 0.010 0.0458 

228Ac 0.9689 0.175 0.656 

228Ac 0.9646 0.054 0.202 

228Ac 0.9111 0.290 1.054 

208TI 0.8605 0.045 0.159 

228Ac 0.8402 0.010 0.0349 

228Ac 0.8356 0.018 0.0627 

228Ac 0.7948 0.048 0.163 

212Bi 0.7854 0.010 0.0338 

228Ae 0.7721 0.016 0.0537 

228Ac 0.7552 0.011 0.0366 

Bi 0.7271 0.070 0.229 

208T1 0.5831 0.307 0.916 

228Ac 0.5623 0.010 0.0294 

208TI 0.5107 0.083 0.234 

228Ac 0.4630 0.046 0.125 
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Element Nuclide 
 

Th Ac 
 

228Ac 
 

228Ac 
 

pb 
 

TI 
 

228Ac 
 

224Ra 
 

212pb 
 

228Ac 
 

214Bi 
 

214Bi 
 

214Bi 
 

214Bi 
 

214Bi 
 

214Bi 
 

214Bi 
 

214Bi 
 

214Bi 
 

214Bi 
 

214Bi 
 

214Bi 
 

214Bi 
 

214Bi 
 

214i 
 

214Bi 
 

214Bi 
 

214pb 
 

214Bi 
 

Energy (MeV) 
 

0.4094 
 

0.3384 
 

0.3280 
 

0.3000 
 

0.2774 
 

0.2703 
 

0.2410 
 

0.2386 
 

0.2094 
 

2.4477 
 

2.2041 
 

2.1185 
 

1.8474 
 

1.7645 
 

1.7296 
 

1.6613 
 

1.5092 
 

1.4080 
 

1.4015 
 

1.3777 
 

1.2810 
 

1.2381 
 

1.1552 
 

1.1203 
 

0.9341 
 

0.8062 
 

0.7859 
 

0.7684 
 

Yield 
 

0.022 
 

0.120 
 

0.034 
 

0.031 
 

0.'024 
 

0.038 
 

0.038 
 

0.47 
 

0.045 
 

0.016 
 

0.050 
 

0.012 
 

0.021 
 

0.159 
 

0.031 
 

0.012 
 

0.022 
 

0.025 
 

0.014 
 

0.040 
 

0.015 
 

0.059 
 

0.017 
 

0.150 
 

0.032 
 

0.012 
 

0.011 
 

0.049 
 

Flux2


(photons/cm min)



0.0566



0.285



0.0797



0.0700



0.0524



0.0821



0.0783



0.964



0.0874



0.0753



0.224



0.0526



0.0861



0.637



0.123



0.0467



0.0817



0.0897



0.0501



0.142



0.0514



0.199



0.0554



0.481



0.0939



0.0328



0.0297



0.131





Element Nuclide 

u 214Bi 

214Bi 

214pb 

214Pb 

214pb 

226Ra 

.235U 

Table II,(cont.) 136 Flux2 

Energy (11eV) Yield (photons/cm min) 

0.6655 0.016 0.0403 

0.6093 0.461 1.118 

0.3519 0.371 0.714 

0.2952 0.192 0.343 

0.2419 0.075 0.123 

0.1860 0.055 0'0810 

0.1857 0.54 0.0366 
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Table III



Fluxes of lunar gamma rays produced by the decay of solar-proton-produced


radionuclides at the times of the Apollo 15 and 16 missions. 
 The yield is


the fraction of the disintegrations which emit that gamma ray. The elemental


abundances of Table I were used.



Flux (photons/cm2 min)


Element Nuclide Energy (MeV) Yield Apollo 15 Apollo 16 

Mg 22Na 1.2745 1.00 0.0573 0.0496 

Al 26Al 1.8081 0.997 0.444 0.444 
22lNa 1.274E 1.00 0.0820 0.0710 

Si 26Al 1.808) 0.997 0.300 0.300 
2Na 1.2745 1.00 0.0609 1.0530 

Fe 56Co 1.238. 0.70 0.0556 1.0187 
56Co 0.8467 1.00 0.0755 1.0254 

54Mn 0.8348 1.00 0.0271 1.0229 
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The fluxes of gamma rays produced in the moon via neutron nonelastic-scattering



reactions or the decay of GCR-produced radionuclides. The elemental abundances



used for these major elements were those of Table I. The source is the reaction



The yield is the fraction of gamma rays
or radionuclide producing the gamma ray. 
 

with that energy produced per de-excitation of the excited level or per decay of



the radionuclide.


Flux 2 

Element Source Energy (MeV) - Yield (photons/cm min) 

0 160(n,ny)
16O(n,ny) 

8.8691 
7.1170 

0.072 

1.00 

0.059 

0.808 
160(n,ny) 6.9172 1.00 0.736 
160(n,ny) 6.1294 1.00 2.592 

16N 6.1294 0.69 0.277 

160(n,nY) 4.949 0.40 0.093 
160(n,ny) 4.4383 1.00 1.214 
160(n,ny) 4.161 0.44 0.094 
160(n,aY) 3.854 0.691 0.372 
160(n,ny) 3.833 1.00 0.058 
160(n,y) 3.6842 1.00 0.692 
160(nay) 3.086 1.00 0.283 
160(n,ny) 2.7408 0.76 0.359 

160(n,ny) 1.753 0.126 0.046 

Mg 24t'g(n,nY) 4.238 0.76 0.107 
24Mg(nny) 3.8671 0.983 0.050 

24Na 2.7539 0.9995 0.106 
24Hg(n,nY) 2.7539 1.00 0.091 
26Mg(n,nY) 1.8087 1.00 0.152 
25mg(n,ny) 1.6117 1.00 0.060 
24 fg(n,ny) 1.3686 1.00 0.727 
24Na 1.3686 1.00 0.069 
22Na 1.2745 0.9994 0.074 
26Mg(n,nY) 1.1297 0.90 0.038 

-Al 27Al(n,nY) 4.580 0.75 0.061 
27Al(n,nY) 4.409­ 0.70 0.059 
2 7 Al(n,nY) 3.9556 0.88 0.055 
27Al(n,nY) 3.2103 0.87 0.061 
27Al(n,nY) 3.004 0.91 0.385 
27Al(n,nY) 2.981 1.00 0.120 
24Na 2.7539 0.9995 0.209 
27A,(n,ny) 2.734 0.24 0.070 
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Flux2 
Element Source Energy (MeV) Yield (photons/cm min) 

A 27Al(n,nY)
27Al(n,nY) 

2.2997 
2.2104 

0.76 
1.00 

0.057 
0.675 

26AI 1.8087 0.997 0.290 
27A1(ndy) 1.8087 1.00 0.238 
27A1(n,ny) 1.7195 0.76 0.167 
24Na 1.3686 1.00 0.139 
22Na 1.2745 0.9994 0.093 
27Al(n,ny) 1.0144 0.97 0.634 
27Al(n,ny) 0.8438 1.00 0.305 
27Mg 0.8438 0.71 0.066 

Si 28Si(n,ny)
28Si(n,ny) 

7.4162 
6.8777 

0.90 
0.65 

0.111 

0.199 
28Si(n,ny) 5.6012 0.61 0.050 
28Si(n,ny) 5.1094 1.00 0.114 
28Si(n,ny) 5.0992 0.35 0.094 
28Si(n,ny) 4.4972 0.91 0.105 

28yi(n,nY) 3.2000 1.00 0.088 
28Si(n,ny) 2.8387 1.00 0.329 
24Na 2.7539 0.9995 0.309 
30Si(n,ny) 2.2354 1.00 0.117 
26AI 1.8087 0.997 0.306 
28Si(n,ny) 1.7788 1.00 3.223 
28A, 1.7788 1.00 0.700 
24Na 1.3686 1.00 0.212 
22Na 1.2745 0.9994 0.152 
29Si(n,ny) 1.2733 1.00 0.067 

Ca 40Ca(n,ny) 
40Ca(n,ny) 

5.2486 
3.9044 

0.79 
1.00 

0.042 

0.232 
40Ca(n,ny) 3.J366 1.00 0.346 
40cd(n,a) 1.6112 1.00 0.106 
40Ca(n,py) 1.1589 0.86 0.032 
44Ca(n,ny) 1.1569 1.00 0.034 
40Ca(n,py) 0.8916 l1O0 0.031 
40Ca(n,py) 0.7705 1.00 0.101 

Ti 48Ti(n,nY) 1.3117 1.00 0.037 
48Ti(n,nY) 0.9834 1.00 0.163 
46T1i(n,ny) 0.8892 1.00 0.016 
46Sc. 0.8892 1.00 0.013 
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Element Source Energy (MeV) Yield h 
Flux

lxns/cm2 mn 

Fe 	 56Fe(n,ny) 3.6019 0.69 0.040 

56Fe(n,ny) 2.601 
 1.00 0.061 

56Fe(n,ny) 2.5231 0.87 0.053 
56Fe(n,ny) 2.1f29 1.00 0.078 
56Fe(n,ny) 1.8109 1.00 0.123 
54Fe(n,ny) 1.4077 1.00 0.061 
56Fe(n,2ny) 1.3164 1.00 0.091 
56Fe(n,ny) 1.2383 1.00 0.256 
56Fe(n,ny) 1,0380 1.00 0.041 
56Fe(n,2ny) 0.9312 1.00 0.086 
56Fe(n,ny) 0.8467 1.00 1.149 
54Mn 0.8348 1.00 0.090 
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Table V



The fluxes of gamma rays produced in the moon via neutron nonelastic-scattering



reactions or the decay of GCR-produced radionuclides. The elemental abundances



used for these minor elements were those of Table I. The source is the reaction


or radionuclide producing the gamma ray. The yield is the fraction of gamma rays



with that energy produced per de-excitation of the excited level or per decay


of the radionuclide.



Element 	 Source 


12C(n,ny) 


N 14N(n,ny) 

14 

-4N(ncy)

14N(n,ny) 

14N(n,ay) 

14N(n,ny) 


F 	 19F(n,ny) 

19F(n,ny) 

19F(n,ny) 


Na 	 23Na(n,ny) 

23Na(n,ny) 


20F 

22Na 

23Na(n,ny) 


P 	 31P(n,riy) 

31p(n,ny) 


S 	 32S(n,ny) 


Cl 	 35C1(n,ny) 

35C1(n,ny) 


Ar 	 40Ar(n,ny) 


K 	 39K(n,ny) 

39K(n,ny) 


Cr 	 52Cr(n,nY)

52Cr(n,ny) 

52Cr(n,ny) 


52Cr(n,nY) 


Mn 	 55Mn(n,ny) 

55Mn(n,ny) 

55Mn(n,nY) 


Energyo(MeV) Yield 
Flux 2
(photons/cm min) 

4.4383 1.00 0.00163 

5.1049 0.80 0.'000203 

4.4441 1.00 0.000238 
2.3127' 1.00 0.000323 
2.1245 1.00 0.000165 
1.6348 1.00 0.000176 

1.3569 1.00 0.00094 
1.2358 1.00 0.00046 
0.1971 1.00 0.00144 

2.6396 1.00 0.0064 
1.6364 1.00 0.0215 
1.6337 1.00 0.0087 
1.2745 1.00 0.0121 
0.4399 1.00 0.0558 

2.2337 1.00 0.0022 
1.2661 1.00 0.0038 

2.2301 1.00 0.0067 

1.7632 1.00 0.000100 
1.2194 1.00 0.000075 

1.4608 1.00 0.0013 

2.8137 1.00 0.00354 
2.5225 1.00 0.00275 

1.5308 1.00 0.00125 
1.4342 1.00 0.0160 
1.3338 1.00 0.00T92 

0.9356 1.00 0.00123 
1.5289 1.00 0.00151 
1.1660 1.00 0.00186 
0.8585 1.00 0.00361 

54 

Mn 	 O.834R I.nN nnli 
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Element Source Energy (MeV) Yield 
Flux2

(photons/cm nmin) 

Mn 55Mn(n,ny) 0.1260 1.00 0.00330 
Ni 58Ni(n,ny) 1.4544 1.00 0.00260 

60i(n,ny) 1.3325 1.00 0.00169 
58Co 0.8106 1.00 0.00105 

Sr 88Sr(n,ny) 1.8360 1.00 0.00192 

y 88y 1.8360 0.994 0.00020 

89y(n,ny) 1.7145 1.00 0.00023 
89Y(n,ny) 1.5074 1.00 0.00024 
89Y(n,ny) 0.9092 1.00 0.00019 

Zr 90Zr(n,ny) 2.1865 1.00 0.00089 
92Zr(n,ny) 0.9345 1.00 0.00050 
94Zr(n,ny) 0.9182 1.00 0.00049 
89Zr 0.9092 1.00 0.00043 

Ba 138Ba(n,ny) 1.4359 1.00 0.00147 
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Table VI



The fluxes of gamma rays produced in the moon by spallation, (P,xy),


reactions. Table I elemental abundances are used. The source is the


excited nuclide made by reactions of GCR particles with the element.



Element Source 
 

Mg 2ONe* 
 

Al 23Na* 
 
20Ne* 

24 * 
Mg 
 

Si 27A1" 
 
20Ne* 
 

24Mg* 
 

27AI* 
 

Ca 39K* 
 

39Ca 
 

32S* 
 

36Ar* 
 

Fe 52Cr* 
 

Energy(MeV) 
 

1.6337 
 

1.6364 
 

1.6337 
 

1.3686 
 

2.2104 
 

1.6337 
 

1.3686 
 

1.0144 
 

2.8137 
 

2793 
 

2.2301 
 

1.9704 
 

1.4342 
 

Flux2


(photons/cm min)



0.07



0.08



0.11



0.15



0.10



0.20



0.52



0.10



0.06



0.11



0.05



0.15



0.05
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Table VII



The fluxes of gamma rays produced in the moon by neutron-capture reactions


with the major elements. (See Table I for the elemental abundances



used.) The yield is the fraction of captures by the element which produces


the gamma ray. The source indicates the isotope in which the neutron was



captured or the radionuclide, produced by neutron capture, which decayed



to produce the gamma ray.



Element Source 

Mg 24Mg(n,y) 
24Mg(n,y) 

Al 27Al(n,y) 

27A1(n,y) 

27Al(n,y) 

27Al(n,y) 

27Al(n,y) 

27Al(n,y) 

27A1(n,y) 

28A 

Si 28Si(n,y) 

28Si(n,y) 

28Si(n,y) 

28Si(n,Y) 

28Si(n,y) 

28Si(n,y) 

Ca 4 0Ca(n,y) 

40Ca(n,y) 

40Ca(n,y) 

40Ca(n,y) 

40Ca(n,y) 

Energy (MeV) 
 

3.918 
 

2.8285 
 

7.724 
 

7.694 
 

4.735 
 

4.260 
 

4.134 
 

3.0345 
 

2.960 
 

1.7788 
 

7.200 
 

6.381 
 

4.934 
 

3.5395 
 

2.0931 
 

1.2733 
 

6.420 
 

5.9005 
 

4.419 
 

2.0015 
 

1.9427 
 

Yield 
 

0.48 
 

0.36 
 

0.30 
 

0.045 
 

0.057 
 

0.06 
 

0.065 
 

0.08 
 

0.09 
 

1.00 
 

0.08 
 

0.13 
 

0.61 
 

0.66 
 

0.20 
 

0.19 
 

0.40 
 

0.07 
 

0.18 
 

0.18 
 

0.80 
 

Flux2


(photons/cm min)



0.0205



0.0119



0.173



0.026



0.025



0.025



0.026



0.025



0.028



0.209



0.054



0.083



0.336



0.286



0.058



0.037



0.241



0.040



0.088



0.047



0.205
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Table VII (cont.)



Element Source Energy (MeV) Yield (photonscmFlux
22 min) 

Ti 48Ti(n,y) 6.7615 0.40 0.412 
48Ti(n,y) 6.557 0.04 0.040 
48Ti(n,y) 6.419 0.28 0.280 

48Ti(n,y) 4.967 0.03 0.026 

48Ti(n,y) 4.882 0.05 0.043 

48Ti(n,y) 1.7620 0.045 0.018 
48Ti(n,y) 1.5853 0.09 .0.033 
48Ti(n,y) 1.4983 0.04 0.014 
48Ti(ny) 1.3815 0.82 0.269 
48Ti(ny) 0.3419 0.38 0.049 

Fe 5 Fe(n,y) 9.299 0.034 0.093 
56Fe(n,y) 7.6457 0.22 0.552 
56Fe(n,y) 7.6313 0.24 0.602 
56Fe(n,y) 7.279 0.05 0.123 
56Fe(n,y) 6.019 0.08 0.178 
56Fe(n,y) 5.921 0.08 0.176 
56Fe(n,y) 4.810 0.018 0.035 

56Fe(n,y) 4.2185 0.04 0.072 
56Fe(n,y) 1.725 0.09 0.081 
56Fe(n,y) 1.6126 0.07 0.059 
56Fe(n,y) 0.6921 0.08 0.036 
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Table VIII



The fluxes of gamma rays produced in the moon by neutron-capture reactions
 


with-minor or trace elements. (See Table I for the elemental abundances



used.) The yield is the fraction of captures by the element which produces



the gamma ray. The source indicates the isotope inwhich the neutron was



-captured or the radionuclide, produced by neutron capture, which decayed



to produce the gamma ray.



Ee 
 

Element Source 
 

H 1H(n,y) 
 

N 14N(n,Y)

14N(n,y) 
 

14N(n,Y) 
 

14N(n,y) 
 
14N(ny) 
 

Na 	 23Na(n,y)

24Na 
 
24Na 
 

23Na(n,Y) 
 

S 	 32S(n,Y) 
 
32S(n, ) 
 

Cl 	 35CI(n,y)

35Cl(n,y) 
 
35C1(n,y) 
 
35CI(n,Y) 
 
35Cl(n,y) 
 

K 	 39K(n,y) 
 
39K(n,y) 
 
39K(n,Y) 
 
39K(n,Y) 
 
39K(n,Y) 
 

Cr 	 53Cr(n,Y) 
 
53Cr(n,y)-

52Cr(n,Y) 
 

Mn 	 55Mn(n,Y) 
 
55Mn(n,Y) 
 
56Mn 
 

5 1n 
 

Flux2 

Energy (MeV) Yield (photons/cm min) 

2.2233 1.00 0.00349 

10.8295
6.3225­

0.135
0.184 

0.000051
0.000055 

5.5334 0.185 0.000051 
5.298 0.217 0.000059 
5.2693 0.311 0.000084 

6.395 0.20 0.0090 
2.7539 0.9995 0.0252 
1.3686 1.00 0.0147 
0.4723 1.00 0.0071 

5.424 0.55 0.0032 
2.379 0.40 0.0013 

7.791 0.09 0.00104 
7.415 0.11 0.00124 
6.621 0.09 0.00096 
6.111 0.21 0.00215 
1.951 0.20 0.00090 

7.770 0.07­ 0.00278 
5.7525 0.07 0.00238 
5.697 0.07 0.00237 
5.381 0.09 0.00295 
0.7705 0.58 0.00444 

9.719 0.10 0.00404 
-8884­ 0.24 0.00932 
7.939 0.11 0.00407 

7.244 0.I0 0.0116 
7.058 0.09 0.0103 
1.8109 0.29 0.0127 

0.8467 0.988 0.0243 
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Table VIII (cont.)


Flux 2



Element Source Energy (MeV) Yield (photons/cm min)



Ni 	 58Ni(n,y) 8.999 0.37 0.00732


58Ni(n,y) 
 8.534 0.18 
 0.00348



Sr 87Sr(n,y) 1.8360 0.45 0.00026



Y 89Y(n,y) 6.080 0.4 0.00019



Nd 	 143Nd(n,y) 0.697 0.65 0.00043



Sm 	 149Sm(n,y) 0.4395 0.4 0.0097


149Sm(n,y) 0.3340 
 0.7 0.014



Eu 	 1529Eu 1.409 0.15 0.00024


152.Eu 1.113 0.09 0.00012



Gd 	 157Gd(niy) - 6.747 0.02 0.0090 

Gd(n,y) 1.187 0.11 0.014


157Gd(n,y) 0.945 
 0.07 0.0075


157Gd(n,y) 0.182 
 0.22 0.0084
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Fig. 1. The gamma-ray fluxes calculated as escaping from the moon for



the average lunar chemical composition of Table I are shown as a function



of their energies. The more intense gamma rays are labeled by the element



or the radionuclide producing them.
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ABSTRACT



Solar flare observations are consistent with the phenomenological descrip­

tion that a loop of magnetic flux is convected to the surface of the star and 

twisted. Both deformations are necessary for the presumed dynamo action.- The 

resulting inductive current -arallel to the field is dissipated at an enhanced 

rate throughout the field volume by current limiting instabilities. The 

steady state balance between joule heating and thermal conduction along the 

field lines of force to the denser, cooler surface establishes a temperature 

distribution. The expansion of heated and ionized surface layers leads to a 

pressure balance and hence predictable density and x-ray emission measure. 

The current limitation instabilities result observationally in the parallel 

current being transferred to run-away ions that reach a kinetic energy of some 

finite fraction of the inductive potential drop. One can then calculate the 

nuclear excitation gamma rays produced by such a run-away ion current. A 

large White Dwarf flare of B = 107 gauss, 2 = 4 x 108 cm, r = 2 x 107 cm,max = i3 

determined by fluid convection arguments then contains WT = 2 x 1036 ergs. 

The current dissipation time of several seconds leads to a temperature of 

several hundred keV, pressure balance in a few tenths of a second, and n ± 

1017 cm 3 . These conditions describe a typical "y-burst" (2 x 1036 ergs) 

where the photons arise,from e-e and e-i bremsstrahlung. The parallel current 

of run-awag ions should be I = Sr B m 1015 amperes. The total potentialmax 11 
drop is V = d/dt (inductance x current) = WT/I = 4 x 1014 volts. This is so 

high that we can assume all ions have an energy well above nuclear excitation



threshold. Then the production of nuclear -'s (presumably by neutron capture



from spallation) becomes 0. nHe Vol aY 1035 y's where *. = flux of run-away


19 -2 17 23 3 t2A 2

ions, 10 cm P n~ =l1 , Vol=5 xlO0 ci a~'Y5l0 cm . At the
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characteristic distance at which the bremsstrahlung would explain a typical


y-burst, 30 pc, this flux of nuclear excitation y's would correspond to 10-6 
2 -1 

cm2 sec - It is possible that the ion temperature could run away (kT. 101 

MeV) because of'the small classical electron dynamic friction at kTe 150


e 

keV, but the plasma physics of instability induced coherent dynamic friction



is not well enough known. In this case complete spallation would occur giving



rise to E 1041 gamma rays. 
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INTRODUCTION



The prediction of gamma rays from stellar flares is highly model dependent



but on the other hand the fundamental energy flow phenomenology in solar



flares caa be modeled with surprisingly few free parameters. These are:



1. total energy



2. volume



3. time



We could take all three numbers ad hoc and derive stellar flare phenomena



much as Mullan (1974, 1975, 1976) and Worden (1974) have done. Instead we



feel that it is far more satisfactory to start with the basic physics of



stellar structure and show how this leads to the limiting stress in dynamo



theory and how this in turn predicts the maximum field, volume and hence



energy. The time of dissipation is then determined by scaling from plasma



physics instabilities, and we have the full input parameters necessary



to calculate the nuclear spallation. We will use the self consistent descrip­


tion of a solar flare (Colgate 1978) heated throughout its volume, cooled by



thermal conduction and where most importantly for this problem the total
 


current necessary to bound the magnetic -fields is carried by ru-away ions



-(nucleii). It is these high energy ions comprising the primary current



of the flare that we will invoke as the source of the nuclear excitation



necessary to give rise to nuclear gamma rays. This is the general descrip­


tion that fits so many measurements of the large solar flare of August 4,



1974.



These nuclear gamma rays are a small fraction of the total radiation.



In a solar flare this radiation occurs in the energy range XLIV to a few keV,



although of course a small fraction emerges as multi kilovolt x rays. In a



stellar flare where the total and specific energy may be very much greater,
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the radiation will be emitted as bremsstrahlung of 50 to 100 keV x rays.



Normally we could interpret this radiation as a "gamma burst" (Stecker and



Frost 1973; Mullan 1974, 1975, 1976; Colgate 1977). However we are not as



concerned here with the continuum radjition, but instead with the possible



line excitation of various nucleii.



The modeling of solar flares frequently starts with the assumption of



the release of energy in association with magnetic fields. When one



observes that the origin of magnetic field must be associated with more



fundamental phenomena of the sun, then this in turn restricts the topology



of the fields and determines many of the startin conditions of a solar



flare model. Without these restrictions there are very many possible



explanations and we do not claim to eliminate these. 
 It is just more



comfortable to start with solar dynamics.



A self-gravitating sphere of mass necessarily leads, to heat flow and



when the mass is'in the range of solar magnitudes, regions of the heat



flow predictably will be convective as opposed to radiative. The magni­


tude of convection is prescribed by the requirement of transporting the



heat diffusing from the interior. Some effects of convection are clearly



manifest on the solar surface, but the depth of convection can primarily



be determined only by solar modeling. Pulsations have offered some con­


firming evidence. Convection and rotation of the star lead to a dynamo



(Parker 1971).. The generation of magnetic field depends in a fundamental



way upon the convection to the solar surface of an ordered, amplified,



laminar, deep toroidal field. Convection transports a small fraction of



this flux and the Coriolis force causes convective elements to rotate



(cyclonic convections) that rotates the flux loops from the toroidal to



the poloidal (dipole) plane. The critical closure of the dynamo now
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depends upon the dissipation of part of the flux convected away from and



rotated othogonal to, the amplified toroidal field. The convected flux is



topologically loops; there are no monopoles. A loop that partially



dissipates in the dipole plane adds flux to the average dipole field.



Laminar differential rotation in the sun amplifies (wraps up many times)



the 	 dipole field back into toroidal field and the dynamo is completed.



The partial dissipation of the flux convected to the surface of the



sun is the crucial step that still confronts detailed explanation. With­


out doubt this process is manifested by the observed magnetic activity of



the sun. It is conjecture but an extremely plausible conjecture that



solar flares are an extremum of this continuing flux dissipation. Sun



spot magnetic fields have the correct magnitude, time scale and length



scale to correspond to a convected loop of primary toroidal flux (Colgate



1978). Magnitude, time and length are established by the restrictive



properties of convecton at the base of the convection zone. We see flares



as the explosive dissipation of these sun spot fields. What properties of



these fields must be applied to a solar flare model? These are:



1. 	 The average magnetic field is kilogauss strength or less.



2. 	 The first order topology of the field is that of a loop.



3. 	 The second order topology is that the field is force-free because the



inferred plasma pressure is very small compared to the field



pressure.



4. 	 The evolution to the state of flare explosion is quasistatic



5. 	 On the average the field has torsion because vorticity (and cyclonic



motion) is a fundamental degree of freedom of turbulence



(convection).
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From these conditions we argue that a solar flare is most probably)



the sudden instability-induced dissipation of a force-free flux loop. The



detailed mechanism of this instability and dissipation is the most poorly



established part of the-theory but there is general agreement that either



a combination of hydromagnetic (exceeding the Kuskal-Shafranov limit) or



resistive tearing mode (Spicer 1977, Colgate 1977,78) is most likely. The



nonlinear limit of these instabilities is conjectural. It should be



pointed out that these magnetic instabilities do not exclude the singular



case of oppositely directed magnetic fields as is required by the classical



neutral point explanation of Petschek (1964). However, the probability of



occurrence of exactly oppositely directed fields derived from the random



vorticity field of convective turbulence seems small - or at least on the



average a significant torsional component of the field must be dissipated



first before the oppositely directed neutral point cusp can occur.



There is a significant difference in the two cases for creating



accelerated high-energy particles. A "force-free" field is one where the



plasma pressure is small compared to the magnetic one, and so of necessity



the local current density J is primarily parallel, Jif to the local



field. The neutral point, on the other hand requires a region of zero



field and a separating plasma whose pressure equals the field pressure.



The gradient of the plasma pressure is balanced by the force I x where



is perpendicular, Jj, to i. J, is comprised of an ensemble average of in­


dividual particles, each orbiting locally perpendicular to the field, and



the distance any given particle travels corresponds to a slow drift across



the field. J on the other hand is comprised of particles that may



travel a large distance along the field. Since the dissipation or energi



zation is.due to J-E, it is evident that run-away acceleration is inherently
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more likely for force-free torsion dervied fields because of E 1 
 as



opposed to a neutral point configuration where one has only E1 and Jl.



It is therefore more likely that the high energy phenomena observed



in flares is due to the rapid dissipation of the torsion of the field



leading to E1 run-away'acceleration. It is also currently easier to



explain an enhanced resistivity for J, 
due to current carrier limited



hybrid or electro-static wave generation than for the J, case. 
 However,



this does not ensure the correctness of the explanation.



If we indeed initiate a flare assuming a twisted force-free loop of



field, and assume a rapid enhanced resistive dissipation of the torsional



component of the field, then do we have even a reasonable description of



the gross phenomena of the flare?



Flare Heating and Cooling



To answer this question we start with our assumption of a twisted



flux loop and ask what happens when we rapidly dissipate part of the field



energy. When this energy is released along the flux tube we expect to heat



the ambient plasma and in turn we expect the plasma to radiate and therm­


-ally conduct heat to the respective ends of the flux tube parallel to the



lines of force. One can observe empirically the rate of energy release



and calculate the thermal conduction. Since the conduction heat flux in a



hot ionized plasma is such a rapid function of the maximum temperature,



being proportional to KVT T7, 
max expect the temperature maximum to
weeexettetpeauemxmmo


be very broad and relatively insensitive to the length, c L2/ 7 heating
, 
 

rate a ()2/7 -4/7 .
and radius, r Iddeed the observed temperatures from



soft x-ray line ratios and x-ray spectra confirm the expected maximum



temperature within rather narrow limits of 1 to 2 keV for a very wide



range of flares. Secondly after a period of'time, e 10 seconds, plasma
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will be expected to rapidly expand from the heated solar surface and



because it is ionized it will be constrained to the flux tube, expanding



The
upwards thereby increasing the plasma density along the flux tube. 
 

quasi equilibrium value of the plasma pressure can be calculated assuming



that the dense cooler ends radiate almost all the energy flux through the



The pressure, 103 to
efficient mechanism of line radiation in the XUV. 
 

3
-2 , 
 and density, 1011 to 1012 gm cm , so calculated results in an104'dynes cm
 

x ray and XUV emission measure in reasonable agreement with observations.



This does not say anything about the plasma conditions in the first 10



seconds which will undoubtedly be less dense and hotter, depending upon



the dissipation mechanism. Nevertheless, it is comforting to recognize



that the quasi equilibrium conditions can be calculated so easily and give



good agreement with the general features of observation, especially soft



x rays and magnetic fields. 
 As a note on these general flare conditions
 

the quasi steady'state phenomena of flares lasting longer than 10 seconds



implies that the energization must continue to take place locally for times



that are very long compared to thermal and pressure equalization times.



This fact alone strongly argues against local shock heating from a single



.explosion as being the primary source of energization of flares. This



must not be construed as arguing against shocks being created by the flare



but instead that something must go on initially for times longer than



a single shock.



Induction Currents and Run-Away Acceleration



Since we have chosen typical flux loop dimensions of magnetic fields



and dissipation times, the induction potential associated with the change



in field due to dissipation can be calculated from Maxwell's equations and



typically becomes - 109 volts for the full length of the flux tube,
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V = d/dt(inductance x current) where the inductance and current are determined



by the field configuration and value, but limited by observed dimensions and



total energy. Hence the large potential is more than adequate to account for



high energies provided particles can run away. The value of E volt/cm



is orders of magnitude more than necessary for classical Coulomb-limited


~0-4 =012an T=2e. hi 

run-away (Dreiser field) = 10 volts/cm at ne = 10 and kT = 2 keV. This 

would appear, at first consideration, to be an unlimited source of accelerated 

particles, but instead the run-away flux can be no greater than the total 

current, I = f J d(area), at which value the induction electric field becomes 

saturated and no further ruif away can occur. The problem is that this value 

of the run-away current is some 6 orders of magnitude smaller than the high 

energy nonthermal electron flux required to account for the hard x-ray spec­

trum. On the other hand, one notes, that the proton flux if extrapolated 

downwards in energy by a power law spectra to 4 MeV from the fiducial value of 

30 MeV necessary to account for gamma rays from He, carbon, and oiygen# is 

almost exactly the total current necessary to bound the magnetic fields. This 

bizarre circumstance is contrary to normal classical coulomb collision­

dominated plasmas where we expect the current carriers to be electrons with a 

slow drift velocity. On the other hand the equality of the induction current 

and the ion current is too close to be.dismissed as happenstance. Instead, 

there is,a neat and logical way out of part of the dilemma. We require an 

enhanced resistivity or magnetic field dissipation mechanism in the first 

place. Such a phenomena is described as an enhanced dynamic- friction of the 

current carriers. The dynamic friction can be derived and is expected from 

instabilities associated with a limited number density of current carriers 

interacting with the magnetic and electric induction fields as well as self­

induced electric fields. Such instabilities (Buneman, ion wave, and hybride 
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waves) are extensively discussed in the literature. They indeed can occur if



the current carrier population is sufficiently restricted. If this circum­


stance were to occur, then indeed we wouldhave a reasonable description of



additional flare phenomena. The current carrier limited instabilities would



increase the wave dynamic friction to the point where the electron population



was essentially immobilized and'only ions - with their greater mass and smaller



wave particle interaction could run away and carry the induction current of



the flare.



The remaining problem is then explaining first, the restriction in the
 


number of current carriers necessary to create the instabilities and secondly
 


the source of the hard x rays. Only current filamentation has been proposed



to explain the current carrier limitation. The non-linear limit of the tearing



mode naturally leads to some concentration of current channels, called magnetic



islands in Tokamac fusion research. However the extreme filamentation
 


(rmiimum/rmaximum < 10-4 ) required for flare current carrier limitation



confounds modern theory.



THE TRANSITION TO CONVECTION



The sun is a convective star which means that within a distance AR from



the surface at R all the heat must be carried by thermal convecton. We will



summarize the physical arguments for LR rather than relying solely upon model



calculations.



The boundary between convective and nonconvective core is determined by



.the condition that the temperature-density distribution must be not less than
 


-adiabatic, otherwise an interchange between two fluid elements, vertically,



can lead to more work done on the rising element than on the subsiding one
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and hence instability and hence turbulence. In the event of no turbulence 

and just radiative transport and pressure balance in the outer layers of a 

star where R and M are effectively constant lead uniquely to what is called 

the "radiative zero" solution (Schwarzschild 1958) where T c p1/3.25 The 

exponent is quite insensitive to various model parameters and so the convective­

nonconvective zone boundary occurs where the effective gas ratio of specific 

heats, y, falls below (1 + 1/3.25). Since a free particle gas has y = 5/3 we 

only expect a lower y where ionization occurs. Radiation pressure also lowers 

', but only asymptotically to (I + 1/3). Hence, in the sun where radiation 

pressure is not dominant, the convection zone boundary will occur near the 

onset of the highest helium ionization potential = 50 eV depending upon 

density. Constituents of higher atomic number are fractionally too small 

to make a difference in y. 

The surface temperature of the sun, Tsur eV and the scale height 

hsur T/glp 2 x cm. g = HOG/l 2 , and M = mean molecular weight 

mass of the proton, (nonionized at the surface temperature). Therefore, the 

9
scale height at the convective zone boundary, hcon hur con TSur 2 
 

cm. The depth of the convective zone ARcon = hco/(y-1) 6 x 109 cm in



reasonable agreement with model calculations where ARo n 1010 cm,



(Schwartzschild 1958). The density of the convective zone boundary scales



as



1TcnY-1 fTc1o3\6 
Sur(t_)
S= = P rIcon 2 x 106 Psn" (i) 

Puon stir 

We note that this result is very.sensitive to y and hence a crude estimate. 

Since psur =1/Ksurhsur 5 x 10-8 g/cm3 , where K is the surface 

opacity, then 
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P 0.1 K-s1 L-I M T3 g/cm-3 (2) 

Coisur con



where we have included the scaling in terms of surface opacity, and luminosity,



L, radius and mass in solar units, i.e., aT 4R 2 = L etc. In other stars


-sur 

the convection zone boundary may occur at very much larger values of Tecn than



is determined in the sun by helium ionization.



TURBULENT CONVECTION



In a fully convective region, i.e., where heat transport other than by



convective motions is negligible, the buoyancy force per unit volume in pressure



equilibrium is Fb = (AT/T pg). -If this force is converted into kinetic energy



of the buoyancy element rising one scale height, h = T/g, and the energy is



2 
 
divided equally between kinetic and potential energy, then Fbh = pv =



2


AT p or v = AT. The convective heat flux * should be a fraction ( ) of



the mean convective velocity times (p AT) so that the convective heat flux,



which must also be the luminosity, becomes



= (vpAT)3 pv= L1 R. (3) 

The maximum convected fluid stress is - pv2/2 which must be larger than



the stress of the magnetic field that presumably is to be convected to the



stellar surface. Therefore 2 / = pv2 /2. Since the convected heat flux in


max



Eq. 3 must be constant, the turbulent stress pv21 v p/. In other words'



as we go radially outwards from the convective zone boundary the turbulent



stress decreases so that once a maximum flux loop is "torn" loose, we would



not expect further magnetic flux convection to take place and so once torn



loose we would expect a loop of magnetic flux to emerge from the surface



essentially intact as we see in sun spots. We must also check that our
 


scaling does not violate our convection assumption of local pressure equili­


brium; namely, the convection velocities should not .exceed sound speed as



-we approach the suface. If we use equations 2 and 3
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x 104 KI/3 L2/3 T-I -1/ 3 R-2/ 3 ­
v 1.'I M cm sec 1 (4) 
con con



where again solar units are used for K, L, R, and M. At the surface the



1/3


convective velocity will be larger by (pcon/Psur1 = Tcon/Tsu r = 100, or 

.~06 se-1 = e


Vsur 10 cm sec This just slightly exceeds sound speed at T Sur = eV



in partially ionized hydrogen so that it agrees with the solar surface con­

- I


5 x 105 cm sec

vective motions observed where line widths (Ay/y) c 

If we use this velocity distribution, then the maximum magnetic field that



can be convected is



a4(M)1I/6 R213 T 

B = 1.2x 0 con auss. (5) 

The magnetic fields interpreted for some white dwarfs (Angel et al., 1974)



are as large as 5 x 107 to 108 gauss. These fields are not obviously within



the scaling of Eq. 5 unless we recognize that in white dwarfs the convection



zone is likely to start at the boundary between a carbon-oxygen core and a



helium atmophere. Hence T (White dwarf) becomes that of an oxygen boundary
con 

2
16 To (solar). Then if L white dwarf 5 10- L8 , and K = compton opacity
 


at T surface white dward ~ 15,000 degrees, then Bmax - 2 x 107 gauss. A helium
 


burning shell will force convection to initiate deeper yet and so may explain



the somewhat larger observed fields.



THE TOPOLOGY OF CONVECTED FIELDS



The absolute maximum average field that could be convected to the surface



4 
of the sun by these arguments if 10 gauss. The average fields are very.much 

less than this, 100 gauss, but typical sun spot fields extend up to 5000 

gauss.' We do not believe there is yet a strong physical argument leading to 

a presiction of the ratio of maximum/average but we note that for the August 4 

large flare B 103 gauss which is comfortably less than the maximum yalue. 

Furthermore, the magnetic pressure of this field, B2/871 is approximately the 
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same as the gas pressure of the photosphere so that below the photosphere the



magnetic pressure will be everywhere small compared to the gas pressure so



that the field will only be a small perturbation on th turbulent motions.



We expect that a large stellar flare will be that turbulent extremum that



convects a loop of flux of the size of the largest eddy and hence scale height,



hon, of the convective zone. Such eddies reach the stellar surface only



rarely without breaking up roughly each scale height in agreement with the



rarety of flares. Finally since vorticity is a stochastic variable in tur­


bulence, we expect such loops to have an arbitrary twist one end relative to



the other. The scale size, h = 2 x 109 T pR2/M cm, where P = molecular
•con con



weight, and the twist are both in agreement with the topology of solar flares.



WHITE DWARFy-BURSTS 

We now consider the question whether using this model of the origin of



flare fields and the associated model of the x rays from stellar flares



(Colgate-1978) whether y-bursts are a reasonable extrapolftion as suggested



.byMullan (1976). Mallanargues for flare densities based upon chromospheric



densities. On the other hand we have pointed out that the photosphere,



heated by the thermal conduction flux, expands along the flux tube rapidly



and reaches pressure equilibrium in a time short compared to the flare
 


-duration' The equilibrium pressure is determined by the condition that the



flare radiates at the ends mostly in the XUV, at the rate that energy is re­


leased. At constant pressure the bremsstrahlung radiation from the major



length of the flare is a small fraction of the total heat.



The makimum magnetic field strength derived on the basis of the convective


18



stress is Bmax 10 gauss, an indeed such fields are observed, but we believe



a more conservative value analogous to the sun is 1/10 of this or 10 gauss.
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This gives a pressure large (x 100) compared to the photosphere, but small



-
(10 16 ) compared to the base of. the convective zone pressure. The size is de­

08 R@ ~19=



termined by k =hcon = 4 x cm where R =R0 /70 = cm, p = 2 and T on



2.5 x 108 degrees. This flare size agrees with the spot site derived from



light variation (Mullan, 1976). Then if we choose the same topology of a



twisted flux loop of diameter = 1/10 length, then the total flare energy



WT = 2 x 1036 ergs. This energy places the median size y-burst at roughly



D 0 30 pc as discussed in Nullan (1976). Both his discussion and Strong et al.



(1974) and Fishman (1978) conclude that y-bursts are more likely at D 300



to 3000 pc which requires 102 to 104 times our suggested energy. Mullan



models these values by choosing BO = 108 gauss and P = R0 = 109 cm. The time



scale of the flux dissipation is an uncertain modeling parameter but if we



use the resistive instability as the basis of the filamentation and enhanced


(V/~)2/3 

resistance, then t = t0 £/£0 (VA/VA) where £ length.of the flare, 

-hco n = 4 x 108 cm and VA = the Alven speed. t 8 100 seconds for typical 

solar flares, 2/2 = 1/5 and (VA/VA@)2/3 1/10 so that t - 1 to 2 sec in 

agreement with typical y-bursts (Cline et al, 1973). Then the temperature 

determined by thermal conductivity alone becomes 

T =2 x 1 0 ( 2 T )27(6) 

= 1031
where the quantities are scaledto the August 4, 1972, solar flare WT



ergs, I = 2.5 x 109 cm, RO = 10 cm, t = 103 seconds, so that for the white 

dwarf flare Tconduction = 8 x 109 deg 800 keV. This is higher than estimated 

for y-bursts 150 keV (Cline and Desai, 1975) but the thermal conduction loss



solution is unrealistic for these high temperatures. In particular the



density distribution based upon thermal conduction, pressure balance and



radiation primarily in XUV from the ends assumes that the bremsstrahlung



http:length.of


7 
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contribution to the radiation loss is


small. This assumption is valid in the case of solar flares where Tm I to



max



-
2 x 107 degrees and the XUV radiation loss c T dominates over bremsstrahlung



up to 107 deg. In this-latter case the above three restrictions result in a 

total radiation loss per logarithmic temperature interval a Tk. In the case 

of nonrelativistic bremsstrahlung this becomes = T and for relativistic



bremsstrahlung (kTe > % mc2 ) the radiation loss per logarithmic temperature 

3/2
 interval becomes proportional to T 1 . Thus the major energy loss vill occur



in the region of T for the white dwarf flares as opposed to lower tempera­
max 

ture XUiV in solar flares. This is simply because high temperature bremsstrah­


lungis a more efficient radiation mechanism than XUV, given the thermal con­


duction solution. Then the surface layers of the star will continue to expand



up the flux tube until the radiation rate equals the heating rate.- We note that


~09 -1an 

the sound speed C at 150 keV is Cs 10 cm sec and the .time to reach pressure equilib 

rium is ./C 2/10 seconds. Thermal stability considerations limit the tempera­
s 

ture to the value separating the relativistic and nonrelativistic bremsstrahlung, 

i.e., kT - - h mc 2 = 100 to 150 keV because only below this -temperatureis the 
e



region of Tmax stable. Then the bremsstrahlung radiation loss rate in this



region equals the heating rate and using the results of Maxon (1972) for



electron-electron and relativistic bremsstrahlung we obtain


W 77 x 1o0 1 1ZI -3n e 

"e - t 1a7 cm. (7)Volt) 

I 

This is somewhat higher than estimated by Charikov and Starbunov (1975) but



they simply took the limiting dimensions given by Ax = cAt and derived a



16 -3
density of ne > 10 cm assuming bremsstrahlung. Thus we have a description 

of a y-burst as the largest stellar flare - following the original suggestion 

of Mullan, but substituting a solar flare model limited by stellar convection, 

and,based upon conduction, pressure balance, and XUV radiation.
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ACCELERATION AND NUCLEAR SPALLATION



We now consider the likely particle acceleration and spallation in such 

a flare. We have already shown in solar flares how it is consistent to assume 

that all the current of the flare is carried by run-away ions, and the electrons 

are immobilized by instabilities. The current and potential drop in the 

present case of a largest white dwarf flare are: I = 5 R B = 1015 amps and 

V = d/dt (inductance x current) = WT/I = 4 x 1014 volts.



NUCLEAR GAMMA RAYS



The acceleration potential along the field is so large that we can



assume that essentially all the run-away ion current is above nuclear excita­


tion threshold, ie., > 10 MeV/nuclean. Under these circumstances the direct



production of nuclear gamma rays in the "transparent" (pr 2 gm cm 2) high



temperature plasma becomes



\ 0. ntarget Vol ar (8) 

where 1' is the flux of runaways, 1019.
 
-2cm -sec a 

target 
is X n 

ee 
= 1017 

X cm . Vol = 5 x 10 cm and the cross section for production of 

nuclear gamma rays, cry, is variously 10 to 100 millibarns. If we consider 


the absolute maximum gamma production from the run-away ion current, then 


the neutron capture gammas are probably the largest production source. Then 

-25 2n 

for a helium atmosphere X ae en 1013 , = spallation M 10 cm and 

35 , -1
4@ = 10 y a sec - Since the flare duration is roughly 1 sec, this is also 

roughly the total nuclear gammas expected. 
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ION TEMPERATURE RUNAWAY



It is possible that the ion temperature could run away (Ti 10 MeV) from 


the electron temperature (Te 150 keV) because the electron temperature is so 


high and classical dynamic friction so small (Colgate 1975). In this case we 


might expect that all nucleii in the flare volume would be spalled and then 


the maximum gamma rays would correspond to the neutron capture of 2 x Ne 


10 41 gamma rays. The prediction of an ion temperature runaway corresponds 

to the case where a major fraction (-25%) of the energy of the flare ends up 

as ion temperature and spallation. The coherent dynamic friction in flare in­

stabilities is not known well enough to predict this result. 
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III. COSMIC SPECTROSCOPY
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ABSTRACT



A balloon-borne germanium y-ray telescope was 
 flown



over Alice Springs, Australia, in an attempt to detect .sharp



spectral features from the Galactic Center direction. A



Sll keV positron annihilation line was detected at a flux



2
level of (1.21+0.22) xl0 -3 photons/sec/cm . Suggestive



evidence for the detectio of the three-photon



positronium continuum is presented. 
 A discussion of the pos­


sible origin of the positrons is given.



The balloon and helium tor this experiment were provided by


NASA
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Historically, the first astrophysical gamma-ray line



observation was reported at an energy near 0.5 MeV from the



Gal-ac-tic Center direction. Johnson, Harnden and Haymes (1972)



and-Johnson and Haymes (1973), employing a Nal scintillation



telescope from a balloon platform, originally reported a spectral


-3 	 -2s -I



(1.8+0.5)xI0 photons cm2 se


feature at 476+24 keV with a flux of 
 

at earth. Based on these pioneering observations, several expla­


nations of the feature were put forth; (i) Fishman and Clayton



C1972) and Kozlovsky and Ramaty -(1974) suggested cosmic ray exci­


tation of 478 keV interstellar 7Li nuclear radiation via the



7Li*, and 4HeCt,p) 7Li*, respectively; (ii)
reactions 7Li(p,p')
 

Ramaty, Borner, and Cohen (1973) and Guthrie and Tademaru (1973)



suggested 511 keV position annihilation radiation gravitationally



redshifted from the surface of small neutron stars, and 	 (iii)



-

Leventhal (1973) suggested interstellar positronium (e+e bound



state) annihilation radiation. In the lbtter case an apparent



redshift arises when the three-photon annihilation spectrum of



3
S1 ortho-positronium is combined with the 511 keV annihilation



line of is, para-positronium and the sum is convoluted with the



Since this
inherently poor energy resolution of a NaI system. 


earlier work, the Rice University group has repeated the experi­


ment with an improved NaI system and now report the feature to


- I
-
4 photons cm-2sec



530+11 keV with a flux of (8.0±2.3)×10
be at 
 

(Haymes et al., 1975). These workers suggest that the quanti­


tativp differences in flux and average energy between their



earlier and later flights may be due to several factors, including
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a narrower'beamwidth in the latter experiment (130 FWHM versus



240 FWHM),time dependence, or different aiming directions.



They also indicate their belief that the line is really the 511 keV



free positron annihilation line shifted to higher energies by a



statistical fluctuation in their data. Clearly, an independent



study of this feature with finer energy resolution is needed to



clarify what has become a confusing situation. The purpose of



this letter is to report the initial results of such a study.



A balloon-borne high-resolution (3.2 keV FWHM at



511 keV) y-ray telescope was flown on 11-12 November, 1977



from Alice Springs, Australia. While the instrument was essen­


tially the same as that previously described in the literature



(Leventhal, MacCallum and Watts, 1977), an important modifica­


tion made for this flight was the replacement of the central



Ge(Li) detector with a larger volume, '130 cm3 high-purity



germanium detector. This necessitated an increase of the 

effective entrance aperture in the 400 lbs NaT anticoincidence 

shield to 150 FWHM at 511 keV. Observations of the Galactic 

Center direction (a = 17h44m , 6 = --28°0 ,) were made on two 

successive days at a mean atmospheric depth of 3.6 grams cm-2



Data were accumulated in alternate 20-minute target-background



segments with the telescope maintained at the same zenith



angle but reflected about the north-south direction in azimuth



for the background measurements. Since the Galactic Center



rose very nearly in the east and set in the west, the backgroun(
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may be said to have risen in the west and set in the east.



However, the background observations swept over the celestial



sphere with fixed declination, 6 28?0' and right asgcension
-

-a varyig'between ,8h 9m and 3h09m paying no special attention



to any particular point. This method of data acquisition



allows equal background measurements to the east and the west



and eliminates the effect of any hypothetical asymmetry.. A



total of 17.3 hours of data were accumulated in this manner.



In Fig. 1, we show energy spegtra.in the vicinity of



511 keV for the sum of all CC target runs and the sum of all



GC background runs. These are basically raw data having been



corrected only for drifts in the energy calibration with time.



Three clearly significant, cosmic-ray inducedltelescope lines



are evident in these data and have been seenby us in previous



balloon flights. These are at 439 keV from 23Na(n,n') 2Na*, at


472 key from 2Na(n,y)2-Na and/or 76Ge(n,y)77Ge, and at 511 keV



from positron annihilation. The instrumental Sl keV line seen



by us and by all other workers in the field arises from cosmic­


ray generated positrons in the telescope and the atmosphere. A



feeble unidentified line is also evident at 497 keV and has



been seen in previous flights. A striking characteristic of



this data, however, is the near-doubling of the 511 keV line



count rate above continuum when the Galactic Cenfer is in view.



None of the other instrumental lines show a,statistically



significant difference between tar-get and background count



rates. The raw target data of Fig. 1 contain an excess-of
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counts in the energy bins 509 through 512 keV which is



significant at the 4.5 a level. However we have here



treated each of the 29 minute segments equally and ignored the



real effects of increasing instrumental background and atmospheric



attenuation as the telescope points down toward the horizon,



When target-background pair difference rates are formed,



corrected for atmospheric attenuation, weighted inversely as



to their variances, and averaged, the excess becomes significant



at the 5.6 a level. When detector area, efficiency, and dead­


time factors are included, the excess represents a 511 keV line



flux of O.22+0.22) xl0 -3 photons cm-2sec -
I at the top of the



atmosphere with a FWHA .3.2 keY.



The increase in statistical significance which occurs



when the data'are weighted in a manner appropriate toan extra­


terrestrial source is strong evidence for such an origin as



opposed to an instrumental or atmospheric origin. The data



were also divided into six subgroups corresponding to Galactic



Cefiter ascending, near zenith, and descending, on each of two



days. The background 511 keV line Pate was essentially the same



for each subgroup and a positive target-background excess was



obtained for each subgroup.



The azimuthal dependence of the instrumental 511 keV
 


line intensity was studied in flight at enhanced count rate with
 


the anticoincidence shield off. These data are consistent with



there being no azimuthal dependence at all.
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Stecker (1969) and Leventhal (1973) have pointed



out that energetic positrons stopping in the cold dilute inter­


stellar gas should annihilate predominantly from one of the



two ground state configurations of positronium. Should this



be the case, 25% of the annihilations will be from the para



state yielding two antiparallel 511 key photons, whereas 75%



of the annihilation will be from the ortho state yielding



3 y-rays in a plane. The energy spectrum of the 3 y-ray photons,



P(E)dE, was calculated originally by Ore and Powell (1949) and
 


consists of. a continuum extending from 511 keV down to 0 keV.



The maximum value of PCE)dE is at 511 keV and it decreases



roughly monatonically to a value of 0 at 0 keV. It is impor­


tant to determine whether or not evidence for a three-photon



contunuum is to be found in our data. Because of the good energy



resolution of the system, no apparent redshift of the 511 keV



peak is expected. Rather, the three-photon continuum would give



rise to a small excess of counts in the channels extending down



from 511 keV to lower energy. Indeed, a slight but ubiquitous



excess is indicated in Fig. 1. However, this might be attributed



to the general x-ray - y-ray inverse power law continuum



emanating from the Galactic Center direction which is seen very



clearly in the data at lower energy The presence of this



additional continuum radiatiQn greatly complicates the task of



extricating any potential three-photon spectrum.
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In.-Fig. 2a, the Ga-lactic Center ditterence spectrum



extrapolated to the top of the atmosphere is plotted between



70 keV and 700 key. This spectrum was obtained by first



forming target backgroun pair difference rates on a channel­


.by-dhannel basis, correcting each pair for atmospheric attenua­


tion, weighting the pairs as their variances and farming an



average. The resulting differential count Kate spectrum is



then converted to a photon flux on a channel-by-channel basis



by dividing by the detector area, photopeak efficiency, and



live time factor. This spectrum i-s shown in Fig. 2a where



the data have been lumped into bins of increasing width to
 


reduce the apparent statistical scatter.



In some cases, slight drifts in energy calibration



cause large fluctuations in the difference spectrum in the,



wings of strong instrumental lines. To minimize confusion,



in curve-fitting a total of five energy segments have been



deleted that are potentially contaminated by known telescope



lines which appear clearly in both the target and bbckgroun&



spectra at 139 keV, 185.keV, 198 keV., 238 keV and 472: keV.



An inverse power law gamma-ray continuum emanating



from the Galactic Center is clearly evident in these data as.



it was in the earlier Nal spectra (Haymes et al., 19-75). Most



izkely, this represents a composite spectrum from the many con­


tinuum sources in the field of view, e.g., GCX, GX 3+1, GX 5-1,



GX 1+4, etc. An apparent departure from the continuum is evi­


dent to the low-energy side of 511 keV. Evidence for any
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continuum radiation has disappeared from the data to the
 


high-energy side of 511 keV. The data have been least­


squares fit to the. sum of three funcaions-, (1) a Gaussian



line near 511 key, (2) a three-photon continuum as deter­


mined by Ore and Powell (1949), and (3) an inverse power law



continuum. The parameters were the width, intensity, and



location of the line, the intensity of the three-photan con­


tinuum, and"the intensity and exponent bf the power law.



In Fig. 3, X2 is shown as a function of the fraction f (held
 


fixed) of positrons allowed to annihilate via the positronium



state. For f = 1.0, corresponding to 100% positronium anni­


hilation , 75% of the intensity is in the three-photon continuum



and 25% in the line at 511 keV. For f'= 0.0, there is no



three-photon continuum at all. This function has a minimum in



the vicinity of 100% positronium anni'hilation which is very



suggestive since this is-what one expects on theoretical grounds



for most astrophysical plasmas (Crannell, Joyce, Ramaty, and



2
Werntz, 1976). However, on the basis of the X test alone,



even the fit 'or the case £ = 0 is acceptable. Application of



the F test for an additional term (Bevington, 1969) indicates,



at better than the 99% confidence level, however, that a



statistically significant improvement in-the fit has beenimade



by inclusion of the three-photon continuum. 'Without belaboring



the point, we believe that -strong but not conclusive evidence



for the three-photon continuum has been presented.
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The data presented above, taken in conjunction with



the most recent Rice University results, unambiguously



establish the existence of a 511 keV positron annihilation



line from the direction of the Galactic Center, and suggest



the existence of a positronium continuum. While it.seems



likely that the radiation is coming from an extended region



of space, were it all to originate at the distance of the



Calactic Center ( d = 10 kpc), 8.lxlO42 annihilations per 

second are required, corresponding to a luminosity of



-1 
 1.4x103 7 ergs sec in the 511 keV line. An additional



-2.5xi0 43- annihilations per second are required if one accepts



the existence of the positronium continuum. It is interesting



to consider possible origins for this radiation and in the



space below, we mention four possibilities which have been



discussed'in the literature.



During the past decade, elaborate explosive nucleo­


synthesis calculations have been performed which purport to



follow the complex nuclear reaction matrix that takes place



when stars explode and hydrodynamically expand. A remarkable



result of these calculations has been their ability to repro­


duce large portions of the observed cosmic abundance table.



The calculations indicate that many of the stable species



should be produced first as beta-unstable radioactive elements



that often decay with the emission of a positron. Colgate



(1970) and Clayton (1973b) have indicated that supernova­


56 44 o
produced Co or Sc could yield enough positrons to account
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for the observed feature. Recently, Clayton andHoyie (1974)



and Truran C1975Y have pointed out that nova-produced 22Na



is an abundant souree of positrons. In.principle, this could



also account for the feature. Support for either of these



hypotheses would come with the detection of other nuclear



gamma-ray lines predictedctQ accompany the decay of explosively



produced radioactive matter (Clayton, 1973a). No believable



evidence for these lines has yet been produced or exists in



our data.



Radio pulsars like the Crab are spinning neutron



stars whose radiations are powered by a gradual loss of rota­


tional kinetic energy. Although pulsar models which attempt



to explain the energy transfer processes involved must still



be considered uncertain, it is interesting to note that the



more widely accepted models generate large positron fluxes.in



the co-rotating magnetosphere above the star via various pair



production processes (Cheng and Ruderman, 1977). For the



Crab in particular, positroh fluxes as large as 1041 per second



have been envisioned (Sturrock, 1971). The large number of



radio pulsars within the field oE view of our y-ray telescope



could presumably be injecting an adequate number of positrons



into the interstellar medium to account for the observed



feature.



A secondary positron component of the interstellar



medium is expected from cosmic-ray interactions with the cold
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interstellar matter leading to positive pion- decay and the



production of beta-unstable nuclei in spallation reactions.



Ramaty, Stecker, and Misra (1970) have indicated that the



lower-energy positrons from spallated CNO beta emitters should



make the dominant contribution to any 511 keV annihilation



line. These workers attempted to estimate a line flux from



the Galactic Center direction based upon various models



for the cosmic-ray energy spectrum. The largest of their



flux estimates is about one order of magnitude smaller than



the current observations. However, the calculations are very



sensitive to the assumed intensity of low-energy cosmic-rays



(E ;,100 MeV), about which very little is known because of



solar modulation effects. Support for this hypothesis would



come with the detection of Doppler-broadened nuclear gamma­


ray lines that must be excited in collision processes occurring



in parallel with the production of CNO beta emitters. Rygg



and Fishman (1973) have calculated the expected relative



intensity of the 511 keV line to various nuclear lines. They



find six lines which should have an intensity in excess of the



511 keV intensity, e.g., 7Li(478 keV), 24Mg(l.37 MeV),1 2C(4.43 MeV),



etc. Evidence for the existence of some of these broad lines



is to be found in the Galactic Center data of Haymes et -al.,
 


(1975) and in recent HEAO A observations. Hence a cosmic-ray



interaction origin for the annihilation line must .be taken



seriously. Our own experiment did not have adequate sensitivity
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to detect these features which are hundreds of key in width.



It should be pointed out, however, that the low-energy cosmic­


ray densities considered by Ramaty, Stecker, and Misra (1970)



already lead to problems regarding the stability of the galaxy



if they are distributed over the entire disc. If it is necessary



to increase this density an order of magnitude to bring the



calculations into agreement with observation, the hypothesis may



become untenable.



Perhaps the most exotic possible origin of the 511 keV



line is black hole evaporation. Hawking (1974) originally pointe
 


out that quantum effects will cause black holes to radiate like



a black body whose temperature is inversely proportional to



mass, leading possibly to a final explosion. However, this



effect appears important only for-small black holes presumably



made in the early universe. In the present epoch, primordial



black holes of initial mass near 1015 grams will be approaching



their most luminous phase. Calculations indicate that for



these primordial black holes, the energy will be radiated 1



percent as gravitons, 45 percent as neutrinos, 45 percent as



electrons and positrons, and 9 percent as photons. The possi­


bility of detecting these radiations has been discussed by



Page and Hawking (1976), Carr (1976), and Rees (1977). By



attributing the entire observed 511 keV line flux to positrons



from the evaporation or explosion of primordial black holes,



it is in principle possible to set an upper limit on the
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number of such objects within the galaxy. However, this



calculation is fraught with such uncertainty that it is perhaps



best left for a later time. Some idea of the kind of limit



which ultimately can be achieved follows from the assumption that



the 101i gram primordial black holes are distributed uniformly



throughout the galaxy which fills our field of view to a



distance of 20 kpc, that the positrons are emitted over a



period of 10 billion years.with a characteristic energy of



150 MeV, and that most of them annihilate within the galaxy



at low energy. This obviously oversimplified pictuire yields



a limit of cl022 primordial black holes which is somewhat



smaller than the present upper limit determined from the



diffuse gamma-ray background.



Undoubtedly, the positrons giving rise to the 511 keV



feature reported in this letter come from a variety of pro­


cesses. For the present, only the cosmic-ray interaction pro­


cesses can be identified as a contributor with some certainty.



Future experiments with germanium systems of greater sensi­


tivity and/or spatial resolution such as those planned for



HEAO C and the Gamma Ray Observatory should clarify the



situation further.
 


This experiment was performed underdifficult circum­


stances in a remote location. Without the help of many people



it would not have been possible. Specifically, the authors



wouldjlike to thank P. E. Havey, G. C. Hauser, A. -F. Huters,
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B. H. Beckner, T. S. Church, A. M. Clogston, A. F. Huters,



R. Leslie, A Leventhal, A. Nar-a-th, C. K. N. Patel, P. M.
 


Platzman, and A. G. Opp for their invaluable managerial and



administrative support, and the men of the Australian Balloon



Launching Service, led by Pz Oates, who combined with an



American team from the National Center for Atmospheric Research,



led by H. Woody and R. Collett, to give us a successful balloon



flight. One of the authors (M. Leventhal) would like to thank



A. Cheng for useful conversations concerning the possibility



of black hole evaporation positrons. Finally we thank M.
 


Hardhol and P. Rygge of Princeton Gamma-Tech for help with the



,installation of the detector in our cryostat.





183



FIGURE CAPTIONS



Figure 1 Energy spectra in the vicinity of 511 keV for the 

sum of all GC taiget (circles) and GC background 

(squares) measurements. Raw data corrected only 

for drifts in the energy calibration. Each point 

represents a 1 keV energy bin. Note that of the 

instrumental lines shown only the 511 keV line 

shows an enhancedcount rate in the target spectrum; 

Figure 2a Differential photon spectrum for the target direction 

GC at the top of the atmosphere. The solid line 

is a least-squares fit to the data as discussed in 

the text. The line center was found at 510.7 + 0.5 keV 

with a width limited by system resolution at 13,2 keY. 

The parameter f was found to be 0.92 

Figure 21 \n expanded version of Fig. 2a in the vicinity of 

511 keV. 

Figure 3 X versus f, the fraction of positrons annihilating 

via the positronium state. For 57 degrees of 

freedom and 5 parameters. 
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THE GALACTIC GAMMA RAY FLUX IN THE 0.06 TO 5 MEV RANGE



D. Gilman, A.E. Metzger, R.H. Parker* J.I. Trombk. 
Jet Propulsion Laboratory Goddard Space Flight Center 

California Institute of Technology Greenbelt, Md. 20771 

Pasadena, Calif. 91103 

In using the Apollo 16 spacecraft as an occulter, the Apollo


Gamma-Ray Spectrometer (AGRS) obtained information on the slpectrum 

° of 0.06 to 5 MeV gamma-ray emission from the longitude range -50 <k<22 0 

of the Galactic plane. Taken with observations of Baymes, et al. (1975), 
Wheaton (1976), and Imhof and Nakano (1977), the spectrum of 
Galactic emission near I MeV over this range of longitudes is 

(2 8 + 
 (1.35 + 0.45) -10-3 (hv/i MeV)- . 0.1) photons/cm2 sec MeV rad. 

The agreement with hard X-ray observations of the Galactic central 
regions suggests that an ensemble of point sources is responsible. 

A simple pow&r-law connection between the hard x-ray range and the 100 MeV 

range is not permitted by the Apollo results. Apollo 16 upper limits 
to the cosmic 4.4 MeV line flux (Trombka, et al., 1977) imply that the 
ratio of line strength to continuum emission for the region observed by



[aymes, et al. (1975) is higher than the Galactic average.



L INTRODUCTION



Excluding the Crab nebula, it is generally thought that Galactic pho­

tons in the energy range 60 keV to 5 MeV come either from discrete sources



?owered by accretion in binary systems or a diffuse source from the



interaction of cosmic ray electrons and matter in the interstellar medium.



%t X-ray energies of a few keV, emission from the plane is dominated by



sources in the Uhuru catalog with luminosities near the Eddington limit.



By 60 keV, however, the flux from most of the Galactic Uhuru sources has 

fallen drastically, leaving only Cygnus X-1 and the Crab nebula as strong



point sources (Wheaton, 1976) and a large number of low luminosity sources



which may account for virtually all the emission from the plane in the low



energy gamma ray range. Alternatively, the emission could come from the



*Present address:



ITT, Aerospace Optical Division, Fort Wayne, In. 46803
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interstellar medium, in which case the spectrum reveals important informa­

tion on the shape of the cosmic ray electron spectrum in the few MeV
 


region. The spectrumis too steep to contain a substantial contribution



from inverse-Compton scattered starlight or 30 background radiation.



INSTRUMENTATION



The primary detector of thi AGRS was a thallium-activated crystal of



sodium-iodide in the shape of a right circular cylinder 7 cm in diameter
 


and 7 cm long. It was viewed at one end by a photomultiplier tube andsur­


rounded on all other surfaces by a thin charged-particle detector for the



rejection of cosmic ray events in the primary detector. The AGRS was sen­


sitive to gamma rays with energies between 60 keV and 10 MeV, depending on



the gain setting, and its primary purpose was the detection of gamma rays



from the moon for studies of lunar surface composition. A full description



of the instrument can be found in Harrington, et al. (1974).



The AGRS had a nearly isotropic sensitivity to gamma rays, and in



order to take advantage of the time in cis-lunar space on the return of



Apollo 16 from the moon, the boom carrying the AGRS was partially extended­


so that the spacecraft occulted -1 red 2 of the sky as seen by the detector.



When the-spacecraft was maneuvered so that cosmic sources of gamma rays



were occulted, decreases in the count rate were expected, allowing us to 

obtain angular and spectral information. Figure 1 shows the position of 

the AGRS relative to the spacecraft in the gamma-ray astronomy configura­

tion. 


The detector was kept 2 m from the spacecraft for 34 of the last 39



hours of the mission, and a series of maneuvers was executed so that every



part of the sky was eventually occulted. In these maneuvers, the space­


craft rolled about its axis of symmetry, (the X-axis in Figure 1) with a



period of 20 minutes almost broadside to the sun, performing the function



of passive thermal control (PTC) for the vehicle structure. The four PTCs,



their spin axes, and the amount of instrument live-time in each maneuver



are listed in Table 1. The zones of occultation by the spacecraft were



between 260 and 1120 from the-spin axis. Energy-dependent partial trans­


mission through the Service Propulsion System (SPS) nozzle modulated zones



1120 to 1450 from the spin axis.
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Table 1



Live-Time and Spin Axes for the Four Apollo 16 PTCs



Live-Time 
Maneuver (PTC) Spin Axis hours 

a 6 

Ecliptic 6h 0m, -660 3.17 

° Super-Galactic Auxilliary 6h 50m
, 15 1.17 

9h 20
m ,  
 Ecliptic Auxilliary 500 0.80



° 
 Super-Ga-lactic 18h4 0m) 15 5.51



RESULTS



3.1 Separation of Cosmic from Non-Cosmic Background



The data base is shown in Figure 2. The roll angle, called CDUX, can 

be thought of as scan phase. The roll angles of mid-occultation for several 

sources are shown, with occultation extending ± 300 about mid-occultation. 
The count rate is only modulated by -5%, and it follows that either there 

is a strong non-cosmic background.or that the cosmic flux has an intense 

isotropic component. We find that they contribute almost equally. The 

non-cosmic background over the energy range 72 to 200 keV is estimated to 

be 38 + 7 cps, and the implied count rate for the cosmic flux is 31 + 7 cps, 

which agrees with measurements of others (summarized in Silk, 1973). De­

tails can be found in Gilman (1977). We-wish to emphasize that the uncer­

tainty is only in separating the isotropic background from the non-cosmic 


background and does not affect the, significance of the variations seen in 

Figure 2.



3.2 Spectrum of the Galactic Center
 


The Galactic center region between -650 and +300 longitude was occulted



during two PTC maneuvers. The section of Galactic plane occulted varied
 


with roll angle during the two PTCs, as is illustrated in Figure 3, but



there was extensive over-lap, especially for the 1/5 of the plane between



-500and +220.
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Figure 3. 	 Longitude of occultation as a function


of roll angle. The Service Propulsion


System (SPS) rocket nozzle was completely


transparent to gamma-rays above 150 keV.
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Background rates, taken when no part of the Galactic plane was



occulted and which should therefore exhibit a higher rate than the Ga­


lactic-center-occulted data, were obtained separately for the two PTCs.



For the Ecliptic FTC the intervals of roll angle were 100 to 600 (south­


ern hemisphere) and 190 to 2600 (northern hemisphere) while for the



Super-Galactic FTC the background intervals were 100 to 900 (southern 

hemisphere) and '1900 to 2600 (northern hemisphere). See Figure 2;



Galactic center occultation can be seen to extend + 300 about points 

marked B.



To combine the two spectra into a single energy-loss spectrum, we



found the rates r. in energy bins i which minimized the function
1 

q (r) (r r- 22 r)22


iiiri) -rE.) 1 ei + (iSGi 

which is related to X2 . The rates rEi and rSGi are the differences bet­


ween background and source-occulted energy-loss rates in energy bin i for


2
the Ecliptic and the Super-Galactic PTCs respectively, while the G2. and



2 
 Sn 
CS0. are the variances. Error bars were found from r! - r with r! satis­
1 2 
Lying qi(r!) = q.(r.) + 1.0. 

The energy loss spectrum was converted to the photon spectrum shown 

in Figure 4 by applying attenuation and photo-peak efficiency corrections 

to the observed count rates. Corrections for high energy photons which 

Compton scattered in the crystal and escaped were also calculated, but ­

because of the steep spectrum and wide energy bins, we found the correct­

ion to be less than 10% in all cases and ignored it. 

4 DISCUSSION



Because the Apollo 16 gamma-ray telescope had only the crudest angular



resolution, we cannot identify the nature of the emission volume unambig­


uously; it could be distributed diffusely in the Galaxy or confined to



energetic environments in the viscinity of degenerate stars or other com­


pact objects.



Figure 5 is a composite spectrum of the Galactic central region from



just below 10 keV to just above I GeV, showing this work along-with the



hard X-ray results from 0SO-7 (Wheaton, 1976) and COS-B high energy gamma­


ray results (Bennett, et al., 1977), normalized to a per radian basis. No



part of this spectrum has been corrected for point source contribution;
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Figure 5. Spectrum of emission from the Galactic plane



for longitudes within 50' of the Galactic


center, 7 keV to 1 GeV. Point source contri­

butions have not been removed.
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rather, it represents the gamma-ray spectrum for the central parts of our



Galaxy that might be measured by an observer far from the Galaxy.



The spectrum shows clearly that a simple power law connection between



the hard X-rays, (hv<O.1 MeV) and the high energy gamma rays (hv>50 MeV) is 

not allowed by the work we are presenting. This suggests that at least 

two 	 different emission volumes are contributing. It is well known that



comes almost entirely from discrete
hard X-ray emission from the plane 


sources with the possible exception of a faint Galactic background dis­


cussed by Wheaton (1976). .While it is possible that the high energy gamma­


ray emission is also dominated by discrete sources (Hermsen, t al., 1977),



diffuse emission from the interaction of cosmic rays with the interstellar



medium is still the most attractive hypothesis despite differences between



the 	 predicted and the observed spectrum (Paul, et al., 1978).



Figure 5 suggests that the emission in the 0.06 to 5 MeV range ob­


served by Apollo 16 should be identiffed with hard X-ray sources in the



plane because the most extreme power law allowed by the Apollo data would



flux from -50 <2< 220 observed above 100account for less than 15% of the 

MeV by COS-B; while the low energy gamma-ray aid hard X-ray portions can be 

fit 	 by a single power law.



If discrete sources dominate the emission observed by Apollo 16, it is



useful to find the range of thermal bremsstrahlung spectral parameters which



fit the data. Good fits to the spectrum of Figure 4 are allowed, and tie



We have used the
70% 	and 90% confidence contours are shown in Figure 6. 
 

Gaunt factor of Matteson (1972).



It is more common to use power-laws when discussing spectral parameters



of 	emission from the Galactic plane. Good power-law fits to the spectrum of



Figure 4 are also permitted, and the 70% and 90% confidence contours are



shown in Figure 7, labelled Apollo 16. Also shown are spectral parameter



ranges for



1. 	 Hard X-rays observed by 0SO-7 (Wheaton, 1976).



Energy range: 7 keV to 275 ke\ longitude range: -400 to 400



2. 	 Low energy gamma rays observed by balloons.



a. 	 Johnson and Haymes (1973).



Energy range: 0.03 to 2.3 MeM longitude range: -100 to 150



b. 	 Haymes, et al. (1975), total emission.



Energy range: 0;04 to 2.0 Mel, longitude range: -40 to 60



c. 	 Haymes, et al. (1975), as in b. but excluding some possible line
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contributions at 0.5 and 0.9 MeV.



3. Low energy gamma rays observed by the satellite 1972-076B (Imhof



and Nakano, 1977).



Energy range: 38 to 500 keV, longitude range: 2550 to 3280.



Only the range of spectral index was reported for this observation.



4. High energy gamma rays observed by"COS-B (Bennett, at al., 1977).



,
Energy range: 50 to 1000 MeV, longitude range; 100 to 400
 

The 70% and 90% confidence contours were found from an analysis of



the spectrum given by Bennett, et.al. (1977); however, we note that



a single power-law does not fit their spectrum at all well. 
 This is



not surprising in view of the shape of the spectrum of Galactic plane



emission shown in Figure 5.



Figure 7 shows the good agreement between the Apollo 16 spectrum in



Figure 4 and the results of Haymes, et al. (1975) when they fit power



laws to their spectrum excluding two bands at 0.5 and 0.9 MeV which may



have contained line emission. However, Apollo 16 is also consistent with



the power law fits of Haymes, et al. (1975) and of Johnson and Haymes (1973)



which were made to the total spectrum between 0.04 and 2 MeV, including



contributions from the reported lines. Intensities in Figure 7 are nor­


malized pn a per radian basis, and the consistency of the Apollo 16 spec­


trum for -50°0<L220 with the results of the Rice group for -40<2<60 implies



°
a fairly uniform intensity distribution for the whole of -50°0o<<22 The
.



actual fluxes measured by Hayines, et al. (1975) were a factor of 7 less



than the flux measured by Apollo 16, but Apollo 16 occulted a factor of



7 greater range in longitude than the Rice group observed.



A uniform intensity distribution has also been suggested by Matteson



(1978) - as the basis of consistency between the fluxes of 4.4 MeV


gamma rays reported by Haymes, et al. (1975) and that measured by the



hard X-ray/soft gamma-ray telescope on HEAO-l. However, Apollo 16 upper



limits to the flux of 4.4 MeV gamma rays given by Trombka, et al. (1977)



are not consistent with the distribution of 4.4 MeV line intensity being



uniform on -500<e<22 . More specifically, we can show that the fraction



of 0.06 to 5 MeV flux that is in 4.4 MeV photons, averaged over -50 0<<



22 is significantly less than the fraction found for the inner regions



of the Galaxy (-20<<20 ) by Haymes, et al. (1975) and Matteson



(1978).





10 

202



d N 	 PHOTONS 
- v)= 	 X (h v /1 MeVV) HOON 

d(h 	 c) 2 sec rad MeVcm
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Figure 7. 	 Power law spectral parameters of Galactic plane emission,


showing 0% and 90% confidence contours for the Apollo 16


spectrum of Figure 4.
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By dividing the lower 70% confidence flux of Apollo by the +lc flux from
 


the Rice group at a given power law index Y, a minimum ratio of the total



flux observed by Apollo 16 and the flux observed by the Rice group can be



found. If the total 0.06 to 5 MaV emission from -500<1<220 is made up of 

a continuum plus lines, then the appropriate spectral index to use is Y­

2.4, found by Johnson and Haymes (1973) and by Haymes, et al. (1975) when 

lines were allowed to affect their estimate of power law parameters. If 

lines have not significantly affected the Apollo 16 spectrum from -50 0<2c 

220, then the comparison should be made at Y-2.8, found by Haymes, et al. 

(1975) when lines were not allowed to contaminate the estimates of power



law parameters. The minimum ratios of total flux observed by Apollo 16 to



that observed by Haymes et al. (1975) are 5.8 and 6.0, respectively, for 


these two cases. 
-The Rice group reported a 4.4 MeV line flux of (9.5 + 2.7).10 4 pho­

tons/cm2 sec, and if the ratio of 4.4"MeV flux to total flux were constant


in -500<2.220 , then Apollo 16 should have seen at least



"4
(5.8)-(58 cm2).(9.5 + 2.7).0 photons/cm2 sec = (0.32 + 0.9) photons/sec 

at 4.4 MeV. However, the Apollo 16 2G- upper'limit for 4.4 MeV photons is



0.20 photons/sec for contributions from all sources, including the space­


craft and detector sources.



Supposing that instrumental effects have been completely eliminated



from the balloon and HEAO-l observations, we conclude that the ganna-ray



line at 4.4 MeV is not emitted as a constant fraction of the continuum in



the whoLe of -50O<£<2220. Rather, the regions observed by the Rice tele­


scope and by the ganna-ray telescope on HEAO-l have an enhancement of 4.4 

MeV emission.



Following this conclusion further and assuming that Apollo 16 mea­


sured emission dominated by a cnntinuum, we note the substantial over-lap



in the spectral index ranges of Haymes, et al. (1975) with lines excluded,



Wheaton (1976), and Imhof and Nakano (1977) (see Figure 7). Taking the



spectral index Y =2.8 -+0.1, the intensity range allowed by our work in



500<2<22 
 Figure 7 implies that the emission from - has the spectrum



3 (2 8 0 1dN -- (1.35 + 0.45).10- (hv /1 MeV)- . + ' )photons/cm2 sec MeV rad. 

d Qw) 



204



This intensity is clearly consistent with the measurement of Haymes,



et al. (1975) with the line contribution removed and is probably also con­


sistent with Wheaton (1976X although the actual shapes of his confidence



contours, are not given. This supports the finding of our mapping work



° 
 (Gilman, et al., to be published), that on scales of 20 to 400, the con­


tinuum emission is. not sharply peaked at the center of the Galaxy, but in­


stead has a relatively uniform intensity distribution across the Galactic



central region. This distribution may extend to + 500 in longitude.



We wish to thank R. G. Radocinski for his 'killful computer programm­


ing which made this work possible. We are also grateful to L. E. Petersbn



of UCSD and K. I. Greisen of Cornell University for many useful conversa­


tions. D. G. acknowledges the support of an NAS/NRC Resident'Research



Associateship. This work was supported under NASA contract NAS 7-100.
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Low Energy Gamma Ray Observations
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D-8046 Garching, W-Germany



In October 1977 the new large area Compton telescope of the Max-Planck-


Institut was flown for the first time on a balloon. The eyaluation of the 

data from this flight has by far not yet been completed. In this brief talk 

a report is given on the present status of the data evaluation. Two prelimi­

nary results are presented. First, from the measured background spectrum at 

float altitude the sensitivity of the telescope for the detection of cosmic 

gamma ray lines is estimated; second, an enhanced gamma ray flux is observed 

from the direction of the Seyfert galaxy NGC 4151. Its energy spectrum is 

determined.


A schematic drawing of the telescope is shown in Fig. 1. It consists of two



scintillation detectors, an upper one of liquid scintillator and a lower one



,/E 

Converter 4 
16 celLs of 
Wid m150liStatin 

Absorber


32blocks of HaJ 

Fig. 1 Schematic drawing 
of the Compton 
telescope 

I 
I200 

1200ulipie 
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of.NaT. Each detector is subdivided into optically separated cells and'en­


tirely surrounded by thin anticoincidence plates of plastic scintillator



which are not shown in the schematic drawing.



A gamma ray is identified by a first Compton collision in the upper detector 

an &asecond- intvraction in the lower one. The sequence is confirmed by a 

time-of-flight measurement. In case of a double scattering event the following 

quantities are measured; 

(i) Energy losses V and E" in both detectors 
e e 

(2) Location of the scattering processes in both detectors



(3) Pulse shapes in both detectors



(4) Time-of-flight of the scattered gamma ray



(5) Absolute time of each event



(6) Azimuthal orientation of the telescope



Pulse shape and time-of-flight measurement are performed in order to reject



background events: the time-of-flight measurement rejects those events which



make a first Compton collision in the lower detector and are then scattered



upwards. The purpose of the pulse shape measurement in the upper detector is



to reject neutron induced events.



From the energy losses E' and E" and from the locations of the scattering pro­
e e 

cesses in both detectdrs the energy E of the infalling gamma ray and its
Y 

arrival direction can be determined to lie on a cone mantle of half opening 
angle 9. The projection of this cone mantle onto the sky is called the event 

circle.



This telescope has imaging properties in the following sense: Imagine, there



is a celestial point source within the field of view, then this source can be



identified by the intersections of the event circles from different source



gamma rays in one point. The event circles from the source will only then



intersect in one point if the scattered gamma ray is totally absorbed in the



lower NaI-detector. If the scattered gamma ray is not totally absorbed, then



the calculated scattering angle y is not the true one, and'therefore, the



event will look like a background event. Because only totally absorbed events



from a point source are accepted, the energy resolution is automatically good:



the Compton tails of gamma ray lines are nearly totally suppressed.
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In case of the MPI-telescope the angular resolution is mainly determined by 

the size of the detector cells: within the broad field of view of typically


0 FWHM, the angular resolution is about 100 FIVM (see Graml et al., 1977). 

The energy resolution is 10% FWHM at 1 MeV and slightly better at higher 

energies as can be seen from the later Fig. 6. 


Fig. 2 shows a photography of the telescope some days before its launch in 

Palestine. The size of the upper detector is 1/3 m2 , and that of the lower 
2detector 2/3 m . The total weight



was 1580 kg.



During the flight the balloon



reached an altitude of 3.5 g/cm
2



and stayed there for 20.5 hours.



The telescope axis always pointed



towards the zenith. In Fig. 3



those regions of the sky are shown



which were observed during the



flight. The typical field of view



of the telescope is indicated by



a circle.



Sensitivity of the telescope for



gamma ray line spectroscopy



With its energy resolution of



typically 10% FWHM the telescope



has a high sensitivity to detect



broadened or integral gamma ray 

lines. The high sensitivity of



the telescope is due to its di-


Fig. 2 Photographic view of the rectional resolution on the one 
Compton telescope side, and on the other side due 

to its high background suppres­

sion. The advantage of the direc­

tional resolution is evident: only events from a certain direction of interest 

are accepted, the others are not. The background suppression is mainly achieved 

by the time-of-flight and pulse shape measurement and is illustrated in Fig. 4 
and Fig. 5.
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The measured energy spectrum of all accepted events at float altitude,the



event circles of which intersect a resolution element of 100 FWHM, is plotted



in Fig. 6.



As can be seen immediately,



there is one strong line 20



in the spectrum at 2.2 MeV,



which is an intrinsic de­


tector line and which is 2 

produced by deuterium for­


mation from thermal neu- 1



tron capture in the upper



detector. There may be g 5



other locally produced



features in the spectrum; 0 

Thisw ill be investigated 0 1 2 3 4 5 6 7 8 9 10


Ey [MeV] ­


in more detail. The spec­


trum of Fig. 6 contains Fig. 6 Energy spectrum of all accepted events


at float altitude of 3.5 g/cm2



everything: atmospheric,



cosmic and locally pro­


duced gamma rays.



-It has been used to estimate the sensitivity of the telescope for the de­


tection of cosmic gamma ray lines. The result is illustrated in Fig. 7. The



gamma ray line fluxes reported by Chupp et al. (1975) during the large solar



flare in August 1972 and the gamma ray line fluxes reported by Haymes et al. 

(1975) from the galactic center region are compared with our 3u detection 

limit during 3 hours observation time. 

In the very near future a search for gamma ray lines in our data will be per­

formed for those regimes of the sky-which were observed during the balloon



flight (see Fig. 3).



The energ spectrum of the Seyfert galxyNGC 4151 

A preliminary search for discrete gamma ray sources from the balloon flight 

data was performed by determining the event rate at float altitude within the



total field of view of the telescope (; 40 ° FWHM) as a function of time. So 

far, the imaging properties of the telescope within its field of view have not 

yet been used. In Fig. 8 the total (1-20) MeV event rate - normalized to a


2constant float altitude of 3.5 g/cm rest atmosphere - is plotted as a function 
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of universal time. Special selection
 


4 	 Solar flare, criteria have been applied to those events 
(Chupp etal1973) which are accepted (see Graml et al., 
galactic center region 
(Hayrnesetai.1975, 	 1978). The transit times .of some typidal
Johnson et l.1972) 

E Cent A -	 celestial objects are indicated in Fig. 8.10- (Hall et al,19751
S- (lOf 	 course, they must not neccessarily 

4-	 be identical with gamma ray sources.



First, there is a very significant en­


-2 hancement in the counting rate at the



•=transit time of the anticenter of our 

-_ L galaxy: It has a significance of 14 

standard deviations. The long duration
 


1_3 \.of 	 the enhancement seems to indicate that



it is not caused by the Crab alone. In



--. case of one single source the duration



of the enhancement should last only


3o,3hours 

I 	I1about 3 hours. Second, an enhanced gamma
10" t 	 i . . ., , , , , , , 

01 1 10 ray emission is also observed during the 

E-y [MeV] transit time of the Seyfert galaxy NGC 

Fig. 7 Sensitivity of the Compton 4151; this enhancement indeed lasts for



telescope for the detec- about 3 hours. Its significance is 7


tion of gamma ray lines 

standard deviations above the background



level (6.00 - 8.00 UT and 20.00 - 22.00



UT).



In the next step similar event curves-like that shown in Fig. 8 have also



been determined for smaller energy bins between 1-20 MeV (see Graml et al.,



1978). The excess rates during the transit time of NGC 4151 have then been



converted into gamma ray fluxes using the effective geometrical area of the



telescope and taking into account the absorption of gamma rays in the over­


lying atmosphere. The result is shown in Fig. 9, where the energy spectrum



Fig. 8 1-20 MeV event rate 

at float altitude gocic 

within the total 

field of view of the 
1 =701 

0,9 
CygX-2 ,eus Crab C6-14 NC .Ic0 

telescope 0,8 
0,7 
0,6 
O, 2 4 6 8 10 12 14 16 18 20 

universal time (hours) 
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Fig. 9 	 The energy spectrum of the Seyfert galaxy 
NGC 4151. The X-ray results are adopted from 
Auriemma et al. (1978) 

of NGC 4151 is plotted from 2 keV to 10 MeV.NThe five measuring points ob­


tained with the Compton telescope are in good agreement with a power law



extrapolation from X-ray energies up to about 3 MeV. Above that energy the



spectrum is considerably steeper.



Strictly speaking, the measurements with the Compton telescope are only an



upper limit, because all excess counts observed during the transit of NGC



4151 through its aperture were attributed to this one source. The consistency



of the gamma ray data with the X-ray data, however, may indicate that this
 


procedure is correct. The discrepancy of the MISO gamma ray measuremehts (Di



Cocco et al., 1977) with the present measurements is due to the fact that the 

former measurements were evaluated without using any spectral information of
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theit data. In order to convert their excess counting rate above 0.2 MeV into 

a gamma ray flux, these authors have assumed that the gamma ray spectrum fol­

lows an E-1-power law between 0.2 MeV to 20 MeV. 

The gamma ray luminosity of NGC 4i51 - as determined from our measurements ­

is extremely high: it is 1045 erg/sec below 3 MeV. At X-ray energies between 

2-10 keV - for comparison - it is only 1042.85 erg/sec (Elvis et al., 1978). 

This powerful energy source seems to be obtained in a small volume of less



-
than 3 101 3 pc size, as can be estimated from the fact that variations
 

in the X-ray luminosity of 3 days duration have been observed (same ref. as



above). The origin of the high gamma ray luminosity is not yet clear. It may



be produced by high energy electrons via synchrotron self-Compton collision



(Bergeron and Salpeter, 1973 and Mushotzky, 1977) or by mass accretion onto



a massive black hole in the center of the Seyfert galaxy (Fabian et al., 1976).



NGC h151 is the first external galaxy the electromagnetic spectrum of which 

could be measured up to gamma ray energies. It is, therefore, interesting 

to ask whether the so called diffuse cosmic gamma ray component could be 

explained as the superposition of many unresolved galaxies of the same type 

as NGC 4151.



For this purpose the spectrum of NGC 4151 has been fitted by two power laws, 

one below and one above 3 MeV. Spectra with the same exponents have also 

been drawn into the measured energy spectrum of the diffuse cosmic gamma ray 

components (Fig. 10). 

As fas as the spectral shape is concerned, galaxies of the same type as 

NGC 4151 could, indeed, explain the bump at MeV-energies if not the total 

diffuse flux above 1 MeV. If the spectrum of NGC 4151 could in reality be 

steeper than - E- 3 above 3 MeV, only the bump could be explained. A spectral 

-
shape flatter than . E 3 would cause difficulties. A definite answer on the 

spectral shape above 3 MeV will be obtained in the near future, when the 

COS-B observations from this region have been evaluated. Only if the measured 

flux at 100 meV from NGC 4151 would be stronger than that from the Crab, its 

- 2 8 .spectrum would be flatter than-. E . 

In the next step the required density of galaxies has then been estimated 

that would be necessary to explain the diffuse cosmic gamma ray flux by 

superposition (Sch6nfelder, 1978). The answer is that X-ray Seyferts could 

explain the observed gamma ray flux if nearly all of them have similar power 
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and similar spectra as NGC 4151 at gamma ray energies. If there is propor­


tionality between gamnma ray power and X-ray power in some objects, only 13% 
of all X-ray Seyferts are needed. For the very early Seyferts the break in 

the spectrum at 3 MeV will be redshifted. If, therefore, redshift and (or)­


to a certain extent - evolution are taken into account, the picture will 
slightly 	 change; however, the qualitative conclusion will not be changed.



Of course, so far the spectrum of only one single external galaxy has bee 
observed 	 at gnmma ray energies and more observations are strongly needed. 

1000 
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ABSTRACT., A search for broad gamma ray lines in the anti-galactic center


direction is being carried out with the large UCR gamma ray double Compton


scatter telescope. Measurements of the energy deposits of the recoil elec­

trons in 2 scintillator cells separated by I m and the identification of the


2 c*ells yield the energy of the gamma ray and its zenith angle. The zenith


angle resolution is about 10' UWHM. The energy resolution varies from 24%


to 5% HWHI as the angle of the first Compton scatter changes from 100 to


600. An increase in gamma rays was observed as the galactic anti-center


crossed the telescope aperture. Searches for lines from p(n,y)d at 2.2 MeV,

12C* at 4.4 MeV and 160* at 6.1 MeV and others broadened and perhaps


redshifted are under way on data from a 24 hr balloon flight from


Palestine, Texas, on May 13, 1975. Measurements of these lines could help


identify the processes iesponsible for the production of celestial gamma


rays. Two sigma upper limits for lines in the galactic anti-center direction


at 4.4 MeV and 6.1 MeV are 6 and 4 x 10 -4 y/cm2-s.



I. INTRODUCTION. Today I would like to report our search for broad gamma


ray lines from the direction of the anti-galactic center direction. Nuclear


line spectroscopy offers great promise for explaining the violent inter­

actions taking place in our universe. The observation of broad gamma ray


lines that are also redshifted will give exciting new information about


interactions that take place on the surfaces of compact objects. The red­

shift gives a measure of the mass of the neutron star or black hole and the


width of the line gives an estimate of the 'energies of the colliding nuclear


matter.



The search for nuclear gamma ray lines was carried out with the


University of California, Riverside (UCR), double Compton scatter gamma ray


telescope. The telescope was launched from Palestine, Texas, on May 13,


1975, to a maximum height of 3 g/cm2 residual atmosphere and floated near


this altitude for 24 hr. An increase in the gamma ray flux was observed


when the anti-galactic center direction crossed the telescope aperture


(Wilson et al., 1977). The measurement of a continuous energy distribution


during the transit gave two sigma upper limits for the fluxes of gamma ray


lines'at energies of 4.4 and 6.1 MeV of 6 and 4 x 10-4 photons/cm2_s.



II. OBSERVATIONS. The gamma ray telescope used for the observations is


shown in Figure 1 (Herzo et al., 1975; Zych et al., 1975). A gamma ray is


identified by a scatter in the liquid scintillator S1 followed by a second


scatter in S2 with no accompanying signal from anticoincidence shields Al


and A2. The energy deposits of the electrons in Sl and S2, the time of
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Fig. 1. Schematic drawing of the



double Compton scatter gamma ray tele-


scope. The incident gamma ray y enters 
 

at angle 8 to the vertical direction, 
 
in liquid
scatters from an electron el 
 

scintillator SI, and continues as yi 
 

into liquid scintillator S2, where it 
 
. The 28
scatters from electron e2



separate cells in Sl and S2 with their 
 

individual photomultipliers are shown. 
 

flight of the gamma ray between Si



and S2 and the identifications of



the cells in S1 and S2 containing the


scatters are measured and recorded.



This gives the energy and scattering
angle of the incoming gamma ray. The



angle defines a ring on



the sky for the direction of the


For the analysis
incident gamma ray. 
 

this paper, vertical pairs of cells



only are used; then the scattering



angle is the zenith angle. Since the



telescope is supported 
by the balloon



in a vertical position, the calculated


zenith.angle is independent of the



azimuth angle and the rotation of the



telescope is neglected in the data



analysis. The telescope aperture is



divided into zenith angle intervals


-


of 00-i0*, 10-20', 200-300 and 300
 
400 and the fluxes are measured


simultaneously in each of these angle



A source is identified by


its increasing flux as it passes


through the angular intervals of the


aperture.



The efficiency of the telescope



for vertical cell pairs only is given



in Figure 2 as a function of the



incident angle for monochromatic gamma



rays of 4.4, 6.1 and 12.1 MeV. The



monochromatic gamma rays for the



laboratory calibrations were obtained



by bombarding targets with protons at



the California State University Van


(Ryan et al.,



The plastic antiscintillator completely 'de Graaff accelerator 
 
1977). Analytical and Monte Carlo



surrounds Sl and 82. 
 
calculations verify the laboratory



The energy and angle resolutions were measured for an incident
calibrations. 
 
gamma ray energy of 6.1 MeV and are shown in Figure 3. The resolution varies



for 600. The angular
from 24% UWHM for 10' incident angle to 50 HWQ 
 

resolution is about 10', nearly constant, independent of the scattering 
angle



only because

from 100 to 600. The angular resolution appears narrower at 100 
 

the telescope efficiency cuts off rapidly below 100.



Ill. ACKGROUND REJECTIQN. The UCR-double scatter gamma ray telescope has



(1) Coincident counts

an exceptionally high background rejection capability. 
 

required by S1 and S2 eliminate much of the background measured 
by single



scatter detectors. (2) A high fraction, about 40%, of the telescope mass is



in gamma ray detection scintillators Si and S2, very high compared 
to other



detectors. (3) The anti-scintillators surrounding S1 and 32 veto 99.99% of



the charged particles incident on the scintillators. (4) The angular resolu­


tion of the telescope-of 100 IWHN limits significantly the solid 
angle for
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analytical and Monte Carlo calcu- Curves are drawn through the points


lated efficiencies with measured to guide the eye.


efficiencies for vertical cell


pairs as a function of the


incident gamma ray angle. The


incident gamma ray energies are


4.4, 6.1 and 12.1 MeV. The


absolute efficiency is the ratio


of the detected to incident gamma


rays.



observation of background gamma rays. 
 (5) Gamma rays traversing the tele­

scope from S2 to Si and neutrons are eliminated by time of flight. Typical


gamma ray time-of-flight distributions obtained on the balloon flight are


shown in Figure 4 (Ryan et al., 1977). The upward moving gamma rays can


be easily subtracted from the downward moving ones at all altitudes. (6)
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2 . The upward moving



gamma rays are to the left, and the downward moving ones to the right. At



atmospheric depths below and above 20 g/cm
2 the downward and upward moving



gamma rays are dominant, respectively.



Gamma rays from radioactive decays of isotopes produced by cosmic ray



proton and alpha-particle bombardment of high-Z scintillators are not



produced in the hydrogen and carton of the mineral oil scintillators Si and



S2. (7) The mineral oil scintillator has a high hydrogen/carbon ratio, 1.8



compared to 1.1 of most plastic scintillators. This reduces the fraction



of neutron induced gamma rays to less than about 20% of the cosmic diffuse



gamma rays for energies up to 10 MeV (White at al., 1977). (8) The gamma



rays from neutrons captured by protons are less than about 10% of the cosmic



diffuse gamma rays at 2 to 3 MeV and are negligible at higher energies



(White et al., 1977).



IV. RESULTS. The gamma ray flux from the anti-galactic center direction is



plotted versus time in Figure 5 for angle intervals in the telescope aperture



of 0'-10, 10'-20', 20o-30' and 30o-40" (Wilson at al., 1977). The time of


meridian transit of the Crab Nebula is 2035 UT. The solid lines are the



expected fluxes based on the measured telescope angular resolution (Ryan at



al., 1977). At the time of local meridian transit, the Crab Nebula passes



1i* from the zenith. This coupled with the low telescope efficiency below



100 gives the straight line plotted in Figure 5. The fit of the data to the



solid curve for 10' to 20' is quite good and the fits to the broader peak


° 
 

for 200 to 30' and the double humped curve for 300 to 40 with higher back­

grounds are reasonable. The source flux is the difference in the flux in



the 10' to 400 interval with the source present and with it absent. Four


points on the energy distribution are plotted along with the data of other



investigators in Figure 6. Comparison of our data with a power law connecting



gamma ray fluxes at lower and higher energies enables us to set Upper limits



on gamma ray lines at 4.4 and 6.1 MeV from the anti-galactic center direction.


4These upper limits are 6 and 4 x 10 - photons/cm2-s at energies of 4.4 and 

6.1 MeV. 
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The fact that our angular resolution is not sufficient to separate the Crab 
Nebula from the source 195, +5 (Kniffen et al., 1975; Hermsen et al., 1977)


means that the upper limits apply to a region that could include more than


one gamma ray source. The upper limits for gamma ray lines also apply

equally well to the period of time from 1400 UT 1975 May 13 to 0200 UT 1975 

mMay 14. This period covered a region of the sky centered at RA of 2 3h20 
.
to lohl5m and declination nearly constant of 320 In galactic coordinates 

the center of the region varied from £II of 102" to 195* and bTI 
 of -.70 to

+560. We are currently working to extend the search to lower fluxes to 
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find the broad gamma ray lines or set lower upper limits.
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RICE UNIVERSITY OBSERVATIONS OF THE GALACTIC CENTER 

Charles A. Meegan 

In view of the recent results on gamma-ray lines from the Galactic Center 
(Leventhal, 1978; Matteson, 1978), it is appropriate to summarize here the original 
Rice observations of this region. The Galactic Center was observed on four balloon 
flights between the years 1969 and 1974 (Haymes, et al 1969; Johnson, et al., 
1972; Johnson and Haymes, 1973; Haymes, et al., 197$10 The most recent, and 
most sensitive, observation will be emphasized here. 

The detector employed in the 1974 observation is shown in Figure 1. It con­
sists of a 6 inch by 2 inch Nal(TI) central detector collimated to -15" FWHM by a 
NaI(TI) anticoincidence shield. The shield is at least two inferaction mean free 
paths thick at all gamma-ray energies. The instrumental resolution was -11 percent 
FWHM at 662 keV. Pulses from the central detector are analyzed by two 256-channel 
PRA Is covering the energy range -20 keV to -12 MeV. The detector is equatorially 
mounted and pointed by command from the ground. Observations are made by 
measuring source and background alternately for 10-minute periods. Background is 
measured by rotating the detector 180 about the azimuthal axis. 

CACT -am I 

OETECTO" 

Figure 1. Schematic diagram of gamma-ray detector. 

The Galactic Center was observed for 8 hours on a balloon flight launched 
from Rio Cuarto, Argentina, on April 1, 1974. The float altitude was 4 mbar. 
Figure 2 shows the background spectrum observed. The total count rate was '25 
counts/see. The major source of background for this instrument has been shown to 
be activation (Djuth, 1977). 

Figure 3 shows the spectrum determined for the Galactic Center region, 
centered on the position of GX 1+4. The spectrum is well represented by a power 
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Figure 2. Count rate spectrum of background observed 
at float altitude. 

law plus superposed spectral features at 0. 5 MeV, 1. 2-2. 0 MeV, and 4.6 MeV. The 
features at 0. 5 MeV and 4. 6 MeV are 3. 5 standard deviations above the power law; 
the 1. 2-2. 0 MeV feature is 4. 1 standard deviations above the power law. The 0. 5 
MeV feature was also seen on both the 1970 and 1971 Galactic Center observations, 
which employed slightly different detectors. The combined data from the previous 
flights yielded a 5. 3u excess above the power law at '-476 keV. In the 1974 observa­
tion, however, the peak was at -530 keV and the intensity about half of that measured 
previously. Figure 4 shows a comparison of the 0. 5 MeV feature measured in 1974 
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Galactic Center region. 

with that measured in 1970 and 1971. The origin of the apparent shift in energy is 
not known. It seems somewhat to large, - 3. 4a, to be caused by statistical fluctua­
tions alone. It is also difficult to attribute the shift to a calibration error, since a 
background feature at -490 keV allows an inflight calibration. Whatever the cause 
of the discrepancy, the uncertainty appears to be resolved now with the observation 
of the line at 511 keV by Leventhal and McCallum. The lower Intensity in the 1974 
observation is consistent with the smaller field of view of the instrument used in 1974,
if the source of the line is an extended region. 

Figure 5 is a linear plot of the flux above 1 MeV, showing the excess at 4. 6 
MeV and in the 1. 2-2. 0 MeV region, Each bin is I FWHM resolution width. The 
lines are believed d by interactions of cosmic ra nuclei with interstellar 

matter. Rygg and Fishman (1973) have calculated the relative intensities of lines to 
be expected from this mechanism. The observed lines occur at the energies of the 
most intense predicted lines. If e ri f this mechanism, the 0. 5 Me 
line would be due to positron emitters produced in spallstion reactions. The f. 2 to 
2.0 MeV excess would be due to inelastic collisions of one or more of the nuclides 

, , .Mg Nel and S The line at 4.6 MoV, which shws evidence of Doppler broaden­
.ing, would be due to inelastic collisions of cosmic-ray C1 The observations and 

possible origins are summarized in Table 1. 
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OBSERVATIONAL EVIDENCE FOR EXTRATERRESTRIAL GAflA-RAY LINE SOURCES*



by



A. S. Jacobson, J. C. Ling, W. A. Mahoney and J. B. Willett



Jet Propulsion Laboratory


California Instituhe of Technology



Pasadena, California



During the 1974 balloon flight of a high spectral resolution gamma-ray



telescope, observing in the energy range of about 50 key to 10 MeV, evid­


ences were gathered for two cosmic sources of gamma-ray lines. These are



(1) a 73 key line feature superimposed on a power law continuum spectrum in



the 55 to 300 keV range from the Crab nebula; and (2) a flare-like event
 


lasting about twenty minutes, during which four intense gamma-ray lines



were measured at .41, 1.79, 2.22 and 5.95 MeV.



The balloon-borne system we at JPL have been operating for several



years has a sensor which consists of a cluster of four Ge(Li) detectors with



a present combined volume of 180 cm3 (Jacobson, 6t al., 1975). To provide



collimation and background reduction, the detectors are surrounded by a



CsI(Na) scintillation shield of thickness 6.4 cm defining a solid angle of



0.1 sr. Figure 1 shows the sensor. The shield is in four pieces: a colli­


mator on top with a hole drilled through it above each of the Ge(Li) crystals,



defining the aperture, two halves of a split annulus, and a plug in the
 


bottom. The shield is in electrical anticaincidence with the central detec­


tors. The preflight spectral resolution of the Ge(Li) cluster is about 2



keV at 100 key (2%) and 2.9 keV at 1.33 MeV (.22%). Cooling for the Ge(Li)



crystals is'provided by a pressurized liquid nitrogen dewar.



Figure 2 shows the balloon gondola. Above the sensor, on a commandable



133

turntable are's Ba radioactive calibration source and a 20.3 cm diameter
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by 10.2 cm thick NaI(TL) detector used as an active blocking crystal, or



shutter for the sensor. Using the shutter to block the aperture allows us



to study the background properties of the instrument and to modulate an



external source. Each Ge(Li) crystal is operated independently with its



own analog signal chain and 8192-channel pulse-height analyzer. This allows



the processing of simultaneous events and hence the recovery of most events



which involve absorption by the Compton and pair production processes. An



event in any crystal is analyzed, assigned a -timetag to 0.017 msec preci­


sion, assigned various I.D. and status bits and telemetered on an event-by­


event basis.



The system was flown on 10 June 1974 to observe the Crab nebula. Due



to a malfunction some weeks before the flight, one Ge(Li) crystal was elec­


tronically eliminated from the system leaving three operational with a com­


3 
bined volume of about 120 cm . Some results of this experiment are reported 

by Ling, et al.(1977a, 1977b). Figure 3 is the Ge(Li) count-rate record of 

that flight in the 65 to 100 keV energy band. The experiment was launched



at about 1205 UT and, after climbing throughthe Pfotzer maximd, the balloon



reached float altitude of 2.9 mb at about 1520 UT. At 1600 UT, the sensor,



aperture was blocked for 45 minutes to study its background properties; and



the sun and the Crab nebula made transits through the aperture at 1845 UT



and 1902 UT, respectively. The point-source viewing technique used is to



fix the alt-azimuth axes of the instrument throughout an observation and



allow the source of interest to drift through the field of view. Since.



there are indications that the background varies both with zenith angle



(Ling and Gruber, 1977) and with azimuth angle (Fishman, et al.- 1976),



this technique keeps the background more nearly constant during the obser­


vation and minimizes the corrections to the data which have to be made,
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although these are still considerable and include, besides the detector 

properties, atmospheric absorption and altitude and latitude dependent back­

ground variations. 

Figure 4 shows the net Crab spectrum from 50 key to 300 key after sub­

traction of the background and corrections to the top of the atmosphere. 

Two curves fit to this spectrum are shown. The dashed line is a power law 
ofteuctoalfrm = 5-2.28 2 

of the functional form 25E2 2.28 photons/cm -sec-keV. This fit gives 

X2 = 42 for 27 degrees of freedom. The probability of getting such a poor2 
fit is 3.5%. 32% of the X value is contributed by the possible line fea­

ture in the 71-76 keV bin. If we add a Gaussian-shaped line feature to the 

power law, i.e., 

- (E- 73.3)2 /3.6
10.E-2*1 + 1.13 x 10-3e
 
2 

we get X 42 for 37 degrees of freedom with 25% probability. The inset in



the figure shows the spectral-region containing the possible line on a single



1 keV wide channel basis. This feature appears in.the spectrum measured by



each of the three Ge(Li) crystals. Figure 5 shows the count rate response



in the spectral region arouid the line during the transit of the source.



The dashed curve represents the expected count rate in three energy bins vs



time if the Crab nebula has a pure power law spectrum, and the solid line



represents the expectation if the spectrum is a power law plus a line at



73.3 key. As can be seen, the dashed curve adequately describes the



response in the 66-71 keV ghannel and the 76-81 keV channel, but the response



in the 71-76 keV channel is better described by the solid curve. The dot­


dashed curve represents the expected response from a solar line which, while



not reasonably reconcilable with our knowledge of the sun, cannot be defin­


itely ruled out.
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Figure 6 shows our measured spectrum compared to other recent measure­

ments of the Crab nebula. We are in close agreement with these other measure­

inents, except for the line discussed above. The flux in the line is (4.0 ± 

1.1) x 10 cm -sec ,and its width is < 4.9 keV. No pulsation was detected. 

The la upper limit on the pulsed fraction for the line component is 25%. It 

is possible that, like the 58 keV Her X-l line reported by Trumper, et al. 

(1976), it too is associated with cyclotron radiation at the surface of the



neutron star. If it is the first harmonic, and is red-shifted by Z = .2, it



12


represents a magnetic field strength of - 8 x 10 Gauss over the emitting 

region. If the line width is a measure of non-uniformity of this field, then 

over the emitting region, the field must vary by no more than = .05. 

Though probably only fortuitous, it is also of interest to note that the 

line, both in energy and width, is fit quite well by the spectrum of x-rays



from Pb. Such x-rays could result from the radioactive decay of large quan­


tities'of trans-Bismuth elements. The energy in the line is 2 x 1035 ergs/



sec, and if connected with radioactive decays, would represent 2 x 10
4 2



decays/see, resulting in an energy release of about 1038 ergs/sec at the



nebula.



Analysis of the spectrum above 300 keV is not complete, but we have



looked at the region around 400 keV in the hopes of seeing the line reported
 


by Leventhal, et al. (1977). Figure 7 shows the results of this search.



The top part of the figure shows both our source spectrup, and our source



plus background spectrum. Below it are shown the equivalent spectra from



the paper referenced above. We do not see a line at 400 keV and estimate



it should have appeared with a statistical significance of about 3.9a in



-

Our 3a upper limit on such a line is 1.75 x 10-3cm-2-sec ,
our measurement. 
 

while the reported flux is (2.24 ± 0.65) x 10-3cm-2-sec-1. The observations
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were separated by two years, so we cannot rule out the possibility that the



.line might be a time varying feature.



Toward the end of this same flight, we observed a transient event dur­


ing which four intense lines appeared in the measured spectrum. Figure 8



shows the Ge(Li) count rate, during the same balloon flight, in three adja­


cent 100 keV wide energy bands centered at 1710 keV, 1810 keV and 1910 keV.



At about 2020 UT, there was an increase of about 45 percent in the rate of



the 1810 keV band with no corresponding increase in the adjacent bands.



The increased rate lasted for - 20 minutes after which it returned to its



background value until the experiment was cut down at 2210 UT. The dura­


tion of the increase was too short to be a point source transit. Estimates



indicated that if the increase represented the response to a transient event,



it would be measurable in the scintillation detectors on board.



We found that the scintillator count rates did indeed register an



increase coincident with the increased Ge(Li) rate in the energy band around



1.8 MeV. The integral rates >150 keV and >4 MeV are sampled every 9 seconds



in each of the shield pieces and the blocking crystal. The coIllimator rate



>150 key shows a->5 increase; the blocking crystal had a >3a increase; the



shield halves rates increased by - 2.5a and the plug showed no significant 

deviation from its background rate. Figure 9 shows the collimator >150 key



rate sampled at 90 second intervals. Also shown for reference is the pertin­


ent portion of the 1.8 MeV Ge(Li) rate. The shield rates were used to deter­


mine the time intervals over which Ge(Li) spectral data were accumulated



and analyzed. This approach led to the detection of'the four spectral fea­


tures, of greater than 3a significance, shown in Figure 10. Table I gives



the information that has been developed to date on these features. The back­


ground spectrum was measured before and after the transient event. The time
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intervals are those which maximized the statistical significance of the



line and can be taken as a rough measure of the onset and end of the event.



In the case of the line around 6 MeV, the onset seems to be earlier thah



for the other three lines by about 10 minutes. The strongest feature was



at about 1790 keV and is within 1.8a of the energy of the most prominent



28 * 26 * line of Si and 3.2 from that of Mg . The 2220 keV line is less than



ia from the energy of the deuterium formation line. There are no such



obvious associations for the remaining two lines. It must be pointed out



that if the 1.8 MeV line were to be considered a red-shifted component of



the 2.2 MeV line (and both were emitted in the source region), the red­


shift factor of 0.24 would shift the .511 MeV line to within la of the



observed line at .413 MeV. The corresponding non-red-shifted component at



0.511 MeV would be unobservable because of our high background in that line



(Ling, et al., 1977a). The red-shift factor is typical of the surface of



a neutron star of 1.2 Me.



Our information on the direction of this source is highly uncertain at



this time. In principle, the relative rates of the various shield pieces



and the Ge(Li) crystals could provide reasonably good directional informa­


tion, but they were not designed for this function and hence the data they



do provide are incomplete. It is clear, however, that the transient source



is not distributed like the background environment counted by these crystals,



but is concentrated in the upper hemisphere of the sensor. Because



of the large difference between the relative solid angles viewed by the



Ge(Li) crystals and the collimator crystal, the relative count rates rule



out-a source extended to a solidi angle greater than about 0.1 These
sr. 
 

arguments lead to the conclusion that the source is probably extraterrestrial.
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Preliminary indications are that it is close to the detector axis but this



is by no means a firm result.



Figure 11 shows the portion of the sky viewed during the event. The



concentric curves ara the FWHM fields of view at the energies of the lines



detected. Within this field are the planets Mercury and Saturn; the SN­


remnant IC443 and the pulsar PSR 0611+22 which may be associated with it;



and the high energy gamma-ray sourde y195+5 observed by both SAS-2 (Fichtel,



et al., 1975) and C0S-B (Bennett, et al., 1976). Not shown is a y-ray



burst source in the region reported recently by Cline, et al. (1978). At



the edge of the field was the Crab nebula and the sun. The numbered dots



are stars within 6 pc. of the earth. The closest is number 3, Procyon at



Number 5 is the flare star YZ Canis Minor. 
 The duration of the
3.5 pc. 


event, about 20 minutes, is typical of flare events. If this event had



the energy in the lines would
originated in YZ C~i at a distance of 6 pc., 


This is more than the largest optical flare observed from
be -1036 ergs. 
 

that star which was ' 1035 ergs over 4 hours (Gershberg, 1970). The Sun is



rather far off our detector axis to be considered a likely source of this



event, but it cannot definitely be excluded. The duration is similar to



that of the solar flare lines observed by Chupv, et al. (1973) where the



event lasted about 10 minutes. Most of the lines, however, associated with



the event reported here were not seen in the solar flare observations. Nor



it was in the solar flare. If
was a continuum observed in this event as 
 

the ratio of line-to-continuum flux had been the same as for the observed



solar flares, we would have detected a strong continuum. Although relatively



rare, x-ray flares of about this duration have also been observed (Markert,



et al., 1976).
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The fact that this event was observed during 6.5 hours of balloon



observing time indicates it could be quite common. They can, however, be



easily overlooked in the data analysis, and must be carefully searched for.



The scintillator shields, or isotropically sensitive detectors are sensi­


tive to the events but the peak rate increase in the one reported here was
 


less, than 1% of the mean background rate, and typically, variations in back­


ground for such detectors, are of this order. In the spectra measured by



shielded detectors, the events are easily missed if time averaging is not



just right to enhance the lines. We urge experimenters to carefully search



their data for corroborating events of this nature.



The authors would like to acknowledge Messrs. G. Culp and L. Jung for



their assistance in carrying out this experiment, R. Bishop for assisting



in the data reduction, and the National Scientific Balloon Facility for their



-excellent performance in conducting the balloon flight. We are also indebted



to Dr. G. Riegler and Prof. R. Lingenfelter for valuable discussions.
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FIGURE CAPTIONS



Figure 1 An exploded view of the JPL Ge(Li) balloon-borne spectrometer. 

Four Ge(Li) crystals with a present combined volume of 180 cm3 

is shielded and collimated by 6.35 cm of CsI(Na). Cooling is 

provided by liquid nitrogen (from Jacobson, et al., 1975). 

Figure 2 A diagram of the JPL gamma-ray spectrometer gondola. It is a 

108 cm cube and constitutes a payload weight of 580 kg. The 

turntable above the sensor allows a calibration source or a 

blocking-crystal to be positioned by command over the aperture 

(from Jacobson, et al., 1975). 

Figure 3 Count rate records in the 65-100 keV range for the 10 June 1974 

balloon flight. At around 1600 UT, the aperture was blocked by 

an 20.3 cm diameter x 10.2 cm thick NaI(Tk) detector. There 

was a transit of the aperture by the sun 17 minutes before the 

Crab nebula transit. During the Crab nebula transit, the mean 

count rate in this interval increased by 27 percent. 

Figure 4 The net photon spectrum from the Crab nebula in the energy 

range of about 50 keV to 300 keV, measured on 10 June 1974. 

The solid and dashed curves indicate, respectively, power law 

fits to the data, with and without a Gaussian shaped line at 

73.3 keV. The inset shows details of the fit in the vicinity 

of the possible line on a channel-by-channel basis. 

Figure 5 Details of the Crab nebula transit as measured in a 5 keY wide 

channel containing the possible line feature, as well as those 

5 keV wide channels directly adjacent to it. The expected 

response for power law spectra with and without a line feature 
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are also shown. The power law, without a line feature, is 

clearly a poor fit to the data measured in the 71-76 keV range. 

Curves are shown for a line emitted from both the sun and the 

Crab nebula-. Each -adequately describes the observation so that 

the sun cannot be ruled out as a possible source of the feature 

on the basis of the data. 

Figure 6 The net Crab nebula photon spectrum measured on 10 June 1974. 

Except for the significant deviation around 73 keV, the data 

agrees with other recent measurements reported. 

Figure 7 Comparison of differential count spectrum of the Crab nebula 

measured in the energy range of 388 to 414 keV by Jacobson, 

et al. (1976) and Leventhal, et al. (1977). The line at 400 

keV reported by Leventhal, et al., was unobserved in the 10 June 

1974 flight. (Ling, et al., 1977b). 

Figure 8 The count rate record of the 10 June 1974 balloon flight in 

three adjacent 100 keV wide energy bands. A 45 percent increase 

in the 1760-1860 key range occurred at about 20 0 'UT, and sig­

nals a transient event manifested by four significant gamma­

ray lines and count rate deviations in several scintillators 

on board. 

Figure 9 Integral count rate >150 key measured in the CsI(Na) shield 

collimator crystal, sampled at 90 second intervals. These rates 

are not corrected for dead time. Also shown for reference is 

a portion of-the..rate--shown in Figure 11. A significant count 

rate deviation occurred in coincidence with the,increase around 

1.8 MeV. Such deviations also occurred in coincidence with the 

increase around 1.8 MeV. Such deviations also occurred in sev­

eral other scintillation counters on board. 
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Figure 10 Those portions of the spectrum containing the lines measured 

during the transient event of 10 June 1974. All of these lines 

are greater than the resolution width-of the instrument. 

Details of the lines are given in Table I. 

Figure 11 The instrument field of view at the mid-time of the transient 

event of 10 June 1974. The concentric curves represent the FWM 

fields of view at three energies, corresponding approximately 

to the observed lines. Some interesting objects in and near 

the field are shown. The numbered dots represenc stars closer 

than 6 pc. 



GAMMA-RAY LINES OBSERVED 
DURING THE 

10 JUNE 1974 TRANSIENT EVENT 

LIVE COUNT RATE FLUX* FWHM TIME INTERVAL 
ENERGY (SEC'I (CM2 _ SEC) F SPANNED 

(keV) (keV) (U. T.) 

413.2 ±1.8 	 (5.5 1.6) x 102 (7.0± 2.0) x 10 3 15 2020-2041 

- 2 	 - 21789.7±6.0 	 (6. 78 1. 55) x0 (3 .15 ±0. 74 ) x10 95 2026-2041 

(2 6 7 - 22218.6±6.3 . 0.87) x10 "2 (1.51±0.49) x10 70 202072041 

5946.5±3.7 (7.06± 2.18 x 10- 3 (1.47± 0.46) x 10- 2 25 2006 - 2041 

*ASSUMES SOURCE ON THE DETECTOR AXIS 

TABLE 1 

http:1.51�0.49
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ABSTRACT



We discuss why aecreting compact objects in general may be important gamma



ray line sources and how such sources may explain recent obvservations of celest­


ial gamma-ray line emission from a transient source in the direction of the



galactic anti-center, from the Galactic Center and possibly from the radio



galaxy Centaurus A. The identification of the lines from the transient source



requires a strong redshift. Such a redshift permits the identification of 

- these lines with the most intense nuclear emission lines expected in nature, 

positron annihilation, and neutron capture on hydrogen and iron. We propose 

that they are produced as a result of nuclear interactions in aecreting gas 

around a neutron star. The gamma-ray line emission from the Galactic Center 

and possibly Centaurus A appears to have a surprisingly high luminosity,



amounting to perhaps as much as 10% of the total luminosity of these sources.



We suggest that such high gamma-ray line emission efficiencies could result



from nuclear interactions in accreting gas around a massive black hole.



*This research was supported in part by National Science Foundation grant
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INTRODUCTION



We shall-focus on two questions relative to nuclear gamma-ray line emis­


sion from compact objects: first, why aecreting compact objects in general



might be important gamma-ray line sources and second, how such sources may



explain some of the recent observations of celestial gamma-ray line emission.



In order to answer the first question, we must look at what conditions 

are necessary for the observation of nuclear gamma-ray lines. Most simply 

stated, for a line to be resolvable above the continuum for practical observing 

times, the nuclear line emissivity of a source must be at least of the order 

of the continuum emissivity of that source over the line width. Assuming over­

all charge neutrality for the energetic ions and electrons, this in turn requires 

that for nuclear lines at an MeV or more, to be observable above the attendant 

electron bremsstrahlung continuum, the mean nucleon or ion energy, Eion must 

be greater than - 1 MeV and the mean electron energy, Ee' must be less than 

that energy, 

E < 1 MeV < E. ,e ion 

or for two-temperature quasi-thermal distribution, 

I < 101 0K < T. 
e ion 

If the mean energies or temperatures of the electrons and ions are equal, the



bremsstrahlung emissivity greatly exceeds the nuclear line emissivity for nearly



all lines and all compositions.



Much higher mean ion energies than electron energies are expected from an


m 

acceleration process such as gravitational accretion. Sincef. -24 in this

I m e 

e 
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process, nearly all of the energy initially goes into the ions. Gravitational



acceleration of matter accreting around a compact object, such as a neutron star



or a black hole, can accelerate ions to about a hundred MeV while electrons



are accelerated to less than a MeV. Thus accretion around compact objects,



previously proposed as X-ray sources,may also be important sources of resolv­


able nuclear gamma-ray line emission.



The principal nuclear gamma-ray lines expected from energetic particle 

interactions in general have been reviewed most recently by Lingenfelter and 

Ramaty (1978). These include the 6.129, 4.438, 2.313, 1.779, 1.634 and 1.369 

MeV lines from deexcitation of excited 160, 12C, 14N, 28Si, 20Ne and 24Mg re­

spectively, the 0.511 MeV line from annihilation of positrons from decay of 

radioisotopes and the 2.223 MeV line from capture on hydrogen of neutrons, all 

produced in inelastic collisions. Depending on the composition, lines at 7.632 

and 7.646 MeV from neutron capture on 56Fe may also be important. By way of 

illustration Figure I shows the calculated (Higdon and Lingenfelter, 1977) emis­

sivity of the 4.438 MeV line resulting from thermonuclear reactions at ion temp­

eratures 10 10K in a plasma of solar composition. 

Several of these lines have been observed from celestial sources by balloon



and satellite borne gamma-ray detectors. These observations, summarized in



Table 1, were reviewed by Chupp (1978) at this symposium and the newer results



were presented here by Jacobson et al. (1978), Leventhal, MacCallum and Stang



(1978) and Matteson and Peterson (1978).



TRANSIENT LINE EMISSION FROM NEUTRON STARS 

We shall discuss in detail two of these observations of line emission which



are particularly exciting as they appear to show strong evidence of coming from



a compact source. These are the transient event of 10 June 1974 reported by
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Jacobson (1977) and Jacobson et al. (1978) and the observation of 10-11 May 1976



by Leventhal, MacCallum and Watts (1977). As pointed out by these authors, the



identification of the lines alone almost certainly requires a strong redshift



which suggests gravitationally redshifted emission from a compact object. Cer­


tainly in the transient event, which also included an unshifted 2.2 MeV line, the



redshift could not be cosmological. We 'suggest that the transient event resulted



from episodic accretion around a neutron star from a binary companion. As we



shall show, such a model is consistent with all of the observed properties of



the event. Moreover, since the observations of 10-11 May 1976 and of the trans­

ient event of 10 June 1974 included much of the same field of view and would 

require the same surface redshift, we also suggest that both may be observations 

of the same neutron star.



The suggested identification of the lines observed in these two measurements 

is given in Table 2 together with the required average redshift and the redshift 

range which could account for the line width. The lines at -0.4 and -5.95 MeV 

cannot be identified with any unshifted lines since all contenders are coupled 

with stronger companion lines which were not observed. All of these lines 

however can be identified with lines from the most intense nuclear emission


processes expected in nature, positron annihilation and neutron capture on hy­

drogen and iron, if we assume a self-consistent range of gravitational redshift.


In particular the 5.935-5.960 MeV line in the transient event can be identified


with the two strongest lines from neutron capture on the iron crust of a neutron


star having a surface gravitational redshift of z = 0.285. Because it has the


maximum binding energy per nucleon 5 6Fe is expected to be the dominant constitu­


ent of neutron star crusts and the relative intensity of this line coppared to



the hydrogen-capture line requires enormous enrichment in iron compared to solar



abundances. This line alone strongly suggests a neutron star source for the



transient emission on 10 June 1974.
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The 0.40-0.42 MeV and the 1.74-1.86 meV lines can similarly be identi­

fied as the positron annihilation and neutron capture in a hydrogen atmos­

phere of density n1H > 1016 H/cm
3 from the surface z of 0.285 up to an 

altitude corresponding to a z of about 0.2. Such an atmosphere is pre­

sumably a temporary feature formed by infall of gas from an accretion disk. 

This minimum hydrogen density is required in order that a significant fraction 

of the neutrons are captured before they decay. The width of the ZQ,4 MeV 

line also places a limit on the average temperature of this atmosphere of 

<2 x 106 K. The unshifted (z z 0+.02) line at 2.22 MeV requires a comparable


high density region well above the neutron star surface and can be under­

stood as neutron capture in an accretion disk at a distance corresponding to


z < .02 and in the atmosphere of a binary companion.


A surface redshift of - 0.285 implies a neutron star mass of about 1.4 

to 1.8 M and a radius of 10 to 13 km, depending on the assumed equation 

of statd (Brner and Cohen, 1974). The observed 25 KeV full width of the 

- 5.95 MeV line reduced by the instrumental broadening of 5 KeV and the red­

56 

shifted Fe doublet separation.of 10 KeV gives an emitted width of 10 KeV.



If the line is produced uniformly over the surface of the neutron star, this



width gives a lower limit for the rotation period P > 
__ 4wr sine = sine 
AE c 4sc 

where a is the angle between the rotation axis and the direction of observa­

tion. Observation of the -5.95 MeV and -1.8 MeV lines from the surface of



the neutron star also place an upper 'limit on the surface magnetic field



of < 1012 gauss, since pair production by these gamma rays in the magnetic



field would,greatly attenuate emission from the surface if the field were



much stronger (Erber, 1966).



We suggest that the neutrons and positrons which were captured and



annihilated in the vicinity of the neutron star and its binary companion were



http:separation.of
http:1.74-1.86
http:0.40-0.42
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all produced by nuclear reactions occurring when gas, flowing episodically



from the companion, was gravitationally accelerated to an energy of > 1 MeV



and collided with gas in the,outer part of the accretion disk around the



neutron star. This is shown schematically in Figure 2.



In addition to the observed lines we would also expect other line and



continuum emission as 
 indicated in Figure 2, but the,expected intensities 

are not inconsistent with other observations. From calculations of the ratio 

of the emissivities of the strongest deexcitation line, that at 4.4 Mev 

from 12C, to the neutron emissivity shown in Figure 3, we find that the 

expected intensity of the 4.4 MeV line from 12 C* would have been below the 

measured upper limit for this line of -2 x 10- 2 2photons/cm sec for ion tempera­

tures > 6 x 1010 K . An unshifted positron annihilation line roughly comparable 

in intensity of the unshifted 2.2 MeV line should also have been produced, but 

a 0.511 MeV line of this intensity could not be detected because of the large 

detector background at that particular energy. 
 We should also expect continuum



emission from electron bremsstrahlung at energies somewhere below a few tenths



of an MeV. The total power in this continuum can be estimated from the neutron



capture line intensity assuming that the continuum luminosity is equal to the 


rate of energy loss by the ions, which as we noted above carry most of the energy. 


The calculated ratio of the neutron production rate by thermonuclear inter­


actions of hot ions (T. 
 > few times-1010 K) to the energy loss rate of the&ion 
ions to cooler electrons (Te < 101

0 K) is < 2 x 103 neutrons/ergs, depending



primarily on the electron temperature. The ratio is relatively independent of



the abundance of ions of atomic charge > 2, since proton interactions with 

helium are the principal source of neutrons. The observed neutron capture 

gamma-ray line intensity of -6 x 10- 2 photons/cm 2 sec thus implies a continuum 

- 5
flux of > 3 x 10 ergs/cm2 sec. Such a flux was not observed in the'JPL 



2 
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detector but its energy range extended down to only about -0.05 MeV, so that



if the bulk of the continuum radiation was emitted below that energy it could



not have been detected. Unfortunately there were no other wide angle X-ray



detectors being flown at that time which might have covered this energyrange.



Lastly we should not& that, since the sum of the neutron .capture gamma­

-7 

ray line intensities for the transient event of 10 June 1974 was - 3 x 10 ergs/ 

cm see, the neutron capture line luminosity of the source L (erg/sec) ; 

3 x 1037 D2(kpc). Assuming a maximum neutron yield of < 2 x 103 neutrons/erg, 

discussed above, and an average neutron capture photon energy of - 3 MeV, the 

total source luminosity L (erg/sec)must have been > 3 x 1039 D2 (kpc). 

We have described a model for neutron and positron production in an accretion 

disk because alternative sites for their production seem less likely. Although 

one might imagine that it should not be hard to find ways of generating neutrons 

directly on the surface of a neutron star, the observation of the unshifted 

neutron capture line on hydrogen would require that the average energy of the 

neutrons produced at the neutron star surface must be - 150 MeV, equal to the 

escape energy from the star, so that a significant fraction could escape to a 

lower z region to be captured. There is no obvious process for generating 

such energetic neutrons. The possibility that the neutrons and positrons might 

have been'produced in nuclear reactions in a flare on the binary companion also 

seems exceedingly unlikely from energetic considerations. Calculations presented



at this symposium by Colgate (1978) of the yield of gamma-ray lines from giant



stellar flares would suggest that the 2.2 MeV line from neutron capture rate



on hydrogen in flares is roughly proportional to the total energy released in



the flares and that this proportionally is of the same order as that observed
 


-
for the 4 August 1972 solar flare - 10 5 photons/see erg at 2.2 MeV. The 

-transient flux of 1.5 x 10 2 photons/cm2 see at 2.2 MeV would thus require a



stellar flare on the binary companion of the neutron star to release a total
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energy W(ergs) 10 tD4(pe) where D is the distance of the star from the earth.



For any reasonable distance this would require a flare energy many orders of 

magnitude larger than the 1036ergs which Colgate calculated for the total



energy of even the largest stellar flares.



The observation by Leventhal et al. (197-7) of a possible redshifted positron 

annihilation line at ~ 0.400 MeV from the general direction of the Crab Nebula 

on 10-11 May 1976 may also be variable emission from the same source as the 10 

June 1974 event, since the two observations had overlapping fields of view and 

the identification of the lines in both observations implied essentially the 

same neutron star surface redshift. The average intensity of the - 0.400 MeV 

line on 10-11 May 1976 was only about 0.3 of that from the 0.40 to 0.42 MeV 

line during the 10 June 1974 event (Table 1). Since the 0.400 MeV line emission 

was not observed (Ling et al.,1977) during the detector scan across the Crab 

Nebula on 10 June 1974 prior to the transient event, it must also be considered



variable. We should also note that if the 10-11 May 1976 and 10 June 1974 line
 


emission is for the same source, then the limit on the rotation period P(sec) > 

0.25 sin 6 for the 10 June 1974 source effectively rules out the Crab pulsar



with a period of 0.033 sec as the source.
 


We suggest that a similar process of nuclear interactions in episodic ac­

cretion of matter falling onto an accretion disk could be responsible for the 

10-11 May 1976 emission but at a lower accretion rate than that during the 10 

June 1974 event. Depending on the ion temperature the ratio of neutron to 

positron production, shown in Fig. 3, could vary from - 0.1 to - 10 for.Tion 

ranging from a few times 1010 to a few times 1011K. The narrow width of the 

line, < 5 KeV, would require that the positron annihilation occur primarily 

at the neutron star surface, excluding any significant atmosphere at that time. 

Thus the only other line emission expected from ,theneutron star surface would 

be the redshifted line at - 5.95 MeV from neutron capture on iron. Unfortunately 
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this line was out of the energy range of the detector. An essentially unshifted



line at 2.2 MeV from neutron capture on hydrogen in the accretion disk and in



the atmosphere of the binary companion, however, should also be expected. The



intensity of this line, scaled -from the'10 Jun:e 1974 event, assuming an ion



temperature of 01"K for the latter, should have ranged from - 5 x 10-5 to



-
-5 x 10 3 photonsf/cm2sec for ion temperatures of a 	 few times 10 to a few



times 10 K in the accretion disk. Such emission is not inconsistent with


-3 2



3
the upper limit of 1 x 10- photons/cm sec at 2.2 	 eV on 10-11 May 1976, if



10I I 
 the ion temperature was in the range 1010 < T. < K.ion



A more detailed discussion of our model of this source together with a



discussion of the possible identification of the source with known objects



will be given in a forthcoming paper. But we would like to emphasize here



that quite independent of the particular model, we believe that the general



arguments discussed above very strongly suggest that these are the first ob­


servations of the gravitational redshift of a neutron star.



LINE EMISSION FROM BLACK HOLES



Next, we want to call attention to another surprising characteristic of



some of the reported gamma-ray line observations; that is their apparently



enormous line emission efficiency. Defining such an efficiency as that frac­


ion of the total luminosity radiated in nuclear lines, Li/Lrad" we find (Table 3) 

that the persistent non-solar sources may have line efficiencies at 4.4 MeV 'as 

high as - 10%. Not only is such an efficiency surprisingly large in itself, 

but it is all the more surprising when compared to the efficiencies of - 10 

for the same line in the solar flare of 4 August 197Z. The efficiency of the 

-
Galactic Center source, however, may be only - 10 4 if the line emission is 

from an extended region of angular diameter - 3 Future gamma-ray observa­

tions with 5 10 angular resolution will hopefully resolve this ambiguity. 
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The basic problem that such high gamma-ray line emission efficiencies pre­


.sent is that the energy radiated in the 4.438 MeV line, for example, is at most



3
only about 10- of the total energy loss- rate of hot ions to cooler (Te < 1010K)



electrons, assuming roughly solar abundances for the ions. This can be seen in



Figure 4 which shows the calculated 4.4 MeV line emission efficiency *4 4/Arad
.
 

for a two temperature (Te < Tion) plasma, assuming that radiation from electrons
 


is the dominant energy losses process for the medium and that the radiation



loss rate wrad is equal to the rate of transfer of energy from the ions to the
 


electrons (e.g. Spitzer 1962):



xi-12 n2(To Te To -3/23 

i ~ 1.0 x 10 n CT - T )(T + 1836 T ) ergs/cm sec. 

-
A 4.4-MeV line emission efficiency much greater than 10 3 would thus re­


quite either a greatly increased CNO/H abundance compared to solar values or



a nonradiative loss that is the dominant energy loss process for the medium.



-
In the first'case a line emission efficiency of - 10 would require an increase 

of about 102 in the CNO/He ratio compared to solar abundances, leading to a



medium in which 00 makes up roughly half of the mass. Such conditions may in



fact be approximated in the expanding nebulae of supernovae. This possibility



will be discussed in detail in a subsequent paper.



In the present discussion, however, we shall consider the alternative possi­


bility that noniadiative losses are dominant in disposing of the bulk of the ion 

energy before it can be radiated and we shall focus specifically on that ultimate 

nonradiator - a black hole. Nonradiative losses will dominate in spherical ac­


cretion'around a black hole if tff < teq < trad, where the three times are the 

free fall time of accreting matter to the event horizon, energy equipartition
 


time between accreting ions and electrons, and the radiation time required for



the electrons to radiate away the released gravitation energy of the accreting
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matter.



The first inequality, tff < t eql implies that only a fraction, - t ffteq
, 


of the total gravitational energy released in accretion-is transferred from the 


ions to the electrons, so that the bulk of this energy is carried over the 


event horizon still in the ions. 
 Taking the free fall time to 'the event horizon 


from some distance < 2 x 103 GNMe 2 at which the ion temperature starts to ex­


ceed 10IK but the electron temperature is still < 1010K, it can be shown that 


tff < teq requires a column density of matter above the event horizon N < 6 x 1026 


H/cm . Since the attention length for 4.4 MeV gamma-rays in hydrogen is - 1025 

H/cm2 , the upper limit on the column density above the event horizon places no 


added constraint on the thickness of the emission region. 


The second inequality, teq < trad' implies that most of the energy trans­


ferred to the electrons goes into thermal energy, heating them up., since they 


can radiate away only a fraction, n - t eqtr d , of that energy. Assuming 

that continuum bremsstrahlung emission is the principal radiative loss process 


for the electrons, the fraction of energy radiated may be rewritten f z Wbrem/Wion' 


Sbre/ ione< 1 requires that /(T - which is in fact alwaysn 

satisfied byb te condition,oniton 
 Te< 1010K < T , which was already required insaisiethe Tion,


order to observe the 4.4 MeV gamma-ray line above a bremsstrahlung continuum. 

The 4.4 MeV line emission efficiency w4 4 /Wrd = ( 4 . 4 /Wio)/n thus e­

comes w4.4/7brem for such cases. The dependence of this line emission efficiency 

on the ion and electron temperatures is shown in Figure 4. As can be seen, the 


line emission efficiencies of the order of 0.1 apparently required by the Galactic 

'Center and Centaurus A observations can thus be achieved by spherical accretion 


around a black hole of plasmas of roughly solar composition, if T S 109K. The 
a 

abundance of CNO relative to hydrogen in interstellar gas in the Galactic Center,


however, may be at least half an order of-magnitude greater than the solar value,


because of apparent abundance gradients (e.g. Peimbert, 1975) of these elements


in the galaxy. For accretion of such matter, line emission efficiences of - 0.1 
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could be achieved with T e l01 0K.


e



We have made preliminary calculations, following Shapiro (1973), of the



4.4 MeV gamma-ray line profile for emission from' spherical accretion around 

a black hole of plasma that is optically thin to such radiation. These calcu­

lations show that the expected width of the 4.4 MeV line is much larger than 

the observed line widths of - 1 MeV from the Galactic Center (Haymes et al. 

1975) and - 0.3 MeV from Centaurus A (Hall et al. 1976). Narrower widths such



as those observed, however, could be achieved, if the accretion is optically



thick so that the bulk of the line emission'comes only from an optically thin



shell well above to event horizon and/or, if the accretion is not spherically



symmetrical so that most of the emission comes from matter secreting in some



solid angle R.



We consider a simple model to maximize the line emission from such asymmet­


rical accretion around a black hole, assuming the bulk bf the accretion is in a



solid angle Q, that theradial dependence of the density of the accreting plasma is



- 3/ 2
 
proportional to r ,and that the plasma ion temperature exceeds 3 x 1010K at



2 2a radius r, 5 3 x 10 r , where r is the Schwarzschild radius 2GM/c. Then taking 

the 4.4 MeV line luminosity to be 

L n2 34 E . q4.4 rz ergisec,



where the photon energy E4.4 is in ergs and the line emissivity q4 .4 10-18



photons/cm3 see n2- is taken to be three times that given in Figure 1, assuming



roughly threefold enrichment of CNO in the gas in the Galactic Center relative



to solar abundances. If we further maximize the emission assuming that the



accreting plasma becomes optically thLck to 4.4 MeV gamma-ray6 at a distance of



r,/2, so that r~n, 0.3 x 1025 H/cm2we find that the maximum 4.4 MeV line



luminosity from optically thick asymmetrical accretion on a black hole is
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L <510 34d
4.4 8 ergs/sec.



If the 4.4 MeV line emission observed (Haymes et' al., 1975) from the 

Galactic Center is produced by thermonuclear interactions in matter accreting 

onto a black hole then the line luminosity of 8 x 1037 ergs/see (Table 3), 

implied by the observed intensity, would require a minimum black hole of 

mass > 103 M for 0 1 ster. The possibility of a much larger - 106 to 107 M0 0 

black hole in the Galactic Center has been discussed (e.g. 0ort, 1977). Such



a black hole could produce the necessary line luminosity with optically thin


3/2 

asymmetrical accretion. With the required accretion rate, H = mpc ,r3 rg 0 

(16 L4 M/M )a in gm/sec, or 3 x 10 - 3 M0/yr for a 3 x 106 M black hole, such 

a black hole could have accumulated over a period of the order of 109 years.



Observations of possible time variations could provide one possible test



for such a model. Fluctuations in the emission might be expected on time scales



of the order of the free fall time in the gamma-ray line emission region, tff



: 0.5 % sec, which for a black hole of anywhere between 10 and 107 M should



be between ten minutes and a couple months.



If similar accretion is responsible for the 4.4 MeV line emission observed 

(Hall et al., 1976) from Centaurus A, the line luminosity of 1.5 x 10 ergs/sec 

(fable 3) would require a black hole of at least 09M , assuming optically 

thick, asymmetrical accretion predominantly in a solid angle Q of the order of 

a steradian, which would be required to account for the narrow line width of 

- 0.3 MeV. Variations in the gamma-ray line and continuum luminosity might also 

be expected on time scales comparable to the free-fall time through the emission 

region of order of 10 years or less. The luminosity of Centaurus A is, in



fact, observed (Beall et-al., 1978) to vary on times of the order of several



years, which would be consistent with such a model. A black hole of mass > 10 M


- O 
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in Centaurus A has been proposed (Fabian et al., 1976) to account for the X-ray



emission by spherical accretion.



Thermonuclear reactions could also lead to the other lines observed from



the Galactic Center and Centaurus A (Table 1). The intensity of the 0.5 MeV 

line from the Galactic Center compared to that of the 4.4 MeV line is consist­

ent with the calculated ratio of positron production to 4.4 MeV emissivity 

(Figure 3) for Tion> 
 10K,if < 2/3 of the positrons annihilate via positronium.



The 1.2 ­ 2 MeV feature observed- from'the Galactic Center and Centaurus A could



result from the combined deexcitation emission from 14N, , 24Mg* and 28Si 

Thus we see that simple models of thermonuclear reactions in matter accret­

ing around massive black holes in the Galactic Center and in Centaurus A suggest 

that such processes could provide the observed gamma-ray line emission. We 

are currently making more detailed models of these processes. 
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Table 1



GAMMA RAY LINE OBSERVATIONS



Source Line Line 
 Reference



Energy Intensity



(MeV) (7/cm2 see)



TRANSIENT SOURCES



-
Solar Flare 0.51 6.3 x 10 2 Chupp et al. 1973


4 Aug 1972 2.2 2.8 - 1



- 2
3 x 10
4.4 
 
-2
3 x 10
6.1 
 

Solar Flare 0.51 3 x 10-2



7 Aug 1972 2.2 6.9 x 10-2



Anti-center transient 0.41 7 x 10- 3 Jacobson 1977 and


10 June 1974 
 1.8 3.2 x 10- 2 Jacobson et al.



1.5 x 10-
2 1978



2.2 
 

5.95 1.2 x 10 2



Crab pulsar transient? 0.40 2.2 x 10- 3 Leventhal et al. 1977


10-i May 1976 
 and Ling et al. 1977



PERSISTENT SOURCES



8 x 10-4  
 Galactic Center -0.5 (Leventhal et al. 1978


- 3
1.2 - 2 2.6 x 10 Haymes et al. 1975


-4
-4.5 9.5 x 10 (Matteson & Peterson



1978



Centaurus A 
 1.2 - 2 3.4 x 10-3 Hall et al. 1976


(NGC 5128) -4.5 9.9 x 10-4
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Table 2 

IDENTIFICATION OF GAMMA RAY LINES OBSERVED



DURING THE 10 JUNE 1974 TRANSIENT EVENT 

AND ON 1U-11 MAY 1976 

EMISSION EMITTED MEAN MEAN LINE MAXIMUM 
PROCESS LINE ENERGY LINE REDSHIFT ENERGY REDSHIFT 

(KeV) 	 ENERGY RANGE RANGE 
(KeV) Z 

10 June 1974 

e e-	a++ 2y 511 413.2+1.8 	 .237+.005
 400-420 .28-.22


1 (n,y) - 2223 1789.7+6.0 .243+.009 1740-1860 .28-.20 
1iH(n,y) 2223 2218.,6+6.3 .002+.003 2180-2260 .00-.02 
56 Fe(n,y) 	 7632


7646 5946.5+3.7 .284+.O001 5935-5960 .29-.28



10-11 May 1976 

a++e-* 2y 511 400+1 .278+.004 397.5-402.5 .29-.27 

* From Table 1 	 of Jacobson et al. (1978) and,from Leventhal et al. (1977). 

** 	 Estimated from Figure 10 of Jacobson et al. (1978) and Figure 5a of 
Leventhal et al. (1977). 



Table 3 

OBSERVED LINE EMISSION EFFICIENCY



Li 
 

Source Distance Line Line Line 
 
Energy Intensity Luminosity 
 
(MeV) (y/cm2sec) (erg/sec) 
 

Solar Flares 
 
6xlO2 0  

4 Aug 1972 1 AU 4.4 3x1	 2
 

4 Aug 1972 1 AU 2.2 2.8x10- 3xlO 21 

7 Aug 1972 1 AU 2.2 >6.9x10-2 
 >7x1020  
 

Transient 	 -2 39 
10 Jun 1974 <3 kpc 2.2 1.5xlO <5xlO 
 

-3
 8x1037 
 10 kpc 4.4 lxl0
Galactic 
 
Center 
 

ix0	-3 
 1.5x1043
Centaurus A 4.4 Mpc 	 4.4
 

(a) 	 Lin and Hudson (1976)



(b) 	 There are no observational limits on the continuum emission


< 0.1 MeV for this event.



(c) 	 Based on the 10-20 micron luminosity from discrete sources in


the central core of the galaxy.



(d) Based on the 100 micron luminosity of the extended source 
(- 30 diameter) in the nucleus of the galaxy. 

(e) 	 Hall et al. (1976



Lrad 
 

Source 
 
Lumimosity 
 
(erg/see) 
 

28 
2xlO (a) 
 

2xj0 2 8 (a) 

lx102 8 (a) 

(b)



10 39(c) 
 

104 2(d) 
 

1044(e) 
 

i/Lrad


Line


Emission



Efficiency



3x10 8



1.5xi0-7



>7x10-8



0.8xl0- I



-
O.'8x10
 4
 

l.5xl0-1
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FIGURE CAPTIONS



Figure 1. The 4.438 MeV line emissivity resulting from-therfionuclear reactions,



,in-a plasma -of solar composition.



Figure 2. 	 Schematic model of nuclear interactions in accreting gas around a



neutron star from a binary companion, leading to the gamma ray line



emission observed in the 10 June 1974 transient event.



Figure 3. 	 The calculated ratios of neutron and positron production rates to



the 4.438 MeV gamma ray line emissivity for thermonuclear reactions



in a plasma of solar composition.



L/ 

Figure 4. 	The 4.438 MeV-line emission efficiency W4 ./rd calculated for 


thermonuclear reactions in a two temperature plasma of solar 


- abundance, assuming that the radiation loss rate of the plasma 

'Wradequals-either the rate of energy transfer from the ions to the 

electrons w.o, on the electron bremsstrahlung emissivity e 
ion' 	 brem*
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ABSTRACT



The detection of gamma-ray lines produced at the surface


of neutron stars will serve to test both the strong and


gravitational interactions under conditions unavailable


in terrestrial laboratories. Observation of a single


redshifted gamma-ray line, combined with an estimate of


the mass of the star will serve as a strong constraint


on allowable equations of state of mattet at supernuclear


densities. Detection of two redshifted lines arising


from different physical processes at the neutron star


surface can provide a test of the strong principle of


equivalence. Expected fluxed of nuclear gamma-ray lines


from accreting neutron stars have been calculated inclu­

ding threshold, radiative transfer and redshift effects,


The most promising probes of neutron star structure are


the deuterium formation line and the positron annihilation


line. Detection of sharp redshifted gammazray lines from


x-ray sources such as Cyg X-l would argue strongly in


favor of a neutron star rather than black hole identifi7


cation for the object.



INTRODUCTION



Astrophysical gamma-ray spectroscopy has the potential for



providing the same information about neutron stars that optical



spectroscopy provides for main sequence stars; namely information



about the surface gravity and composition (bdth 'surface and internall,



Because of the high surface temperature expected for neutron stars



even after a relatively long time (e~g, 106 0K after 106 yearsl no



optical emission or absorption line from the surface is to be expect



ted. However, gaimma-ray lines, produced either by accretion or
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by pulsar action, can be expected. Accretion of mass onto a



neutron star in binary systems (or from interstellar space) can



give rise to the deuterium formation line, (at 2,22 MeV) the



positron annihilation line (at 511 KeV) and also the nuclear



excitation lines of species such as carbon, oxygen, nitrogen



and other abundant nuclei. Pulsars might also be expected to



produce the positron annihilation line, Detection of such lines



can yield valuable information about conditions at the surface



of the radiating neutron star not derivable in any other way,



NEUTRON STAR STRUCTURE AND EQUATION OF STATE



Unlike normal nuclear burning stars, whose properties



are determined by their chemical compositions, opacities, con­


vection rates, etc., the gross macroscopic propertied of neutron



stars only depend on their equation of state p=p(p), In patti­


cular, for a given equation of state, one can compute the mass



and radius for each assumed centrar density. The surface red­


shift expected is then given by



ifz - -(I_2GM/Rc2)-I/2 i.AX



Thus if a spectral line arising from the surface of a neutron star



can be identified, constraints can be placed on the mass of the



star. Shown below are the mass-redshift curves expected for sev­


eral equations of state (from Brecher, 1977), derived assuming



general relativity to be valid. Quite different curves can arise



in other theories of gravity. Essentially all of the other "realis­


tic" model equations of state produce curves lying in the region



between the models labeled "nuclear" and "Quark Bag".
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Figure 1. Surface redshift as a function of mass M


(in solar masses).



Since the above curves represent realistic limits on the



allowable equations of state consistent with current physical ideas



about nuclei, hyperons and quarks, the observation of a line from



even a single neutron star (not in a binary system) can prove of



value. For example, M, Leventhal et. al. (1977) and M, Yoshimori



(private communication to M, Leventhal) have found a possible 

gamma-ray line at 400 keV from the Crab Nebula, Identifying this 

as the redshifted positron annihilation line gives a redshift 

Z .28, the above model calculations suggest that the mass of the 

Crab pulsar lies in the range 1.4 - 2.4tt considerably higher than 

the often stated 0,5M., 

Even more exciting is the prospect of detecting garmmaray



lines from a neutron star in a binary star system. By combining
 


the redshift with a mass determination from the orbital elements,



one can begin to try to establish the nature of matter in neutron



stars - whether it behaves as neutrons, quarks, or some other state



of matter-from its location in the M-Z plane,
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To reiterate, the detedtion and identification of a single



gamma-ray line arising from the surface of a neutron star can pro­


vide valuable information about the mass and composition of the



underlying star.



STRONG PRINCIPLE OF EQUIVALENCE



The general theory of relativity is founded on the prin



ciple of equivalence, However, only the "weak" principle has been



tested experimentally, showing that the ratio of the inertial to



gravitational mass (for materials ranging from aluminum to gold) is



a constant (and defined equal to unity), The "strong" principle,



however, states that the local laws of physics are the same in or



out of a gravitational field. It is in fact the strong principle



which must be valid for one to apply a known stress tensor in the



field equations of general relativity,



The detection of ganmarray lines arising from jtwo different



physical processes near the surface of a neutron star can provide



support for the strong principle (Brecher, 1978), In particular,



consider the deuteron with a binding energy E D= 2.22 MeV and the



positron or electron with rest mass energy E =.511 MeV. Then the
e 

detection of gamma-ray lines from a neutron star surface produced



by deuterium formation and from positron annihilation with the same



redshift serves as a test of the strong principle of equivalence.



It would say that the physics-of strong interactions (which determines



ED ) and the physics of electromagnetic interactions (which presu­


mably predominantly contributes to Ee) remain unchanged, at least



relative to one another, in a strong gravitational potential





279 ()1I1NAL PAG IS 

hig as.3-4).Tha is@~POOR QUA&tY-1 
M/Rc2 as high as .3-.4). That is ED/Ee = constant, independent 

the gravitational field. 

Such a result may already have been provided by the transient



mma-ray event of 10 June 1974 observed by Jacobsen (1977). A



riety of gamma-ray lines seem to have been detected in this event r



th energies of .413, .511, 1.79, 2.22 and 5.95 MeV, Lingenfelter



978) suggests that the .413 and 1,79 MeV lines are redshifted



sitron annihilation and deuterium formation lines, respectively



th redshifted by z = .24 ± .01. Assuming the lines arise from



e surface of a neutron star with redshift .24, this result pro­


des direct support for the strong principle of equivalence with



accuracy of about 4%.



PECTED GAMMA-RAY LINE FLUX FROM ACCRETING NEUTRON STARS



The final question we must address is: does one expect



produce a detectable gamma-ray line flux from neutron stars? Two



asibilities come to mind. For single radio pulsars (e.g, the Crab



isar), it is possible to envision the production of a positron flux



ising directly from the pulsar radiation mechanism. In the ab



ace of a working pulsar emission model, an expected flux is dif'



cult to estimate. For accreting neutron starsf however, the ptob­


m.is well defined and calculable, We have examined the problem



gamma-ray emission from gas with normal cosmic abundance accret,



g spherically symmetrically onto a rigid neutron star surfaceq Details



the calculations will appear elsewhere,(Brecher and Burrows, 1978),



e results represent essentially an upper limit to the expected yields



cause they assume free streaming of particles onto the star(with no
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energy loss on the way down). The garmma.ray line fluxes expected as a



function of accreted proton energy Ep or, equivalently, stellar



They are given relative
surface redshift z are given in figure 2. 
 

to the continuum x-ray flux primarily produced as a result of



accretion.



Z, ( Redshft ) 

,I 2 .3 .4 .5 .6 

A- L6I I
A - e" l.511NMew) 

I I 

8 -d (2.22 MeV) 

,-3 - D- 2 C(4.44 MeV) 

E- 0(6.3MeV) 

--4 

10-6­

10-11 00 200 300 400 500 600 

in MeV 

Figure 2. Expected gamma-ray line fluxes as 4 function


of neutron star redshift -zor accreted proton energy Ep,



As can be seen from figure 1F we expect reshifts greater than ,2



for neutron stars more massive than about one solar mass, The



deuterium line is then expected to be the strongest detectable



gamma-ray line. (The pion decay flux can be large, but does not



give rise to a narrow line.)





281



Turning to specific known x-ray sources, if they are



assumed to be powered by accreting neutron stars, we may estimate



the expected line fluxes at Earth for a given accretion energy Ep"



For Sco X-1, for example, with Ep 300 MeV, one expects L e+_


-
 -
4 x 10 6 phot cm- 2 secC i and LD = 1,5 x i0 5 phot cm-2 sec -1 . These 

fluxes should be just detectable by the proposed Gamma-Ray Observatory,



Ithough they are indeed a factor of 102 below current Cballoon)



sensitivities,



- Finally, the nature of the x-ray emitting object Cygnus



X-l is still unclear. If the system contains a black hole, it is



highly unlikely that it can produce (narrow) gamma-ray line emis­


sion with a well defined redshift. Thus detection of sharp gamma­


ray lines from this object would be strong support for a neutron



star identification, Similarly, systems such as A4 Her which have



been suggested to contain an accreting white dwarf would not be



expected to give rise to gamma ray line emission.



SUMMARY



Gamma-ray line spectroscopy offers a tool for the study of



collapsed objects, It can allow tests of the strong and gravita



tional interactions under extreme conditions,, It can make a distinc



tion between the various possible compositions of the radiating



object. It can also serve to distinguish between different under



lying astrophysical systems, Overall, gamma~ray lines appear to be



a promising tool for the study of collapsed astronomical objects.





282



REFERENCES



Brecher, K. 1977, Ap. J. (Letters), 215, L17.



Brecher, K. 1978, Ap. J. (Letters), 219, L1l7,



Brecher, K. and Burrows, A., 1978, in preparation.



Jacobsen, A.S., 1977, preprint.



Leventhal, M., MacCallum, C. and Watts, A., 1977, Ap, J., 216, 491.



Lingenfelter, R.E.3 Rigdon, J. C. and Ramaty, R. 1978, this Volume, p. 252. 



283 N78-31986 

GAMMA RAY ASTRONOMY AND THE ORIGIN OF THE LIGHT NUCLEI:



Hubert Reeves - GEN Saclay - I.A.P. Paris 

Nuclear reactions induced by the collisions of the protons and alphas 

of the galactic cosmic ray with heavy nuclei of the interstellar gas are 

responsible for the continuous production of the light elements lithium, 

beryllium, and boron in the galaxy (Meneguzzi, Audouze, Reeves 1971) 

(Reeves 1974) ( Reeves and Meyer 1978) (RM). To better than one order of 

magnitude, the observed ratios of these abundances to hydrogen abundance 

and the nuclidic abundance ratios between themselves are accounted 

for by simply considering the effect of fast protons and alphas with a 

flux and an energy spectrum as observed in galactic cosmic rays, for 

a period comparable'with the life of our galaxy (Owe 10 10y). 

However, when more accurate agreement is sought with the increa­

singly accurate data, some difficulties appear, which require a better 

understanding of the real situation. It is in this endeavour that gamma 

ray astronomy may play a crucial role. 

A) The Boron isotopic ratio and low energy "carrots" 

11 l0~We consider first the B/ 1B ratio. The observed isotopic ratio 

on the earth-moon-meteorites is 4 + 0.4. The value computed from 

galactic cosmic ray bombardment of interstellar matter is 2.4, close 
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enough to the observed ratio to be of relevance. The accuracy with 

which the important cross sections involved in the production of these 

isotopes ( p + 12C, p + 16,etc, ) are measured has been constantly 

improving over the years ( Epherre 1972) (Raisbeck and Yiou 197-5) 

( Bodansky et al 1975) ( King et al 1977) and is now good enough to 

make it clear that there is a discrepancy between observations and 

calculations. 

It has been known for many years (Bernas et al 1967) that, in 

view of the shape of the excitation functions for these reactions, an 

higher IB/ 10B ratio would be generated if one considered a flux of low energ' 

protons and alphas (around a few tens of MeV per nucleon, i. e. close to the 
energy thresholds). Assuming a flux with an energy spectrum in power 

Law of kinetic energy (E'), with an exponent -of 3 or more, one could 

easily reach the isotopic ratio of four. 

There welt also some reascns to think that such flux of low energy 

particles might possibly exist in space, in addition to the observed 

galactic cosmic rays. First of all, the effect of the solar modulation, 

which essentially chase away from the solar system cosmic rays with less 

than a few hundred MeV/n, would easily explain why we do not detest 

:hese fluxes with our satellites. Nevertheless some low energy particles 

are actually observed; the spectrum of observed low energy protons has 

a "turn up" around twenty MeV (fig 1) going up rather steeply with decrea­

sing energy ( what we call a low energy "carrot"). A number of people 

have interpreted this carrot as a feeble echo, enormously damped by 

solar modulation, of a much larger carrot pervading space. Mc Donald 

st al (1977) considering how the helium carrots gets bigger and bigger 
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Fig. 1 

The dashed curve labeled -" observed" shows the observed galactic 

cosmic ray flux at earth's orbit and solar minimum modulation. The 

fluxes labeled "max demodul" and "min dem6dul" are upper and lower 

limits to the mean flux in space at solar orbit around the galaxy. The 

dashed curve labeled Alpha's is the interstellar low energy turn up 

proposed by Mc Donald et al (1977) from their observations on Pioneer 10. 

E - 5 - 3The curves labeled and E below 10zMeV are our "carrots" fitted 

to account for the boron isotopic ratio. 
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as one moves 'away from the sun (following the Pioneer 10 experiment) 

have tried to extrapolate it to outside of the solar system. Their 

"reconstituted" carrot is shown in fig. 1. 

The strategy for the theorist is then to compute the boron isotopic 

ratio resulting from the sum of the properly demodulated galactic 

cosmic ray flux plus a low energy carrot. There are-two complications 

1) as we shall discuss later, the problem of choosing the appropriate 

high energy mean flux 'is far from being solved 2) carrots require two 

parameters: the intensity and the exponent 

In Fig 1 we take two extreme values for the mean flux outside 

of the solar system and two exponents: 3 and 5. All these fluxes are 

tailored, to reproduce the observed boron isotopic ratio. For each 

value of y larger than 3 one could plausibly find an appropriate ampli­

tude to match this 'ratio. The values of 3-5 are reasonable in view of 

their resemblance with solar flare exponent values. 

Returning to the 'Mc Donald et al's extrapolation and taking into 

account a proton to alpha ratio of l10 one notices the interesting simi­

larity, both ii amplitude and in shape, with our hypothetical carrots. 

Furthermore we should consider the possibility of low energy 

carrots existing in localized volumes of space, for instance in supernovae 

remnants or around active stars. Because of their limited range against 

deceleration by electronic collisions, these particles do not necessarily 

pervade the wlhole of the galactic volume, as higher energy (GeV) 

particles do. Light nuclei would be generated there at an higher rate 
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than elsewhere in the galaxy and would later be mixed by galactic gas 

motions. 

All these arguments (extrapolation of galactic cosmic ray; 

boron isotopic ratio) make it reasonable to assume the existence 

of low energy carrots but do not prove their existence. 

As discussed in Meneguzzi and Reeves 1975 (MR) their actual 

existence would be revealed by the observations of nuclear gamma



12

ray lines, in particular by the 4.4 MeV line from C. The cross 

sections for formation of these lines by bombardment of r and o, are 

particularly large around a few MeV per nucleon i. e just in the range 

of the carrots. Because of the large gamma ray background due to electron 

bremstrahlung emission, it would not be possible to detect the lines 

produced by carrots diffusely pervading the whole space. However the 

contribution of confined sources of fast particles could be detected, 

given appropriate energy and space resolution. Numbers are given in 

fig (Z) from NM. Detection of gamma ray lines in selected regions 

of space would give important information on the flux of low energy 

particles; for instance the ratios of line intensities would give information 

on the energy exponent. It would also give us a better estimate on the 

present rate of formation of the light nuclei. 

B) The Beryllium to Hydrogen ratio, or " Are we living in an open galaxy"? 

One other difficulty appeared when, we (RM) tried to compare 

the stellar values of Be/H with the present rate of formation of Be 

nuclides computed ,from the present galactic cosmic ray flux. It appeared 
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Fi. 2 

Source function for the nuclear gamma ray lines produced by the 

interaction of interstellar gas with a flux of particles consisting in the 

sum of the galactir cosmic rays plus a low energy carrot capable of 

generating the observed boron isotopic ratio, The background of electron 

produced bremstrahlung photons has tiot been included. 
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Fig. 3 

Evolutionnary abundance curves for Li, Be and B. The abundance 

data are the solar and stellar data quoted in the text. We now give more 

details about beryllium. Dotted square: adopted solar Be abundance from 

the non-LTE study of Chmielewski, Muller and Brault (1975); dotted circle: 

solar abundance from the LTE analysis of Boesgaard (1976b), on which mosl 

stellar abundances are based. The stellar data are from Boesgaard (1976b), 

Boesgaard and Chesley (1976), Dravins and Hultqvist (1977), Boesgaard, 

HeI-acox and Conti (1977), and Boesgaard et al. (1974). The full square plotted 

for Vega indicates that the assumption of LTE is completely valid for this 

star. The typical error on each abundance determination is a factor of 2 

each way. Except for the Hyades, the stellar age determinations are from 

Perrin et al. (1977) and Perrin ( private communication). Full circle: good 

age determination (± 30,o , relative to other stars); open circle: rougher 

determination ( lower metallicity [Fe/X{J,-- 0. 50, or star dose to main 

sequence Perrin et al. 1977J ; or temperature deduced only from colour 

analysis UPerrin. private communicationj ). The uncertainties on the 

whole scale is about + 50%, but we certainly have quite a few stars signi­

ficantly older than the Sun. The age upper limits given for a few stars are 

the main sequence lifetimes corresponding to their spectral types (after 

check that their metallicity is about solar, [Perrin private communication) ). 

We have also indicated our adopted limits to the observed variation of the Be 

abundance based, either on the last 5 Gyr only (full), or on the last 10 Gyr 

(dashed), and the corresponding limits to the present-day Be (now), assuming 

a smooth exponential variation. ( See Reeves and Meyer 1978 for the references 

quoted in this caption). 
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-that the stellar abundance (Be/I-I -1.4x 10 ) (Boesgaard 1976) 

could be generated in approximately 3 x 109 years... while the 

galaxy is, 15 x 109 years 

The problem became worst 'when we plotted the stellar Be/H 

ratio as a function of stellar ages (fig3). Within an uncertainty of 

about two, the Be/H has not varied in the last 10 years (good argu­

ments can be given that stellar destruction of Be cannot be large 

enough to save the situation). Reeves and Meyer (197-8) have argued that 

the most likely explanation is the effect of infall, into our galaxy, of 
9 

extragalactic matter ( essentially hydrogen and helium and no Be). 

( A similar argument can be made for lithium and boron, but the obser­

vations are not as good). 

Matter infall has been discussed from other grounds..It could 

come from. the motion of our galaxy, sweeping the extragalactic gas of 

our local duster of galaxies (Hunt and Sciama 197Z, Hunt 1975);it could 

be late-comer matter from the initial collapse giving birth to our galaxy 

(Larson 1976). The rate of infall needed to account for the low value 

and constancy of the ,stellar Be/H ratio is of about two solar masses per 

year in the whole galaxy (with rather large uncertainties), quite compa ­

rable to the rate computed from these other grounds. RM gives an 

equation which relates the rate of matter infall to the present rate of 

formation of Be/H. This last rate is uncertain on several g.unds: 

uncertainties on the importance of the solar modulation effects, uncer­

tainties on the galactic radial and azimuthal variation of the galactic 
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cosmic rays at the solar orbit around the galactic center, uncertainties 

on the contribition of localized production of Be in confined acceleration 

regions. Here we come-back to a- problem--mentioned--in--section A;- light 

elements are made in a large volume of space and time; they represent 

the average effect of cosmic rays throughout those space and time, while


we observe cosmic rays only here and now. The space variations, at


least, can be studied through gamma ray astronomy both from the


100 MeV rays issued from (p+p-A) reactions, for the higher eiergy


particles, and from the gamma ray lines, mainly from low energy parti­

c les. The first task (%i decay) is already well on its wayfrom the SAS 2 

and COS B satellites ( Stecker et al 1978) (Fichtel et al 1977) (Paul, Cass6, 

Cesarsky 1976), while the second task is just starting. We expect from 

their combined results to improve the estimate of the matter infall in the 

galaxy, to improve the modulation theory, together with obtaining most 

valuable information on where and how cosmic rays are accelerated... 

C) The contribution of gravitationnaly contracting stars to the acceleration 

of galactic cosmic rays 

In this respect Reeves and Cesarsky (1977) have recently worked 

on the idea that a part at least of the galactic cosmic ray flux could 

originate from the conversion of gravitational energy to rotational 

energy and eventually to magnetic energy during the-contraction of 

a gas cloud into a star. It was shown in this paper that the amount of 

gravitational energy released per unit time by all contracting stars in our 

solar neighborhood is appreciably larger that the power needed to keep 

the-cosmic ray ali ve against galactic escape and electronic-deceleration. 
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The efficiency required for the transformation of gravitational 

energy into fast particles is a few percent if one wants to account 

for the whole of the cosmic rays in this manner. If only a fraction 

of the galactic cosmic ray flux originate this way, the efficiency required 

would be proportionally smaller. 

It is not yet possible-to compute with any degree of accuracy 

what a reasonable value of the efficiency should be. Again hereobser­

vations of gamma ray lines in location of stellar births would give us 

a magnificent handle on this problem... 

D) Deuterium and the active center of our galaxy. 

When deuterated molecules (DCN) were detected in the center of our 

galaxy (Penzias 1976), we realized that this was a sign that something 

funny was going on out there (Audouze et al 1976). 

The ratio DCN/HCN of 10 - 3 was not really different from ratios 

of deuterated molecules found in nearby molecular cloud (Jefferts ,et al 

1973),These values are usually understood as arising from equilibrium 

molecular exchanges at low temperature (Reeves and Bottinga 197Z) (Watson 

5 
1975) from a pool of hydrogen atoms with isotopic ratio D/H of a few x 10 ­

(York and Rogerson 1976) ( Vidal Madjar et al 1977) (Laurent 1978). The 

deuterium atoms are believed to have originated in the Big Bang. After 

a mild degree of destruction by passing through stars (at most fifty 

percent of the original atoms have disappeared (Reeves and .Johns 1976) 

(Audouze and Tinsley 1976))the left-over D atoms have taken advantage 
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of the law of mass- action to increase their representation inthe three­

body molecules by almost two orders of magnitude. 

Why cant we use a similar explanation-to -account for the molecular 

ratios of deuterated molecules in the center of our galaxy? Because 

there, we have good reasons to believe that the fraction of surviving 

D atoms must be considerably less than elsewhere in the galaxy. The 

ratio of interstellar gas mass to stellar masses is/there, less than 

10 - ' while in the solar neighborhood and in general it is about ten per 

cent. This is usually interpreted as meaning that the rate of stellar 

activity' (formation and destruction) is vastly faster there than elsewhere. 

A detailed model (Vigroux 1977) (which does not include the simplifying 

but unjustified assumption of "Instant Recycling") has shown that the 

fraction of surviving D isotopes is probably only of the order of 10 - 6 

(i e D/H 10-11 ). To account for the DCN/HCN ratio of I0 - 3 one would 

require a exchange enhancement of 10
+88 , which is certainly not realistic. 

There lies the problem. 

Audouze et, al (1976) have considered two possible solutions 

A) Infall of extragalactic matter with pri stine D/H, somewhat along 

the lines discussed before, and B) a faster rate of galactic cosmic rays, 

4 3continuously producing D from the[p+ He-He + D]reaction. 

The hypothesis of an increased rate of galactic cosmic rays in the 

galactic center ( the flux needed is - 103 larger than the local flux) was 

not without fondation. Haymes et al (1975) had already reported the 

detection of the 4.4 MeV gamma ray line from excited carbon originating 

from this direction. This report has been confirmed recently by the 
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(1978)


HEAO satellites ( Leventhal and Mac Callum).Combining the data 

from the 4.4 MeV line with the fluxiof"-100 MeV gamma rays line, 

we showed (in Audouze et al 1976) that the fast particles responsibl 

for the gamma, ray lines could also build up a D/H ratio of 10 - 5 in a 

period of time comparable to the mean life of the galactic center gas 

10,8 against astration ( 2 x years). The concommitant 3He, Li, Be 

B are yet below detectability. 

Therefore we now have two acceptable solutions; infall and 

increased flux of galactic cosmic rays. Clearly, better data on the 

volume extension of the source of the gamma ray lines will help 

to discriminate between both mechanisms. 

E) Boron and quasars 

- Baldwin et al (1977) have recently fiven an upper limit of- 0. 10 

of 
for the ratio of Boron to Carbon in the photosphere the quasar 3 C 273. 

This upper limit is already problematic for our ( poor) understanding 

of quasar's dynamics. Why? 

One popular picture of the macinery of quasars is that fluxes of 

fast particles (electrons and presumably also protons) are ejected 

from the nuclei of quasars. These particles travel until they reach the 

double radio sources, where, circulating around the lines of forces of 

the localized magnetic field, they emit enormous fluxes of synchrotron 

radiation. 

In their way from the active nuclei of the quasar to the radio 

sources, these particles must most probably traverse the photospheric 
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tegions where quasar optical line emission is taking place. In a 

simple-minded estimate made by Baldwin et al, the protons and electrons 

should induce enough spallation reactions to. generate an observable 

B/G ratio ( larger than the upper limit quoted above). One can of course 

appeal to rather special conditions of propagation in order to avoid the 

problem but this may not be totally satisfactory. Here agihit is imme­

diately visible that the detection of nuclear gamma ray lines from 

quasars would help in untangling these difficulties and would give us a 

yet a most baffling subject...better understanding of the machiney of quasars, 
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ABSTRACT



Data from the Goddard Space Flight Center experiment on HEAO 1



have been examined for galactic centre iron line emission. Evidence



6.8 keV line from the summed flux within 100 longitude and 100
for a 
 

latitude of the galactic centre has been found. We cannot put firm



limits on the intrinsic line width. Ifthe line emission isdiffuse



and cosmic-ray-induced,-the calculations of Bussard et al. (1978) yield



an upper limit to. 12C 4.44 MeV line emission, which is not inconsistent



with the results of Haymes et alt (1975). We cannot, however, rule



out significant contributions to the iron line from discrete sources.
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I. INTRODUCTION



Reports of gamma-ray line emission from the galactic centre 

(Haymes et al. 1975; Matteson et alt 1978, these proceedings) have 

motivated a search for X-ray iron line emission from the region. The 

detection of the 12C nuclear deexcitation line at 4.44 MeV implies 

the presence of subrelativistic cosmic rays and the line arises from 

interactions of cosmic ray 12C with interstellar H and He and from 

cosmic ray H and He with interstellar 12C. Such cosmic rays are expected 

to be the source of spectral features from processes other than nuclear 

interactions and, consequently, in wavebands other than the gamma ray. 

Bussard et al. (1978) have investigated the X-ray line strength expected 

from cosmic ray iron undergoing collisional excitation and charge exchange 

with the interstellar medium. These authors calculate an emissivity 

ratio for the iron and 12C lines, assuming solar abundances for the 

interstellar medium and an extrapolation of measurements above 300 

MeV/nucleon for cosmic-ray abundances at the energies of importance 

for iron line production (% 10 meV). The iron line is produced by 

a combination of hydrogen and helium-like ions and as such has a mean 

energy of , 6.8 keV, Doppler broadened to a width of roughly 2.4 keV. 

I-I. MEASUREMENTS



Since the opening angle of-the gamma-ray detector of Haymes et



al. (1975) is 130 (FWHM) and that of Matteson et al. (1978; these pro­


ceedings) 40o (FWHM), we have taken an extended region around the



galactic centre and have summed X-ray spectra within 100 galactic longi­


tude and 100 latitude of the centre. Data are from the Goddard Space



Flight Center experiment on board the HEAO 1 spacecraft. Details of
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the experiment are described elsewhere (Rothschild et al. 1978). The



data discussed here were collected when the experiment was in its normal



scanning mode in which the spin axis always points towards the sun



and therefore precesses 10 per day, so that the experiment, oriented



perpendicular to the spin axis, scans a great circle of sky about once



every 30 minutes. We therefore have roughly uniform coverage of our



galactic centre region. Summed spectra, using a 32 channel pulse height



analyzer, have been obtained from one of our three higher energy xenon



multiwire proportional counter detectors, which is sensitive between



about 2 and 80 keV, and from our argon detector, which is sensitive



to the lower energy range between 1 and 20 keV. The satellite movement



is such as to complete a full sky coverage in 6 months. These results



are from our first coverage of the galactic centre region in September



1977. InMarch 1978 we observed the same region with twice the number



of pulse height channels and these data will soon.be available for



analysis.



The diffuse high latitude background X-ray flux found by this



experiment (Marshall et al. 1978) has been subtracted'from the obser­


vations. The internal detector background is eliminated by subtracting



fluxes observed in the two halves of each detector, where each half



is designed to have the same internal background but a different col­


limator size and therefore different amount of sky flux. For the detector



°
whose results are discussed here, the collimator sizes are 30 x P 
 

(FWHM) and 30 x 30 (FWHM)o We can demonstrate that the preponderance



of photons measured from the 200 x 200 galactic center region arise



from a number of bright discrete sources.



The differential photon spectra are derived by an automated



procedure which inputs an assumed incident spectrum through the detector
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response, compares with observed counts, and iterates the incident



spectrum until a minimum x2 isfound. The summed flux is found to



be significantly better fit by a thermal bremsstrahlung continuum



than a power law, the required temperature being between 4.8 and 6.3



2.
 
keV. The continuum was fit with an acceptable x
 

The large accumulation of data has presented us with excellent



statistics. When a line with energy, width and intensity as free



parameters was included inthe model, a preferred energy for a line



of 6.8 keV was found, but the sensitivity to width was poor. The energy



was then fixed at 6.8 keV, and a line width fixed at 2.4 keV gives



the results inTable 1. Only one extra degree of freedom enters the



model and therefore our confidence of an iron line being present is



greater than 95%.



III. DISCUSSION



Our results indicate iron line emission from a summed region



within 100 longitude and latitude of the galactic centre. However,



we are not able to definitely say that the iron line isbroadened,



because the number by which X2 isreduced for a narrow line (<1 keY)



inthe model iscomparable with that for a broad line.



Applying the calculations of Bussard et al, (1978) to the values


-3



inTable 1 gives an upper limit to the broad 12C feature of 4 10
 

-2 I. 
 cm s- This isabove and therefore consistent with the value of



10-4 -
Haymes et al. (1975) ((9.5 + 2.7) x cm 2 s-l). Our main problem 

insuch an analysis isthe uncertainty as to how much of this iron 

line emission isfrom the bright galactic centre sources themselves. 


There have been reports of broad iron features in the spectra of some



bright sources thought to be in a class similar to several of those



contained inthe galactic centre region (Swank 1977). Inaddition,
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some spectral iron lines have been reported by Parsignault and Grindlay



(1978), from a survey of the brightest galactic centre sources. To



date, September 1977 scanning data from the HEAO experiment have been



analysed for only three of the sources in the region, results for which



are given in Table 2. Since we were in a scanning mode at this time



and source confusion is a problem, the statistics are poor. Although



we found no definite evidence for iron lines from these sources, the



2.6 sigma upper limits to the equivalent widths for broad lines are



rather high, clearly above the equivalent width for the summed flux



iron line.



In summary, we have found evidence for iron line emission from



a region within 100 longitude and latitude of the galactic centre.



We cannot as yet rule out contributions from discrete sources in the



region, but we expect to be able to deduce reliable values for these



with additional data. Our value for the ir6n line flux must therefore



be considered an upper limit. It is not inconsistent with that expected



from relationship with the 12C 4.44 MeV gamma-ray line of Haymes et



al. (1975).



The extent of the 12C emission region is not well established.



If it is found to be large enough, a pointed observation may allow



limits to be set on the iron line emission in a galactic centre direction



which does not include known point X-ray sources. However, contamination



from low luminosity unresolved sources with iron line features in their



spectra may still be a problem. For example, SS Cygni, at a distance



of about 200 pc has an X-ray luminosity (2-15 keV) of % 5 lO32 erg


-4 
 s-1 and an iron line flux of." 4 lO cm-2 s1 (Swank, private communi­


cation). Assuming this source to be typical of a class, we estimate
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u 6 10-7 pc 3

that the density of similar sources must be less than 


for the summed iron line flux from this class alone to be less than 


the lower limit to the X-ray line flux predicted by Bussard et'al. 


(1978) for the region contained by the Haymes et al. (1975) experiment. 


Deeper surveys of these weak sources should soon provide us with a 


density function for their iron line emission. We can then decide 


whether or not we will ever be able to conclude that iron line emission 


seen in a region void of resolved sources is uncontaminated by emission 


from faint unresolved sources. 


We are grateful to J. H. Swank for stimulating discussions and 


permission to use results prior to publication. 
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TABLE 1: Kesults oT tne inclusion of a 2.4 keV wide, 6.8 keV energy iron line



DETECTOR 

Argon 

Xenon 

infits to the summed photon spectrum for IZI < 100, fbI < 100 
12C 

x2 x2 LINE FLUX EQUIVALENT PREDICTED LINE 
WITHOUT LINE WITH LINE cm 2 s -1 WIDTH (eV) FLUX cmf2 s 1 

28 21 0.13 247 4 10-3 

32 19.5 0.10 142 3 10-3 

TABLE 2: 2.6 sigma upper limits to the equivalent widths of broad iron 
lines for three bright galactic centre sources. 

SOURCE 

3U1735-44 

3U1728-16 

3U1820-30 

(GX9+9) 

EQUIVALENT WIDTH (eV) 

917 

611 

903 



2) 310 17Ad Zi1988 

GAMMA LINE RADIATION PROM SUPERNOVAE



f. D. Arnett


Enrico Fermi Institute


University of Chicago


Chicago, IL 60637



ABSTRACT



Recent calculations of core collapse or


massive stars result in explosive ejection of


the mantle by a "reflected shock". These new


hydrodynamic results are important for


predictions of explosive-nucleosynthesis and


gamma-ray line emission from sapernovae.


Previous estimates, based on simple


parameterized models o: the nucleosynthests


in &n "average' supernova, are compared with


the new results.



At present the theory of the production of gamma-ray 
line emitters in supernovae- has dealt with two 
idealizations: (1) the representation of an exploding star 
as a ±ev (usually three or toar) homoeneous zones, and (2) 
the "average" supernova event- (see Clayton 1973, for 
example). To go beyond this exploratory stage it would be 
desirable to deal instead with tne distribution of 
conditions throughout a more realistic stellar model, and 
with a variety of presupernova models corresponding to the 
variety of observed supernova remnants. As a step in this 
direction, this paper will discuss recent hydrodynamic and 
nucleosynthesis calculations appropriate to stars of 
roughly 12 and 22 solar masses Such objects might 
resemble, respectively, the more numerous events and the 
events most typical o± nucleosynthesis (see Arnett 1977b 
for further details). The evolution of-these stars through 
the exhaustion of silicon burning is described in 
Arnett(1977a). The collapse of tae iron core occurs at


such high density that the neutrinos formed by electron


capture are trapped by the matter and are carried along
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with it (see Arnett 1977c and references therein). This


implies that an enormously simplitying,approximation can be


made: the collapse is roughly adiabatic- Van Riper and


Armett(1978) zave examined such abiabatic core collapse for


a variety of conditions.



In order to examine the nucleosynthesis and possible


mass ejection a series of hydrodynamic calculations has


been made. From the adiabatic collapse results, shock


waves of several energies were taken, at a time when they


had propogated beyond the neutrino "photosphere" but not


yet to the silicon-burniny snell, and grafted on to stellar


structure models which were well into core colla-pse The


zone above the neutrino pnotospnere was the taken to be a


rigid boundary; at present it is difricult to suggest a


boundary condition which is clearly more realistic.



Several points can be made:


(1) The amount of matter ejected is very sensitive to



the energy of the explosion (i. e. the reflected shock). 
For the 22 solar mass case (m = 8 mc ) an energy of 
several times 1051 ergs can even eject neutron rich 
material from the pre-collapse iron core, and cause an 
embarrassment from over- abundance. With an energy of 2 x 
i0-0 ergs however, much of the nuclearly-processed matter 
is slowed so much by running into the mantle that it falls 
back onto the hot neutrino star- An energy of about 10t 
ergs is suggested by light curves of type I and II 
supernovae and by x-ray and radio observations of supernova 
remnants; tiks wouldeject the matter outside the original 
iron core, leaving a remnant of about 1.5 to 2 Me .



(2) The conditions ior nucleosynthesis are promising.


It appears that silicon and oxygen burning occur on an


explosive time scale much like the older parameterized


results sugyested Carbon burning appears to be more


complex, with a previous stage of hydrostatic burning in a


convective shell determining the ejected abundances (see


Arnett and Welel 1978).



(3) The lower mass star (M = 12 ,M. or H= 4 N 
requires less energy to eject the matter above the old tron 
core, but there is less synthesized aatter in these regions 
or these stars. Such objects are therefore less effective 
in making freshly synt-hesized matter to eject and be seen 
by gamma-ray astronomers0 

The results are summarized in Table 1. In these events


1i56, and probably Co56, decay before these ejecta expand


enough to be transparent to gamma rays. Ni57(Co57) is a


better prospect, jroviaed we have the right sort of


galactic supernova Clayton (1974) has discussed this case


in an interesting way. TiL4(Sc44) might also be seen in a


galactic event. Perhaps tue best prospect is detection of
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the "steady state" emission in the interstellar medium from


the A126 decay. The event rate should be roughly



where t(decay) is the mean life for radioactive decay, 
F(event) is the initial number flux (in cgs units) per 
supernova (at 10 Kpc; see table 1), t(sn) is the mean time 
interval between galactic sujernovae which are massive 
enough to make A126 this way, and n is the number of 
such supernovae which occur in the Galaxy during one 
century. Unfortunately there are uncertainties of 
the order of a factor of 5 in this estimate due to 
inadequate nuclear data alone (see Arnett and efel 
1978). 2urther note that the estimate is based upon the S 
= 22 MD star (MA= 8 M ); such objects can represent
only a fraction the supernovae. Finally, the


possibility that the synthesized matter is not ejected by a


"weak" explosion makes Lir prediction difficult.



These models are still in an exploratory stage- So far 
no significant production of Na22 or Fe6O(Co60) has been 
found, but the basic agreement with the earlier work of 
Clayton is yood, especially considering the very different


methods used.
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TABLE 1. ESTIATES OF


GAMMA LINE RADIATION FROM NUCLEOSYNTHESIS



NUCLEUS SOLAR ATOMS ATOMS MAX. GAMMA 
(HALF- ABUNDANCE PER EJECTED FLUX LINES 
LIFE) BY AVERAGE (IN AT IN MEY 

HASS SN(DDC) CALC.) 10 KPC (M) 
-----------------------------------------------

N156 1.3(-3) 3(54) 0 TO 1 (55) 
(6.1) (AS FE56) 6(54) 
C056 
(77D) 

5(+l) 
OPAQUE? 

.511(40%) 
.847(100%) 

-

157 3.1(-5) 7(52) 0 TO 2(53)



(36HR) 1-4(53)


C057 4j-1) .122(89%)


(270D)



CR48 2.3(-6) 6(51) 0 TO 2(52) OPAQUE --­

(23HR) (AS T148) 1(52)


V48


(16D)



ss


TI14- 1-9(-6) 6(51) 0 TO 2(52) 
(481R) (AS CA44) 1 (52) 
SC44 4(-4) 0511 (188%) 
(3.92HR) (?) 1- 159 (100%) 

AL26 8-.6(-5) --- 7(50) 2(-9) .511(170%)
(7.3(5) (AS 5G26) TO 4(51) TO l4-8) 1.81(100%) 
YBR) 

ZE60 --- 4(52) ONE? 
C060 

NA22 --- NONE?



"FLUX" BEANS NUMBER FLUX PER SQUARE CM PER SEC
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INTRODUCTION



The past decade has witnessed considerable theoretical activity directed



toward identifying the mechanisms responsible for the eruptions characterizing



the cataclysmic variables. Building upon the defining work by Kraft (see, for



example, Kraft 1963), 
all such studies are concerned with close binary systems,



the properties of which are dominated by the presence of mass transfer from a



late-type star onto a white dwarf via an accretion disk. Within this frame­


work, theories for the outbursts vary in their identification of the eruption



mechanism with either gravitational or nuclear energy sources. Existing models



for the dwarf novae invoke a dynamical instability in the envelope of the red



star which triggers episodic Roche lobe overflow and a concomitant increase in



the rate of mass transfer (Osaki 1974; Bath, Evans, Papaloizou and Pringle



1974; Gorbatskii 1975); the outbursts are then associated with an increase in



the accretion luminosity liberated-in the disk.



In contrast, the most successful theoretical models for common nova events



involve thermonuclear runaways proceeding in accreted hydrogen envelopes on



the white dwarf components of these systems. It is the characteristics of



such runaway events -- which can give rise to detectable gamma ray fluxes -­


to which we direct our attention in this paper. Salient features of existing





316



runaway models are briefly reviewed. Specific predictions concerning gamma



ray fluxes follow.



THE THERMONUCLEAR RUNAWAY MODEL



Continued accretion of hydrogen-rich matter onto the white dwarf component 

of a nova binary system must inevitably give rise to the initiation of nuclear 

burning. Hydrostatic studies (Giannone and Wiegert 1967; Taam and Faulkner 

1975) have demonstrated that envelope masses , 10 - 10- 3 M0 on white dwarfs 

of masses - 0.5 - I M are sufficient to ensure ignition of the -hydrogen fuel. 

The runaway lifetimes are of course dependent upon such other factors as the



white dwarf mass and luminosity (Truran et al. 1977). However, given the mass



transfer rates - 10-10 - 10-8 M /yr. characteristic of nova systems, it follows


G 

that runaway conditions ,can be achieved relatively early in the lifetimes of



these systems.
 


Hydrodynamic calculations of thermonuclear runaways leading to nova erup­


tions have recently been reviewed by Starrfield, Sparks and Truran (1976). All



studies to date are concerned with hydrogen thermonuclear runaways, the dominant



hydrogen-burning reactions being those involving carbon, nitrogen and oxygen
 


(CNO) nuclei. We have emphasized the important role played by the concentra­


tions -of these nuclear species in defining the characteristics of the runaway.



Substantial enrichments of the envelope matter in CNO nuclei are required if



the runaway is to give rise to a fast-nova-like outburst (Starrfield et al.



1972; 1978); in fact, for some of our models the CNO concentrations approached



50 percent by mass of the ejecta. Heating of the outer regions of the enve­


lope by radiative decay of the positron-unstable isotopes 13N, 140 and 150



plays a significant role in mass ejection. The required large CNO enrichments



are consistent with abundance determinations for the ejecta of Nova Cygni 1975



(Ferland and Shields 1978). In contrast, thermonuclear runaways proceeding in
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matter of solar composition give rise to slow-nova-like outbursts (Prialnik



et al. 1978; Sparks et al. 1978). The epoch of thermonuclear burning is rather



entended for slow novae, with mass ejection being effected by radiation pres­


sure at the prevailing high luminosities. Again, observational support for



this view is provided by the determination that the 6jecta of the slow nova



HE. Del 1967 is solar in composition (Robbins and Sanyal 1978), although the



high carbon concentration determined for DQ Her (Williams at al. 1978) pre­


sents problems. These considerations are extremely relevant to questions con­


cerning the magnitudes of gamma ray fluxes, as will be shown below.
 


PREDICTED GAMA-RAY FLUXES



Within the framework of the thermonuclear runaway theory for the common



novae, there arise several possible sources of gamma rays. These include:



(1) the 1.275-HeV gamma ray line resulting from the decay of 22Na; (2)anni­


hilation radiation following the positron decay of 13N, 140 and 150; and (3)



gamma ray fluxes which result when an outgoing shock wave (realized in some



models) reaches the surface. We note that all of these sources have been



identified and discussed previously (Clayton and Hoyle 1974; Brown, Starrfielc
 


and Waller 1976). In the following, we briefly review the predicted fluxes



from each of these distinct sources in the light of recent calculations of



nova explosions.



(1)Gamma rays from 22Na decay. The thermonuclear processing of nova
 


ejecta is expected to give rise to the production of the relatively long live



22
Na. This represents perhaps the most promising avenue for detection of gam;



-rays from novae. The expected flux of 1.275 MeV gamma rays may-generally be



written in the form



FI 8 x 105 cm--2 sD I[ ( oH ) e R
1.275 D2 (kpc)
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where M. is the mass of the ejecta in solar masses, D is the distance in kilo­

parsecs, t is the time following the event in years, and R22 is the ratio of 

the initial 22Na concentration in the ejecta to the solar abundance of 22Ne 

(2 X 10 by mass). The crucial -parameters to-be specified are -the mass of 

22the ejecta and the Na concentration.



The current observational situation regarding the mass of material ex­

pelled in nova events has recently been reviewed by Gallagher and Starrfield


(1978). Estimates for individual-events can vary widely. They note, for ex­

ample, that the well studied (slow nova) HR Del remnant has mass determina­

tions 1.8 X 1029 g (Andersonand Gallagher 1977), 5 X 1029 g (Malakpur 1973), 

and 2.9 X 1030 g (Robbins and Sanyal 1978). Our theoretical studies suggest 

that the typical mass ejected by fast novae may be somewhat less than that 

for slow novae, but there certainly exists no observational evidence for sys­

tematic correlations between speed class and ejected mass. Our adopted value



"
i0 4 Me represents a reasonable estimate in view of current theoretical and 

observational considerations, although it may ultimately be shown to be some­

what high. 

The most substantial uncertainty associated with any prediction of a 22Na



gamma-ray flux involves the abundance of 22Na. Significant 22Na production



can accompany a hydrogen thermonuclear runaway at sufficiently high tempera­


tures by the reactions 

20e 21 + 21 22
2 e(p,y) 
 Na(e v) Ne(p,y) Na 

- If all initial 20Ne, assumed present in solar proportions , 1.5 X 10-3 by masi 

(Cameron 1973), were transformed to 22Na in this manner, the corresponding 

value of R22 - 8.25. Clayton and Hoyle (1974) utilized this value of R22 and 

an djectedmassan 1.71.7 x 10-4M to arrive at the very promising estimate 
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y r 

1.1 X 0-3 cm- 2 sl [,e-t/3.75 
)

]
F 2 7 5 1 .275 D2 (kp c 

If we take D = 1.1 kpc for the specific case of Nova Cygni 1975, we arrive at 

-a predicted flux , 8 x 10 -4 cm 2 s- , which is almost exactly the upper limit 

quoted by X. Leventhal and C. J. MacCallum inthese proceedings. This would 

suggest that. observations of nova remnants with instrumentation of higher sen­

sitivity can provide important information guiding theoretical studies of nova 

events. 

Predictions of the 22Na concentrations formed in nova explosions are ex­


tremely model dependent. The lifetime of the slowest reaction in the sequence



noted above (the 21Ne(p,y)22Na reaction), for a proton mass density of 104 g



-3 cm , becomes comparable to the hydrodynamic expansion timescale , 10 seconds 

for a temperature P 200 million degrees: significant 22Na production cannot 

occur at much lower temperatures. The required high temperatures are not 

realized in our recent models relevant to fast nova eruptions (Starrfield, 

Truran and Sparks 1978), for which lower envelope masses were utilized than 

in previous work. The peak temperature achieved is dependent upon the initial 

degree of degeneracy at the base of the hydrogen envelope, which itself is a 

sensitive function of both the white dwarf mass and the envelope mass. Pre­

dictions based upon these models typically give R22 < 1. Somewhat higher values 

may characterize slow novae, which burn at high temperatures on a longer time­

scale. The choice R = I, for an ejected mass 10-4 M , yields our estimate
22 J-( 

-
of the initial 1.275 MeV flux, FI.275 - 8 X 10 5 cm-2 s-I for a nova at a dis­

tance of one kpc. We therefore wish to emphasize that even an upper limit on 

-4 ­the flux in the range , 10 cm 2 s-1 can provide useful information con­


cerning the characteristics of nova events. We call attention to the fact
 


that Ferland and Shields (1978) have determined that the ejecta of the fast



http:e-t/3.75
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nova Nova Cygni 1975 is considerably enriched in neon, a result which is not



explained by existing theoretical calculations. Gamma ray observations at in­


creases sensitivities may shed important light on this and related questions.



An additional source of gamma ray lines from novae is provided by the
 


decay of 7Be. Starrfield, Truran, Sparks and Arnould (1978) have estimated



that the concentration of 7Li in nova ejecta might be enhanced by a factor



1000 following the-decay of 7Be formed in thermonuclear burning sequences.



Novae thus represent a potential source of the 7Li in galactic matter. How­


ever, the predicted gamma-ray flux for a nova at one kiloparsec is signifi­


-5 
 cm s­cantly less than 10
 

(2)Annihilation radiation. A further prediction of the thermonuclear run- ­

away model of novae is that significant concentrations of the proton-rich posi­

tron-unstable isotopes 13N, 140 and 150 will exist in the envelope during and 

immediately following peak nuclear burning; following decay, the isotopic com­


positions of carbon and nitrogen can be severely distorted. Clayton and Hoyle



(1974) have noted that for fast nova models, for which large enrichments of



carbon, nitrogen and oxygen are required in the envelope to ensure mass ejection



at high velocities, a substantial gamma ray flux can be generated. The obser­


vable lines would be the annihilation radiation following upon positron decay



of these isotopes. Basing their estimates upon the published characteristics



of model J of Starrfield et al. (1972), they have determined that about 7 cm-2
 


annihilation photons from 13N are to be expected from a nova at one kpc.



These would arrive over a 1
10 minute period approximately half an hour after



the peak of the runaway. Given the much larger CNO enrichments characteristic 

of our current fast nova models, their estimate can be revised to n 20 cm-2 

annihilation photons from this source. 

(3) Shock induced gamma ray fluxes. Brown et al. (1976) have calculated
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the time and spectral dependence of the gamma rays emitted,from the 12C(p,y)



13N(p,y)140 and 13C(Py)1N(p,y)150 reactions for the specific case of Model



2 of Starrfield, Truran and Sparks (1975). The four lines at 1.944, 4.626,



7.293 and 7.550 MeV are superposed on a Compton continuum,which they deter­


mined can be quite accurately described as a power law of spectral index 1.1



between photon energies 7.55 MeV and 10 kev. The peak gamma ray luminosity



was found to be approximately 1038 erg s-1, falling by two orders of magnitude



within the , 0.02 seconds required for the shock to break through the surface.



The pulse shape was found to be controlled by photon transport properties



rather than the photon production rate.



While such a gamma flux may be realized in a particularly violent nova­


like runaway event, it is certainly not expected to characterize novae. The



model in question produced the strongest shock we have encountered in any of



our models and shock ejection of , 1029 grams moving with speeds up to 90,000


-l



km s resulted. This is certainly not typical of novae. Our most promising



models for both slow and fast novae involve runaways which do not give rise



to shocks.



In conclusion, we emphasize that future gamma ray observations of novae



can impose important boundary conditions upon theories of nova outbursts, par­


-5 - 2 ­
ticularly at a sensitivity of 10 cm s . Detection of gamma rays from 22Na



decay would constitute a strong confirmation of the thermonuclear runaway model.



This research was supported in part by the National Science Foundation



under grants AST 76-22673 at the University of Illinois and AST 77-23190 at



Arizona State University.
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ABSTRACT 

Gamma-ray line emission above 8MeV may provide a sensitive diagnostic tool for determining 

the spectra of energetic nuclei within astrophysical sources. Excited states which can be produced 

by inelastic scattering, charge exchange; and spallation reactions in the abundant nuclear species have 

been considered in order to identify nuclear lines which may contribute to the 7-ray spectrum. The 

cross sections for production of most high-energy states are sparsely measured. Those which have 

been determined are comparable to the cross section for production of the 15.1 1-MeV level in 12 C, 

with few exceptions. The branching ratios for "y-rayand-particle emission are;however, better 

known. Of those states considered, 44 have measured branching ratios greater than 40% for emis­

sion of a 7-ray with energy above 8MeV. For twelve more states the branching ratios have notbeen 

determined but are expected to be small. The 1-ray emission from other individual nuclear states is 

not likely to be as great as that for the 15.1 1-MeV state in 12C. 



324 

GAMMA-RAY LINE EMISSION ABOVE 8 MeV 

I. INTRODUCTION



While discrete line spectra at x-ray and optical wavelengths give evidence of electromagnetic 

.processes, 7-ray lines-give evidence of energetic nuclear interactions. Discrete y-ray lines can be used 

to identify the emitting nuclear species and to study the kinetic environment of the -ray source. 

Pairs of 7-ray lines, from the same nuclear species but resulting from the de-excitation of nuclear 

levels with widely separated thresholds, proved a unique measure of the spectra of high-energy par­

ticles within their source. 

One of the well-studied 7-ray transitions, which is also one of the strongest, is produced by decay 

of the 15.11-MeV state in 12 C. The flux of l5.l1-MeV 7 rays relative to the flux of 4.44-MeV - rays 

has been calculated from measured cross sections and branching ratios as a function of the spectrum 

of the exciting protons (Crannell, Ramaty and Crannell 1978). This flux ratio may be as high as 0.03 

for a relatively flat proton spectrum. Background due to the 7-ray continuum above 8MeV was es­

timated and found to be relatively small, enhancing the observability of high-energy 7-ray lines. 

Gamma-ray line emission below 8 MeV has been reviewed recently by Ramaty, Kozlovsky, and 

Lingenfelter (1978). The work reported here is a search for nuclear processes which may lead to 

emission of additional 7-ray lines with energies greater than 8MeV. Since even the 15.1 1-MeV line 

willbe difficult to detect with present instrumentation, consideration is restricted to those lines which 

are expected to have a relative intensity of approximately 5% of the 15.11-MeV line. Production of 

these high-energy lines is limited by the scarcity-of high-energy 7-ray transitions associated with the 

small number of relatively abundant isotopes. In the present work, excited states which can be pro­

duced by inelastic scattering, charge exchange, and spallation reactions in the abundant nuclear spe­

cies have been considered. 

II. NUCLEAR STATES WITH GAMMA-RAY TRANSITIONS ABOVE 8 MeV 

Three factors are fundamental in determing the relative strengths of nuclear 7I-ray lines: the 

relative abundance of the target nuclei, the cross section for producing the excited state, and the 

branching ratio for electromagnetic decay of the excited state to a suitable level. For most nuclei, 

cross sections for production of any of the high energy states are known only at a few selected 

energies, if at all. Those inelastic scattering cross sections which have been determined are within 

a factor of three of the cross section for producing the 15.1 I-MeV state in 12 C. Spallation and 

charge exchange cross sections are generally smaller. For purposes of this investigation, there­

fore, it is assumed that none of the unknown cross sections are significantly greater than that for 
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the 15.11-MeV state in 12 C,and hence only those nuclei with moderate abundances relative to 

12 have been considered. The nuclear species with abundances greater than 1% that of 12 C and 

their relative abundances in the solar photosphere (Trimble 1975) are presented in Table 1. 

In order for an excited state to exhibit a significant y-ray branching ratio, it must be particle 

stable. Thus all states above the single nucleon threshold have been ignored. States above the alpha­

particle threshold also were ignored unless alphadecay is forbidden by isospin considerations. The 

list of excited states is further restricted to those which can be ,excited by relatively simple reactions 

with the abundant nuclei listed in Table I. These are (p,p'), (p,2p), (p,d), (p,p'),(p,n), (a;ae'), and 

(a,'y). Hydrogen has no excited nuclear states below the delta resonance at 294MeV. This resonance 

does decay by 'y-ray emission 0.6% of the time but does not produce line emission because of its 

intrinsic width of 115 MeV. The excited states in helium are all above the particle disintegration 

threshold. Furthermore y-ray transitions from the first three excited states, which lie in the energy 

range 19 to 23MeV, are either forbidden or inhibited by the spin and the parity of the nuclear states. 

In oxygen and'iron there are no particle-stable nuclear levels above 8MeV. 

In Table 2 a list of the energies of strong y-ray transitions together with the excited nuclei and 

the y-ray branching ratios (Ajzenberg-Selove 1972, 1975, 1976, 1977; Ajzenberg-Selove and 

Lauritsen, 1974; Auble, 1977; Endt and Van der Leun 1973; Fiarman and Hanna 1975; Fiarnan and 

Table 1
 


Nuclear Species Considered


ABUNDANCE RELATIVE 

TO 12 C IN % 

10425 x1H 


1044 He 2 x

14N 
 30 

160 160 

2ONe 10 

24 Mg 8 

28Si 10 

MS 
 4



56 Fe 6 



y-RAY 
 
ENERGY
iNMVNUCLEUS
INMeV 

8.05 
 
8.13 
 

.,8.29 
 
8.31 
8.32 
8.33 
8.36 
 
8.43* 
 
8.44 
8.49 
 
8.53* 
 
8.56 
 
8.59 
 
8;65 
 
8.67 
 
8.69* 
 
8.76* 
 
8.89* 
 
8.90 
9.00 
9.05 
9.15 
9.15 
9.17* 
 
9.36* 
 
9.48 
9.50 
9.76 ­

9.83* 
 
9.84* 
9.93 
9.97 

10.07 
10.31 
10.59 
10.62 
10.67* " 
10.72 
10.73 
10.90 
11.23 

1-1.45 
12.61 
15.11 
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Table 2
 
Gamma-Ray Transitions Above 8 MeV

EMITTING MEASURED STRENGTH 

BRANCHINGRTOFACTOR
RATIO 
27AI 100 ,


3S 84 4


32S 60 3

15N 79

20Ne 90 10

2BSi 59 6

23Na 53


28SI 50 6

24 Mg 80 8

28Si 100 10

2Si 50 6

11B 56


2°Ne 90 10


23Na 100


2 3 Na 100

24Mg_ 100 9

28Si 100 11


Si . 100 11

2SSi 59 6

24 Mg 55 5

15N 
 92

14 Mg 45 4

15N 100


28Si 85 9

24 Mg 48 4


28Si 100 11


28Si 76 8


1
5N 82


24Mg 85 7


24Mgq 83 7


'5N 78


24Mg 90 8


15N 
 96


28Si .50 6


28Si 100 11


20Ne 100 11


12 C 2 3


100 11


24Mg 40 4


'aSi 68 8


2°Ne 100 11


28Si 100 11


12c 2 2


12c 91 100
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Meyerhof, 1973) are presented. For the most part the 7-rays are the result of transitions from an ex­

cited nuclear state to the ground state of that nucleus. In a few cases, those marked with an asterisk, 

the dominant transition is to the first excited state of the nucleus. The last column labeled "strength 

factor" gives the product of the y-ray branching ratio with the relative abundance of the target nu­

cleus, normalized to a value of 100 for the 15.1 I-MeV transition in 12 C. If the total (p,p') cross 

sections were the same for each of these states, the relative intensities of the 7-ray emissions would 

be directly proportional to the strength factors listed. The cross sections for.the spallation reactions, 

on the other hand, are generally more than an order of magnitude lower than the inelastic scattering 

cross sections. Strength factors for these transitions would, therefore, be misleading in relationship 

to the 7-ray flux. For this reason, strength factors for those transitions produced by spallation reac­

tions are not listed in Table 2. It is not expected that the "7-rayflux from any of the transitions listed 

in Table 2 will exceed 30% of that of the 15.1 l-MeV line. 

Two additional lines, with branching ratios less than 40%, are included in Table 2 because both 

are produced by transitions in 12 C and because their intensities relative to the 15.1 1-MeV line are 

well-known. The 15.1 1-MeV state decays to the 4.44-MeV state, producing a line at 10.67 MeV with 

a flux 3% that of the 15.1 1-MeV line. The state at 12.61 MeV, (! T=0) is known to decay electro­

magnetically to the ground state 2% of the time. The cross sections for the production of this state, 

while not well measured, are a factor of from 2 to 4 times the cross section for the production of the 

15.1 1-MeV state. Thus this state will produce a line with approximately 5% of the strength of the 

15.1 1-MeV line. 

III. 	 CONCLUSIONS 

A summary, indicating the number of 7-ray transitions by energy and by excited nuclear species, 

is presented in Table 3. It is readily seen that the total number of lines is a decreasing function of 

energy, with most of the transitions having energies less than 10 MeV. The density of possible 7-ray 

lines in the energy interval 8 to 10 MeV, all with similar strength factors, will increase the difficulty 

of resolving and identifying the individual lines. Accurate predictions of the relative strengths of these 

lines will require a much better knowledge of the important cross sections. The large number of 3'­

ray emitting levels will certainly make a significant contribution to the continuum between 8 and 10 

MeV. Other possible sources of 7-ray line emission at energies characterizing the nuclear binding 

energy, 8 MeV, are reactions involving thermal neutron capture. These (n,y) reactions have not been 

considered in this work, but are known to be powerful diagnostics in remote sensing (Trombka et al., 

this symposium). 
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Table 3


Number of 7-Ray Lines Above 8 MeV



EXCITED PRODUCTION 8-9 9-10 10-11 11-12 12-13 >13


NUCLEUS REACTIONS MeV MeV MeV MeV MeV MeV



11B 12C(p,2p) 1 
120 12C(p,P')


12c 160 (p,p1* 
 1 1 

15N 160(p,2p) 1 4 

2°Ne 20Ne(p,p') 2* 1*(1) 1 (2) 

23 Na 2 4Mg(p,2p) 3(1) 

24Mg 24Mg(pp') 1,1* 4,2*1) 11 
27AI 8Si(p,2p) 1(6) 

28Si 2Si(p,p') 2,5- 2,1*(1) 4 1 

32S 32S(pp') 2 

TOTALS 19(7) 13(2) 8(1) 2 1(2) 1 

In Table 3, the asterisks designate the numbers of lines in each interval which result from a 

transition to an excited state rather than to the ground state. The parenthesis designate the 

numbers of possible additional lines based on excited states for which the y-ray branching ratios 

have not been measured. 

The only known y-ray line above 13 MeV is the well resolved and isolated transition due to the 

15.1 l-MeV state in 12C. The Giant Dipole Resonance (GDR) states in all nuclear species considered 
a 

here lie above 15 MeV. While preliminary measurements indicated the y-ray flux due-to the GDR in 

12C might be significant, further measurements have shown this not to be the case (Lapides et al., 

this symposium). 

Because of its relative strength and its isolation, the 15.1 1-MeV line from 12 C remains the best 

candidate for detection above an energy of 8 MeV. Other high-energy states are expected to be more 

difficult to detect. When positive detection of any of these states is achieved, interpretation in an 

astrophysical context will require more accurate and detailed knowledge of the production cross 

sections. 
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I. Introduction



Cyclotron lines from accreting neutron stars are interesting for



a number of reasons.



First of all, their detection provides a unique method of determining



neutron star magnetic field strengths. An accurate knowledge of



these fields is important not only in the context of stellar



magnetism in general and with respect to neutron star field origin



and decay. It is also clear that the interaction of neutron stars



with the accretion disks or accretion winds as well as the flow of



accreted material towards the stellar surface is largely controlled



by the neutron star magnetic fields. 

Moreover, cyclotron line spectroscopy may become an important tool 

for the diagnostics of the X-ray emitting hot plasma. In particular, 

cyclotron line widths, equivalent line widths and line intensity



ratios are of interest in this context.



In this talk I want to summarize the present observational evidence.



In doing so, I can concentrate on the work done in Germany since



almost all the other observers (or non-observers) will talk after



me. I also want to discuss briefly what we can learn from the



experimental data without going too much into theoretical prob lems,



some 	 of which will be dealt with by subsequent speakers.



2. Observations



The German hard X-ray balloon programme is a collaborative effort



of the Astronomisches Institut of the University of Tflbingen (E.



kendziorra.and R. Staubert) an-d MPI Garching (W. Pietsch, C. Reppin,
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J. TrUmper, W. Voges). In total we had 4 balloon flights during



which pointed observations of Her X-1 were performed for typically



a few hours each.



The first of these flights on May 3, 1976 C5 days after turn-on



of the 55 day cycle, binary phase 0:77) lea-d to the d-i-scovery­


of a strong spectral feature at 58 keV in the pulsed flux



TrGrper et al., 1977) exceeding the steep continuum spectrum



by-5 standard deviations (Fig. 1). This line feature contained



4% of the X-ray luminosity and it was immediately clear that



it could not be produced by atomic or nuclear processes. On



the other hand, a magnetic origin of the feature seemed to us



not only possible, but also very plausible. Interpreting the



58 keV feature as first harmonic cyclotron emission line



hV .		eH = 11 6 keV H (Gauss)


mc 1012



the corresponding magnetic field strength is 5.3 x 1012 G,



uncorrected for gravitational red-shift.



The immediate question was whether it would be possible to detect



higher harmonic cyclotron features which (in nonrelativistic



approximation) should appear at multiples of the fundamental



frequency. A relativistic treatment yields



2 	 1/2



E c 2 [ I- (-z) + (2 n + s + 1)I I ~ 
~n in2 ~ mccr

 cr



where pz is the electron momentum in magnetic field direction and


10 12  
 H = 44.14" x Gauss. 

cr 

There was a possibility to tackle this question using the data 

of the May 3, 1976 flight: During the - 4 hours of observation 

the Her X-I total and pulsed flux underwent a decrease by a factor 

of - 2.5 seen independently in both telescopes which were looking 

parallel. Since the background remained almost constant, 

the signal-to-noise ratio was highest at the beginning and we 

took the first 45 minutes in order to search for the second 

harmonic. Fig. 2 shows the raw data spectra for the pulsed flux 
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(POP = Pulse minus Off Pulse) and for the pulse phase (POS = Pulse



minus Off Source). The corresponding signals at the position of the



second harmonic are at 2.2 and 3.3 a C Trfmper et al., 1978).



Since the signals appear at the predicted energies (110 keV) the



corresponding confidence levels are 97% and 99.9%. Using the POS



spectrum we derived the primary photon spectrum correcting for



atmospheric absorption and detection efficiency/resolution. This



spectrum is shown in Fig. 3 (TrUmper et al., 1978).



At this point we felt that the most urgent problem was to improve



the statistical quality of the data. Therefore we built a much


2
larger (factor 6.5) Phoswich detector of - 800 cm collecting



area (Reppin et al., 1978). Fig. 4 depicts its characteristics.



The 'energy resolution of this detector is , 21% at 60 keV. It is



superior to present day satellite instruments not only in terms



of area and resolution, but also with respect to background since



the activation of detector materials plays no role for bal loon



instruments.



This detector has been flown successfully three times from



Palestine, Texas, in September/October 1977 and a number of sources



were looked at (Her X-1, AM Her, DO Her, Cyg X-1, Cyg X-2, Cyg X-3,



Sco X-1, Aqu X-1, Coma Cluster, Virgo Cluster). The flights covered



three interesting phases of the Her X-1 35-day cycle:



Sep 3, 1977 on-state (phase+ 0.12)



Sep 20, 1977 short on-state (phase 0.61)



Oct 18, 1977 off-state (phase 0.41)



Her X-I was detected at all phases at energies > 20 keV (Voges



et al., 1978) and& in the followi-ng I want to present a few pre­


liminary and unpublished data from the on-state flight on Sep 3.



Fig. 5. shows the corresponding light durves for different energy



bands in compariso'n with the results of May 3, 1976. The improvement



in statistical quality is obvious. The pulsed count rate spectrum



derived from this data is depicted in Fig. 6. Around 55 to 65 keV



a clear excess is present. This spectral excess is a persistent



feature duri-ng the whole observation time and for al I four de­

2



tector modules having 200 cm area each. There are two properties



+measured with 
 respect to 
 "turn-on".
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of this feature which are indicative of a line. (1) Around 45 keV 

a n.otch appears in most of the spectra, although it is not that 

pronounced as in the 1976 data. (2) Above - 65 keV there is a 

steep flank. Both attributes make it very difficult to fit a 

second continuum spectrum (thermal b~emsstrahlung, blackbody 

or power law) through the data. It we fit a thermal bremsstrahlung 

+ Gaussian line to the data correcting at the same time for



atmospheric transmission and detection effects, we get the primary



spectrum shown in Fig. 7. The corresponding spectral parameters



are



-3 - 2
line flux 1.7 x 10 cm sec



line energy 55.4 keV



line width 11.5 keV (FWHM)



We note two major differences if we compare the new data with the



May 3, 1976 results:



(1) The continuum flux and the line flux are a factor- ' 2 lower 
than at the beginning of the May 3, 1976 flight; we note that the



Her X-1 intensity at 20-50 keV was roughly the same on Sep 3,
 


1977 and at the end 6f the May 3, 1976 flight.



(2).We are unable to detect the second harmonic in the Sep 3,



1977 data.



3. Discussion



Summarizing, our new data provide strong support for the existence


,of a spectral line feature at 
 54 to 58 keV, while the existence



of the second harmonic remains unconfirmed. Since it is very



difficult to explain the observed feature by a second continuum



spectrum or by atomic and nuclear processes, an interpretation



in terms of a cyclo-t-ron I-ire seems the most likely one. I'n



principle, there are two.different possibilities



1. There may be a cyclotron emission line at - 58 keV, and a



possible second one at 110 keV.



2. There may be a cyclotron absorption feature at - 42 keV, and



a possible second one at - 80 keV. In particular, there may
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be a rather broad absorption feature between the spectral



break (25 keV) and - 40 keV.



On the basis of the experimental results we cannot distinguish
 


between both alternatives (Tramper et al., 1978). This statement



is based on the fact that a continuum + absorption line fit to 

our May 3, 1976 data gave an e.qually good X2 . We have not yet 

examined the new (1977) data in this respect. 

The possible occurrence of cyclotron emission lines has been



suggested by Gnedin et al. (1974) and Basko et al. (1975), while



an interpretation of the observed spectral feature in terms of



cyclotron'absorption was first pointed out by Daugherty at al.



(1977).



The answer to the question whether the cyclotron resonance



manifests itself in absorption or emission will depend on the



detailed distribution of density and temperature in the skin



layers of the emitting plasma. It is clear that the region



emitting hard X-rays is rather small and close to the neutron



stellar surface such that the cyclotron resonance corresponds to



the surface magnetic field and is rather narrow.



However, we have no self-consistent picture yet which describes



how the kinetic energy of the infalling material is dissipated,



how the radiative energy transfer in the plasma looks like



and how the radiation pressure affects the plasma flow.



Our final conclusions have to await the solution of these



problems.



Finally, I would like to illustrate what we can learn from the



observational data in the case of the emission line interpretation.



According to Gnedin et al. (1974) and Basko et al. (1975),



cyclotron emission lines should reach the blackbody intensity



while the bremsstrahlung continuum should remain well below it.



We then can use the intensity ratio of the first and second



harmonic in order to derive the blackbody temperature and find



kT - 20 keV. Another information can be derived from the


observed line widths: Our data yield -E 0.2 i-n­
i wAE - FWHM for the 
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trinsic line width. This width may be due to different mechanisms



of which magnetic broadening, Doppler broadening and self­


absorption broadening are supposed to be the most important.



In the case of magnetic inhomogeneities over the emission region



we find --= A-- = .2 and for a dipole field (H' _ r 3 ) it follows 

Ar/r < .07, and with r 1-0 km, Ar < 700 km. This figure is



entirely consistent with estimates of the- radiation surface A



from the observed luminosity and temperature (A << I km2 ).



Another broadening mechanism i-s Doppler broadening which is



anisotropic since the thermal 
 agitation of electrons in a strong



magnetic field is only.parallel to the field lines:



AE kT cos 8 [FWHM] < .2


Doppler mc 2



where 8 is the angle between the line of sight and the magnetic 

field lines. Using kT = 20 keV we find S > 700. This mea.ns that 

during pulse maximum (where we derived our spectrum) the polar 

ang.le of the line of sight is large, correspond.ing to a fan 

beam.



It has been shown by Meszaros (1977) that self-absorption broadenin



is also - cos 0 and imposes even stronger restrictions on viewing



ang Ies.
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Figure Captions



Fig. 1 First pulsed spectrum derived from the May 3, 1976 

balloon flight (Trfmper et al., 1977). 

Fig. 2 Count rate spectra derived from the beginning of the 

May 3, 1976 balloon observation, where the source inten­

sity was highest (Trmper et al., 1978). 

Fig. 3 Deconvoluted spectrum of Her X-I derived from the POS­

spectrum shown in Fig. 2 (Trfmper et al., 1978). 

Fig. 4 Cross section of the large MPI/AIT Phosw-ich detector 

flown in September/October 1977 (Reppin et al., 1978). 

Fig. 5 Comparison of light curves obltained during the May 3, 

and September 3, 1977 balloon flights. 

1976 

Fig. 6 Pulsed count rate spectrum obtained during the Sep 3, 1977 

flight. The error bars are at Ia, the upper limits are 

2 a. The dotted line represents a thermal bremsstrahlung 

+ Gaussian line fit through the data. 

Fig. 7 Deconvoluted pulsed spectrum of Her X-I derived from the



count rate spectrum shown in Fig. 6.
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ABSTRACT 

A balloon borne X-ray telescope was flown from Aire-sur­

l'Adour (France) on May 14 - 15, 1975 to search for pulsation of the 

X-ray source HER Xl. 

We monitored the source for about 3500 s with a relative 

exposure larger than 0.75 and noticed the detection of features at 

57.5 ± 7.5 keV and 135 ± 10 keV in the spectrum. 

Nevertheless, -we carefully reanalysed our data in terms of 

possibility of gain shift encoder. 

We show, in the present paper, the very strong dependence 

of the line features on such a shift. 
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I - INTRODUCTION



When we decided the present experiment, only low energies 

et al. I
pulsation were-obtained (Tananbaum

data about HER Xl 

2 3 , 4 
Giacconi et al. , Doxsey et al. Holt et al. ). 

They gave information about light curve and percentage of 

pulsation up, to 35 keV. 

So, the Saclay X-ray spectroscopy experiment (Source) was 

in the high X-rays energy range.aimed to the observation of HER 

Recently, Trtimper et al. 5 and Kenziorra et al. 6 reported 

lines in the HER XI spectrum, respectively atthe detection of two 

58 keV and 110 keV.



Coe et al. 7 claimed also the detection of an excess in the 

flux of HER Xl at 64 ± 6 keV,, consistent with the Trtmper' results. 

This paper presents the. temporal and spectroscopic results 

of HER Xl in 15 - 150 keV energy range. 
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II - INSTRUMENTATION 

a) Detector and shield (fig. l) 

The detector consists of a 229 mm diameter NaITl) crystal, 

25 mm thick, covered by a beryllium window 1 mm thick. A passive 

collimator (Pb, Cd) gives to the telescope a field of view of 100 in 

the NS direction, and 8' in the EW direction at F.W.H.M. 

The telescope is surrounded by an active guard scintillators 

(plastic) viewed by four photomultiplier tubes, the outputs of which are 

electronically connected in anticoincidence with the central detector's 

output. 

A passive shield (Fe, Cd, Pb) reduce the background due to 

neutron activations. The energy resolution (F.W.H.M.) of the Nal 

detector is 25% at 59.5 keV as shown on fig. 2. 

b) Electronics 

The pulse given by the crystal (corresponding to the photon 

energy loss) which satisfies the conditions imposed by the Avent 

selection logic, is amplified, shaped, and sent into a 128 channel 

ADC's. The linearity of the whole electronic system is checked before 

and after the flight. 

The total number of bits (of 120 [s) allocated to each event 

is 13,including start and stop flags. 

Four temporary buffers, with an interrogative frequency ajustable 

from 1/16 s to 1 s used to monitor the count rates of the central 

crystal and the surrounding plastics. The time resolution is I ins. 



350c) Gondola 

The gondola consists of a duralumin cubic frame, 120 cm 

on a side, where the spectrometer, electronics, stabilization telemetry 

and telecommand are attached ; the entire system represents a payload 

of 200 kg.



d) Azimuth servosystem 

Azimuth stabilization locks the payload with respect to the 

Earth magnetic field by mean of a magnetometer which drives the 

suspension bearing. 

The accuracy is ± 0.5 degree. 

Corrections are performed at frequent intervals according 

to the local magnetic declination along the balloon trajectory. 

Moreover the angle between the payload and the magnetic 

North can be modified by the rotation of the- nagnetometer operated 

-by telecommand. 

e) Telemetry-Telecommand 

Information is sentto the ground via a FM/FM telemetry using 

8 IRIG standard channels. Telecommand allows the transmission to 

the gondola of 9 different orders used for scientific servitudes. 

f) Pressure sensors



Two sensors are mounted on board (Albin-Springer type,



modified CEA) indicating the residual atmospheric pressure during 

the ascent of the balloon with a precision of ± 2 nb and the pressure 

at the floating altitude with a precision of 0.1 mb. 
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g) Analog multiplexer 

A housekeeping analog multiplexer gives the possibility to 

transmit at regular intervals of 30 seconds, the housekeeping parameters. 

Among them, we can mention 

low voltage monitoring 

attitude parameters 

temperature of electronics 

test of telecommand orders concerning the speed and "the 

direction of the rotation of the spectrometer 

h) Inflight calibration 

In an effort to better determine the energy of any spectral 

features observed during the flight, a X-ray calibration source was 

flown. 

Upon radio command a 10 pc Zd1Am' radioactive source was 

removed from its 5 mm-thick lead, container for about I minute. 

III - T1HE EXPERIMENT 

Experiment waE carried out at Aire-sur-l'Adour, France, 

'longitude 1 0 East, latitude 43043 North. 

The observations were conducted on May 14 and 15, 1975 

(JD 2442547). The balloon reached its ceiling altitude at 23.43 UT 
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and remained at atmospheric depths between Z.4 and 2_7 mbar.q until 

$the flight was command terminated at 05.16 UT. 

The inflight calibration gives a maximum of the radioactive 

59.5 keV peak at the 25th channel (Z.43 keV/channel) at the departure 

of gondola and the 24th channel (2.53 keV/channel) at the end of the 

flight as 	 mentioned on the table below. 

Inflight -calibration Max peak channel Energy/channel Shift 

time in gain % 

ZZ. 00 UT 25 	 2.43 0 

22.55 UT 	 24.5 2.48 2 

0Z.Z7 UT 24 	 2.53 4 

03.25 UT 24 	 2.53 4 

04.22 UT 24 	 Z.53 4 

04.59 UT 24 	 -2.53 4 

The part of the flight used as background reference was 

23. Z5 UT to 00.25 UT whereas HER XI was monitored from 

01.32 	 UT. to 02.26 UT. 

The pointing errors during the period are believed to be 

less than 1 from the nominal aiming point, and the mean efficiency 

of the collimator over this period of tracking of HER Xl was 78.3% 

as shown on fig. 3. 
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The launching date (JD 2442547) was choosen taking into account 

the predicted eclipsers of HER XI in May 75 due to orbital period 

(fig. 4) i. e. at the beginning of the 11 day "on" cycle (0 = 0.9) 

between 'orbital phases 0.39 and 0.43. 

IV - RESULTS AND DISCUSSION 

a) Temporal analysis 

Fig. 5 shows XZ values by degree of freedom for 3434 s data 

of HER Xl versus analysis period. We adopted for best apparent 

period P = 1.237508 s. 

2 
Table 1 summarizes X values by degree of freedom for 

different energy ranges. 
2 

For Z3 degrees of freedom, X value corresponding to 1% 

reliability level is '1.81/d.o.f., so, only results up to 30 keV are 

statistically significant. 

Fig. 6 is an histogram of the HER XI light curve folded 

modulo 1.237508 s pulse period. 

The profile exhibits a double peaks structure ; a main pulse 

with a statistical signifi'cance of 3. 28 standard deviation and an inter­

pulse at 1.11 standard deviation. F.W.H.M. of the two pulses are 

about 60' and separation 1500. The main pulse is apparently more 

intense than the interpulse which seems to exhibit much steeper a 

spectrum. Let us call 0s the phase of the maximum of the main pulse 
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= 1975 May 15, 017 653512 ± 0.000000578 

To estimate the pulsed fraction, we determine the continuum 

level as the mean value of the lowest six bins in the IZ bins light 

curve, i.e. half a period. We calculated that pulsed X-ray radiation 

fraction is 54 ± 12% in IZ. 5- 25 keV energy range. 

Fig. 7 and 8 show light curves in 20 - 30 keV and 30 - 37.5 keV 

energy range.



Comparing to iow energies values (80% Tananbaurn et al. 

3 4 760% Doxsey et al. , 66% Holt et al. , 55% Pravdo et al. ) and 

similar energies (Kendziorra et al. 6:58 ± 8% in the 18 - 31 keV 

interval) one can give a mean value of 60% for the pulsed fraction of 

HE XI in 2 - 25 keV energy range taking into account- statistical 

errors (fig. 9). 

'b) Spectral analysis 

We have plotted on fig. 10 the raw spectrum of background 

just corrected for dead time, and the total spectrum for corresponding 

time observation when HER X1 is in the field of view of the detector. 

One can easily see a significant difference (HER XI + BKG)(BKG) 

at energies lower than 35 keV, and also near 55 and 135 keV. 

On the same figure we have plotted this difference in terms 

of standard deviations versus energy. Two significant lines at 57. 5 keV 

and 137.5 keV are detected respectively at 7 a , Z.9 5 c and our data 

are consistent with the feature given by Tramper et al. 5 which has,



been tentatively interpreted as representing the first and second



cyclotron harmonic in a neutron star magnetic field of about 5. 120 Gauss.
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As shown in fig. 11, we observe a lack of detection of pulsation 

in the 5Z. 5 - 67. 5 keV range and 1Z7.5 - 147. 5 keV range, corresponding 

to the first and second harmonic. This result is in conflict with 

Kendziorra et al. 6 who detected a pulsed fraction of 51 ± 14% 

in the 31 - 88 keV range, but which could be due to the highest signal 

to noise ratio of their experiment 

In fig. 12 are plotted X3 values versus energy. It does not 

show any evidence for pulsation in the X-ray flux above 40 keV. 

Following a remark made by Dennis8 , we tried to determine 

the influence of a possible drift in gain in the electronics on the Jine 

features. Fig. 13 shows the variation of the standard deviation versus 

energy for three different background spectrum derived from the 

measured one, and whose the calibration has been slightly drifted. 

This operation was conducted in computer and the shifts were 

respectively 0.2 and 0.4 channel on the calibration reference. 

Its corresponds to 0.8% and'l.6% in the gain variatioi. 

One can see that a low gain change is sufficient to smooth 

the bumps and decrease the confidence in the line observation. 

The incertitude due to statistics in our inflight periodical 

calibration (- 1. 6%) does not allow us to be conclusive about line 

detection whose identification is doubtful in our data. 

To obtain decisive line features in no-pulsed X-ray emission 

of binary systems, an observation with an improved energy resolution 

(with solid state detectors) seems to- be highly, desirable. 
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FIGURE CAPTIONS 

Fig. 1 Diagram of the NaI (T,) scintillation detector system 

Fig. 2 Energy resolution of the NaI detector 

Fig. 3 Efficiency of collimator (50 x I00 F. W. i m.r) used for the 

observation of HER Xl 

Fig.4 The predicted eclipses of HER Xl in May 1975 due to the orbital 

period 

a 
Fig. 5 X values for 3434 s data ot aai x versus analysis perloc 

(Z3 d.o.f.) 

Fig.6 	 HER XI light curve P = 1. 237508 s (3434 s of analysis) 

15 - 25 keV energy range 

Fig. 7 	 HER Xl light curve 20 - 30 keV energy range 

Fig. 8 	 HER Xl light curve 30 - 37. 5 keV energy range 

Fig. The X-ray light curve of HER Xl observed by different groups 

Fig. 10 HER XI and background spectra. Difference in terms of standard 

deviations versus energy 

Fig. 11 The X-ray 'light curve of HER Xl show'n in different energy 

ranges



Fig. 12 HER Xl pulsation represented -in terms of X versus energy 

Fig. 1 HER Xl contribution versus energy for three possible calibration 

shifts 	 (0%, 0.8%, 1.6%) 
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ABSTRACT



Observations of Her X- I were obtained during its ON-state in September, 1977, with the high­

energy X-ray detector on board OSO-8. Upper limits on the line fluxes at 60 and 135 key based on 

these observations are above, and hence consistent with, the positive results reported by Trimper 

et al. from a balloon flight during the same time interval. A detailed analysis of the time-variable 

background spectrum suggests that the line emission, especially in the time-averaged spectrum of 

Her X-1 previously reported by other workers at 25, 60, and 135 keV, is due to instrumental effects. 

The spectrum obtained with OSO-8 in September, 1977, is considerably steeper than that observed 

in pre-1976 balloon flights. These results are consistent with the results obtained by Triimper showing 

a decrease in the effective temperature of Her X-1 between May, 1976, and September, 1977. 

*Also at The Catholic University of America, Washington, D.C., supported under NASA Grant NSG 5066. 

**Comtech, Lanham, Maryland, supported under NASA ContractNAS5-2445 1. 
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UPPER LIMITS ON THE CYCLOTRON LINES



FROM Her X-1 AS OBSERVED WITH OSO-8



1.0 INTRODUCTION 

The discovery by Trmper et al.1 ,2 of a strong, narrow line at.(58 ±5)keV and a possible second 

line at 110 keV in the X-ray spectrum of Her X-1 has rivetted the attention of the astrophysics com­

munity onto this highly variable X-ray source. The two high-energy X-ray lines have been interpreted 

as quantized electron cyclotron emission in the intense magnetic field of the rotating neutron star. 

The 58-keV line is believed to be produced by electron transitions from the first excited state to the 

ground state, and the 11 0-keV line is produced by transitions from the second excited state to the 

ground state. The observed energies are those predicted on the basis of this model, originally devel­

oped by Gnedin and Sunyaev, 3 and Basko and Sunyaev, 4 for a magnetic field strength of 5.3 x 1012 

gauss. If the transitions take place near the surface of the neutron star as expected, then the gravita­

tional redshift results in a corrected field strength of 5.8 - 7.3 x 1012 gauss. 

The evidence for the existence of the 58 keV line is very strong. The line intensity observed 
-2 -1 during a balloon flighton May 3, 1976, is reported to be 3 x 10- 3 photons cm s or 5-6a above the 

extrapolated continuum. This significance level has, however, been questioned by Brecher and 

Ulmer. 5 Further balloon observations by the same group on September 3, 1977, show the line at a 

significance level of> 10u.6, 7 The credibility of the line is greatly enhanced by the fact that it is 

observed to pulse with the same 1.24s period as that determined at lower energies. The measured 

s ­intensity of the 110keV line during the 1976 observations was 1.4 - 2.6 x 10" photons cm 2 s0 or 

2.3 - 3.3a above zero and it was also observed in the pulsed spectrum. 

No other X-ray observation of Her X-1 has been made with the sensitivity, energy resolution 

and time resolution required to confirm the existence of these lines. The results of the observations 

which have been made are summarized in Table 1. Unless otherwise indicated, the tabulated values 

are the fluxes averaged over the 1.24-s period, or they are 3u upper limits. Coe et al. 8 observed Her 

X-1 in February, 1977, with an X-ray detector on Ariel V and report a line feature in the time-averaged 
-2 - 1spectrum centered at (64 ±6) keV with an intensity of (1.7 ±0.7) x 10-2 photons cm s . This is 

consistent in energy with the line observed by Triirmper et al., but somewhat higher in intensity. 

Confirmation of the pulsed nature of the line could not be made. Brecher and Ulmer5 report a fea­

ture also in the time-averaged spectrum but at 25 keV with an intensity of (2.4 ±1..2) x 10-2 photons 
"2cm s- 1 from observations made on OSO-7 in 1972. They point out, however, the more probable 

interpretation of the feature as being related to the peak in the detector background spectrum. No 



Table 1 
sReported X-Ray Line Fluxes from Her X-1 in Photons cm 2 1 

VEHICLE OBSERVERS 25 keV 60 keV 110 keV 135 keV 

BALLOON TUMPE R etat 1 , 2 -_e (2.9 +3.0) (1.4+ 0.6) x10 3
1.0" x 10- 3 

1976 PULSED PULSED 

BALLOON TRUMPER 7 (1.1 ± 0.1) x 1- 3 <10-3
B 1977 PULSED I 

(1.7 + 0.6) x 10- 3 *(1.7 ± 0.7) x 10-2COE et al. 8ARIELV 
1977 70-280 keV 

OSO-7 BRECHER AND ULMER 5 
1972


(2.4 1.2) x 102 

BALLOON DUROUCHOUX 
1975


et al. 2 1 <6 x 10 3 < 4 x 10 3 

OSO-8 
COUNTER) 

PRAVDO 
(PRIVATE COMMUNICATION) 

<9 x 10.3
 
PULSED


<4 x 10.3  THIS PAPER - < 2 x 10-3 

TIME-AVERAGED050-8 
- 3Cs (Na) THIS PAPER <2 x 10 < 1 x 10,3 

PULSED PULSED PULSED 

•Coe, private communication. 
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such feature at this energy has been reported by other more recent observations 9 made with propor­

tional counters having greater sensitivity and better energy resolution than the NaI(T) scintillation 

counters used to obtain the Brecher and Ulmer data. Results from the high-energy X-ray detector 

on HEAO-1 presented at thus symposium by MattesonI( indicate a pulsed excess above the extrap­

olated low-energy spectrum consistent with the 1977 flux in, the 58 keV line reported by Triimper 7 

Many observations were made of the high-energy, spectrum of Her X-1 before the discovery of 

the narrow lines. Manchanda ! 1 has summarized the results obtained prior to 1976. He finds that 

the data from 1 to,10 keV can be fit by a power law with an index of -1.5,while beyond 25 keV 

the spectrum steepens and a power-law index of -'2.7 is required. He attributes the considerable 

scatter in the observed flux values to the different observing times during the 14-day "ON" cycle, in 

which the source elhibits a triangular intensity profile. The break in the spectrum at -20 keV has 

been interpreted by Boldt et al. 12 in-terms of the energy dependence-of the anisotropic scattering of 

photons from a highly magnetized plasma. The existence of the break in the spectrum has been con­

firmed with improved statistics by Becker et al.9 They have fitted their "HIGH-STATE" data from 

25-60 keV with a spectral form which can be approximated by a power law with an index of -5.3 

i.e. considerably steeper than the mean value of -2.7 obtained by Manchanda.1 I Trmper et al. 1,2 

obtain an index of -4 when their data-above 20 keV are fitted to a power law spectrum. Thus, 

there appears to be some considerable evidence that the shape of the spectrum above the-break varies 

significantly during the 1I-day ON state or from one 35-day cycle to another. 

The available evidence on the pulsed fraction of the high energy X-ray flux, also suggests vari­

ability. On a balloon flight in December, 1973, Iyengar et al. 13 obtained an upper limit-to the 
14 ob­pulsed fraction of 10% for the energy band from 20-45 keV. In May, 1976, Kendziorra et al. " 

served pulsing up to 88 keV with a pulsed fraction of (58 t-8)% from 17.7-31 keV and (46 ±15)% 

-from 31-45 keV. loss-et al. 1 5 ' obtained a pulsed fraction of (35 ±14)%-from 19-30keV. Kurfess 

-2 and Crosa' 6 report a 2a upper limit of 3.4 x 10- photons cm s- 1 for the pulsed emission froim0.1 

to 10 MeV in February, 1972. It is clear from the previous results that there is a need for long-term 

observations of Her X-l throughout its 35 day cycle. In particular it-is important to determine if 

there are systematic variations in the high-energy spectrum and in-the pulsed fraction during the 11­

day ON-state. 

We report here the results of a 12-dayobservation of Her X-I during its ON-state in September, 

1977.17 The observations were made with.the high-energy X-ray detector on OSO-8 and cover the 

ehergy range from 15-280 keV. Statistically significant energy spectra were obtained for each of 

six 1.7-day binary periods during this time interval, and the 1.24s pulsed fraction was also determined 
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in each case. Because of the unique modulation of the source signal resulting from the ten-second 

rotation of the satellite, it was possible to subtract the relatively large detector background arising 

mainly from induced radioactivity, and also to correct for a small change in detector gain between 

the on-source and the off-source observations. We show how such a gain change of the order of 1% 

can, as a result of the shape of the detector background spectrum, simulate source line features at 

25, 60 and 135 keV. We caution against the interpretation of such lines as being of cosmic origin. 

2.0 OBSERVATIONS WITH OSO-8 

The high-energy X-my detector on OSO-8 used to obtain our data has been described in detail 

by Dennis et al. 18 It is an actively shielded CsI(Na) scintillation detector with a sensitive area of 

27.5 cm 2. The field-of view is circular with a full width at half r'ar'imum (FWHM) of 5' . The time 

resolution for each recorded photon is 0.3125 ms. The energy resolution of the central detector as 

measured before launch is well represented by the expression FWHM = 1.45E 0 '7 keV, where E is 

the X-ray photon energy in keV. This corresponds to a FWHM of 25 keV at 60keV. Some slight 

degradation may have occurred in orbit as indicated by the widths of the features in the background 

spectrum. However, for the purposes of the data analysis, we used energy bins each chosen to be the 

width of the detector resolution (la = 0.425 FWHM) at the mid-point energy. The X-ray detector 

is mounted in the wheel section of OSO-8 such that the axes of the collimation holes are offset by 5' 

from the anti-spin axis of the spacecraft. With this orientation the signal for any X-ray source 5' 

away from the anti-spin axis is modulated as the wheel rotates once every 10 s. 

The data reported here were recorded when Her X-1 was in the ON-state of its 35-day cycle be­

tween August 31 and September 12, 1977. During this time the anti-spin axis of the satellite was 

oriented towards a point on the celestial sphere 5' away from Her X-1. This point gradually moved 

around the source but was maintained at an angular separation of 5' from Her X-1. Thus, during 

this whole period, except in parts of the orbit when the earth filled the detector aperture, Her X-1 

passed through the detector field of view once every10 s. This modulation allows the source energy 

spectrum to be determined even in the presence of the large and variable detector background spec­

trum. The method of analysis used to obtain the energy spectrum of Her X-1 is basically the same 

as that previously described by Dolan et al.19 to determine the energy'spectrum of the Crab Nebula. 

For each energy bin the counting rate of the X-ray detector isfirst accumulated as a function of the 

angular separation between the detector axis and the direction to the source. The counting rate at­

tributable to the source is calculated from this distribution by first assuming that the detector back­

ground remains independent of the angular separation between the source and the detector axis, 

although it may vary slowly during the data accumulation time. The known, approximately 
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triangular, detector response as a function of angular separation is then used to calculate the least­

squares-fit source strength and the average detector background rate. Finally, the source counting 

rate spectrum is unfolded through the detector response function taking into account the detector ­

efficiency and resolution, K-escape photons, and the sensitive area. The resulting source fluxes in 

the 20 energy bins are the best representation of the source spectrum obtainable from the data and 

can be fit to any trial source spectrum. 

When this analysis procedure was used on the full set of Her X-1 data, the spectrum .shown in 

Figure 1 was obtained. Two significant features are apparent, one at -60 keV and the other at 

-2 ­- 140 keV. The intensities of the lines are 16 x 10- 3 photons cm s at 60 keV and 4.3 x 10-3 

-photons cm 2 s71 at 140 keV. Two things seemed suspicious about these lines, however. First of all, 

several energy bins showed apparently negative sourcestrengths. These can clearly be seen in Figure 

2 where the flux is plotted on a linear instead of a logarithmic scale. These negative values are shown 

as I a upper limits in Figure 1. None of the negative source strengths in any energy bin is greater 

than 2u below zero but the trend indicates that a systematic error exists. The second problem is 

that attempts to detect a pulsed flux at the apparent line features proved unsuccessful. With the 

time resolution of 0.3125 ins, the 1.24s pulses at energies below 33 keV are readily resolved as indi­

cated-in Figure 3, but the pulsed flux at the energies of the apparent line features are less than the 

3o upper limits given in Table 1. 

2.1 Instrumental Effects 

The cause of the features in the calculated spectrum of Her X-1 and of the negative fluxes is 
now believed to be a small change in the gain of the photomultipliers (RCA.C31016F) as the space­

craft rotates. This change of gain, of the order of 1% or less, is believed to result from the changing 

orientation of the photomultipliers in the earth's magnetic field. A cylinder of 4 mil CO-NETIC 

magnetic shielding (Perfection Mica Company) was put around each photomultiplier but a residual 

variation of gain with magnetic field remains. This is presumably because it was not possible to ex­

tend the magnetic shield one diameter beyond the photocathode as recommended by RCA, the 

manufacturer of the photomultiplier. 

As a result of this gain change, the detector background spectrum is shifted slightly with re­

spect to pulse-height-analyzer channel number. When the gain is high, the same rate is measured in 

a higher channel and vice-versa. Consequently, the counting rate in each channel is observed to vary 

approximately sinusoidally each wheel rotation. The amplitude and phase of the variation is depen­

dent on the shape of the background spectrum and on the strength of the magnetic field and its ori­

entation with respect to the axis of the spacecraft. Since the conversion from channel number to 
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Figure 1. The calculated energy spectrum of Her X-1 determined for the 
total observing time f rom August 31 to September 12, 1977. The detector 

resolution has not been unfolded and negative values of the calculated 
source strengths are plotted as 1ar upper limits. 
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Figure 2. The calculated counting rate spectrum of Her X-1 determined for the total observing time from August 31 

to September 12, 1977. The spectrum is plotted on a linear rate scale to show the negative calculated fluxes at 
45keV, 70-100keV and > 170keV and also the apparent line features centered at - 60keV and - 135keV. 
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Figure 3. The phase distribution of Her X-1 in 
five energy ranges from 16-160 keV for the four 
binary orbits from August 31 to September 6, 

1977. The data were folded modulo the period 
given by Pravda et a]. 20 with adjustments to the 
photon detection times to allow for the motion 
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energy loss in the'CsI(Na) crystal is calculated with a constant calibration factor, this sinusoidal var­

iation is also present in each of the energy bins used in the analytic procedure. In the absence of 

any real source flux, the calculated apparent source strength is, thus, the difference between the av­

erage background rate when the source is in the detector field of view and the average background 

rate when -the-source is out of the field of view. For small changes in gain, AG, this difference in 

background rate, D, is given by the following expression 

R 2 C2 - RIC, 

D(E) = C1 AG 

where R1 is the counting rate and C1 is the channel number at the lower edge of the energy bin and 

R2 and C2 are the rate and-channel number at the upper edge. In Figure 4, the average background 

spectrum observed during the Her X-1 observation is shown together with the difference, D, calcu­

lated from this spectrum using the above equation with AG = 1%. The origin of the features in the 

calculated Her X-1 spectrum at 60 keV and 135 keV can now be clearly seen as can the negative 

source strengths obtained at 45, 80 keV and above 170 keV. It is also interesting to note that a third 

positive feature exists at -27 keV as previously reported by Brecher and Ulmer 5 although, in our 

measurements, such an excess is lost in the statistics of the real source flux at that energy. 

2.2 	 Determination of the Source Spectrum 

The true spectrum from Her X-1 can be rather simply determined from the calculated source 

spectrum and the variation of D with energy. This is possible in spite of the rather complicated var­

iations in the strength and direction of the magnetic field as seen by the satellite as it orbits the 

earth. The shift in the background spectrum each wheel rotation will always result in an apparent 

source spectrum given by some fraction of D providing only that the shape of the background spec­

trum does not change significantly. By restricting the data to that collected well out of the South 

Atlantic Anomaly, this condition is easily satisfied to the accuracy required. Consequently, the cal­

culated source spectrum can be corrected for the effects of the gain changes by subtracting the back­

ground difference spectrum for some mean value of the gain change, AG. The mean value of AG can 

be most easily determined by a least-squares technique in which significant negative source strengths 

are removed. The background difference spectrum for a given value of AG is subtracted from the 

calculated source counting-rate spectrum and the resulting spectrum unfolded to obtain a source 

2 " - 1 . spectrum in photons em- s 1 keV This is-then fitted with a trial function such as pover law or a 

thermal spectrum and a value of x2 is obtained. The process is repeated with different values of AG 

until a minimum value of X2 is obtained. The spectrum of Her X-1 obtained in this way for the 
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Figure 4. Curve (a)- Detector background spectrum for the Her X-1 observing time.



Curve (b) -The difference {x25) between two background spectra measured with a gain difference of 1%.
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period from August 31 to September 6, 1977, excluding the eclipse time, is shown in Figure S. The 

source intensity was highest during this time interval covering four binary orbits. The spectrum can 
-2 "be fitted by a power law of the form (2.4 ±0.4) x 10- 3 (E/25) - (4 .9 ±0.7) photons cm s 1 keV-1 or by 

-2 a thermal bremsstrahlung spectrum of the form 1.6 exp [-E/(8 ±2)]-" E- 1 photons cm s- 1 keV -1. 

No significant line features are evident in this-spectrum at any energy with-the 3a-upper limits indi­

cated in Table 1. 

3.0 CONCLUSIONS 

We have, thus, obtained an understanding of features observed in our time-averaged spectrum 

of Her X-1 in terms of small changes in gain of our X-ray detector. Such changes iM-gain can produc 

apparent line features in the spectrum at energies which have been previously reported in the litera­

ture. Brecher and Ulmer 5 have pointed out the probable relation to the detector background of thE 

1.5 sigma feature at 2,5 keV in the OSO-7 spectrum of Her X-1. Durouchoux et al.2 1 have shown 

that a small change in gain can explain the apparent line features at 57.5 keV and 137.5 keV in their 

time-averaged Her X-1 spectrum obtained on a balloon flight in May, 1975. Coe et al. 8 report a line 

feature at (64 ±6)keV in the time-averaged Her X-1 spectrum from the high-energy X-ray detector on 

Ariel V. Attempts to explain their result in terms of a gain change have not been successful since 

the detector background spectrum does not have the required shape. 22 Our So upper limit at 60 keV 

is, however, considerably below their measured line flux and suggests that the line strength is variable 

from one 11-day ON-state to another. The much steeper spectrum (E-4 "9) which we obtain com­

pared to the average spectrum (E-2-7) obtained from pre-1976 balloon flights 1 also supports the 

idea that the flux above n40 keV had decreased in September, 1977, to-a level well below its pre­

vious value. This agrees with the result obtained by Triimper7 that the flux in the 58 keV pulsed 

line decreased by a factor of -2.6 between May, 1976, and September, 1977, and that the effective 

temperature of the spectrum had also decreased between these two dates. 

In addition to the time-averaged spectrum discussed above, we also obtained a spectrum of the 

pulsed flux. We detected significant pulsed flux up to an energy of 33 keV and obtained the 3a 

upper limits on any pulsed line feature given-in Table 1. These upper limits are consistent with the 

results of Triimper et al.1,7, 14 They do show that the line features are not significantly stronger at 

any time during the high state fhan'during te-rielatively sh6rt interval of a balloon flight observation. 

In summary, we have shown how a fraction of a percent change in gain can produce data which 

can simulate line features or breaks in a-source spectrum. The features generated depend on the mag­

nitude of the gain change and the shape of the detector background spectrum. We suggest that such 
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Figure 5. The tirme-averaged spectrum of Her X-1 for the period August 31 to 
September 6, 1977, during which the intensity was at its highest level. The count­

rate spectrum for this period was corrected for an average change in gain of 0.7% 
and unfolded through the detection efficiency, K-escape.probability and detector 
resolution using the method given by Dolan et al. 19 . The best fit power law indi­

2cated is of the form (2.4 ±0.4) x 10 3 (E/25)-(42St0.7),photons cm- S-1 keV- 1 . 
The circled points are for energy bins each the width of the detector resolution (l0 

at that energy. Consequently, any real line feature would appear in at least two 
adjacent bins. The heavy, lines show the source flux averaged over the wider 

energy intervals indicated. The vertical lines indicate lo statistical uncertainties 
or 10 upper limits. 
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a change in gain can account for previously reported lines particularly in the time-averaged spectrum 

of Her X-1. The line at 58 keV reported by Triimper et al. remains highly credible, however, because 

of its pulsed nature. This makes it largely immune from most systematic effects. Confirmation of 

this line by different observers and measurements with improved energy resolution to determine the 

true line width remain highly desirable objectives. 
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ABSTRACT



Results from preliminary analysis of HEAO-1 pointing


observations of Her X-l on.three days inFebruary 1978


are presented. Pulsed flux ts detected up to -70 keV


with a clear indication of emission at -60 keV which


is above the continuum spectrum extrapolated from


lower energies. Ifthis excess emission is interpreted


as a pectral line, its inteisity varies from (1.2±0.2)


x 10-3 to (0.2±O.2) x lO-3 ph/cm2-sec with a time scale


of one day. A factor 2 decrease in the low energy con­

tinuum is associated with the decrease in the excess


emission.



INTRODUCTION



Her X-l is among the brightest of the X-ray binaries. Its intensity varies


with periodicities of 1.24 sec, 1.70 days and. 34.9 days respectively, in the


form of pulsations, binary eclipse and unexplained long period variability (1).


Regular intensity dips of a few hours duration also occur. Spectral variability


occurs during the pulsation, the intensity dips and the 34.9 day period (2,3).


The spectrum and its variability contain the signature of the geometry and


physical processes of the accretion and emission regions of Her X-l. Therefore


sensitive spectral observations at all intensity phases andX-ray energies are


of primary importance. Inthe -2 to -30 keV range the observational picture


is reasonably complete. However, the low flux at higher energies, due to the


steepening spectrum of Her X-1 (4), requires sensitive instruments which have


become available in only the last few years.



In May 1976 a Max Planck/Tubingen balloon observation of Her X-1 sensitive above


-20 keV (hereafter MPT-76) confirmed the spectral steepening and revealed a pul­

%ed spectrji excess at -58.keV which was interpreted as cyclotron line emission


in the -10 gauss field-of-the neutron star in the Her X-1 system (5). A line


flux of (2.9 + 3.6,-1.2) x 10-3 ph/cm 2-sec was required to fit the observation.
 

Emission interpreted as the second harmonic of the cyclotron line was detected


at 3.3 significance at -110 keV with a flux of -2.6 x lO-3 ph/cm2-sec. A


UCSD balloon observation inJune 1975 placed an upper limit on line emission
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at 57 keV of 1.1, x lO- 3ph/cm2-sec (95% confidence) (6). In,order to confirm


the reported line emission, clarify its 'variability and extend the dbser­

vations of Her X-l at high energies to additional intensity phases, a series


of HEAO-1 pointing observations of Her X-l were conducted in February 1978


with the UCSD/IIT Hard X-ray and Low Energy y-ray Experiment, A4. In this


paper we present preliminary results based on quick-look data from these


observations.



OBSERVATIONS



The results presented here were obtained with one of the two Low Energy De­

tectors of the A-4 instrument. -Results from both detectors will be published

later. These phoswich type scihtillation counters have 3 mm thick NaI (T)

detectors, each with an effective area of 103 cm2, and operate from -13 to


-200 keV. Their energy resolution isweakly dependent on energy because of the


dominance of light collection nonuniformities. It is 28% FWHM at 22 keV and


25% at 60 keV. Each detector iscollimated to 1.70 x 200 FWHM with graded-Z

slats and a CsICNa) active a*nticoinci'dence shield annulus. BackgrQund in


the 15-200 key range is -5c/sec. Gain variations, which occur insome A-4


detectors on 30 min time scales, were <2% over the periods of observation.'


Energy losses which satisfied the anti coincidence condition were pulse-height­

analyzed into 64 channels with -3 keV/channel. A maximum of 81 pulse-height/


sec could be telemetered. Live-time corrections were telemetered each 0.08


sec. Table I presents details of the observations. The day 59-observation


was chosen to' be as close as possible-to the phases of the MPT-76 observation.


All observations were straight pointings at Her X-l with no off-source data


taken'during the observation.



RESULTS



The presence of pulsed emission was determined by testing the data against 
the hypothesis of no pulsation at the barycenter over a range of periods which 
bracketed the expected period. Inall observations pulsed emission was clearly 
indicated. The Doppler snift of these periods is in agreement with the'Her X-1 
binary ephemeris. Light curves were constructed using the measured periods.
Since the event rate was always <60/sec, and typically -30/sec, .the 0.08 sec 
live-time corrections had only a slight effect-on the light curves, which are 
shown in Figure 1. Pulsed emission is clearly indicated up to pulse heights 
equivalent to -64 keV and includes the energy range of the reported cyclotron ­
line. However, at -110 keV, the energy expected for the cyclotron harmonic, no 
pulsation is apparent. That the day 59 pulsed emission isweaker than that of the 
other days is likely due to an intensity dip in Her X-l since scanning data


(30-min period) indicates the average intensity around this time was -0.75 of


that on days 55 and 58. Additional analysis of scanning -data will be required


to verify the presence of an intensity dip.



Pulse height spectra of-the pulsed emission were obtained as the difference 
between the "pulsed" and "non-pulsed" parts of the light curve (see Figure 1). 
The resulting spectra are shown in Figure 2. Multiparameter fits to each 
day's spectrum were performed with a model consisting of a power law below ­

2
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a break energy, an exponential above the break and a spectral line with in­

trinsic width. Corrections for detector efficiency, energy resolution5 K


X-ray escape and absorption in the overTying material were included in the


fitting. The same model was used in the MPT-76 analysis. Our analysis

corresponds to the Pulse minus Off-Pulse MPT-76 analysis. Best fit values


occurred at the x2 minimum. Standard errors for the best-fit parameters


-were-estimated from the method of Bevington (7).



The model and the results of the fitting are given inTable II. On days 55


and 58 a satisfactory fit requires the line component. Its intensity on each


of these days is in agreement with the average for these days, (1.16 ± 0.15)


x iO-3 ph/cm2-sec. The day 59 spectrum has a fitted line flux of (0.21 ± 0.17)


x 10-3 ph/cm2-sec, a factor > 2.4 (95% confidence) below that measured one


day earlier and consistent with no line component. On all days the fitted


line energy is consistent with the average value of 60.-0 ± 1.3 keV. The


intrinsic width of the line is poorly determined because of the relative insen­

sitivity of x2 to itwhich is partly due to the low flux in the line'. The


fitted value of kT on all days is consistent with the average value of 7.36



&.31 keV. The exponential spectral component at 30 keV is constant on days


55 and .58, but isa factor 2.0 lower on day 59.



DISCUSSION



Significant high-energy variability of Her X-l is indicated by these obser­

vations. The fitted continuum and line decreased a factor -2 in one day.
 

This is not surprising, in view of the short time scales (hours) of the


intensity dips of Her X-1. The fitted kT remained constant through the varia­

tion, suggesting that the mechanism responsible for the apparent temperature

is uncoupled from that producing the luminosity changes. Our observation of


the constancy of the 20 to 40 keV spectrum shape is in agreement with previous
 

observations (3). The MPT-76 fitted line strength is (2.9,+ 3.6, -1.2) x lO­

ph/cm2-sec, a factor 2.6 above our values for day 55 and 58, the fitted kT is


7.3 + 2.4, -3.8 keV, in agreement with our observations, and the exponential


continuum at 30 keV agrees with our day 59 value. When combined with our re­

sults, these jndicat2 a change in fitted line strength from 2.9 x l0-3 (MPT-76,


to <0.5 x 10 ph/cm -sec (day 59, 95% confidence) while the exponential com­

ponent's intensity and kT value remained essentially constant



CONCLUSION



The HEAO-l observations reported here clearly indicate pulsed emission from


Her X-1 at energies above 50 keY which is in excess of the pulsed spectrum


extrapolated from lower energies. This excess is fitted by ssectral 1ine


emission at 60.0,t 1.3 keV wi-th a flux of (I.16 ± 0.15) x 10- ph/cm2-sec


on 1978 day 55 and 58 and (0.21 ± 0.17) x l0-3 on day 59. The data do not


require a spectral line to explain the excess. Other spectral shapes are


possible. The fitted continuunf below 50 keV was observed to decrease a



3
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factor 2.0 in one day while the fitted line decreased a factor > 2.4


(95% confidence) and the fitted kT remained constant at 7.36±0.31 keV.


These results and the April 1976 observation indicate a factor > 6 varia­

bility in the fitted line. The fitted line and continuum variations have


not yet been time-resolved. Additional analysis of the present data and


that taken during the HEAO-l observations planned for August and September


1978 should clarify the spectral variability of Her X-l.



ACKNOWLEDGEMENTS



We gratefully acknowledge the assistance of many.people in the work re­

ported here. B. Baity, F. Knight, P. Nolan, and R. Rothschild contributed
 

at UCSD under the direction of L. Peterson, experiment Principal Investigator.


B. Cooke, J. Doty, F. Primini, G.Tsiang and W. Wheaton contributed at MIT


under the direction of W. Lewin, experiment Co- Principal Investigator.



This work was supported by Contract NAS 8-27974.



4



http:7.36�0.31


390



TABLE I - HEAO-l Pointing Observations of Her X-1 

Day of Pointing Analyzed Days After 

1978 Interval Data Interval 1.7 Day Phase 34.9 Day
(UT) (UT) Turn-on­

55 1452-1809 1459-1628 0.30-0.34 3.9 
58 1547-1845 1459-1747 0.09-0.14 6.9 
59 1620-1937 1840-1937 0.74-0.77 8.1



TABLE H - Best-Fit Parameters from Model" Fitting 

Day 55 Day 58 Day 59 

Line Parameters: 

Io (10" -3photons/cm 2-sec) 1.20 -0.21 1. 11±0.21 0.21 4.0.17 

E (keV) 59.64.1.8 60.0:L1.6 61.4 ±6.8


FWI-M (keV) 
 15 ± 15 10 + 15 3 + 30
 
- 10 -3



Continuum Parameters: 

N0 (photons/cm3Zsec-keV) 3.32 ± 0.78 2.49 ± 0.74 1. 08 ± 0.53o 

kT (key) 6.96 40.44 7.564L0.49 7.764-0.83


Eb (keV) 28.4 ±0.9 28.2 ±0.8 29.5± 1.5


S # 
 1. 17 :L 0.25 0.16 L 0.25 0. 92 :L 0.29 

2 
.9371 /E -E
 


I No exp (-E/kT)/E x FWHM 2 E ' 

SN exp (-Eb/kT)/E b c (E/E)-S E CEb 

X weakly dependent on this parameter. 

These parameters highly correlated. Holding other parameters fixed 
gives N o errors - 0.025 of those given in Table II 

5
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FIGURE CAPTIONS



Figure 1. Observed light curves of Her X-i. The pulsed spectra, Figure 2,


are formed from the difference of the average spectra of the "Pulse" and


non-"Pulse", ie. off-Pulse, phases. la error bars are indicated. The


dashed lines are background rates from 1 day earlier or later when HEAO-I


was inthe same geomagnetic environment and scanning source-free regions.


These rates were not used inthe analysis reported here.



Figure 2. Pulsed spectra of Her X-i and model fits. la error bars and 2a


upper llimtts are indicated. The heavy dots represent the best fit model


after folding through the instrument's response. They are connected for


convenience. The day 55 spectrum and best fit are similar to those of


day 58.
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Kinematic aspects of cyclotron emission in superstrong



magnetic fields are reviewed to suggest characteristic



features which might be useful in confirming the nature



of the reported line feature near 50 keV in the spectrum



of Her X-1. The role of the inverse process of cyclotron



absorption is also discussed.



I. Introduction



The reported line feature near 50 keV in the pulsed



Her X-I spectrum (Triinper et al. 1978) has been tentatively



interpreted by its discoverers as cyclotron emission in



the intense magnetic field of an accreting neutron star.



If their result is confirmed, its actual identification



with cyclotron emission would be extremely significant,



and in fact might well constitute the closest possible



approach to a direct measuxement of the field strength near



the surface of a neutron star. Hence the reported measurements



have already prompted efforts to predict characteristic



spectral features which might confirm this interpretation



(Daugherty and Ventura 1977). A short discussion of possible



higher harmonics and kinematic effects (line shapes due to
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Doppler broadening, splitting of multiple first harmonfcs)



was presented at this conference and will be summarized



below. However, it also appears worthwhile in these



proceedings to add a brief discusion of the equally



significant inverse process of cyclotron absorption



(Daugherty and Ventura 1978) and its influctCe on the



spectrum of Her X-1 (Pravdo et al. 1978) and similar



objects.



Two concluding remarks have also been inserted,



concerning both the construction of detailed models of



X-ray pulsars in general, and also the precise relation



of cyclotron emission line energies to the actual stellar



magnetic field strengths.



II. 	 The Emission Process



Cyclotron emission in a superstrong, macroscopically



varying magnetic field must be treated as a first-order



QED interaction described by the S-matrix elezent



where the initial and findl states of the radiating electron



satisfy the Dirac equation in the prescribed (classical)



magnetic field. The potential /, describes the radiation



field alone and here corresponds to the emission of a



single photon during the transition. It is worthwhile to



note that the relativistic Dirac equation should be used
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either if the longitudinal velocities of the electrons 

are relativistic, or if the field strength is significant 

compared to the critical value n = - = 4.414 X 1013 G. 

Only for conditions of both low velocities and low field 

strengths can the Dirac equation be safely replaced by its 

nonrelativistic Schr3dinger limit. 

The dynamics of the cyclotron emission process have



already been discussed elsewhere in the nonrelativistic



case (Canuto and Ventura 1977, Daugherty and Ventura 1977);



and the lifetimes of excited states in the relativistic



case have been found b. Daugherty and Ventura (1978).



Th!:se treatments, which are concerned with thc transition



rates and angular distributions of the emission, are too



involved to be discussed here. Hc ever, the kinematic



aspects of the emission process are both straighzbfrward



enough and of sufficient interest to be described briefly.



The relativistic energy-momentum conservation-equations



for an emission event may be written in the form



(1a)
 


P + 'Jil(Ib) 

where the radiating electron of initial energy 2. and



longitudinal momentum q emits a photon of energy wk at



an angle C with respect to the field direction B, and 

thereby drops to a lower state Ek with longitudinal
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recoil momentum p. The electron energy in the magnetic field



has the form E= corresponding to the 

quantization of the transverse motion. The most striking aspect 

of the conservation equations given above is that the transverse 

momentum is not included, since the field lines themselves can



absorb an arbitrary transverse momentum exchange.



Onc immediate consequence of eq. (1) is that distinct 

transitions j-ok such 

that j-k=1 have differing SO () 

energies whose separations , . 

depend on field strength,7 ," 

as shown in Fig. 1. This 50 /" 

splitting effect is also 

angle-dependent, as may be 5 10 5 10 
B12 

seen from a comparison of Fig. Ia and b. Splitting of the first harmonic with increasing external 

the values for o = 0 and 
magnetic field. At fields of les,than 1012 Gauss the individual 
components corresponding to the various An=1 transitions tendto 
merge in agreement with the predictions of the nonrelativistic limit 

-
The conservation equations may also be used immediately 

to derive the Doppler line shape tk&'-') corresponding to 

an arbitrary distribution of radiating electrons denoted by 

(S) . If both distributions are normalized to unity, the



result is



Z=1~ (ge)/-lJ2 
where the two discrete momenta qi are those initial values 

which will produce an emitted photon of the exact energy (2 

(Note that recoil as well as Doppler effects are automatically 
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taken into account by equetions la, Ib, which are used to



derive the values qi.)



The implications of these equations may be seen in



Fig. 2 and 3. Fig. 2 shows the line shbapes due to transverse



(relativistic) Doppler broadening at 8 .- The relative



heights of the distinct harmonics here correspond to a black­


body emission region with an arbitrary temperature T=5X108 k.



The relation used to determine this relative intensities is



simply



-_ / , etc. 

where n i and n 2 are the population numbers of the electron



levels and the R's are the individual transition rates.



?inally, Fig. 3 shows the more severe broadening of the
 


emission line as 9 is decreased from - If the observed



10'1 

10 ,thorartc secord Forrrac t10'

0
P,=*1 Ifirs 312 c 

tII



02  pe= II p,.02j 

10' ' "a 

L il; i 
J"/J'_ _ _ "_ _ I _ _ _ 

50[I20 30 50 60 .70 82 90• / [ke] ",wlkeVj 

Fig. 2. The Doppler-broadened intensity profile of the individual Fig. 3. The asymmetric behavior ofthe intefisity profile C(w) persists at 
emission lines tends to showastrong asymmetry at angles near xr/2 with angles smaller than /2, but becomes more complex showing two 
respect to the B field. The relative intensities shown correspond to a distinct maxima, one at wo0() corresponding to the peak of the 
thermal electron distribution at 5 108 K distribution function and anotherat the frequency w= (ar/2)/sin 0, at 

which the denominator in Equation (10) vanishes 
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X-ray pulsations from Her X-1 are indeed due to the sweep



of the magnetic axis past the line of sight, then the line



broadening should exhibit a similar dependence on pulse



phase.



III. Cyclotron Absorption



As might be expected, the inverse process of cyclotror



absorption is equally dependent on the motion of the



absorbing electrons. Most of the kinematic -effects of



absorption are due to the longitudinal motion alone, however,



since for temperatures kT.< E1-E 0 a majority of the electrons



at any -given instant occupy only the lowest allowed orbital.



Thus for all values of kT<50 keV in the case of Her X-1,



it is entirely sufficient to calculate thd absorption



coefficients for photons traversing a pure ground-state



electron gas.



Under the above assumption, the general form of the



absorption coefficients for polarized phntons of



energy tj propagating at an angle & 'with respect to the



field B may be written in the form (Daugherty and Ventura



1978)



7T 2c>(- c2 rLP- 171. 

(tt4Z 6 k.lC 4 k"JcE0 aOCc 

J 1 
±L2t [c0 §-Pc 3p 
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where is the normalized distribution function for



the longitudinal electron momenta and no is tht spatial



electron density. The dimensionless parameter Z is given



by the ecuation =)2 

and the quantities Di are polarization coefficients



defined in Table 1 below for both linear (S) nnd -
ircular(



polarizations. (The labels are here chosen so that


A AA' A FTI ~A A 

- E+-f(iL + ).=0 

TABIE 1



Polarization: (I) (2) (+) 
DI si29 0 sin2&

2



D2 Cos2 1 (coseq + 1)



D3 sinocoso 0 sinO(cose + 1) 

The above expressions for the absorption coefficients



are approximate in that they assume no dispersive effects



for the photons, although for the density regimes expected



in the case of Her X-1 such an approximation should be



quite valid. In any event, the proper inclusion of dispernive



effects is made quite formidable by the fact that the



radiating plasma is almost certainly not homogeneous.



The above expressions have been uoed by Pravdo et al.



(1978) to fit detailed observations of spectral features,



notably cutoff energies, in the lower continuum emission



of Her X-1. Their results appear to be in good agreement



with a simple power law emission spectrum with superimposed
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absorption features. In addition, the absorption process must



also play a direct role at the energies associated vith any



emission features, since numerical estimates based on equation



(2) demonstrate that the emission region should bb opaque



throughdut most of its volume. This fact also happens to be



necessary in order to produce the high luminosity of the



reported line feature. However, a complete model consistently



treating both the cyclotron emission and-absorption effects,



as well as the other possible radiation mechanisms, remains to



be developed.



IV. Discussion



In discussions of models for Her X-1 and other pulsating



X-ray sources which have appeared to date, it is unfortunately



difficult to find detailed calculations which consistently



recognize that the deep magnetosphere of the accreting neutron



star is an extremely exotic environment dominated completely



by the presence of the superstrong magnetic field. The



quantizing effects of the field become quite drastic long



before the accreting material has reached a height of several



stellar radii from the surface. In particular, all the



transverse energy of the infalling electrons is lost through



rapid magnetic bremsstrahlung. In the increasing field at even



lower depths, the plasma remains a one-dimensional gas, and



only the intense heating near the surface by Coulomb excitation



and photon absorption can manage to raise a fraction





4n2



of the electrons back into the first excited orbital at any



instant.



As noted above, the field also profoundly changes both



the kinematic and dynamic aspects of the interactions between



particles. Since the microscopic particle interactions underlie



all macroscopic plasma effects, these too must be profoundly



modified. Under these conditions it should be obvious that



the classical descriptions of Coulomb excitation, cyclotron



emissiow and absorption, Doppler and other broadening effects,



as well as large-scale plasma effects, have little or no



validity. Consistent quantum-mechanical treatments of all



these processes will be required before a quantitative



model for objects like Her X-1 is possible.



A second, more specific remark is that even in the context



of a quantized treatment of cyclotron emission, the connection



between an observed line energy andthe actual surface field



strength is not entirely unambiguous. In particular, a



knowledge of the velocity distribution of the radiating electrons



is essential (though non trivial to determine), since any



remaining net downward motion in the emitting region will



result in a corresponding Doppler shift of the line. It has



also been pointed out already (TrC'mper et al. 1978) that a



gravitational red-shift correction of order 10.20% is necessary,



although its actual xale-would require a knowledge of both



the stellar mass and radial distance of the emitting region.



Further complications may.be expected if temperatures become



so high that additional harmonics in the spectrum are significant.
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In this case, unresolved multiple "first" harmonics (single­


step transitions between higher excited states) would also



tend to shift the apparent line energy downward from its



fundamental value. Whether these several effects can be



untangled to arrive at a reliable value for the field



strength will depend both_ on further observations and



the development of more refined theoretical models.
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I. Introduction



Recent observations of the X-ray pulsar Hercules X-i have shown a line 

emission feature at about 60 keY, which has been interpreted as the fundamental 

electron cyclotron line in a magnetic field of around 6xlO12gauss (Trumper et al. 

1978, Coe et al. 1977). In this interpretation, the line radiation results from 

transitions between transverse energy levels, which are quantized by the field. 

This paper calculates the expected line luminosity from the excitation of these 

levels by protons which are falling into the polar cap of a neutron star. They 

are assumed to attain kinetic energies up to around 200 MeV, the gravitational 

potential energy at the surface. In section II, we calculate the cross sections 

for high energy Coulomb encounters between small pitch angle protons and electrons 

in a strong field. In section III, these cross sections are used to calculate the 

energy loss rate of the infalling protons. This rate, together with the rate of 

elastic nuclear proton collisions, is then used to calculate the number of line 

photons an infalling proton can be expected to produce, directly or indirectly. 

Finally, in section IV, we apply the results to Hercules X-l.



II. Coulomb Encounters



The solution of the Dirac equation for an electron in an intense magnetic



'ield B yields total energy (W) eigenvalues



2 4w=p2c +ec (I + 2jB/Bq) j = 0,1,2,... (1) 

where P is the electron momentum parallel to the field, c is the speed of



light, me is the mass of the electron, and
 


23 4.4140' 1 3  (2) 

Bq c /(eh) = gauss. 

The radiation we are primarily considering is emitted when an electron makes



a transition.from the first excited state (j=l) to the ground state (j=0). In



normal astrophysical situations, the electron Lorentz factors are much larger



than B/Bq, so that the electrons occupy states of high quantum number and have
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large parallel momenta. In this case, they radiate mostly the first harmonic



(Aj=l), but the Doppler shifts resulting from the large parallel velocities 

broaden the radiation into i synchrotron spectrum. However, even for mildly 

relativistic electrons (y C 1.1) in fields greater than 1012 gauss, the quantum 

nature of the radiation must be taken into account. Discrete cyclotron line 

emission rates and absorption cross sections have been calculated for intense 

fields by Daugherty and Ventura (1977 and 1978). The lifetime they- obtain for 

-
an electron in an excited state is of order 10 16 seconds, much shorter than



collisional time scales for reasonable densities implying that relatively



cool (kTe <heB/mc) electrons will spend most of their time in the ground state. 

In a Coulomb collision, the momentum transfer prefers to occur perpendicular



to the relative velocity. For energetic protons with small pitch angle colliding. 

with an electron in the ground state of an intense field, the transfer of energy 

to the electronic plasma is inhibited (Basko and Sunyaev 1975). However, under 

energetically favorable conditions, the proton can transfer transverse momentum



to the electron by excitation of the quantum levels. In addition, head-on or 

knock-on collisions can occur, in which the electrons are not excited, but are 

reflected along their field line. We have calculated the cross sections for 

these processes as a function of the electron energy in the proton's rest frame, 

Ee*, by a first order quantum electrodynamic approximation. The results are shown 

in Figure 1, where the dashed lines represent the results of the calculation, which 

because-of a breakdown in the approximation, become infinite at the thresholds 

Sf excitation. We have arbitrarily smoothed, these infinities as shown by the solid 

lines. The index j labels the final state: j=O represents a knock-on collision, 

j=l represents an excitation from the ground state to the first excited state, and 

so on. For the energies under consideration, excitation of the ]st excited state 

dominates all other Coulomb processes above its threshold. Analytically, the 
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cross section aj for excitation of the jth state from the ground state in a


a 

-Coulomb collision with an ion of charge Ze with zero pitch angle is given
 


in the ion's rest frame by



-13 

where r is .the classical electron radius, 2.82x10 cm, p and p' are the initial


e 

and final momenta parallel to the field respectively, of the-electron, E is the 

electron kinetic energy, and s' is its final spin. There are two possible values 

of the final momentum, given by p = + p 2 -2mc B/Bq j, and these are summed 

over in equation (3), Finally the are defined by 

(4)ej(X) dt -(t-x) (t-x). 
t2



The 	 first three are given here in terms of the exponential integral: 

0(x)= 1/x - exEl(x)



i(X) = eX(l+x) E1(x) - 1



2(.x) = 1-x - (x2+2x) eXEl(x)



III. 	 Line production by infalling protons



Using the results of the previous section for the Coulomb cross sections



Tj, in an intense magnetic field, we-have calculated the energy loss rate per



unit 	 matter traversed for a proton with zero pitch angle by Coulomb processes:



JE/AK= t/rnv J p feP)rte P)~(; 'E( 

where mp is the proton mass, v is the proton velocity, p is the electron parallel 

momentum, fe is the electron distribution function 'in p , vrej is the relative 
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velocity between the particles in the encounter, and AEj is Jhe energy lost in



the collision. The results, assuming a relativistic one dimensional thermal



distribution of electrons,are shown in Figure 2 for four temperatures. For



-comparison the -energyloss-rate in a non-magnetized .gas of temperature 35 keV is



shown by the dotted line (Book and All 1975). For Te = 0, there is a sharp



discontinuity at the threshold for excitation, but this disappears when the



electrons take on a thermal distribution, and at Te = 35 kev, dE/dx is relatively



constant in energy.



Figure 3 shows the Coulomb mean ranges for the temperatures discussed above.



As Basko and Sunyaev (1975) pointed out, for high enough energies elastic proton­

proton nuclear scattering has a mean free path smaller than the Coulomb range


(Xpp,elas - 50 gm/cm2 ). In an elastic scattering, the proton is deflected from 

zero pitch angle, and then the energy can be given up rapidly to ambient electrons,


via the excitation of plasma waves, for example. Thus, the equation for the ,energetic


proton distribution function in a steady state atmosphere ban be written


9§ - a odE


-5E - ) = - rpp/mp I(E,X), (6) 

where E is the proton energy; X the amount of matter traversed (in gm/CM2 :fnr 

example), § is the differential (in energy) flux of protons, and app is the cross 

section for a nuclear collision with an ambient proton. The solution to this 

equation with the boundary condition that injection occurs at the top of the 

atmosphere, (XO)with flux (p08(E-E 0 ) is 

§(E,X) = cp /(dE/dX) exp [- f pp(E) dE'] (7)E mpdE/dX(E") 

To evaluate the line productivity of the protons in a one dimensional thermal



gas, we have integrated the flux given by equation (7)with the cross sections



for knock-on and excitation collisions. An excitation to the jth level is
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assumed. to yield j line photons since the electrons tend to deexcite in single 

step transitions (Canuto 1977, Daugherty and Ventura 1977). A knock-on was 

assumed to produce as many line photons as'was energetically possible, by-Coulomb



collisions with ambient ions. It is important to note that we neglect energy



losses of the knock-ons to continuum photons by resonant absorption (Pravdo et al.



1978) which results in the conversion of these photons to line photons. The



results for the multiplicity of line photons produced under our assumptions are



shown for the four temperatures in Figure 4a, and Figure 4b shows the fraction of



the proton's energy put into line photons as a function of the injection energy.



For Figure 4b, we assume a line photon has an average energy equal to the energy of



the 1st excited state with p = 0.



In order to investigate the production of cyclotron line photons by the high



anergy tail of a one dimensional thermal electron distribution in collisions with



ambient protons, we have integrated the cross-section for the excitation of the



first excited state with such a distribution function. The resulting line



production rate per unit gas density, a1 , is given by



al(T) = Jdp Tp ) cl(p )v , (8) 

where T is the temperature of the medium, v is the velocity of an electron with 

momentum p , a1 is the cross section for the transition from the gnound state to 

the first.excited state, and fT(p) is given by 

f ) = exp(-cvp 24m2c/kT)/(2me K(mc
2 /kT)) (9. 

where Kl(x) is the modified Bessel function (Abramowitz and Stegun 1965). -The



results for temperatures of 1 to 100 keV are shown in Figure 5, for field value 

of 1012 and 6x102 Cause., As can be seen, the line production coefficient a1 

rises quite dramatically as kT approaches% eB/(m&c)and flattens somewhat at 

higher temperatures.
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IV. Application to Hercules X-l



If we assume that radiative transfer has little effect on the ratio of line energy



to total energy released, the calculations of the preceding section may be compared



with observations of the X-ray pulsar Her X-l. From a recent observation of a



(1978) have estimated a luminosity in line
feature near 60 keV, Trumper et al. 


photons of 2x1035 ergs/sec. There are two observed components of continuum radiation, 


hard (2 to 20 keV) and soft (.1 
 to 1 keV) X-rays, with roughly comparable luminosities
 

of 1 to 2x10
37 

erg/see (Giacconi at al. 1973, Schulman et al. 1975, Catura and Acton 


1975). The infailing protons are generally assumed to power both components, so at


most, only 1/2 to 1 percent of the energy comes out in the line. Since the effective 

hard X-ray temperature is > 20 key (Pravdo et al, 1977), we see from Figure 4b that 

this fraction is consistent with infall proton energies of 140 MeV to 180 MeV.



On the other hand, Compton scattering of the line by electrons in a relatively



cool (T - 10 6K) shell of material at the Alfven radius may reduce the line luminosity 

considerably. Such a shell has been proposed to account for the soft X-ray flux 

mentioned above (McCray and Lamb 1976, Basko and Sunyaev 1976). In addition, the 

reported width of the .- 60 keV feature implies that its emission occurs at angles 

close to 90-degrees with the magnetic field direction (Trumper et al. 1978) where 

the Alfven shell is expected to be the thickest. The Compton scattering depth is 

estimated to be from 2 to 4 in this region. Using the calculations of ,Weaver (1978), 

who finds that the luminosity in a narrow feature at 60 key is reduced by



2 exp(-T) by a shell of Compton depth -r.- 3 we see that if the Alfven shell exists, 

the observed ratio of line luminosity to total (soft and hard X-ray) luminosity 

is inconsistent with our calculations by about an order of magnitude or more. 

However, it can be argued that a large amount of the accretion energy goes



into unobservable channels. In this case, we can estimate an accretion rate


as a function of the Compton depth of the Alfven shell. For an infalling proton


energy of 150 MeV into a gas at a temperature of 35 keV, the accretion rates


required under our assumptions are 3.4xi01 7, l.2x101 8 , 3.4x101 8, and 9.3x1018 gn/sec 

for Te of 0, 2, 3, and 4 respectively.
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Figure Captions 

1. 	 The Coulomb cross-sections for excitation and knock-on collisions in a field 

of 6x102G as a function of the electron energy in the proton rest frame 

(bottom scale) or the proton energy in the electron rest frame (top scale). 

The electrons are initially in he ground state and the protons have zero



'pitch angle; j labels the final transverse energy state.



2. 	 The Coulomb energy losses suffered by zero pitch angle protons per unit matter 

traversed for several temperatures in a field of 6x1071 2G, as a function of the


proton energy. Also shown are the losses in a non-magnetized gas of kT = 35 keV.


3. 	 The Coulomb range of fast protons with zero pitch angle, without taking



nuclear collisions into account, in gases at several temperatures.



4. 	 a) The multiplicity of line photons produced as a result of Coulomb interactions 

with infalling protons as a function of the initial energy of the proton. 

b) The fraction of the proton kinetic energy going into line radiation as a 

function of the initial proton energy.



5. 	 The coefficients for thermal excitation of the first excited state in fields



of 1 and 6x1012G, as functions of the gas temperature.
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1. 	INTRODUCTION



A line feature has been observed in the hard X-ray spectrum of the neutron



star Hercules X-l (Trumper, et al. 1978; Voges, et al. 1978). In this volume,



Professor TruMper has presented an excellent case for the identification of this



feature as cyclotron emission from a strong magnetic field (B 5 x 1012G). If



this interpretation is indeed correct, and one accepts the model wherein the



1.24 	second hard X-ray pulse is due to the occultation of a more isotropic X-ray



flux by an opaque magnetospheric shell (McCray and Lamb 1976; Basko and Sunyaev



1976), then these observations can be used to place strict limits on the total



source luminosity of the cyclotron emission. Here, I shall consider the dbser­


vational fate of cyclotron line photons that have emerged from the region near



the neutron star surface (Rcs 106 cm), but have yet to encounter-an opaque shell
 


8
at the magnetosphere (R - 10 cm). It is shown that if a narrow line is incident 

on such a shell, then a residual narrow feature can emerge from the shell. 

The important featute of the observations described by Professor Trumper 

is that the lines are narrow. The observed FM is 4 12 kaV (Trumper, et al. 

1978), with a total observed--luminosi-ty-in the line of approximately 1% of the 

total X-ray luminosity. Furthermore, the line seems to be pulsed in phase with 

the 1.24 second hard X-ray pulse (Kendziorra, et al. 1977). This width of 

's 12 	keV is narrow for a line centered near 58 keV if the line photons have 

Compton scattered.
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The conditions on the surface of the neutron star (T 115 keV and B 1012G) 

seem to favor the production of a significant flux of cyclotron radiation. In 

this case, the fundamental cyclotron harmonic can be excited either by collisions 

or by blue shifted photons. The physics of this excitation and subsequent re­

emission are discussed in this volume by J. Daugherty and R. Bussard. From their 

results, it is not presently clear whether we understand how a narrow emission 

line can be emitted by this source region near the neutron star surface. However 

the fundamental result of these studies is that if a narrow line is emitted by 

the source region, then it is emitted in a narrow beam directed almost perpendic­

ularly to the magnetic field lines. 

2. The Magnetspheric Sh&ll 

It was the discovery of a luminous soft X-ray flux (E < I keV.) by Catura 

and Acton (1975) and Shulman, et al. (1975) that lead Basko and Sunyaev (1976) 

and McCray and Lamb (1976) to propose that there is an opaque magnetospheric 

shell surrounding Hercules X-l. The key observational result was the total 

luminosity of the soft X-rays. .Evenif the soft source emitted as-a blackbody, 

the minimum surface area that could account for the observed luminosity is 

8
given by a sphere with radius R s 10 cm. For simple estimates of the properties 


of the neutron star, this radius corresponds well with that expected for the 


termination of the neutron star magnetic field. Thus the aecreting gas should 

be delayed somewhat at this "magnetosphere," since the magnetic pressure at this 

radius is sufficient to counterbalance the ram pressure of the infalling gas. 

McCray and Lamb (1975) estimate that the tiagnetospheric shell formed by



this process should be opaque to Compton scattering, with Tes - few. Further­


more, this shell should not be of uniform thickness in magnetic latitude. As



the gas can accrete more freely towards the magnetic poles, the flow speed is 

enhanced (over that at the magnetic equator) and from continuity arguments one 
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finds that the shell should become transparent in some region surrounding the



direction of the magnetic poles. Thus, the narrowest cyclotron line that can



emitted by the source region is directed at the thickness part of the magneto­


spheric shell.



3. Effects of Incoherent Compton Scattering



Most of the _ 58 keV line photons will be removed (in energy) from the 

narrow Vine core by incoherent Compton scattering. One can produce simple 

estimates for the redistribution effects of the scattering. The angle aver­

aged energy shift per scattering for a zero temperature gas (a good approx­

imation for conditions in the shell since Eline 58 keY) is < A E > = - E2 

2 - (/0kev)2 
mes = - 5 (Ek50 ke Y. Also, there are two effects that tend to broad­

en an initial delta function in energy (even for T = 0). First, for a givele



scattering depth, the photons which emerge from the scattering medium at a



particular time will have a distribution in their number of scatterings.



Second, every photon will not scatter through the same angles, and since the



actual energy shift depends on these angles, the emergent distribution will



be broadened. The combination of these two dispersion effects tend to broad(



an initial delta function by approximately the same amount as it was shifted 

in energy. For example, for a Tes = 4 shell, one would expect that an average 

2photon will scatter about Ta = 16 times; thus, even a delta function at



60 keV will be shifted into a broad peak centered near 20 keV and having a



width of 2 a _ 30 keVt 

The question then is, how can there be a narrow feature at 58 key, if 

these photons have scattered through a magnetospheric shell? For a uniform 

spherical shell, the only way photons can escape in a narrow feature is if 

the unscattered or primarily forward scattered photons are strong enough to



be seen above this broad "continuum" of scattered line photons. Whether a
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line ,can be seen or not depends critically on the total scattering depth



of the medium the photons have traversed and on the initial energy of the line.



4. Results and Discussion



These simple considerations can be shown to be correct. I-have developed



a Monte Carlo X-radiation transfer code in order to study the scattering of



narrow lines in the X-ray regime (I keV < E < 100 keV). Figure 1 shows


104 	 1 . 103 , 1. , , , 103 

E. - 9.2 WV 	 E 55 W*V E .90 Wkyt 

a... .		 a 
1 .lo 	 1a1 

o 	 lot I to lot to 102 

ttwlvx av 	 ElI.VI 

Figure 1. 	 The Comptonized distribution of photons that have scattered through
 

a uniform Tes = 3 spherical shell. The shell is cold (Te = 0). Mono­

energetic photons were incident normally on the inner surface of the shell.



the results of a typical calculation. Monoenergetic photons'were injected _ 

into a Tes = 3 spherical shell at three energies: 9. keY (figure la); 55 keV 

(figure ib); and 90 keV (figure Ic). As the energy of the initial photons 

increases a typical photon will lose more energy per scattering. The final 

distribution will be correspondingly broader for a fixed scattering depth. 

As a result the Comptonized distribution for low energy photons (figure la) 

engulfs the narrow peak of unbcattered or primarily forward scattered photons. 

However above about 20 keV, the scattered continuum is sufficiently reduced 

(due to down scattering) at the initial line energy so that this narrow



residual peak can be seen above the continuum (for the same resolution of



the line and continuum). Note that for photons at 90 keV, the energy loss


I 

per scattering is so large (with the total scattering depth essentially un
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changed) that the broad peak of the scattered distribution is nearly at the



same energy as that from photons which started at 55 kev.



Thus, even if there is an opaque shell at the neutron star,magneto­


sphere,.a narrow line can be seen at 60 keV if the scattering depth is not



too large. For large depths (Tes > 5), the number of photons that do not



scatter is sufficiently small that-the scattered distribution always over­


whelmes them. Note that in this model, the line would appear to be 180*



out of phase with the hard X-ray pulse. The line photons emerge from the



°

shell near e 90 , while the photons in the hard X-ray pulse must leave the



system near B z 9' if the pulse is due to the variable opacity of the shell



(e is the angle to the pole direction).



Clearly, a more self-consistent model would allow line photons to escapi



through the "holes" in the shell where the hard X-ray pulse originates. To



this end, and followingLanger, Ross and McCray (1978), I have used a uniformly



thick (Tes = 3) spherical shell with symmetrically placed holes over the 

magnetic poles. These holes remove 25% of the surface area of the shell (see 

=Tangei, et al. 1978). Monoenergetic photons (E. 56 keV) are still injected



at 0 = 900; however, there are now two escape routes for these photons.



They can escape through the shell itself (as before) or if they backscatter



through the inner wall of theshell and are moving in the right'direction,



they can escape through one of the holes.



The spectral results for this model are shown in figure 2. Figure 2a 


shows the spectrum of the total radiation that escaped through the shell. As 


before, a narrow feature remains at the initial energy of the line. Figure 


2b shows the spectrum of the total radiation that escapes through the holes. 


Again there is a narrow feature in the spectrum. The energy of this feature 

corresponds exactly to the energy of a once backscattered photon E' = E 
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(I + 2Eo/meC2). For this backscattered feature to be present, the shell



scattering depth need only be Tes > 1 "(with no upper limit). 

103 103 l . I , " b i ll-. 

(o) (b)
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Figure 2. The spectrum of the total radiation that escapes through a Tes = 3 spherical 
shell with holes over the magnetic poles. Monoenergetic photons (Eo = 56 keV2


were directed towards e = 90'; they were followed until they escaped through


the shell or through one of the holes.



Notice that in any case where there is a scattering medium surrounding



the cyclotron source region, most of the photons will be removed from the



original narrow feature. In other words, the observed luminosity of the line
 


in this model is only a small fraction of the total source luminosity. Only



57 of the total source luminosity escapes in the narrow feature through the



holes, while 11% qscapes in the narrow feature through the shell. The amount



that escapes through the holes depends only on the size of the holes, while



that which escapes through the shell depends strongly on the total scattering



depth through the shell. Thus, if one observes a narrow feature near 60 keY



and there is an opaque magnetospheric shell surrounding the source of line



photons, then some fraction greater than 107 of the available gravitational



energy in the accretion is being transformed into cyclotron emission. Since



the observed line seems to be pulsed in phase with the hard X-rays (Kendziorra,



et al. 1977), it seems reasonable that the observed emission is cyclotron
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line radiation that has backscattered and escaped through a more-or-less



transparent region of the magnetospheric shell.
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Abstract



The energetics of the decelerating matter in the accretion



column of X-ray pulsars is considered, in particular the



Coulomb process. A two zone model is presented to account for



the continuum and cyclotron line emission, incorporating a



fan-beam radiation scheme, which appears able to explain the­


observed properties.
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The most straightforward interpretation for the line feature



observed around 53 KeV in Her X-1 is that it is a cyclotron emission



line, corresponding to a field B- 4x10 12 Gauss, seen in emission



(e.g. Trthmper et al. 1977, Mszaros 1978), the argument being that



at the line the opacity is so high that the intensity reaches the



Planck value. A very complete model of the accreting column has been



discussed by Sunyaev and Trtmper (1978). The model discussed here,



while producing a roughly similar geometry and temperature structure,



is based on different physical processes.



If the line is thick, one can estimate the surface area required



to produce a line luminosity LL Q few x 1035 erg s- to be



AL = LL{2 IL)-I = 107 2 (1)



The continuum, on the other is probably somewhat below the Planck



value, due to comptonization (the main opacity being Thomson,



3 7
 

TT 5-10). The area required to produce the observed Lc 10O
 

-1 
erg s is, at n estimated kT -l 4-8 TaV,a



2
A > 109 cm (2)



What may determine the characteristic dimensions of these



areas?'The radius of the polar caps, estimated on the basis of 

a dipole pattern and an Alfven radius where B2/8r -- pv2 of 

infalling matter, is a 105 cm. The height along the accret­


ing column of the emitting regions 1c and 1L of the continuum



and line (see Fig. 2) must be given by the deceleration process



of the matter. A radiation pressure shock (Basko and Sunyaev



1975) is only marginally important, if the matter fills the



whole volume of the column and we consider Thomson scattering



mainly (the critical luminosity above which radiation pressure
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(a /105 cm)(R/R) 3/2
 

is important turns out to be L* = 1037 
 

-1


(aT/a) erg S = L ). Using reduced Thomson cross sections



a - OT(V/\H ) 2 due to magnetic field effects would increase



L*, on the other hand including cyclotron opacities might de­


crease it (the cyclotron luminosity is hovever also smaller).



If the column were not filled by matter totally, but only a



shell, or wall on the outside of it, this would reduce the



area and decrease L*, but whether such a configuration arises,



or is stable in the presence of instabilities present in a shock,



is unclear, and a more or less filled column is probably the



safest assumption. Two stream instability-type collisionsless



shocks are another possibility, but there is uncertainty as



to whether the instabilities really develop to the non-linear



stage in the situation envisaged (Alme and Wilson 1973, Shapiro



and Salpeter 1975). We consider now deceleration of the in­


falling ions, which carry most cf the accretion energy, by



coulomb collisions with the electrons of the stationary plasma



in the lower part of the column. The energy loss per unit path



length is



dE- =O--O pe e o PD/P (3)
2 2 V-2 
 in [2z -1 
 
(D3min 

where w2 = 4rne2 /m, V° = proton velocity, = debye length 

pe e PD 

and pi = l/mV. In a strong B 1d O, the corresponding stopping
 


length 10 = E(dE/dz) has to be multiplied by a factor (Pavlov



and Yakovlev 1975)



1
5 = 2A A {In[4/(02n + - 2} (4)
0 1 0 
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where S (1 + Ajl/A±) (m/M), A1 = (1 + pD/P 

All='nn{(PD/Pmin) (1 + pD/PL)-l}, A0 = A11 + A1 , and PL = electron 

larmor radius. The value of 10 turns out to be



1 - 4 (ne/10 )-1 cm, and the correction &-16, so that



taking into account some increase of density as the matter



decelerates,



1B = E(dE/dz)B 
1 104 - 105 am (5) 

Now the rate of slowing of the proton increases as 1/E, so 

most of the heating occurs towards the end of its stopping 

length. Moreover, the slowing down is caused by many distant 

encounters, which gradually increase the mean square angular 

deviation of the proton, until at 1 - 1 the proton has changed 

its original momentum by 900, i.e. it has a large p , c.f.



Fig. 1, and one would on this account also expect a greater



likelihood of exciting the cyclotron line (i.e., imparting


to the electrons a larger pL) in this region, at the base of 

the column. The geometry of the emitting regions would be'then 

as in -Fig. 2, the larger part of the column (height 1 C .B) 

providing the continuum radiation, while the bottom section 

of height 1L would be responsible for the line emission. The 

ratio of Continuum to line luminosity is 1/20, and integrating 

equation (3), one sees that if we denote by 1L the end part 

of the stopping length 1c, where the last 1/20 of the initial 

energy E is spent, the ratio of characteristic heights comes 

out naturally to be (IL/iC) (1 1/20/1tot ) - (1/4 x 10 2), so that 

IL B < (11/20/1 tot) 2x1OI 2xi02 (6) 
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2
A larger area Ac - ao x 1c 109 - 1010 cm , with average 

temperature Tc 4-8 KeV would emit a continuum, consisting



of downscattered (and smeared) cyclotron photons, as well as



photons from collective processes and bremsstrahlung. The



increased temperature of the base, especially the increased



P. expected from the Coulomb process, would then make visible



the cyclotron line itself -from the outer surface of a smaller 

area AL. a0 X IL 2 106 - 2 107 cm2 at the base of the column. 

What would be the directionality of the radiation emitted?



The observed width of the cyclotron line (AE/E < 0.3) imposes



some restrictions on the possible types of beaming, since in



a magnetic field, the broadening of a line can depend on the



angle 0 between photon direction t and magnetic field vector



. Of the possible broadening mechanisms, the collisional and



radiative broadening are negligible, while the relativistic



change of mass only imposes the restriction T < 170 KeV. The



Doppler broadening AE/E = (8.1n2.kT/mc2)1/2 cose < 0.3 al­


ready requires e > 400 if T > 15 KeV. Incoherent Compton



scattering (AE/E "J kT/mc2 ) imposes the restriction that the



line must arise from a skin depth of Thomson optical depth



< 1. The most important broadening effect should 
in fact



T 
 

be due to the self-saturation of the line (Masz&ros 1978),



since Tcy >> T > 1. The absorption coefficient is



g(v) = B(0).w. (zcsth)-i exp(-z./2) (7) 

where 2 = kT/mc 2 << 1, z = (1-V I/)/(t coso), and the
wereth th



angular factor averaged over polarizations is



B(0) = (87)-1/2 nee2 V-2 (1+cos 2e) cose- 1, both for quasilongi­
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tudinal andquasitransverse propagation. The width is determined 

by letting v-vH be the value for which Tcy(V) - cy d s 1, and 

this imposes, for T > 15 Key the rather severe restriction 

6 Z 750 (8)



All indications therefore point towards emission strongly con­


centrated in the plane perpendicular to B, i.e. a fan-beam



scheme. Because the pulse duty cycles and phases of the line



and continuum photons are almost the same, it follows that



the beaming properties of the continuum (at least in the band



2-50 KeV) is also fan-beamed. The very soft continuum, E < 0.5
 


KeV, may be radiation emerging from the stellar surface over a



larger area around the base of the column, if the emission



process is nonthermal, i.e. Tph < Tsurf' a situation which does



not appear unlikely. This flux, due to the relative orientation



of the emitting surfaces, would then be beamed i/2 out of phase



respect to the harder flux, as observed, c.f. Fig. 2.
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V. DETECTION TECHNIQUES AND NUCLEAR CROSS SECTION MEASUREMENTS
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SUMMARY OF THE WORKSHOP ON DETECTOR CAPABILITIES



G. J. Fishman


Space Sciences Laboratory



Marshall Space Flight Center


Huntsville, Alabama 35812



The importance of observations in nuclear gamma-ray astronomy for solving



many astrophysical problems is quite clear from theoretical papers presented



at this symposium. Experimental work in the field has had a slow and



laborious start; there exists today only a few observational results of



relatively low statistical significance. A Detector Workshop session was



organized to discuss the present detector capabilities and future prospects



for more sensitive detectors. Brief talks were given by panelists followed



by discussions.



The workshop session began with spirited discussions of the relative



merits of scintillation detectors, and germanium detectors, for astronomical



line spectroscopy observations. J. Kurfess, Naval Research Laboratory,



presented data showing that under certain conditions, large scintillation
 


detectors would have distinct advantages. These conditions included transient
 


events, the observation of doppler-broadened lines, and the limited volume



and cost constraints of germanium detectors. J. Willett, Jet Propulsion



Laboratory (JPL), presented the current capabilities of germanium detectors



with regard to resolution and sensitivity. There seemed to be a consensus



.that there would continue to be a trend toward experiments with large germanium
 


arrays, but that large scintillation detectors will continue to provide



contributions as well. Compton telescopes are expected to have great poten­


tial, especially at the higher energies. Their background rejection capabilitiel



and ability to simultaneously observe source and background regions where



pointed out.
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There were a series of discussions on the mechanism and effects of



background and radiation damage in detectors. A. Metzger, JPL, showed high



resolution spectra of germanium detectors irradiated by 3 GeV protons.



Numerous activation lines and their time variations were measured. W. Mahoney,



JPL, presented data obtained by a balloon-borne germanium detector, showing



the development of activation lines from radiation found at balloon altitudes.



In general, the radiation environment producing internal induced radioactivity



in detectors is quite complex, consisting not only of cosmic rays and trapped



radiation, but locally-produced secondary radiation as well.



R. Pehl, Lawrence Berkeley Laboratory, presented data showing the degra­


dation of resolution of germanium detectors from relatively low fluxes of



protons and neutrons. The effects can be greatly'reduced by proper choice



of detector types and biasing. Annealing of detectors has been shown to reverse­


the degradation. The effects of radiation on the planned HEAO-C instrument,



to be launched next year, are uncertain, since the internal secondary radiation



is unknown. G. Nakano, Lockheed, mentioned that no degradation was observed



in their germanium satellite instrument.



K. Long, Columbia University, reviewed the polarization characteristics



of Compton-scattered gamma rays. 
He stated that, with proper readout design,



arrays of detect6rs and.Compton telescopes could be made sensitive to polarized



gamma rays from sources.



Several new and exotic gamma ray detectors were mentioned by participants



including: liquid argon counters, gas scintillation detectors an~d cadmium



telluride. R. Haymes, Rice University, described a gamma-ray "correlator"



consisting of a large three-dimensional array of small scintillation detectors.



Several people stressed the importance of continued laboratory development and



balloon flight tests of these new detectors and techniques.
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The Detector Workshop provided an excellent forum for the exchange



of ideas among representatives of all active experimental groups in the



field. It was noted that the Detector Workshop was also attended by many



theorists, who will eagerly be awaiting data from upcoming balloon flights,



HEAO-l, IEAO-C 'andfrom the Gamma Ray Observatory.



The following 6 articles of this volume were presented at the Detector



Workshop Session.
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GAMMA RAY SPECTROSCOPY IN ASTROPHYSICS:



FUTURE ROLE OF SCINTILLATION DETECTORS



J.D. KURFESS


Naval Research Laboratory


Washington, D.C. 20375



ABSTRACT



The future role of conventional scintillation detector telescopes



for line gamma-ray astronomy is discussed. Although the energy resolution



of the germanium detectors now being used by several groups is clearly



desirable, the larger effective areas and higher efficiencies available



with scintillation detectors is advantageous for many observations. This



is particularly true for those observations of astrophysical phenomena



where significant line broadening is expected.



Subject Headings. Gamma-Ray Astronomy, Gamma-Ray Detectors



After more than a decade of difficult, pioneering efforts in the



gamma-ray spectroscopy of selected astronomical sources, the results



presented at this conference indicate that the field is entering an



exciting and productive era during the next few years. During the



initial phase of gamma-ray astronomy, inorganic scintillators have been



the most widely used detectors. Most of the results presented at this



conference were obtained with scintillation detectors. However, interest
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in high resolution measurements has been keen for many years.



Following the pioneering efforts of Jacobson (1968) and Womack and



Overbeck (1970) there are now six or more active gamma-ray astronomy



groups using high resolution germanium detectors. Although these



spectrometers will clearly make significant contributions in the develop­


ment of gamma-ray astronomy, it is the purpose of this paper to point



out that conventional scintillation experiments will continue to play a



major role in the near future.



The scope of this paper will be limited to the relative advantages
 


and disadvantages of 'conventional' scintillation and germanium experi­


ments. These are the 'actively-shielded' telescopes which have been



utilized almost exclusively in the past and undoubtedly will continue



to be the most widely utilized detectors for many years. There is a



definite need for other developments in detector technology, e.g.,



detectors with much better angular resolution or imaging capabilities,



and detection techniques which suppress instrumental background, such as



the double Compton telescope. Other papers at this conference have



discussed some of these developments; they will not be considered further



in this paper.



A brief introduction to observational techniques is required before



a comparison of scintillation and germanium detectors is discussed.



The 'conventional' detector consists of a central detector element, usually



a NaI(Tl) or germanium crystal surrounded by an inorganic scin­


tillator anticoincidence shield which typically restricts the field-of­


view of the detector to -10s to 300 FW M. The intrinsic detector background
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due to the local Y-ray environment and to background induced in the



central detector by nuclear reactions is rather high, so that the signal



to background ratio is generally well below 1:1. Therefore, some technique



for subtracting background from possible source contributions is required.



This usually involves alternating source ,observations with background



measurements in which the detector is offset from the source by some



angle greater than the detector's field-of-view. This technique has



been used for most balloon observations. Another technique is to allow



the source to drift through the field-of-view. This scanning technique



has been utilized by most satellite experiments and has also been used



by some balloon groups.



When comparing scintillator and germanium experiments it might



be assumed that a detector with much better energy resolution would



clearly be the detector of choice. A recent article in the popular



literature emphasizes the importance of high resolution measurements



(Lingenfelter and Ramaty, 1978). However, other factors must also be



considered. The energy resolution, full energy peak efficiencies, and



detector area are all parameters which directly enter into the y-ray line



sensitivity. Table 1 lists typical values for the photopeak efficiency



and the energy resolution for both an 8"-diameter x 4"-thick NaI(Tl) 

3 
crystal and a 100 cm germanium detector for several energies in the 

0.1-10 MeV region. For the size detectors which are currently available 

NaI(TI) has a much higher detection efficiency throughout most of this 

energy interval. The superiority of the germanium detector with respect 

to energy resolution is also evident. 
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Table 1



Full Energy Efficiency Energy Resolution (keV) 

Energy NaI Germanium NaI Germanium 
8"x4" 100 cc 8"x4" 100 cc 

0.1 MeV .95 0.70 20 2



0.5 MeV .85' 0.30 45 2



1.0 MeV .65 0.15 65 3



2.0 MeV .47 0.08 95 4



5.0 MeV .30 0.05 150 5



* germanium efficiency data kindly provided by J. Willett 

** sum of full energy peak and first 0.51 MeV escape peak 

The 3 o line y-ray sensitivity for an experiment is,given by the



following.



s(3o) 3x 1.31 '- AE]1-­

where: A = detector area


T = source exposure time = background exposure time


c = photopeak efficiency at2energy E



B(E) background rate (cts/cm -s-MeV) at energy E


AE = energy resolution (FWIRM) 

The factor 1.31 arises because only 76% of the counts in the peak fall



within the'full-width-half-maximum, E (a gaussian peak is assumed).



For optimum sensitivity to a weak line, equal source and background



periods are required.
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Generally, detector systems must be designed within some cost



and weight restrictions. In practice, the larger detection areas and



higher efficiencies which can be realized with scintillators offset the



poorer energy resolution so that better sensitivity can be obtained



with a scintillator experiment for many applications. More importantly,



many of the Y-ray lines produced in astrophysical sources are expected to



exhibit broadening. Broadening is certainly a significant factor for many



lines produced in solar flares or by cosmic ray interactions with the



interstellar medium. Line broadening can also be expected in supernovae



4


and novae where shell expansion velocities of up to 10- km/sec will



result in Doppler broadening of up to -5%. Even line emission from



compact objects may be broadened because of variations of the gravitational



or magnetic fields in the production region. Whenever significant



broadening occurs, the relative sensitivity of the scintillation



detector is improved.



As an example, Figure 1 shows the emitted Y-ray spectrum calculated



by Lingenfelter and Ramaty (1978) for cosmic rays interacting with the



interstellar medium. Both the cosmic rays and the interstellar medium



were assumed to have normal cosmic abundance. A rich spectrum is observed,



and the clear implication is that high resolution observations are



necessary to investigate y-ray emission from the interstellar medium.



However, this figure is somewhat misleading when viewed from the detectability



of these various features. For a medium energy resolution detector such



as NaI(TI) the integrated line intensity (i.e., Y/cm2 -sec in the line)
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Figure 1. Calculation by Lingenfelter and Ramaty of the y-ray emission produced by cosmic rays


interacting with the interstellar medium.
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expected from the galactiS center region assuming a low-energy cosmic-ray 

energy density of 4 eVfcm . The sensitivities of large Nal and germanium 

detector arrays is also shown (see text). For comparison, the reported 

(1975) are included.features by Haymes et al. 
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is a measure of the detectability. Therefore, the line intensities
 


of the stronger'features in Figure 1 are reproduced in Figure 2, but



plotted in Y/cm -sec. The flux values have been normalized to those



expected for an observation of the galactic center region, assuming



3


the energy density of low-energy cosmic rays to be 4 eV/cm . The broadened



lines are represented by bars, while narrow features are indicated as



lines. Notice that now the most.intense features are seen to be the 12C



and 160 lines, each of which is expected to be broadened by -100 keV.



Also included in Figure 2 are the limiting sensitivities for both



medium and high energy resolution experiments which might be typical



of the next generation of large y-ray astronomy instruments. Both



experiments were assumed to utilize a large, actively-shielded configuration.
 


A NaI array with an effective area of 2000 cm 'and a germanium array of



twenty 100 am3 diodes were studied. An observationperiod of 106 seconds



equally divided between source and background intervals, was assumed.



The background rates for the NaI array were based on a study conducted



at NRL of a large area phoswich Y-ray detector using an estimated back­


ground environment for the Space Shuttle. A spallation contribution to



the background, assuming a 28 inclination, 225 n.m. orbit was also



included (Dyer 1976). The background rates in the germanium array were



based on the balloon results of Jacobson et al. (1977). A spallation con­


tribution wa& also included below -1 MeV for the germanium array under the as­


sumption that the spallation activity per gram is approximately the



same for germanium and NaI when exposed to a similar high-energy proton



environment.
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Notice in Figure 2 that only the 12C and 160 features would be



detectable in this case, and those would be detected by the scintillator



experiment. The narrow line features are all well below the sensitivity



of the high resolution experiment.



This comparison is not meant to indicate that high resolution



experiments are not important. Indeed, for strong lines or complex



spectra, high resolution experiments will clearly provide capabilities



that scintillators cannot provide. However, it is equally clear that



during this developing phase of Y-ray astronomy, improved sensitivity



is very important, and there are many observations which require large



scintillator arrays. This is particularly true when line broadening is



considered. In Figure 2 it is seen that for the 12C and 160 lines the



scintillator experiment is -10 times more sensitive.



Scintillation detectors also provide an advantage for those observations



where the time-integrated photon flux in the feature of interest is low.



Solar flares and y-ray bursts are examples. Figure 3 indicates the



energy spectra which would have been observed during the 4 Aug 1972



flare by a single 8" x 4" NaT detector and a single 100 cm3 germanium



detector, typical of the detectors currently in use. The intensities of



the solar line gamma rays were taken from the observations of Chupp et



al. (1973) or from the calculations of Ramaty, Kozlovsky and Lingenfelter



.(1975). As in the previous example, the detectors used equivalent actively­


shielded configurations. Many features are seen by both detector systems,



however a limitation of the high resolution experiment can be seen by



the paucity of detected photons in the 4.4, 6.1 and 7.1 MeV features.
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Figure 3. Calculated responses of an 8" x 4" Nal detector and a 100 cc germanium detector to the 

4 Aug 1972 flare. 
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These lines are very important for observing the time dependence of the



nucleon acceleration process in the flare region. The advantage of the



scintillator experiment is exemplified by its capability to observe the



4.4 MeV line 12C at the 8o level in a 10-second interval, thereby providing



significant data on time scales which are known to be important for



electron acceleration processes. During the same interval the germanium



detector would have only detected an average of -0.3 counts! Large arrays
 


of detectors, similar to those used in the previous example, could be used



to increase the number of photons detected. However, the identical



comparison would then occur for a somewhat less intense flare.
 


In summary, both high sensitivity, medium resolution scintillator



experiments and high resolution germanium experiments will make major



contributions to gamma-ray spectroscopy in astrophysics during the



forseeable future. An aggressive program utilizing both types of



detectors, and using both satellite and balloon-borne instrumentation



must be pursued if low-energy v-ray astronomy is to realize its maximum



potential. In this regard, a strong balloon program is also essential



as a testing ground for the development of the advanced detectors,



as well as providing continued observational opportunities for the



detectors discussed here.



The author acknowledges the significant contributions of W.N. Johnson,



R.L. Kinzer and G.H. Share in the material presented here.
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CAPABILITIES OF GERMANIUM DETECTORS*



J. B. Willett, J. C. Ling, W. A. Mahoney and A. S. Jacobson



Jet Propulsion Laboratory


California Institute of Technology



Pasadena, California



Abstract



The gamma-ray detection efficiency and energy resolution of germanium



detectors is reviewed. A general sensitivity equation for gamma-ray detec­


tors is presented and calculated sensitivity curves are shown for a large



volume balloon-borne spectrometer using germanium detectors. Improvement



anticipated from a planned satellite experiment using g&rmanium detectors
 


is discussed.
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Germanium detectors have begun to make significant contributions to



gamma-ray spectroscopy in astrophysics. In many cases the small size of



these detectors is more than offset by their high spectral resolution. This



paper discusses the importance of high spectral resolution and its impact



on the sensitivity of a gamma-ray spectrometer.



A comparison of linear attenuation coefficients for gamma rays in both



germanium and cesium iodide, as indicated in Figure 1, shows that the in­


herent full energy detection efficiency of a germanium detector is the



same as that of a cesium iodide detector of the same dimensions provided



these dimensions are greater than about 3 cm. At low energies the mean free



path of a photon is small compared with detector dimensions and at higher



energies the energy collection process is dominated by -multiple Compton



scattering followed-by photoelectric absorption. However, while scintilla­


tor crystals can be made with many 100's of cm2 front surface area, the



2largest germanium crystals currently available are on the order of 30 cm



To get equivalent detection area many germanium detectors must be grouped
 


together. Yet germanium spectrometers have one great advantage over their



scintillating cousins; high spectral resolution. A typical germanium detec­


tor can attain a spectral resolution full width at half maximum varying from



1 key to 6 key over the energy range from 0.1 to 10 MeV. The corresponding



scintillatoFresolution varies 'from 20 to 200 key over the same energy range.



Currently, it is only the germanium crystal spectrometer that cap resolve the



complex structure of gamma-ray lines which arise from closely spaced



multiplets, or which have undergone Doppler distortion or gravitational red­


shift. In addition, a germanium detector allows measurement of line energies



to a small fraction of a keV. There are several examples presented in this



conference of-the need for high spectral resolution in astrophysical
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measurements. The value of the germanium spectrometer is aptly demonstrated



in the presentation by Leventhal and MacCallum (1978) on the measurement of 

a 0.511 MeV line flux from the galactic center region.



An equation for calculating the minimum gamma-ray flux detectable in



a spectrometer is given in Figure 2. This equation- is- general, applying to



both point and diffuse sources as well as line and continuum fluxes. Gaus­


sian statistics are assumed in the derivation which is'given in Appendix A.



For line fluxes, G is the fraction of the line flux within energy band AE.



In the presence of background AE is set to 1.2 times the full width at half



maximum (FWHM) for a gaussian line shape to optimize the signal to background



ratio. For diffuse sources the integration over the transmission term is



valid when the source distribution is uniform. For continuum sensitivity,
 


G is replaced by AE in order to convert sensitivity to a per keV basis. ,If



source count statistics are insignificant when compared with background



effects, the equation for a point source line flux reduces to the simplified



form shown in Figure 2. To improve sensitivity, the observation time, detec­


tor area and efficiency, and photon transmission into the instrument may all



be increased, while detector FWHM and background should be decreased. It



must be pointed out that an increase in area also increases the background,



and thus area impacts the sensitivity approximately as the square root of



itself. Scintillator spectrometers achieve maximum sensitivity by means of



large area detectors, while germanium spectrometers depend on a small FWH



contribution. For measurement of narrow gamma-ray line fluxes a scintilla­


tion detector must have from 15 to 30 times the effective area to match the



sensitivity of a germanium detector.
 


Figure 3 shows the 3 sigma minimum detectable flux for both an unbroad­


ened line flux and a continuum flux as might be measured by one of the
 


larger balloa borne, CsI shielded, Ge spectrometers. Typical observation
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times for balloon measurement are on the order of 104 seconds. The contin­


uum measurement drops off at high energies due to the band width definition.



Sensitivity is strongly affected by photon attenuation in the 50 to 100 keV



energy region. Above 200 keV background leakage through the shield becomes



an important factor degrading instrument sensitivity. Above 1 MeV the back­


ground drops significantly, improving sensitivity, but above 5 MeV the detec­


tor efficiency drops sharply causing the turn-up at the end.



Figure 4 shows the 3 sigma sensitivity curves for diffuse sources, both



cosmic and atmospheric, for the same balloon borne spectrometer. These have



the same characteristics except that the-large drop at high energy is due to



shield leakage of source photons, making the instrument behave more isotrop­


ically.



For satellite instruments the observation time can be increased by an



order of magnitude, and in the case of the HEAO C-1 instrument the detector



area is nearly doubled over the balloon case just discussed. The sensitivity,



of the HEAO C-I instrument to narrow lines should look like the corresponding



curve for the balloon instrument shown in Figure 3, but it is expected to be



-
down in the 1 to-2 x 10 4 photons/cm2-sec range.



Germanium detectors have brought to the field of spectroscopy in astro­


physics the capability of performing high spectral resolution measurements



which are essential to the understanding of many astrophysical processes.



In view of the exciting results which have been presented in this symposium



it is apparent that germanium detectors will make a new class of very challeng­


observations possible in the field of gamma~ray astronomy.



The authors would like to acknowledge Dr. G. Riegler for his assistance



in reviewing this manuscript. This research was supported'under NASA Contract



NAS 7-100.



-ing 
 



454



Appendix A



Gamma-Ray Line Detectability



In the presence of a given background flux, 'theminimum gamma-ray line



flux which can be detected in any given source and background observation



time periods and with any given detector parameters is derived below.



LetLet photons/cm -s beb a line a
Fm iefuxa nry
flux at energy E . Passage through
 

any absorptive material and into the detector will result in an observed



count rate of 

= asA countsls,RDx Fm

where a is the transmission of the absorption layers and cA is the full­


energy-peak detection effective area.



If the chosen pass-band, or channel width is AE(E ), centered about



E then, after Gaussian resolution spreading of the line, the measured rate



within this channel is: 

+R = aem (Eo exp [ (E 2oZE0 )2] dE',m /(2 r) 0 E ­

or, letting:



G(x) I1 ix exp (-2t2)dt, 
• v/(21r) 

%._= aF G(A-\counts/s. K1) 

To be detectable, this flux must be k standard deviatihns above the



background'rate R in counts/s key. The variance in the subtraction of the



background is:
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2 AF G + RbA+ RbAE 2) 

T Tb 


where Ts and Tb are the respective observing times on the source and the



background. The condition for ka detection significance is:



R= aeAE G = Icc (3) 

Solving for F an expression for the minimum-detectable line flux is obtained.
m 

-F k +aA + 4R (4)
inasAG kTRV+4E k)[" s) 
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FIGURE CAPTIONS



Figure 1 Linear attenuation coefficients for both Ge and Csl. Both 

photoelectric and total (photoelectric + Compton + pair) 

attenuation curves are shown. Multiple Compton scattering fol­

lowed by photoelectric absorption dominates the energy collec­

tion process for characteristic detector dimensions of more than 

a couple of centimeters. 

Figure 2 Sensitivity equation for a gamma-ray spectrometer. Gaussian 

statistics have been assumed. The k/T terms reflect source 

count statistics and the R term represents the background 

statistics contribution. The simplified version assumes a 

background dominated spectrum of a line flux from a point 

source. 

Figure 3 3 sigma minimum detectable flux from a point source. The upper 

curve represents the instrument sensitivity to a very narrow 

line flux from a point source. The lower curve shows the sensi­

tivity to a continuum flux, assuming the sampling band width 

to be 0.1 times the energy. 

Figure 4 -3 sigma minimum detectable flux from a diffuse source. The 

upper curve represents the instrumet sensitivity to a very' 

narrow line flux from an isotropic diffuse cosmic source. The 

lower curve shows the sensitivity to a very narrow line flux 

from the atmosphere. The large source solid angles and shield 

transparency accounts for the great sensitivity above 1 MeV. 



458



LINEAR ATTENUATION COEFFICIENTS 

101, 

-Ge


--- Cs I 

100



r-14



10- 1 PHOTOELECTRIC 

1 o
 

100
- 10-1
102 
 

ENERGY, MeV 

Figure 1 

101 



459 

SENSITIVITY EQUATION



]2Fm 2EAGJad+ [ [ 4RBAE (2+ 

WHERE 

F = MINIMUM DETECTABLE FLUX, PHOTONS/cm 2-sec, OR PHOTONS/cm 2-sec-KeV 

K = # SIGMA 
E = EFFICIENCY



2


= AREA, cmA 
 

a = PHOTON TRANSMISSION FACTOR



di = SOLID ANGLE, INTEGRATING OVER SOURCE 

Ts = OBSERVING TIME ON SOURCE, INCLUDING DEADTIME CORRECTIONS, sec 

Tb OBSERVING TIME ON BACKGROUND, INCLUDING DEADTIME CORRECTIONS, sec 

Rb = DETECTOR BACKGROUND, COUNTS/sec-KeV 

AE = ENERGY BANDWIDTH, KeV 

1. 	 CONTINUUM 
G =AE 

2. 	 LINE FLUX, OPTIMIZED FOR GAUSSIAN LINE'SHAPE INPRESENCE OF BACKGROUND 

G = 0.84, INTEGRATETO ie 

AE = 1.2 (wj),WHERE w = FWHM 

SIMPLIFIED VERSION- POINT SOURCE- LINE FLUX 

Fm = 2K 425 Rb 

Figure 2 
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ABSTRACT



The background data obtained from an actively shielded Ge(Li) spectrom­


eter flown on a balloon have been analyzed and a preliminary model has been



developed to explain background features including the intensity and .time



profile of line emission. It is found that these features can be explained



by a combination of secondary radiation originating in the Cal shield and



atmospheric secondary radiation leakinZ through it.





463



On 10 June 1974 a balloon flight was conducted from Palestine, Texas



with a shielded Ge(Li) gamma-ray spectrometer. In addition to astronomical



observations reported earlier (Ling et al., 1977a and 1977b, and Jacobson



et al., 1976) and elsewhere in this volume, a vast quantity of information



was obtained on the background counting rates of Ge(Li) detectors in the
 


atmosphere. This information is important not only in assessing the perform­


ance of the instrument during the balloon flight and in interpreting cosmic



observations, but it is also used as the basis for either modifying our cur­


rent system to improve performance, or designing new instruments which will
 


have to operate in high radiation and particle flux environments such as thos



encountered during balloon and satellite flights. Therefore, we have been



studying in some detail the background spectrum of shielded Ge(Li) detectors



measured during a balloon flight.



The instrumen, consists basically of four approximately 40 cm3 Ge(Li) 


crystals in a single cryostat and cooled by-liquid nitrogen (Jacobson et al. 


1975). Prior to the flight, one of the detectors failed leaving three oper­


ational. Surrounding the cryostat is a 6.4 cm thick CsIl(Na) shield with a 

collimator aperture of about 200 FWHM. The shield functions actively in anti­

coincidence with the Ge(Li) detectors with veto time constants of 6 psec for 

shield events with 150 keV < E - 4 MeV and 55 lisec for larger events with E > 

4 MeV. Each Ge(Li) detector has its own preamplifier, shaping amplifier and 

8192 channel pulse height analyzer. All valid events are encoded in a 36 bit 

word which includes a time tag accurate to 17 wsee and each event is tele­

metered individually. The instrument operates in the energy range of abou_ 

.050 to 10 MeV and has an energy resolution of about 2.9 key at 1.33 MeV. 

The background counting rate shown in Figure 1 illustrates the high­

lights of a typical balloon flight. Shown is the time profile of the count­


ing rate in the energy range 65-100 keV. The main features are a rapid rise
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after launch at 1205 UT, followed by a peak counting rate at Pfotzer maximum.



Pfotzer maximum is the region at a depth of about 100 g/cm2 where the second­


ary radiation due to primary cosmic ray interaction- in the atmosphere reaches



a maximum. Following Pfotzer maximum, the counting rate drops by a factor of



roughly three as the balloon rises to float at an atmospheric depth of about



3 g/cm2 . During float, the counting rate remains reasonably constant except



for a 45 minute interval during which a 20 cm diameter by 10 cm thick block­


ing crystal was moved in front of the aperture, and during the Crab nebula



transit.



Figure 2 is an energy spectrum which shows numerous lines superimposed



on a rather strong continuum. Most of these lines can be attributed to parti­


ale interactions resulting-in excited levels in the Ge(Li) detectors or in



the materials inside the CsI shield. This spectrum is rather complex because



there are five naturally occurring Ge isotopes and numerous materials inside



the shield. Since the particular isotope responsible for each line can -gener­


ally be identified by its energy, we proceeded by first identifying these lines



and then studying their time history. Table 1 gives the strong background



lines together with their strength .and origin, if known. The time profiles of



these lines were plotted and as an example the 140 key line time profile is



shown in Figure 3. All line intensities were determined by a spectral analysis



program called-HYPERMET (PhilLips and Marlow, 1976). The time profile of the



140 keV line is noticeably different from that of the continuum shown in Figure



1. The line intensity increases to a maximum at about Pfotzer maximum, but



remains high as the balloon continues to rise to float altitude.



The 140 keV line arises from proton and neutron interactions in Ge result­


75m
ing in Ge which decays to ground with a 48 see half-life. At Pfotzer maxi­


mum, the strength of the 140 keV line can be explained by the measured
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atmospheric proton and neutron fluxes taking into account attenuation in the 

shield. The (ny)reaction accounts for 75% of the intensity mostly from 

resonance neutrons (- 100 eV) and the rest results from (n,2n) and (p,pn) re­

actions on 76Ge. 

The isotropic atmospheric fluxes of neutrons and > 100 MeV protons drop by



a factor of several, depending upon the particle and upon energy, between



Pfotzer maximum and float (Armstrong, et al., 1973 and McDonald and Webber, 1959).



Thus it is at first surprising that the 140 keV line strength does not also drop.



However, snce the lifetime of the 75mGe level is much longer than the shield



veto time constants, any gamma-rays following excitation of this level due to



secondary radiation produced in the shield will not be vetoed. Thus for excita­


tion of this level, the shield acts like a slab of inert material approximately



35 g/cm 2 thick which produces secondary radiation. To a first approximation,



the secondary radiation produced in CsI is the same as that produced at an



equivalent atmospheric depth of air so even at float the Ge(Li) detectors are



2


at an equivalent atmospheric depth of approximately 40 g/cm as far as produc­


tion of the 140 key line is concerned.



The time profiles of other lines were studied and found to depend-upon the



lifetime of the excited state, and the reaction responsible for the line. They



can be grouped into the following categories:



1. 	 Linesorigi'ating from metastable levels formed in Ge with lifetimes > 10



psec. These include the lines at 54, 67, 175, 198 and 439 keV and all



have the same general shape as that of the 140 keV line shown in Figure 3.



2. 	 Short lived states (< 10 psec) in Ge that were excited by a reaction that



did not cause a shield veto. These include the lines at 596 and 691 key



resulting from (n,n') reactions. In this case, neutrons formed in the



Cst shield do not contribute to the line because of the shield veto. These



two lines have a large high energy tail (- 20 keV) corresponding to the
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recoil energy of the excited isotope. The time profile of these lines is



similar to that of the continuum and'it is consistant with the atmospheric



fast neutron fluxes.



3. 	 Lines originating in materials other than Ge inside the CsI shield. These



include the 844, 847 and 1014 key lines from inelastic neutron scattering



in AP and Fe which also have a profile similar to the continuum.



4. 	 Naturally occurring radioisotopes in the gondola such as 40K which results



in a line of constant intensity at 1461 keV.



5. 	 Complex lines originating from more than one isotope such as the annihila-.



tion line (Ling et al., 1977a) and the 93 keV line.
 


The results of a preliminary analysis of all these lines is consistant with



the model discussed for the 140 keV line. Although the contributions from differ­


ent reactions varies, the strength of each line can be explained by the inter­


action of neutrons and protons in the Ge(Li) detectors and in other materials in



the gondola The particles are a combination of atmospheric secondary radiation



and secondary radiation produced in the gondola and in particular in the CsI



shield. The fractional contribution from these two sources depends on the life­


time of the resulting state and on the method of excitation.



The authors wish to thank G. Culp and L. Jung fot assistance in conducting 

the balloon experiment, R. Bishop and 3. Mannan for contributions to data reduc­

tion, Dr. G. Riegler for comments on the manuscript,,and the National Scientific 

Balloon Facility tor carrying out the balloon flight. This research was supported 

under NASA Contract NAS 7-100. 
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FIGURE CAPTIONS



Figure 1 The time profile of the count rate between 65 and 100 keV during 

the balloon flight. 

Figure 2 The energy loss spectrum for the three operating ue(Li) detectors 

summed together and measured during the float portion of the 

balloon flight. 

Figure 3 The time profile of the intensity of the 140 keV background line. 

The intensity and error for each point were determined by HYPERMET. 
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BACKGROUND LINES OBSERVED



DURING 10 JUNE 1974 BALLOON FLIGHT



Measured True 
 
Energy Energy 
 

53. 53.53(6) 
 

66. 66.70(0) 
 

93.3 93.32(2) 
 

139.66 139.69(5) 
 

159.2 
 

175.08 174.88(5) 
 

184.8 ­

198.30 198.31(14) 

212.6 ­

239.2 ­

438,5 438.634(18) 
 

-. 442.91(7)
443,4 
 

472.0 472.32(15) 
 

497.5 
 

511.27 511.0034(14) 
 

595 595.88(4) 
 

661.4 
 

695 691.2(2) 
 

844.2 843.76(3) 
 

847.2 846.751(19) 
 

101522 1014.46(4) 
 

1460.87 1460.81(4) 
 

Origin Half Life 

73mGe 

73mGe .53(3)s 

67Ca 
6 7mz n 

78.26(7)h 
9.1 (3)ps 

75mGe 48.3(6)s 

7 mGe 

tlmne 21.9(1)ms 
 

6 9mZn 14.0(3)h 

1281 24.99(2)m 

24mNa 20.12(11)ms 

"Annillilation 
 

74Ge 1l.8(1l)ps 

72Ge .43(2)'s 
27A] 30.5(35)ps 

56Fe 5.5(9) ps 
27Al 1.32(l4)ps 

4oK 1.277(8) x 109 

Intensity at Float


-
(Counts/sec x 10 3)



550*



225*



14(4)



243(10)



12(3) 

28(5) 

10(2)



479(10)



8(3)



10(4)



6.5(1.6) 

7.4(1.7) 

12.7(2)



10(2)



125(5)



27



7.1(2.5)



33(5)



12.2(1.5)



3.3(0.1)



6.4(1)



y 7.1(0) 

*Measured with detector I only and scaled by 1./.292 which is the 3 detector



total to detector I ratio of the volume, the front surface area and the total



count rate, all of which are nearly equal.



Table 1
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RADIATION DAMAGE OF GERMANIUM DETECTORS*



Richard H. Pehl


Lawrence Berkeley Laboratory



University of California


Berkeley, California 94720



Energetic particles can produce interstitial-vacancy pairs (a Frenkel


defect) in a crystal by knocking the atoms from their normal positions.


Detectors are unique among semiconductor devices in depending on very low


concentrations of electrically active impurities, and also on efficient trans­

port of holes and electrons over relatively large distances. Because the


dense regions of damage produced by energetic particles may result in donors


and/or acceptors, and also provide trapping sites for holes and electrons,


detectors are very sensitive to radiation damage. (Compared to fast neutrons


and charged particles, the damage caused by electrons and gamma rays is


negligible and will not be discussed here.) 
 In addition to these effects


occurring within the detector, radiation may also change the characteristics


of the exposed surfaces causing unpredictable effects on the detector leak­

age current. Fortunately, radiation-induced surface degradation has rarely,


if ever, been observed for germanium detectors.



It has been known for a number of years that fast neutrons generate


predominantly hole trapping centers in germanium detectors. 
 This fact leads


to a consideration of the possibility of minimizing hole trapping in charge


collection by the use of a high-purity germanium coaxial detector configured


with the p+ contact on the coaxial periphery. As depicted in Fig. 1, the


holes then make only a short traversal from the outer portions of the detector


(where most interactions occur) to the contact of collection. 
 To establish


high electric fields at the periphery one would want to use n-type germanium.



*This work was supported by the the Nuclear Sciences Division of-the! Department


of Energy under Contract No. W-7405-ENG-48.
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Converitional Ge e_ 
Coaxial Detector +HV 

(Ge (Li)' or HP Ge Coax h 
made from p-type Ge) 

Reverse Electrode 
Ge Coaxial Detector -HV 

(Made from n-type Ge) e-

XBL 787-9757



Fig. 1 Charge collection direction in germanium coaxial detectors.
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Although this hypothesis had not been tested--at least not directly--it


was generally accepted that typical coaxial detectors (conventional electrode


configuration) were considerably more vulnerable to neutron damage than were


planar detectors.' However, no controlled experiments were done. (By controlled


one means directly comparing a planar and coaxial detector made from the same


germanium crystal to the same neutron irradiation. Inlight of the range of


radiation damage sensitivities among detectors made from different crystals, 2



it is important that comparisons be made from detectors made from the same


crystal.) Nevertheless, it is safe to say that a 
 typical moderate size coaxial


detector is at least 20 times more sensitive to neutrorr damage than is a 1 cm


thick planar detector.



Inthe course of a continuing study of the proton damage of germanium


detectors, (Reference 3,which reports the-first experiment in this study, pro­

vides a 
far more extensive discussion of proton damage and subsequent annealing


of germanium detectors than will be attempted in the present paper. 
 Reference 4


also provides some pertinent general background on the subject.) 
 a reverse


electrode configuration coaxial detector that had been fabricated at Lawrence


Berkeley Laboratory (LBL) five years ago-and a 
 1 cm thick planar detector made


from the same crystal were irradiated with 5.1 GeV protons-in a recent experi­

ment 6y L. S.Varnell, R, H. Parker, B, D. Wilkins, L. Finnin, M. Fong and


myself. These detectors were irradiated simultaneouly -there were actually a


total of five detectors in line.



As shown in Fig. 2, the coaxial detector was considerably less sensitive to


the high-energy proton damage than was the planar detector. 
 These data indicate


a factor of -3. This would imply a 
 factor of -60 when comparing coaxial detec­

tors having the opposite electrode configuration. Although additional experi­

ments must be done, the evidence is now quite strong that coaxial germanium


detectors having the n
+ contact on the coaxial periphery should not be used in


any situation subject to significant radiation damage such as on an extended


mission in space. 
 To illustrate the problem, the anticipated resolution as a


function of proton flux is plotted in Fig. 3 which one can then translate to


days inorbit by making some estimates. 
 Carefully studied proton irradiations


of germanium detectors have been made only at 5.1 GeV, consequently the depend­

ence of radiation damage on proton energy has not been established.
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X8L 787-9759



Fig. 2 Effect of proton flux on energy resolution. Electronic noise has not
been subtracted but is equal in both systems.
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XBL 787-9758



Fig. 3 	 Predicted effect of proton flux olRenergy resolution of germanium


coaxial detectors.,
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Thus the predictions presented in Fig. 3 include an allowance (best guess) for


this-factor. Although heavy ions are known to produce more damage per partitle



than protons, this cosmic-ray component has been ignored in the predictions



presented in Fig. 3.



Our contlustQn is that large -germanium-coaxial detectors are much more 
viable for extended space missions than many people thought several years ago-­

at least as far as radiation damage is concerned; Unfortunately, some of the 
early experiments scheduled to fly. germanium coaxial detectors for an extended 

time in space are presently planning to use detectors having the improper 

electrode configuration. Their anticipated difficulties should not diminish 

interest in the use of germanium coaxial detectors in the future. 
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Abstract



The Nuclear Radiation Monitor (NRM), planned for the


Spacelab 2 mission, is designed to make quantitative measurements


of the neutron and gamma-ray environment in the Shuttle payload


bay. The detector is a 5" x 5" NaI(Ti) scintillation crystal


with a charged-particle shield. It is mounted near the center'of


the orbiter bay, and has nearly omnidirectional response.



*Permanent address: Space Sciences Laboratory,



NASA Marshall Space Flight Center


Huntsville, AL 35812
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The ultimate sensitivity of future gamma-ray astronomy

experiments depends to a large extent on the background


radiation environment they encounter. From papers presented


at this symposium, and other recent results, it has been shown


,thatinduced radioactivity and-seconda-ry-neutrons constitute a


major fraction of the observed background in the energy range of


interest to gamma-ray spectroscopy, 0.1 to 20 MeV. Measurements


of induced radioactivity in detector and spacecraft materials


have been made on numerous spacecraft and on manned missions


(Ref. 1-4). Since the Spacelab/Shuttle vehicle is expected to


carry many high-energy astronomy experiments and developmental


instruments, a detailed measurement-of the radiation environment


in the payload bay on an early mission is highly desirable.



.At orbital altitudes, background due to prompt interactions


with charged particles, both from trapped radiation and cosmic 
rays, can be reduced by shielding, anticoincidence techniques 
and/or pulse shape discrimination. However, the neutron and 
gamma radiation, and the induced radioactivity cannot be adequately 
shielded against, nor can they be accurately predicted prior to 
launch. These sources of background radiation depend,in a complex 
way on the geometry and composition of surrounding materials, and 
on the detailed production and transport of the radiation in these


materials.



Figure 1 shows the various sources of what is termed nuclear


radiation: primary nuclei, neutrons and gamma rays produced by



SECONDARY INDUCED 'NATUL .. , -

TiT TiTI 

Figure l: Shuttle/Spacelab Nuclear Radiation 
Environment
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nuclear processes. The Nuclear Radiation Monitor (NRM) is


designed to measure the sum total of this radiation in the


payload bay, although seperating the individual components will


be more difficult. The incident, external fluxes 'have been


measured and modeled by other satellite and balloon measurements.


The natural radioactivity of materials in the Spacelab/Shuttle


can be measured prior to flight. The induced radioactivity may


be identified by its characteristic spectral and temporal decay


characteristics. A measurement of this radiation, along with the


secondary neutron and gamma rays, is the primary objective of the


Nuclear Radiation Monitor.



The main detector is a 5" x 5" diameter sodium iodide,


NaI(Tl), scintillation crystal viewed by a 5-inch photomultiplier


tube. Original plans for a high resolution germanium detector


had to be abandoned due to programmatic constraints. However,


the NaI(Tl) detector should be capable of identifying many of the


stronger, seperated gaima-ray lines. The expected energy resolution


is 8% FWHM at 662 keV. The detector will operate in an energy


range from 0.1 to 20 MieV. A charged-particle anticoincidence


shield, consisting of a 1 cm-thick plastic scintillator viewed by


three 2-inch photomultiplier tubes, covers the crystal detector.


The entire detector is designed to have nearly omnidirectional


response.



Induced radioactivity will be produced in the detector as well


as all other components in the Spacelab/Shuttle. The seperation


of internal induced radioactivity from external radioactivity may


be accomplished by the detection of individual garrma-ray lines,


and by preflight irradiation of similar detectors at a nuclear


accelerator.



The ambient charged particle flux near the detector will 
be monitored by the plastic scintillation detector and by several 
small silicon detectors. Neutron fluxes may be determined by 
observing discrete ganra-ray lines that are emitted from materials 
following neutron capture, inelastic scattering or the decay of a 
radioactive isotope produced after an (n,p) reaction. The latter 
gamma rays are particularly informative since they are only
produced by neutrons with energies above a known threshold energy. 
Data from several threshold reactions may be unfolded to derive a 
neutron spectrum in the MeV region. 
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Analog electronics and high voltage power supplies will


be located on the supporting structure as shown in Figure 2.


The digital electronics will accumulate spectra in various


formats under the control of a micro-processor. High resolution


(1024 channel) spectra will be accumulated every 10 seconds;


lower resolution data will be sampled more frequently.



Fun



ANdALOG 

Figure 2: Nuclear Radiation Monitor



The NRM is scheduled to fly on the Spacelab 2 mission in 1981


as part of the Spacelab verification and testing instrumentation.


It will be located on a pedestal near the center of payload bay.


The need for the IqRM and other instruments to monitor the Shuttle/


Spacelab induced environment was recognized in early Spacelab


planning (Ref. 5).. The NRM will operate before, during and after


the nine day mission, in order to measure the natural radioactivity


the on-orbit radiation envro-nment, and the post-flight induced


radioactivity. These measurements are expected to be of great


value to experimenters on future Shuttle/Spacelab missions:'





483



REFERENCES:



1. Wasson, J. T., "Radioactive Cobalt and Manganese


in Discover XVII Stainless Steel," J. Geophys. Res., 67,


p. 3513, 1972.



2. Peterson, L. E., "Radioactivity Induced in Sodium


Iodide by Trapped Protons," (OSO-1), J. Geophys. Res., 70,


p. 1762, 1965.



3. Fishnan, G. J., "Neutron and Proton Activation


Measurements from Skylab," Progress in Astronautics


and Aeronautics, 48, p. 397, 1976.



4. Trombka, J. I., et al, "Crystal Activation, Experiment


MA-151,".Apollo-Soyuz Test Project: Summary Science


Report, Vol. 1, p. 101, NASA SP-412, 1977.



5. Nauxmann, R. J., "STS Contamination Control: Requirements


for Induced Environment," Report of the NASA Shuttle


Contamination Requirements Definition Group, 1974.





484 N78-3;Z0 4 

GAHAk RAY BOLARIMETRY* 

K. S. Long and R. Novick



Columbia Astrophysics Laboratory


Departments of Astronomy and Phyiscs



Columbia University
 

New York, New York 10027



As illustrated by the following examples, polarization measurements



of gamma ray sources are astrophysically important, allowing characteriza­


tion of basic emission mechanisms which are impossible using other tech­


niques:



.(1) Compton and synchrotron models have been proposed to explain 

emission from the active radio galaxy Cen A, one of the most intense of



the kno-rn gamma ray-gources (JC Perola and M Terenghi 1971). Since



synchrotron emission characteristically exhibits large linear polarization
 


In contrast to inverse Compton scattering models, a polarization experi­


ment.sensitive to polarization of a few per cent would permit a resolution


I 

of this question.



(2) Detailed models of pulsed gamma emission from pulsars in the



Crab and Vela supernova remnants are being proposed by various theoreticians,



Including Cheng and Ruderman (1977) and Sturrock (1971). Because coherent.



radiation is required to explain the high radio brightness temperatures



observed from these sources, large polarization is a common feature in



these models; However, in the Cheng and Ruderman model in which the gamma



*Work supported by NASA under grant NGR-33-008-102. This paper is



Columbia Astrophysics Laboratory Contribution No. 156.
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rays are produced via curvature radiation, the polarization vector at 

1 HeV and at 1 eV should be parallel in contrast to the Sturrock model in 

which the polarization vectors in the two regimes would be perpendicular. 

Since the polarization in the optical band is well known, a positive 

detection of polarization at I HeV would invalidate one of these models. 

(3) Cygnus X-1 is widely inferred to be a binary X-ray system



containing a blackhole. This conclusion is primarily based on indirect



evidence concerning the mass of the compact object. Polarization is



anticipated in this source due to the anisotropic nature of the X and



gamna-ray emitting regions. Recently, Stark and Connors (1977) have



predicted that if the black hole were rapidly rotating the polarization



vector would rotate as a function of energy. If this is so, it would be



one of the few directly observable signatures of a black hole in a binary



system. Polarization sensitivities of 1% or less are required, however,



since the emission is of thermal origin. If polarizations eiceed 10%,



it is unlikely that the Cygnus X-l system can contain a black hole at all.
 


To recapitulate, fundamental questions about the nature of cosmic



gamma ray sources can be answered if high sensitivity polarization



measurements can be made--But why bring that question up at a symposium



devoted to gamma ray spectroscopy? Because spectroscopic instruments



currently being proposed may possess polarimetric capabilities which should



be nurtured and if possible enhanced.



Two processes, Compton scattering and pair production,,have been used



to detect the polarization of high energy (E > 50 keY) photons in labora­


tory experiments. The differential scattering cross~section for Compton



scattering is given by the Kleln-Nashina formula:
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2 2dor r0 fE'( E'



where r is the classical electron radius, and K and El are the initial and



final photon energies respectively (Jauch and Rohililck 1955). The'polari­

zation dependence of Compton scattering arises from the last term which



Involves the dot product of the incident electric vector 0 and the final



electric vector 0'.



The usefulness of apolarimeter is determined by its photon sensitivity



and modulation factor. The modulation factor is defined as the apparent



polarization recorder by the device when it is exposed to a beam of 100%



polarized radiation. If Imax and Imin are the maximum and minimum intensi­


ties recorded when the polarimeter is rotated about a beam of 100% polarized



photons then the modulation factor is given by,



M= Imax I inMMI +1Il
x 


The largest modulation factor obtainable is therefore 1, and a process with



no sensitivity to polarization would have a modulation factor of 0. Modula­


tion factors for Compton scattering are iddicated in figure 1, as a function



.of scattering angle for several energies. At low energies, the Thomson



limit, the modulation factor is I at a scattering angle of 900. The modula­


tion factor for a 2.5 MeV photon is at best 0.25, large enough to be useful



for polarimetric purposes. At higher energies, the modulation factor con­


tinues to decrease.



One can imagine a Compton scattering polarimeter consisting of a



cluster of detectors, perhaps made of intrinsic Germanium. Any two members
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of the cluster defines an angle with respect to the sky. Compton events



would be those which trigger two detectors, in coincidence, corresponding



to a photon which Compton scattered in one detector and was then photoabsorbed



in another. Polarization would be detected in terms of the difference in



counting rates in 'different pairs of detectors.



A Compton scattering polarimeter is a broad-band device which makes



up somewhat for the fact that the number of photons whichsill be detected



is small, compared to those available at lower energies. The maximum



energy which can usefully be detected is determined Sy the declining



modulation factor and will typically be about 10 eV. The minimum energy



would be determined by the competing process - namely photoabsorption. In



Germanium, the photoabsorption cross-section equals the Compton scattering



cross-section at about 200 keV.



In conjunction with Marvin Leventhal, Ian Strong, Crawford MacCallum



and Tom Green, we have considered the polarization properties of a specific



detector system which would consist of 19 Germanium crystals in a close



packed array. The'polarization detectable at 99% confidence level by any



polarimeter is given by



S(99%) = 4.29 R/(Mui)



where R is the ratio of signal plus background rate to signal rate, M is



the modulation factor and N is the total number of signal plus background



counts. In the detector system we considered, Cen A would produce about



15 counts per second in the energy range 0.1 to 10 eV. A Monte Carlo



calculation revealed that for spectral parameters appropriate to Cen A,
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the modulation factor for the elements of the array would be about 0.5,



about 3% of the events being detected as Compton events. Thus assuming
 


the signal is source dominated, about 45,000 Compton events would be


5



detected in aO 5 -second -observation, and the -polarization sensitivity at



99% confidence would be approximately4%, probably sufficient to resolve



the question of the emission mechanism in that source.



A Compton scattering polarimeter like the one just described possesses



considerable advantages over conventional Thomson scattering polarimeters



which have been constructed at Columbia and elsewhere to observe polarization



at X-ray wavelengths. In those systems the scattering block is not a detec­


tor but a block of inert low Z material, typically lithium. (1) The



Germanium polarimeter records the entire energy of the event. The polari­


meter serves the secondary purpose of operating as a highpurity Germanium



spectrometer for those sources in which you do not detect polarization.



(2) In systems with a separate scattering block the percentage of the



total aperture occupied by the scattering block is usually rather small,



whereas in a Germanium system a large fraction of the aperture is utilized.



(3) Compton scattered events have a well defined signature, hence background



rates are likely to be very low, just as they are in existing double Compton



telescopes. This is particularly true since many types of background have



associated gamma ray lines, regions which can be avoided in the data analysis.



The possibility of using pair production to detect polarization of



high energy gamma rays was first suggested by Berlin and Madansky (1950).



The modulation factors associated with pair production are quite complicated



since in general two particles are produced, but substantial modulation can



theoretically be obtained at much higher energies than are practical using
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Compton scattering. One can use a wide variety of'signatures for valid



events. 
 For example, you can examine the total electron distribution, those



events in which the electron and positron have the same transverse momentum



and so on., Itecently, the first practical laboratory polarimeter, used to



detect linear polarization from coherent bremstrahlung of 1 MeV electrons,



was constructed by Kondo et al. (1974). However, it is unlikely that pair



production polarimeters can be adapted to any astrophysical application



In the near future. The central difficulty is that the typical opening



angle of the electron or positron direction with respect to the incident



photon aircitron is small, of order E/mc 2 . On the other hand, multiple 

scattering in the material used to convert the photons to an electron



positron pair causes deviations in the direction of the electron and



positron. The deviation is roughly given by



(6) av = rS)



where t is the depth of the scatterer in radiation lengths and E. is of



order 20 MeV (Rossi and Greigen 1941). In order to have a high conversion



efficiency the depth of the-scatterer must be approximately I radiation



length. But in that case, the average deviation of the electron deviates



from the photon direction. For the experiment of Kondo, et al., an acceler­


-4
ator was used and a target with a depth of 10 radiation lengths was adequat=.



This would be impossible in an astrophysical experiment.



In conclusion, while pair production polarimeters do not appear prac­


tical in the forseeable future, polarimeters which utilize Compton scattering



can be constructed. In some instances, ifstruments which have polarimetric
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capabilities are unlikely to be constructed for other reasons, such as



the Germanium spectrometer system we have discussed. If so, it is obvious



that the instruments should be designed to optimize their polarimetric



capability.
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Figure 1: The modulation factor for a Compton polarimeter as a function of scattering angle. for 
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FUTURE DIRECTIONS IN EXPERIMENTAL GAMMA RAY ASTRONOMY



R.cHaymes+
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Institut fUr extraterrestrische Physik



D-8046 Garching, We-st Germany



During this Symposium, we have been privi edged to see a new



branch of astronomy come firmly into existence: Gamma ray



spectroscopy, as we have been seeing, adds a whole new dimension



to our investigations into astrophysics and cosmology, because



of the nuclear and other information that it uniquely conveys.



While we now know that detectable fluxes of gamma ray spectral



lines that have cosmic origins do in fact exist, there are



experimental needs that must be met, if this field is to develop



its full potential. These needs may be divided into two parts,



a need for better vehicles and a need for better instruments.



Better vehicles: (a) We will need long-term observations of



selected sources, both to measure variability and to achieve



the highest sensitivity. Without sensitive data on variability



of the sources of low energy gamma rays, we may miss important



clues as to the nature of the sources. We now have observing



periods measured in hours; the next step would logically be



periods measured in days or weeks to acquire variability in­


formation. (b) We will need access to the entire sky, not just
 


a part of it, both to observe the many various sources predicted



to exist, and to measure the energy spectrum and map the isotropy



of the cosmic gamma ray background. Taken together, this and



item (a) suggest that a spacecraft with several years operating



life is needed. (c) Increased sensitivity is a must, for future



observational work. Only the cosmic source that was theoretically



expected to be among the very brightest sources of nuclear gamma



rays, the galactic center region, has been definitely confirmed



at this point, by the existing observations. To measure the other



sources, experiments with larger collecting areas will be needed.



+On leave from Rice, University, Houston, Texas, U.S.A.
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we presently have instruments with collecting areas of order



100 cm2 ; the next step would logically be to geometric areas



of the order of a square meter,, to get a factor of ten reduction



in the random errors. This step inevitably means heavy experi­


ments; experiments likely weighing a thousa-nd kilograms or more,



will be needed.



Putting items (a), (b) and (c) together, we see a clear scienti­


fic need for the Gamma Ray Observatory (G.R.C.). The projected



G.R.O. would fill the scientific requirements.



But the G.R.0. is not the only vehicle needed, for the development



of this fledgling branch of astronomy that promises so much



enrichment of our understanding of the cosmos. As will be dis­


cussed later,.a vigorous, on-going program in,scientific ballooning



must also be maintained, for the scientific development of the



field.



Better instruments: Nuclear gamma rays have energies that range



from about 0.1 MeV to about 20 MeV. Future instruments should



each cover this ehtire energy range. At present, the various



experiments each only cover portions of the range; trying to piece



together a single spectrum from such experiments, each of which



has a different amount of systematic error (frequently unknown)



is at best difficult and may be misleading.



The present-day experiments seem to have reached a sensitivity


-3 - 2 - 1
"floor" of about 10 photons cm sec , for gamma ray spectral



lines. According. to the results of astrophysical theory, the


-4 -2 -1
sensitivity must be improved, to 10 photons cm sec or better



to measure the many cosmic sources expected to existand to see



the wealth of spectral lines expected from the bright sources



already found.



Conventional instruments produce data that are ambiguous_ as dis­


cussed further later-on, absolute fluxes of spectral lines from



discrete or diffuse cosmic sources, and the absolute flux and iso­


tropy of the cosmic background, are uncertain, There therefore



appears to be good reason for new approaches to astronomical gamma



ray instruments, in order to eliminate the ambiguities.,



The energy resolution needed in future instruments should be



"as good as feasible", providing that sensitivity is not sacri­


http:According.to
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ficed. This means 10% FWHM, or better. Good energy resolution



helps in measuring closely-spaced lines and in improving the



sensitivity to narrow spectral lines. Spectral lines of various



widths are expected from the different astrophysical environments.



Therefore a continuing need will exist for both scintillation­


counter instruments (high efficiency, moderate energy resolution)



and solid-state instruments (moderate efficiency, high energy



resolution).



Finally, in this list of desirable features for future instru­


ments, an angular resolution of one degree or better is desirable.



There are discrete X-ray sources in the galactic center region



that are spaced about this much apart, and it seems not un­


reasonable that some of them may additionally be sources of



nuclear gamma rays. In the same sky region, the spectrum of inter­


stellar ndclear gamma rays may have a spatial gradient, which



should be measured.



Astronomical nuclear gamma ray instruments for the 1980's may



be divided into two categories, the conventional and the un­


conventional. Among the conventional instruments, we will likely



see the further development of actively collimated detectors,



some of which have scintillation counter primary detectors,



with about one-square-meter geometric collecting area, and some



of which have arrays of germanium primary detectors with



0.003 MeV or better energy resolution. We will likely also see



further development of double Compton instruments, which reduce



some but not all of the systematic errors that are presently



a problem.



It may be that we have been very lucky, thus far, in that the



error bars due to random fluctuations have hidden the systematic



errors in the observations. It is to eliminate the systematic errors



as well as to incr.ease the.s.ensitivity of the measurements, that



unconventional instruments should be explored. For actively col­


limated instruments, the systematic error sources include induced



radioactivity and offiet background pointing. Particle bombardment



induces radioactivity in the instrument's crystals and other



components. The counting rates due to this instrumental background



are typically a full order of magnitude greater than even the
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gal-actic center fluxes of nuclear gamma'rays from cosmic rays



alone. This instrumental background, even if it were stable in



time, makes impossible actively-collimated measurements of the



cosmic background's spectrum and isotropy.



To measure a cosmic source, an actively collimated instrument



must be pointed away from the source, to measure the background.



But, where should it be pointed for background observations?



The gamma radiation from the sky has galactic and extragalactic



components, so its flux depends upon direction. The sky brightness



of the sky area chosen for. the background observations may or



may not have the same brightness as the sky ar-ea that includes



the source. Because of the induced radioactivity problem



mentioned above, the background observations should be made



simultaneously with the cosmic measurements. This is -not the



case with actively collimated instruments. The fluxes and indeed



the line energies of nuclear gamma ray lines from cosmic discrete



and diffuse sources may therefore appear different, when measured



with different actively collimated instruments, especially if



they select different sky areas for background observations.



Double Compton instruments also sbffer from systematic errors.



Some photons recoil out of a double Compton instrument, after



having caused correct-signature pulses in both of the two



detector layers. This distorts the measured energy spectrum.



Corrections for these energy losses may be calculated and applied,



but there is no independent check on their sufficiency.



Another problem experienced with double Compton instruments is



that their energy range is incomplete. Double Compton instruments



have a lower energy threshold that is typically somewhere in



the (1-2) MeV energy interval. Therefore they do not accurately



measure the spectrum around one MeV, nor any of the lower energy



photons of the nuclear energy range. As noted previously, it



is desirable to cover the entire nuclear energy range with a



single instrument.



There have also been other problems associated with past versions



of double Compton instruments. These include sensitivity to



neutrons, and crude energy resolution and angular resolution..





496



These prob-lems of the conventional instruments make ex­


ploration of alternative, unconventional concepts worthwhile.



One such concept is called the gamma ray "correlator". The



correlator statistically synthesizes the absolute energy



spectrum of the sky photons, through a correlat-ion of the



various total energy deposition spectra measured by the many



independent gamma ray detectors that comprise the system, with,



the skyward vector solid anglesviewed by the detectors, through­


out the nuclear energy range. Much instrumental background is



rejected by the system, but the spectrum of the remaining



instrumental background is measured at the same time as is the



sky spectrum, through a correlation of the measured spectra



with non-skyward look-directions. No offset pointing is used;



the sky background, which correlates with detector look-direction



and solid angle magnitude, is measured simultaneously with the



source,from the sky area surrounding the source, so that measure­


ments of the cosmic background's absolute spectrum and isotropy



are byproducts of measurements of cosmic sources.



No doubt, there are other unconventional instruments, in



addition to the correlator. If the G.R.O. should gain approval,



it will be in the exploration and development of unconventional



approaches that there will remain a needby nuclear gamma ray



astronomy for scientific balloons. New instrument development



is essential for the future health of the field. Scientific



balloons are also valuable academically, and as quick reaction



vehicles, for new, unexpected phenomena.



Without the G.R.O., the development of nuclear gamma ray



astronomy will depend heavily on balloons and on Spacelab,



although existing versions of neither of these vehicles would



meet the scientific needs as fully as would the G.R.O.





497



Laboratory Accelerator workshop



N. S. Wall



A Workshop on Laboratory Accelerator Measurements was held on April 29, 1978.



There were five papers presented illustrating the sort of data which can be



obtained in such measurements. These papers also demonstrated the techniques



used in such measurements. Two of the papers suggested a nimber of experiments



which are of interest to those currently working with gamma-ray line spectra.



The papers presented were:



I. 	 Cross Section Measurements Relevant to Gamma Ray Astronomy - P. Dyer, et al. 

2. 	 Measurement of 15.11 MeV y-Ray Flux in the Reaction 12C(pp') 2c*



and 160(p,p'") 12C* - J. Lapides, et al.



3. 	 Needed Measurements in Simulated Condensed Mass Systems - A. Metzger, at al.



4. 	 Needed Measurements for y-Ray Astronomy - R. Ramaty
 


5. 	 University of Maryland Gamma Ray Facilities - W. F. ornyak



Following these presentations the characteristics and accessibility of



accelerators at the University of Washington and the University of Maryland



were briefly discussed. Anyone desiring the use of these accelerators should



contact Prof. J. G. Cramer at Seattle and Prof. N. S. Wall at Maryland.



The session was chaired by Prof. .N. S. Wall of the University of



Maryland.
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Cross Sections Relevant to Gamma Ray Astronomy



P. 'Dyer 

University of Washington, Seattle, WA 98195


and



Michigan State University, East Lansing, MI 48824



D. Bodansky



University of Washington, Seattle, WA 98195



D.R. Maxson



University of Washington, Seattle, WA 98195


and



Brown University, Providence, RI 02912



We have measured gamma-ray production cross sections relevant to gamma­

ray line astronomy for protons and alpha particles incident on targets con­

sisting of nuclei of high cosmic abundance: 12C, 14N, 160, 20Ne, 24Mg, 28Si,


and 56Fe.



Solid or gaseous targets were bombarded by monoenergetic beams of protons


and alpha particles, and gamma rays were detected by two Ge(Li) detectors.


The proton energy for each target was varied from threshold to about 24 MeV


(lab); for alphas the range was from threshold to about 27 MeV. For most


transitions, it was possible to measure the total cross section by placing


the detectors at 30.50 and 109.90, where the fourth-order Legendre polynomial


is zero, For the case of the 160 (E = 6.13 MeV, multipolarity E3) cross sec­
7 
 

tions, we measured yields at four anjles. Absolute cross sections were


obtained by integrating the beam current and by measuring target thicknesses


and detector efficiencies. The Ge(Li) detector resolution was a few keV


(although the peak widths were greater, due to Doppler broadening).



Al overview of the measured gamma-ray cross sections for incident protons
 

is presented in Fig. 1, where the cross section and energy of the most promi­

nent gamma-ray line for each target are displayed for several proton energies.


Except for 160, these lines correspond to the de-excitation of the first


excited state of the target nucleus; for 160 the transition is from the second


excited state to the ground state. If the energy spectrum of the interacting


particles is known, the cross sections can be used to deduce relative nuclear


abundances at the gamma ray source. The abundance analysis will be somewhat


complicated by the multiplicity of channels opened up as the incident energies


increase. For example, for protons above about 13 MeV, the 4.44-MeV gamma
 

rays from the first excited state of 12C can be produced in the 60(p,p)12 C


reaction, as well as in thdlU
2C(p-p'CtfCraction.



The multiplicity of lines from a given target can also be useful. Of


special interest are cases where the different gamma-ray lines have different


excitation functions, for example the 0.847-MeV gamma rays produced in
56Fe(p,p') 56Fe reactions and te 0.812-MeV gamma rays produced in 56Fe(p,n)56Co


reactions. The relative yield in such cases can provide insight into the


energy spectra of the interacting particles.
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Fig. 1. Cross sections for the most 	 Fig. 2. Approximate differential 
prominent lines produced by protons. 	 cross sections at 900 for lines



strongly excited by 24-MeV alpha


particles.



For alpha particles, a slightly different 	 sort of overview is presented


in Fig. 2, where'approximate differential cross sections at 900 are shown


for some of the lines strongly excited in bombadments at 247eV. As with


protons, lines from the de-excitation of the lowest excited state of the target



nucleus (or next lowest, in the case of 160) are prominent.


A further feature is the prominence of lines from nuclei produced in



reactions where only one or two nucleons at~e emitted from the compound nucleus, 
especially (a,p) reactions. While these lines are strongly excited for all 
the targets other thanlN, they are particularly interesting in the case 
of omFe.The A = 58 and A = 59 lines can only be formed in proton bombardments 
if the target is above A = 56. In-view of the precipitous drop in nuclear 
abundances above A = 56, these lines may prove to be a characteristic signa­
ture far alpha-particle interactions. For 24-Hey alpha particles, relatively 
strong peaks are seen which are interpreted as corresponding to the following 
lines: the 1.050-reV line from c for a9lonCo the 1.190 MeV line from 
the 1.428-eV line ta 5 Ni (to the first excited state), and unresolved lines 
at 1.454 eV from 9 and at 1.459 eV from SSCo. As to be expected, the 
A = 59 lines are found to be strongest below 20 oeV, and the A =r58 lines 
are strongest above 20 be. 
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Examples of the results of our measure­
ments are given in Figs. 3 and 4. The exci- 4000 
tation functions presented are for 4.44-MeV E,=16 MeV 
gamma rays produced by protons incident on 
a carbon target and for 1.78-MeV gamma rays 2000 
produced by protons incident on a silicon


target.



The present data, from some perspectives, 
cover only a small region in proton energies. 
However, it is quite possible that the bulk 8000 E' MeV -. 

of the gamma rays from astronomical sources * 

will be produced at these low energies. 
For example, for a proton spectrum character- z 

-
 84000­ized by a power law in kinetic energy, E , 
the fraction of the 4.44-MeV gamma rays N• . 

attributable to the measured energy interval 
(threshold to 23 MeV) is about 93% for s = 2 
and over 99% for s = 4. In making this esti- 8000 Ep=MeV 
mate, the cross sections up to 23 MeV are 
those of Fig. 3, and at higher energies are | 2 C(p.p') 1 2 C 
taken from Ramaty et al. I 

In addition to cross section measure- 4000­
ments, we have measured Doppler-broadened 4..



lineshapes for protons and alpha particles 
incident on 12C and 160 targets, at intervals 4.30 4.0 450 
of a few MeV, and at five gamma-ray angles. GAMMA-RAY ENERGY (MeV) 
These data, now under analysis, may be useful 
for measurements of the directions of par- Fig. 5. Doppler-broadened line­
ticles in astrophysical sources. Sample shapes for 4.44-MeV gamma rays 
spectra, for p + 12C, are shown in Fig. 5. detected at 900 from the 
The double peak at the higher bombarding 12C(p,p')12C reaction. 
energies arises from the increasing Doppler 
boadening and non-uniform population of magnetic substates of the 4.44-MeV, 
2 state, resulting from low spin-flip probabilities for the proton scattering. 

In the case of 6.13-MeV gamma rays produced by protons and alpha-particles


incident on an oxygen target, we observed Doppler-broadened lines for a gas,


target and sharp lines for a solid target (silicon oxide). Since the 6.13-MeV


state of 160 is relatively long-lived, most 160 atoms recoiling in a solid target


are stopped before decaying, whereas those recoiling into a gas decay in


flight. As pointed out by Lingenfelter and Ramaty, astrophysical observation


of this sharp line might provide evidence for interactions in interstellar


grains.
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MEASUREMENTS OF 15.1 1-MeV y,-RAY FLUX PRODUCED IN THE REACTIONS 

12C(p,p,)12C,(5.11MeY) and 16 0(pp'a) 1 2 C*(15.ll MeV) 

J. R. Lapides, 1 2 C. J. Cranriell,' H. Crannell, 3 

W. F. Hornyak, 2 S. M. Seltzer,4 J. I. Trombka,lN. S. Wall 2 

ABSTRACT 

The flux of 15.1 1-MeV -yrays relative to the flux of 4.44-MeV y rays, which are-emitted from 

the corresponding states of 12C, are a sensitive measure of the spectrum of exciting particles in solar 

flares and other cosmic sources. Emission of 15.1I-MeVy rays may result not only from the direct 

excitation of 12C but also from the interaction 160(p,p')1 2 C*(lS'.l MeV). Although the cross sec­

tions for the direct reaction has been studied extensively, the cross section for the spallation inter­

action with 16 0 is not reported in the literature. Preliminary measurements have demonstrated the 

feasibility of measuring the production of 15.1 1-MeV 'y rays by proton interactions with 160 using 

.the University of Maryland cyclotron facility. For both carbon and oxygen targets the flux of 

15.1 l-MeV y rays is being measured relative to the flux of 4.44-MeV 7 rays. The-y-ray emission 

from de-excitation of the Giant Dipole Resonances also is being measured. 

Institutional Affiliations: 

1. Laboratory.for Astronomy and Solar Physics, NASA Goddard Space Flight Center. 

2. Department of Physics, University of Maryland. 

3. Department of Physics, The Catholic University of America. 
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MEASUREMENTS OF 15.1 I-MeV t-RAY FLUX PRODUCED IN THE REACTIONS 

12c(p,p,)12C*(15.1t MeV) and 1 6 0(p,p'a ) 12 C*(5"ll MeV) 

I. 	 INTRODUCTION 

Gamma-my emissions yield information about energetic particle reactions and abundances of 

nuclear species in astronomical sources as well as in laboratory sources. The measurement of-the 

ratio of the fluxes in two 7-ray lines which are well separated in energy is sensitive to the particle 

spectrum which excites the T-ray emitting nuclei. The thresholds for producing the 7 rays depend on 

the energies of the nuclear levels from which they are emitted. The-ratio of the 7-ray fluxes from 

the two levels depends on the relative fluxes of energetic particles above the respective thresholds. 

The 4.44-MeV and 15.1 1-MeV -yrays resulting from ground state transitions in 12C have been sug­

gested as a promising astrophysical possibility for this type of study (Crannell, Ramaty, and Crannell 

1977). In order to be able to extract particle spectra from 7-ray data, it is necessary that the cross 

sections for producing these -yrays be well known both as a function of energy and of angle. The 

major nuclear reactions which contribute to excitation of these states are listed in Table 1. Excita­

tion of the 15.1 -MeV state in 12 C by (a,a') reactions is-only weakly allowed due to isospin consid­

erations. All significant cross sections-have been measured with the exception of the spallation reac­

tion 16 O(p,p'a)12C*(15.11 Mev). It is the phrpose of this paper to report preliminary measurements 

of the ratio of the fluxes of the 15.1 1-MeV and 4.44-MeV y rays from the reaction 160(p,p'a)12C*. 

II. 	 INSTRUMENTATION 

The incident proton beam at an energy of 65-MeV was obtained with the University of Mary­

land cyclotron. A BeO foil was employed for the oxygen measurements and a CH2 foil was used for 

a measurement of the 7-ray spectrum produced by proton scattering from carbon. The carbon mea­

surements were performed to check -theinstrumentation as well as for calibration purposes. An un­

shielded right cylindrical 12.7 cm x 12.7 cm NaI(T1) scintillation crystal was used as the y-ray 

detector. It was placed at 900 to the incident proton beam at a distance of 50 cn from the CH2 

target and 70 cm from the BeOtarget. Plastic, 2.5-cm thick, was placed between'the target and the 

detector to absorb scattered protons in the carbon measurements. In the oxygen measurements, the 

plastic absorber was only 1.2-6im thick so that additional background due to protons is present at 

about 25-MeV in the oxygen results. The total charge, Q, was measured with a Faraday cup. The 

instrumentation is summarized in Table 2. 

http:16O(p,p'a)12C*(15.11
http:12c(p,p,)12C*(15.1t
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Table 1


Contributing Nuclear Reactions



4.44 MeV 15.11 Mev 

12C(p.p')12C, 1 2 C(p,p') 12 C, 

12 C(p,2p)lB* 16O(p,p'ao) 1 2C* 

160(p'pf )12*C{')12C­

12c (a ,la 2 c. 

12 C(.a'p)11 B-

Table 2 

Experimental Parameters 

ACCELERATOR: UNIVERSITY OF MARYLAND CYCLOTRON 

INCIDENT REAM: 65-MeV PROTONS 

DETECTOR: RIGHT CYLINDRICAL 12.7cm x 12.7 cm NaI(TQ) 

ANGLE: 90 

TARGETS: CARBON - CH2,POLYETHYLENE FOIL 

0.012 gcm-2 THICK 

OXYGEN - BeO FOIL 

0.082 gcm 2 THICK 

TOTAL CHARGE: CARBON -1.5 g COLOUMB 

OXYGEN - 1 g COLOUMB 

III. RESULTS 

The y-ray spectrum from protons incident on 12 C is presented in Figure 1. The 4.44-MeVline, 

as well as its first and second escape peaks are easily seen. The 15.11 -MeV line can also be seen to be 

quite strong. At this energy the total energy absorption peak is decreased relative to the escape . 

peaks and the features are blended by the Doppler broadening and the actual energy rejolution of 

the detector. The additional flux above 15.11 MeV may be due in part to the de-excitation of th.e 

Giant Dipole Resonance (Buenerd et al. 1974). 

The 'y-ray spectrum from protons incident on 16 0 is shown in Figure 2. The 4.44-MeV line is 

again visible and the 6.13 MeV line of 16 0 appears to be present also although it is not well resolved. 

Most important, an excess over the background in the 15-MeV region of the spectrum indicates the 

presence of the 15.1 1-MeV line. 



106I I I I I I I I I I I I I 06 

10 
%% 

' 4.44 t0s 

En 1o4 104 

0 
1103 

OI-< •-10" ' .,i - -*. . /15.11 
3 

102 
-- GIANT RESONANCE 

.. . . .. . . . -....,.... . . . .-

REGION 

. . 

102 

10 

5 
21 

0 100 

I 
200 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . .. .. .. 

I I I I I n i I I I I I i i I. I i I 
300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000 

CHANNEL (t.0.0192 MeV/CHANNEL) 

Figure 1. 7f-Ray Differential Energy-Loss Spectrum at 900 65-MeV Protons Incident on Carbon Target 
12.7cm x 12.7cm Right Cylindrical NaI(TQ) Detector 

Each data point represents the sum of 5 channels 

1 

5 
21 



4.44 

6.13 

cz 

I.-
ICL 

105 

10o3 

.j. %% 
15.11 

GIANT RESONANCE REGION 

'n 

10 2 

10 20 30 
I 

40 50 60 
I 

70 80 90 100 110 120 130 140 150 160 170 180 190 200 210 

Figure 2. 
CHANNEL (-O.15 MeV/CHANNEL) 

y-Ray Differential Energy-Loss Spectrum at 900 65-MeV Protons Incident on Oxygen Target 
12.7cm x 12.7cm Right Cylindrical NaI(T) Detector 



508



IV. 	 DATA ANALYSIS 

Analysis of the measurements described in this paper is still in progress. We can, however, re­

port some preliminary results on the ratio of the fluxes in the 15.1 1-MeV and 4.44-MeV lines. Pre­

a factor of 2 for both the reactionliminary analysis indicates that the ratios are the same.within 

12 C(p,p) 12 C* and the reaction 16 0(p,p60 12 C* at the incident proton energy of 65-MeV and at an 

angle of 900. We stress, however, that this result is for only one energy and angle and that the cross 

sections are expected to depend strongly on these variables. The threshold for production of each 

state is different, and at high proton energies the 7-ray flux is peaked forward due to the kinetic 

recoil of the excited nucleus. 

In order to calculate the cross section for producingthe 15.1 1-MeV line from 16 O(p,pC012C* 

accurately, we must transform the energy loss spectrum shown in Figure 2 to the desired photon 

energy spectrum. This cannot be accomplished by a simple efficiency transformation for the case 

of 15.1 I-MeV trays as is usually done for widely-separated, lower-energy yrays of a few MeV or less. 

The physical considerations are illustrated in Figure 3. This figure shows the results of calcula­

tions (Berger and Seltzer 1972) of the energy-loss spectrum of a broad beam of mono-energetic 

^I rays incident on a cylindrical 7.6 cm x 7.6 em NaI(TR) detector. An intrinsic resolution of 7.5% 

for the 661-keV line was assumed. The curves obtained from these calculations will be referred to 

as response functions. The response function for 2-MeV y rays shows the familiar features: a total 

absorption peak followed by the Compton distribution. In addition, the two escape peaks are just 

visible as the pair production cross section begins to be important. The next response function at 

4-MeV is in the pair production dominated region. We see the total absorption peak and the two 

'escape peaks. The continuum is due to Compton scattering. The broadening of the first escape peak 

and the second escape are the result of the Compton edges from the total absorption peak and the 

firstescape peak respectively. At higher energies, the escape peak structure becomes blended by the 

increase in the actual peak width. In addition, electrons scattered in the crystal have enough energy 

to occasionally leak out the edge of the crystal. This has the effect of broadening the peak as well 

as shifting the maximum to lower energies. At the highest energy shown, no escape peaks are visible 

and the shift of the maxipnum is more evident. This effect is evident in our data on the 15.1 1-MeV 

line. 	 Based on our calibration, the maximum is at an energy of 14.8 MeV. Figure 4 shows a response 

function and experimental data (Kockum and Starfelt 1959) for 20.3-MeV y rays produced in the 

reaction 3He(p,). It is seen that the calculation agrees quite well except at lower energies for which 

background problems become acute. 
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It should be noted that the higher energy response functions are quite asymmetrical because 

the asymmetrical Compton distributions are blended with the absorption peaks. The asymmetry is 

enhanced by energy dependent background under the 15.1 l-MeV line in the carbon data. The re­

sponse functions may be utilized in line-broadening studies. Once the background has been removed, 

additional width in the peaks beyond that calculated, can be attributed to physical processes such as 

Doppler broadening which are not associated with the detector. 

Numerical least square iterative techniques have been developed (Adler and Trombka 1970) 

which utilize the response functions to properly transform the data in en6rgy loss space to photon 

energy space. These methods have been employed successfully in the analysis of the Apollo 15 and 

16 y-ray spectra obtained to study lunar surface composition. Elemental abundances derived from 

this analysis agree well with lunar samples returned to earth, illustrating that the use of the response 

functions is a reliable technique. These techniques are presently being used to analyze the 12C and 

160 data and to obtain a good understanding of the response functions for our detector. 

V. CONCLUSION 

The ratio of the fluxes in the 15.1 1-MeV and 4.44-MeV y-ray lines has been found to be the 

same within a factor of 2 for both the reaction 12 C(p,p') 12 C* and the reaction 16 0(p,p'a) 12 C* for 

an incident proton energy of 65-MeV and at an angle of 900. We have demonstrated the feasibility 

of measuring the 16O(p,pta)1 2 C*(15"l1 MeV) cross section with the instrumentation discussed in Sec­

tion II. We will, however, utilize additional detector shielding to minimize the background flux for 

the rest of our measurements. In addition, we will employ the numerical methods (Adler and 

Trombka, 1970) mentioned in Section IV to transform accurately the energy-loss spectra to photon 

energy spectra. 
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Gamma Ray Facilities at the University of


Maryland Cyclotron 

W. F.. Hornyak



The purpose of this communication is to describe the on



line or in situ gamn-ray facilities available at the University



of Maryland cyclotron. A special beam line has ,beenset up in



a separate shielded experimental room to provide a low background



station for gamma-ray measurements. All active beam defining



slits and stops are located externally to this shielded area.



The transmitted beam leaving the target is gathered in by a magnetic



quadrupole lens located 1.8m further downstream and focused on



a Faraday cup located on the far side of the 2.5m-thick concrete



shielding wall of the experimental room. In general target thick­


nesses up to 10mg/cm 2 may be used with most beams giving negligible



interception by the 10 cm-diameter beam tube of the downstream



target scattered beam. A beam spot size on targets of order 2 x 2 mm



is readily achieved.



A software computer program has been developed that permits



timing information to be obtained using the cyclotron beam fine



structure as a time reference for the observed gamma-ray events.



Measurements indicate a beam fine structure width (for the generally



obtainable single turn extraction) of less than 1.2 nanoseconds



repeated, for example, in the case of 140MeV alpha-particles



every 90 nanoseconds. Twelve contignous time channels of adjustable



width may be set as desired with reference to the RF signal.



In effect this allows the creation of 12 separate 8192 channel



analyzers. A number of these time windows are generally set covering



the undelayed or prompt gamma-ray events that occur within a



peak having a time width of 4 nanoseconds (FWHM). Some windows



may be set fairly broad and delayed to obtain information on



events such as those due to radioactivity, decay of long-lived



meta-stable states and neutron induced secondary reactions. Fig.A



* Department of Physics and Astronomy, University of Maryland. 
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shows a typical on-line time spectrum obtained with a 10% Ge(Li)

27A



coaxial detector for an Al target and 140 MeV alpha-particles.



Fig. 2 shows the high energy prompt spectrum. The weak 6246-key



line in 24Mg shows that cross sections as low as 350 microbarns



may be observed under these reduced background conditions. Fig. 3



shows a portion of the low energy spectrum; some lines Doppler



broadened. Note the absence of the usual neutron-induced secondary



lines from Ge ordinarily appearing as strongly asymmetric broad



peaks at E =596 keV from 74Ge(n,n') and E =693 keV from 72Ge(n,n').



All of the time gated data may be accumulated and stored



on tape, with the IBM 360/44 on-line computer. Data striping



for peak locations, widths, areas and their errors may be obtained



by use of a light-pen interactive program PEAK 2. The user may



intercede in various ways between the usual automatic find program



routine and the fit program routine. Lines found in the find-routine



may be vetoed or added to prior to the fitting sequence. Backgrounds



may be totally, partially or automatically defined. As many as



seven overlapping lines may be treated simultaneously with either



locked-in or to-be-fitted parameters on either peak location,­


width, height, or any combination of these.
 


CHARACTERISTICS OF BEAMS AVAILABLE FROM THE UNIVERSITY OF MARYLAND CYCLOTRON



ENERGIES



Protons 10 to 100 MeV 

Deuterons 20 to 82 MeV 
He -ions 20 to 200 MeV 
Alpha-Particles 20 to 165 MeV 

INTENSITY 

Extracted Beams: to 3 1A


Beams on Target: 10 particles/sea to 2 1 A


Extraction Efficiencies- up to-95% for 100 MeV protons



60 to 80% for other energies and particles



DUTY CYCLE



Macroscopic 100%


Microscopic ns every RF period
"'I 
 

ENERGY RESOLUTION



From Cyclotron = 0.1%


After High Resolution Bean Transport System = 0.Ol%/mm slit width



I 
2 2



PHASE SPACE OF BEAM FROM CYCLOTRON = 20 x 30 mm - r 

This work was supported in part by the National Science Foundation.
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VI. FUTURE SPACECRAFT EXPERMEftTS 



516 N78=3 2009 

THE ISEE-C GAMMA-RAY BURST SPECTROMETER 

B. J. Teegarden, G. Porreca, D. Stilwell, U. D. Desai andCT. L. Cline


NASA/Goddard Space Flight Center



Laboratory for High Energy Astrophysics


Greenbelt, Maryland 20771



and



D. Hovestadt


max 2lanck Institut fur Physik und Astrophysik



Garching b. Munchen, W. Germany



ABSTRACT 

This paper describes the technical properties, operation anid expected



sensitivity of an experiment, to be launched on the ISEE-C spacecraft, that is 

intended to search for narrow lines in the spectra of gamna-ray bursts. At 

the heart of the experiment is a radiatively cooled Germanium solid state 

photon detector. The instrumentation is capable of storing the entire spec­

trum of all but the largest bursts in the energy range 0.05-6.5 MeV. In addi­


tion it analyzes the-signals from two CsI detectors in two other experiments



on the spacecraft and records event time histories from these to a few milli­

second accuracy. A background mode permits spectral analysis during quiet 

times and will allow the determination of physically interesting upper limits



for narrow lines n the diffuse gamma-ray background radiation. 
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1. Introduction 

At the present time gamma-ray lines- are known to exist in two different 

types of transient events. The first of these, solar flares, have exhibited 

a family of lines from the 0.511 MeV positron annihilation line to the 6.4 MeV 

160 line. (Chupp et al., 1973) The study of these lines has provided valuable 

new insight into the physical conditions and processes at the flare site. The 

second type of transient is the mysterious 20 minute duration event observed 

by the JPL group (Jacobson 1978) in the general direction of the high energy gamma-ray 

source y 195+5. This paper will describe a detector system intended to search 

for narrow gamma-ray lines in a third type of transient event, the gamma-ray 

burst. The origin of these bursts remains a mystery and the discovery and 

identification of gamma-ray lines would provide a valuable new clue to the



nature of-the physical processes responsible for the burst.



Most of the instrumentation employed thus far in gamma-ray burst'studies 

has had either a very limited spectral capability or none at all. The ISEE-C 

instrument uses a radiatively-cooled high purity Germanium detector to make 

precise measurements of the photon energy. It represents a major step forward 

in the capability for line detection in transient events. 

2. Instrument Description



A. The ISEE-C Mission



The ISEE (International Sun-Earth Explorer) Mission is a three-space­

craft series intended to study the spatial and temporal variations of the earth's 

magnetosphere as influenced by the sun and associated interplanetary conditions. 

The thkrd spacecraft ISEE-C, to be launched in August 1978, will be in a halo
 


orbit about the tagrangian point along the earth-sun line 230 earth radii- inward 

towards the sun. It will be spin-stabilized with its axis normal to the ecliptic



plane. The spacecraft location and attitude make it an ideal platform for
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our 	 experiment from both an engineering and scientific point of view. From 

the 	 point of view of thermal performance, the location is far from the earth so 

that earth-albedo is not a problem and the spin axis orientation allows for



the optimum orientation of the cooler field-of-view. From a scientific point



of view the location outside the earth's magnetosphere means that the serious effect



of trapped radiation on the instrumental background is avoided.



Our ISEE-C instrument is an augmentation of gamma ray burst instrumentation 

developed by us for the ISEE-A mission. This instrumentation is part of the 

Hovestadt low-energy charged particle experiment. Figure 1 shows the ISEE-C



spacecraft and the location of the cooler/sensor. Its recessed location



within the lower body of the spacecraft prevents any direct sunlight from 

striking the cooler and is generally a favorable situation with regard to its



thermal performance. 

B. 	 The Radiatively-Cooled Detector 

A cross-sectional view of the Germanium detector mounted in its cooler 

is 	 presented in Figure 2. Its basic structure is divided into two parts, an



outer stage and an inner stage. The outer stage is designed to operate at an



intermediate temperature (. 160'K) and thereby provide a thermal buffer between 

the sensor (residing in the inner stage) and the spacecraft. The outer stage 

has a basic conical shape to define a field of view (1260 full angle) for the 

inner stage. This field of view must not contain the sun, earth, or any



significant portion of the spacecraft. The mechanical interface between the



outer stage and the spacecraft is via a support ring, which is in good thermal con­


tact'with the paeeraft-and-willbemaintained near room temperature. As the outer



stfage radiatively cools (via its radiating surface shown in Figure 1) it will 

contract slightly. The support points are designed such that this contrac­


tion causes a break in the thermal path between the support ring and 
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the outer stage, thereby thermally isolating it from the spacecraft. The



inner conical surface of the outer stage is highly polished specular aluminum



so that no sunlight can be scattered into the inner stage. 

The Germanium crystal is housed in the inner stage of the cooler in a 

hermetically sealed Magnesium enclosure. the exposed surface is coated with 

a highly emissive white paint to allow efficient radiation of heat. The inner 

stage is mechanically supported-in a similar fashion to the outer stage so that 

a second level of thermal isolation is attained. The predicted equilibrium



operating temperature of the inner stage islO R (-1730 C). 

The Germanium crystal itself is 4cm diam. x 3cm depth (35cm3 active volume) 

and will have an energy resolution of 3-3.5 key at 1 MeV. It is made from 

high purity Germanium. The use of this material permits the crystal 

to be stored indefinitely at room temperature without sustaining any loss in



performance. The weight of the cooler/sensor/electronics package is



2.57 kg. Figure 3 is a photograph of the cooler/sensor.
 


C. Additional CsI Detectors



In addition to the Germanium detector there are two other detectors 


on board the spacecraft whose signals we analyze to give us increased sensi­


tivity to gamma-ray bursts. These are CsI crystals located respectively in 


the Hovestadt and Meyer experiments on the ISEE-C spacecraft. The Hovestadt 


detector is a small cylindrical CsI crystal from which only time 

history (count rate) information is obtained. Both count rate and spectral 

analysis are performed on the Meyer crystal which is much larger and has the 

shape of a truncated cone. This crystal is also significantly larger than the 

Germanium crystal,and although it has much poorer resolution, it will provide
 


a more accurate record of the time history of the event.
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D. Electronics



A simplified block diagram of the electronics is shown in Figure 4.



The Germanium detector signals are amplified and shaped in a charge-sensitive



pre-amp and fol-lowing post-amp. The signals are digitized by a 4096 channel ADC 

which is identical to one developed for the Caltech-Goddard cosmic ray experi­


ment on the Voyager mission. It covers the energy range .05 to 6.5 MeV.



Analysis is initiated when the signal exceeds a ground-programmable threshold



which can be set in any of eight different positions between 56 and 440 keV.



This same threshold circuit generates those signals that are used for time



history analysis.



The CsI crystal located in the Meyer experiment is viewed by a small



PMT whose signals are amplified and shaped and then digitized in a 512 channel



ADC. A count rate signal and the 512 channel pulse train are both analyzed



by our electronics. The smaller Hovestadt CsI crystal provides only a count



rate, but is located on the opposite side of the spacecraft from Meyer so that



a more complete coverage of the burst time history during the spacecraft



rotation cycle can be obtained.



The digital portion of the electronics is physidally housed in the
 


Hovestadt experiment. The detection of a burst is accomplished by two



independent trigger circuits. These circuits continuously sample the count
 


rate and register a trigger if and when the rate exceeds a value selected by



ground command. Any one of three sensors can be connected by ground command



to each of the trigger circuits. More precisely, these circuits measure



the time interval between the occurrence of N counts,.where N is also selectable 

by ground command and can have any binary value between 1 and 128. Time is 

measured by counting a clock frequency whose value can also be selected from the 

ground., 
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Upon the occurrence of a trigger the burst data is then stared in a 105



bit memory. This memory is partitioned into three sections, two of which are 

devoted to recording the time history of the event. 
 The same technique used



to define a burst, i.e. storage of a time interval rathei-than a count rate,



is used to record the event in the memory. Each partition contains 2048 12-bit



words so that 2048 xN counts can be stored. It is very unlikely that any burst 

can exceed the storage capacity of the memory. The third memory partition is



devoted to the storage of spectral information. Either the Germanium or the



Meyer CsI crystal can be input by ground command into this part of the memory.



This section of the memory is organized into 3072 16-bit words. 
Each word



contains 12-bits of pulse height and a 4-bit time vernier tag. Again, the 

time resolution is selectable by command and will most likely be , 30 msec.



After the memory is filled it is slowly read out into the spacecraft



telemetry 
 stream. There are two read-out modes 1) automatic, where read-out 

begins as soon as 
 the memory is filled and 2) manual, where read-out is initiated



by ground command. 

During quiet times the instrument functions in what is called the Back­

ground Mode. In this mode a small fraction of the detected photons are analyzed



and dtored in a small (36 event) buffer memory. They are then read out in the 

spacecraft telemetry stream in the same manner as spectral data from a gamma-ray



burst. 
 This mode is intended to provide information on the detector calibration



and background level. In addition it can potentially allow the determination



of meaningful upper limits for narrow lines in the diffuse gamma-ray background. 

3. Instrument Sensitivity 

Since the gamma-ray burst is a relatively short-lived phenomenon the instru­


ment narrow-line detection threshold will in general be statistics rather than background



limited. The electronics is configured such that it can store a fixed maximum



number of events. 
 It is most useful to discuss the sensitivity in terms of the
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fraction of the total photons in the burst that must appear in the line in 

order for the line to be detectable. Since over most of its range the back­

ground under a narrow line is negligible it is simply a question of how many 

counts in a narrow window are necessary to define a line. If we rather arbi­

trarily set this threshold at 5 counts this requires that, for a narrow 
line at



in this line. For0.5 MeV, 1-2% of the total photons in the burst must appear 

a typical burst duration of 30 seconds the incident line flux is 5.3xl0-2cm2sec
- '.



has the capability of placing meaningful upper limits
The detector also on 

the narrow line flux of photons in the diffuse background spectrum. 
Because



for gamma-ray burst studies (, 1.5 bits/
of the extremely low bit rate allocated 

see), the instrument can analyze only a small fraction of the total number of



photons detected. However, the long anticipated life-time C> 2 yr.) of the



Assuming a 2 year accumulation time
ISEE-G mission will compensate for this. ­

the 3cr upper limit for narrow line detection in the background mode is plotted 

The range of values is , 2.5xlO-4cm-2sea 
- l 

in Figure 5 as a function of energy. 
 

" These threshold values are low enough to afford the possibility of
ster -. 
 

determining physically interesting upper limits for narrow lines in 
the diffuse 

background.



Acknowledgements



We are deeply indebted to Mr. John McElroy, Head, Instrument Electro-Optics



Branch for making the radiative cooler available to us and allowing us to modify it



for use on the ISEE-C mission. Messrs. M. Beazley, H. Costlow, G. Serbu, and 

C. Thomas carried out most of the assembly and test of the instrumentation.





523



REFERENCES 

Chupp, E. L., Forrest, D. J., Higbie, P. R., Suri, A. N., Tsai, C., and 

Dumphy, P. P. 1973, Nature, 241, 333. 

Jacobson, A. S., et al. this Volume, p. 228.



FIGURE CAPTIONS 

1. ISEE-C spacecraft. Mounting location of radiative cooler is shown as 

well as exploded view of cooler.



2. Cross-sectional view of Radiative Cooler and Germanium Detector. 

3. Photograph of Radioactive Cooler 

4. Simplified Block diagram of electronics. 

5. Sensitivity for narrow line detection in the Diffuse Background Radiation. 

3
a threshold isotropic intensity is plotted as a function of incident 

energy. 
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I. INTRODUCTION



Several excellent papers given at this symposium on the observation



of gamma-ray lines and theoretical reviews on the astronomical sources of



line emission have pointed out the unequivocal value and need for high



resolution data. This paper describes a technique to obtain such high



resolution measurements with a satellite-borne cooled germanium spectro



meter which is scheduled for flight later this year. Some high resolution



data (Imhof and Nakano, 1977) obtained from the first satellite-borne



germanium spectrometer are presented to illustrate the nature of the



on-board background spectrum and the background subtraction technique



employed to yield a net spectrum from a region of the galactic plane.



Different aspects of these data were discussed earlier in this symposium



by E. L. Chupp (1978) and by D. Gilman (1978).



Lithium-drifted germanium, Ge(Li), detectors were developed over



16 years ago (Freck and Wakefield, 1962; Tavendale and Ewan, 1963), and



were first flown on a satellite 10 years later, in 1972, (Nakano et al.,



1973; Imhof et al., 1973) by our group at Lockheed. However, more than



10 years have passed since the technology to pursue high resolution
 


gamma-ray line astronomy with germanium detectors was first demonstrated



by the pioneering balloon efforts of A. S. Jacobson (1967) and of Womack



and Overbeck (1970). It is worth noting that the level of interest of a



given field goes hand-in-hand with the technology but it often takes an



inordinate length of time for that technology to be appreciated and finally



exploited to yield new and exciting results such as those presented here



and at other recent meetings by A. S. Jacobson (1978) and M. Leventhal (1978).
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II. THE P78-i HIGH RESOLUTION SPECTROMETER



As part of the primary payload, the P78-1 Satellite will carry two



essentially identical high resolution spectrometers each consisting of



single -85 cc intrinsic germanium (IGe) detector. The spacecraft is



scheduled for launch late this fall and will be placed into a sun­


synchronous polar orbit at an altitude of 550-650 km. The vehicle is an



enlarged OSO type satellite which will be spin-stabilized at 11 rpm with



the spin vector perpendicular to the sun-synchronous orbit plane. In



addition to the two germanium spectrometers, our payload includes a pair



of phoswitch scintillators, an array of CdTe detectors and several parti­


cle detectors all of which are mounted on the wheel section of the satel­


lite. Some auxiliary instruments from other experimenters are also mounted



on the wheel section and on the sail section which will be pointed at the
 


sun during the daylight part of the orbit.



The intrinsic (high purity)ICe detector offers a great advantage


over the older Ge(Li) detector in that the former sensor can be stored


at room temperature and cycled for 

operation to cryogenic temperatures 

an indefinite number of times, MGH M[GERMANIUM 

whereas the Ge(Li) crystal requires SNSOR 


continuous cooling. A major advan- MALNK 

tage of the IWe detector is that 

it facilitates the assembly ofAN"cI I 
2ND SCJNTILLATO Io(II O 

large and complex detector arrays STAGE 

planned for the next generation of ISL 

high sensitivity instruments such 

as those contemplated for the GRO 

mission. T 

Figure I shows a schematic 

cross-sectioned view of the high RFIAT 

resolution spectrometer which can 

be divided into four major sub- Figure 1. A schematic crass-section of 

systems: the sensor-cryostat the -85 cm3 IWe spectrometer 

to be flown on the P78-I
assembly, the active and/or satellite. 
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passive shield, the cooling system and the electronics system. The instru­


ment design exploits the cyclibility of the large (-85 cc) IGe detector 

that can be cooled to approximately 80 K by either one of two mechanical 

Stirling Cycle refrigerators provided for each spectrometer. 

The germanium detector is approximately 50 mm diameter by 45 mm in 

length and its relative peak efficiency at 1.33 MeV is about 20 percent



of a standard 3 in. x 3 in. NaI(Tl) measured at a source distance of 25 am



from the face of the detectors. Its intrinsic efficiency in terms of


2 

effective area for the detection of the peak photon energy is about 19 cm



at 100 keV and decreases to 2 cm2 at 1.33 MeV. The instrument is sensitive


to gamma-rays from -50 keV to 2.7 MeV in the normal mode. A commendable


gain change is included to increase the dynamic range to -7 MeV, thus, 

providing the possibility to detect the 6.1 MeV line from 160 expected 

from interstellar dust grains (Lingenfelter and Ramaty, 1977). A 

photograph of the high resolution gamma-ray spectrometer is shown in


Figure 2. The entire instrument weighs 69.8 kg. Two such instruments, 

which are completely independent of each other, are mounted in the



wheel section of the P78-1 satellite with their central view directions



at 75 and 105 degrees from the spin vector.



Another innovation employed in this instrument is the use of an



active anticoincidence shield made of -5 cm thick NaI(TI) polyscin



which defines the aperature to ±45 degrees for the lower energy gamma-rays.
 


The use of the common single crystal NaI(TI) scintillator has been avoided 

as a large active shield in space applications because of its mechanical



susceptibility to cleave along its principal plane, however, the NaI(TI) 

polyscin is an extruded poly-crystalline farm providing much greater 

mechanical strength. Its sdintillation and optical properties are identi­


cal to that of the single crystal. The decidedly faster light decay 

times (0.25 vs) in NaI(Tl) than that of the commonly used scintillator 

shield (-0.7 us) in CsI(Na) which also exhibits a component with long 

(-12 us) decay times are important advantages, particularly in large 

anticoincidence shield systems where high counting rates can contribute 

significantly to the dead time. These adverse dead time effects usually 

force the experimenter to increase the threshold of the anticoincidence



signal, thus diminishing the effectiveness of the shield and thereby 
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Figure 2. 	 A photograph of the P78-i high resolution


gamma-ray spectrometer.
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increasing the general background and Compton continuum rates. An



important disadvantage in the use of NaI(Tl) is its hydroscopic nature



which requires absolute integrity in the hermatic seal complicating the 

design and assembly of the scintillator housing and of the coupling of



the photomultiplier tubes. In our system two photomultiplier tubes are



coupled to the main NaI(Tl) shield with a plastic light pipe. The com­


plete instrument was subjected to a series of vibration tests to demon­


strate its integrity against the launch environment. The instrument



aperature is also shielded against charged particles with a 1.37 cm



thick plastic scintillator which is viewed by two additional photomul­


tiplier tubes.



The two Stirling cycle refrigerators in each spectrometer were 

provided to us by the Johns Hopkins University, Applied Physics Laboratory. 

The two refrigerators are implemented for redundancy and are coupled to 

each other and to the central detector. A photograph of the coupled refri­

gerators is shown in Figure 3. Either refrigerator is capable of cooling 

the ICe detector from room temperature to 80 K in about 30 hours, expending 

25-30 watts of input-power at 28 volts and producing approximately 0.3 watts 

of cooling capacity at the cold stage and about 1.6 watts at the inter­

mediate stage which runs at 155 K at equilibrium. The long cool-down time 

is partially due to the added heat capacity included in the thermal link 

so that high resolution data could be obtained with refrigerators turned 

off. This feature is necessary to eliminate the microphonic noise induced 

by the operation of the refrigerator which can reduce the systems resolu­

tion by factors of two or three. The operational lifetime of small 

flyable Stirling cycle refrigerators was a factor influencing our decision 

to include redundant cooling systems. At the beginning of our present



program the longest demonstrated lifetime of such refrigerators was about



1000 hours. Since then a lifetime test conducted at APL with a refrigerator



that is identical to the flight model has logged more than 8000 hours of



operation before the test was terminated.



The electronics is rather straight forward and will not be discussed



in detail since it is similar to the system used in our previous flight



(Nakano et al., 1974a; Bakke et al., 1974). Apart from the photomultiplier



tube circuitry, anticoincidence logic and house-keeping electronics, the
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major components involve



the processing of the sig­


nal from the IGe sensor.



The low noise, d.c. coupled



preamplifier incorporates an



optically coupled current



compensation circuit to



correct for leakage currents



which at elevated detector



temperatures would normally



drive the d.c. coupled pre­


amplifier beyond its linear



range of operation. Hence,



this feature allows the spec­


trometer to provide data over



a wide range of temperatures



and still preserve the advan­


tages obtained with the d.c.



coupled configuration.



Pulses from the primary



detector are amplified and



shaped with 2 microsecond



time constants and those sig- Figure 3. *A photograph of two coupled



nals that satisfy the anti- Stirling cycle refrigerators,

either one of which is capable



coincidence logic are analyzed of cooling the germanium detec­


by a 4096 channel pulse height tor to -80 K.



analyzer. In each instrument



the PHA output address corresponding to the photon energy loss in the IGe


detector is sampled once per millisecond, stored in an on-board tape recor­


der and subsequently telemetered to the ground.



Estimates of the 3a flux sensitivities at some of the important



gamma-ray line energies are given in Table 1, assuming the lines were not



kinematically broadened, for live times of 600 see and 105 sec. 
 Since the


wheel section of the satellite will be spinning at 11 rpm with the spin



vector perpendicular to the sun-synchronous orbit plane, each instrument



will view the sun once per spin period during the daylight orbit. Should a



flare occur while the germanium spectrometers are working, the 3a minimum
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Figire 4a. 	 Energy loss spectra measured during local


noontime passes near the geomagnetic equator


in the period 1972 October 3-12 (from Imhof


and Nakano, 1977). The upper and middle


sections are difference spectra and the lower


section is a composite spectra taken over


all directions. Figures 4a and 4b cover

38-827 keV and 827-2700 keV, respectively.
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obtained in space and the techniques used to subtract the backgrounds result­


ing in the net continuum spectrum, shown in Figure 5, emanating from a region



of thd galactic plane approximately 600 ffom the galactic center (longitudes



of 255 to 3280). Three distinctly different energy loss spectra are



presented in Figures 4a and 4b covering the energy range 38-827 key and



827-2700 keV, respectively. These data were taken from local noontime



passes near the geomagnetic equator during the period 3-12 October 1972.



To improve statistics the original 4096 channels in the spectrometer data



have been combined by fours so that each energy bin corresponds to -2.6 key.



The spectra in the bottom section of Figures 4a and 4b. are data



summed over all zenith angles within a spin of the vehicle. These spectra



are characterized by several prominent lines, the majority of which



are attributed to locally produced background since they are not evident



i n any of the difference spectra. The line at 60 keV is'primarily due



to an in-flight 241Am calibration source. Some of these lines are
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associated with isomeric transitions induced in the germanium sensor



itself (Womack and Overbeck, 1970) and with radioactivation in close
 


lying material (Nakano et al., 1973). Much of the prominent 511 keV line



is generated locally with some additional contribution from atmospheric



interactions which vary with geomagnetic latitude (Nakano et al., 1974;



Imhof et al., 1976).



Data presented in the uppe4 and middle sections of Figures 4a and 

4b are the accumulated difference spectra of data taken over equivalent 

angular intervals of each spin of the vehicle. The spectra in the upper 

sections are the net upward viewing minus the downward viewing spectra. 

Hence, the resultant represents a composite of the gamma-ray flux coming 

from space in a broad interval of solid angle subtracted by the gamma-ray 

flux from the atmosphere over an equiva­

lent interval of solid angle. Note that p 

NET SPECTRUMFROMGALACTIC PLANE 

at lower energies, below 100 keY, the 

diffuse cosmic background dominates the o­

spectra but at higher energies the atmos­ -307 

pheric component becomes stronger as evi­

denced by the slightly negative average 

difference above -150 keV. 

The spectra in the middle section



of Figures 4a and 4b are the result of T



data taken over an angular interval cover­


ing a region of the galactic plane (long-
 I

°

itudes of -2550 to -328 ) minus a back­


tN 5 10GY -0ground interval over an equivalent solid ENERGY(KeVl 

angle. The-atmosphere was not viewed 

in eithdr case. The 1ackgrounds were Figure 5. The net continuum 
spectrum from a broad



taken over angular intervals which were interval spanning the



located symmetrically about the local galactic plane at


longitudes of -2550 to



zenith direction to that of the signal -3280.



and were generally in the direction of
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the galactic north pole. 
 This technique provided an accurate spin-by-spin



subtraction of the dominant on-board background as attested to by the



essentially complete subtraction of almost all the background gamma-ray



lines and the net average counts above -150 keV. There appears to be


some residualin the difference spectra at 1116 key and at 1358 keV



suggesting the possible presence of these lines from the galactic plane.



Although the statistical evidence for these'lines is rather limited, the



resulting upper limit intensities averaged over the full fields of view are


0.0152 ± 0.0049 and 0.0140 ± 0.0049 photons (cm sr see)- at 1116 and 1358



keV, respectively. 
 We note that these two lines are within the uncertainty



in energy of two gamma-ray de-excitation lines from dust grains considered



by Lingerfelter and Ramaty (1976), the 1121 keV line from 46Ti and the



1369 key lines from 24.



The difference spectrum from the galactic plane also exhibits 
 a



significant continuum energy loss spectrum for energies below -150 keV.



In order to derive a net photon spectrum it is necessary to unfold the



instrument response function. 
 These response functions were obtained



by a series of laboratory measurements of single gamma-ray line profiles



which were used to formulate a model gamma-ray line profile parameterized



in terms of the peak energy. A more detailed account of this method can



be found in Nakano et al. (1976) and in Imhof et al. (1976). The resulting



net photon spectrum from a broad region of the galactic plane at longitudes



of -2550 to -328 is presented in Figure 5. A least squares poier-law fit



to the continuum spectra below -150 keV resulted in a spectral index of



-3.07 ± 0.31.



In summary, these data serve to illustrate the method used to subtract



background on the basis of each 5 second spin period. 
 This same technique



will be employed on the forthcoming P78-1 satellite flight which will have



approximately the same spin period and orbit configuration but at a somewhat



lower altitude than the previous flight. Such short interval background



subtraction techniques are essential in satellite observations where the



characteristics of the background are continually changing as the vehicle



traverses through different geomagnetic latitudes and regions of trapped



and precipitating energetic particles.



Much of the work discussed in this paper was supported by the Defense



Advanced Research Projects Agency through the Office of Naval Research and
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ABSTRACT



The gamma-ray spectroscopy experiment to be launched on the third High



Energy Astronomy Observatory (HEAO C) will perform a complete sky search fox



-
narrow gamma-ray line emission to the level of about 10 4 photons/cm -sec for



steady point sources. The design of this experiment and its performance



based on testing and calibration to date are discussed.
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1. INTRODUCTION



The current excitement in gamma-ray spectroscopy in astrophysics has been 

evident throughout this conference and it has become clear there is great inter­

est in performing a systematic sky survey for gamma-ray line efissions. TO 

perform this task, the HEAO C-I gamma-ray spectrometer has been developed by 

JPL under the direction of Principal Investigator Allan S. Jacobson. The 

experiment consists of an array of 4 high purity Ge detectors in an active CsT 

shield. It operates in the energy range of 0.05 to 10 MeV and has a three 

sIgma sensitivity for detecting narrow gamma-ray line emission of about 10-4 

photons/cm -sec for steady point sources throughout the energy range. The 

sensitivity for measuring the continuum emission from point sources varies
-52 -6 2 

-
from about 10-5 photons/cm -see-keV at 0.1 MeV to about 10 6 photons/cm -see­


keV at 10 MeV, assuming the spectrum is broken into bands of width AR = E. 

While scintillation detectors can also be used to detect gamma-ray line emis­

sion, we have chosen Ge detectors because of their superior energy resolution. 

A Ge detector system has better sensitivity to narrow gama-ray lines than a 

comparable scintillator experiment, but possibly more important is its ability 

to better determine the energy of gamma-ray lines which could include measur­


ing small red shifts and its ability to measure complex line structure. HEAO



C is basically a scanning mission which is scheduled for launch in September 

1979. Thus after 6 months in orbit, it will have completed an entire sky sur­
-4 2 

vey for narrow gamma-ray line emission to the level of about 10 photons/cm -see.



2. SCIENTIFIC OBJECTIVES



A wide variety of scientific objectives may be achieved by observing 

gamma-ray emission in the energy range 0.05 to 10 MeV. While the primary 

objective is the deteetton of gamma-ray line emission from discrete and extends 
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cosmic sources, the experiment will be sensitive to continuum gamma-ray emis­


sion of cosmic origin as well as atmospheric emission. In addition, the CsI



shield itself is a crude gamma-ray detector with a large area. It will be



used to search for cosmic emission, measure gamma-ray bursts with a temporal



resolution of one second, and help interpret or corroborate observations made



with the Ge detectors. Specific experiment objectives include:



*An exploratory search for discrete galactic and extragalactic sources of 

gamma-ray line emission. Such sources could include recent novae and super­

novae, interstellar gas and dust clouds and compact objects such as black 

holes and neutron stars. 

0 Measurements of spectral details and intensity of the continuum emission 

from discrete sources. 

OMeasurements of time variations in the line and continuum emission from 

discrete sources including pulsating, transient and bursting phenomena..



*Measurement of line and continuum emission from the galactic plane.



*Measurement of the line and continuum spectrum of the diffuse bac1ground.



*Measurement of line and continuum atmospheric emission.



3. INSTRUMENT DESCRIPTION 

The experiment consists basically of an array of four large volume high­


purity germani-um detectors in an active Cs? shield (Hicks and Jacobson, 1974).



Eigure-i is an exploded view of the system. Functionally it is almost iden­


tical to our balloon system (Jacobson et al., 1975) which was developed earlier



And has served almost as a prototype system for the C-I experiment.



The four germanium detectors are shown in Figure 2 during transfer to the



flight cryostat early in the integration phase. They are high purity closed­


end coaxial detectors mounted in individual Al cups and contained in a single
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vacuum. Each detector is about 54 mm in diameter and.about 45 mm in length.



The high voltage and signal connections for each detector are provided by



feedthroughs in the baseplate of the cryostat. The detectors operate at bias



voltages which vary between 1800V and 3900V. Cooling is provided by a two



stage solid cryogen cooler with methane and ammonia as the primary and secon­


dary cryogens, respectively. The detectors are now operating at a tempera­


ture of about 96K. The lifetime of the cooler is estimated at clo e to
 


one year.



Surrounding the cryostat is,a CsI(Na) anticoincidence shield with a min­


imum thickness of 66 mm. The shield is in five pieces (Figure 1), four of



which together form a well and a fifth which forms the collimator. A hole



through the collimator is drilled above each detector to define an aperture



of 30QFWHM. Completing a 421 steradian shielding for charged particles is a



plastic scintillator 3.3 un thick in the aperture. Each shield piece is viewed



by two RCA C-70132D photomultiplier tubes (with the exception of the collima­


tor which has four). Figure 3 shows the fully integrated system after conformal



coating.



The key parts of the instrument electronics are a preamplifier, shaping



amplifier and 8192 channel pulse height analyzer for each Ge detector. Each



valid Ge'event is processed and transmitted separately as a 32 bit telemetry



word. This word consists of a13bit pulse height channel number, a 12 bit



time tag giving the time of occurrence of the event to 78 psec, and 1 flag



bits indicating the following .possible conditions:



1) An event has occurred simultaneously in 2, 3 or 4 Ge detectors.



This could-represent gamma-rays Compton scattering in one or more


/ 

detectom and going on to become fully absorbed in another. The



true energy of the event could then be recovered by normalizing
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each of the simultaneous events and adding the individual detector



contributions.



2) 	 An event has been accompanied by one or more .5 MeV events in the



shield crystals. At high energies, the largest photon absorption



cross-section in Ge is electron-positron pair creation. Following



annihilation of the positron, either one or both of the resulting



.511 MeV gamma-rays can escape the Ge detector. Normally, these



wbuld interact in a shield crystal and cause the event to be vetoed



However, shield discriminators around .511 MeV override the shield



veto and allow the event to be processed. In this case, the event



is tagged with a window flag.



3) 	 An event has occurred simultaneously with a shield event of -any



energy,. This can happen only when the usual shield veto has been



disabled by command.
 


4) 	 The detector ID.



The C-1 telemetry rate is 2.2 kbps including all subcommutated data. The



Ge events can be transmitted at a maximum rate of 15.625/sec for each detector.



The expected average rate for each detector is about 5/sec.



The CsI crystals, in addition to providing an active shield for the Ge



detectors, are gamna-ray detectors themselves. The lower level discriminator



(LLD) is set at about 100 keV and provides a 7 psec veto for Ge events while



the upper level discriminator is set at 4 MeV and provides a veto of about 30



jisec. These veto times are nominal. The actual veto time consists of a con­


stant, 5 jsec for the LLD -and 20 Usec for the DLD, plus the time the pulse



amplitude remains above the corresponding discriminator threshold. The shield



LLD rates are read out every 1.28 seconds while the ULD rates, window rates



and numerous Ge detector rates are read out every 10.24 seconds. Thus the
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shield is a burst detector which will give the time of occurrence of a bu'st



to 1.28 sec and, by analyzing relative rates in the shield pieces, can provide



some directional information. In addition, the spectrum of each shield piece,



including the charged particle detector, is recorded by a 128 channel roving



pulse height analyzer (RPIA). The RPHA can be commanded to read out contin­


uous 40.96 sec spectra from one shield piece or it can cycle sequentially



through all six shield detectors. Ii.addition to the RPHA and rate data,



numerous housekeeping data such as temperatures and voltages are read out.



Numerous command options are provided for optimizing the instrument per­


formance. These include adjusting the high voltage for both the Ge bias and



the PMTs, adjusting discriminator levels for both the Ge and CsI crystals,



turning on and off various parts of the experiment and changing the mode of



operation of the spectrometer. The experiment weights 230 kg and consumes a



maximum power, including heaters, of about 30 watts. The instrument will be



aounted at the top of the HEAO C spacecraft and, like all HEAO experiments



will point perpendicular to the spin axis.



Cf. INSTRUMENT PERFORMANCE 

The C-i experiment has been fully integrated and is now operating very



well. To date its performance has been determined from extensivetesting



luring integraEion and from a two week calibration prior to the integration 

f the Cal shield. Soon the linearity and gain of the Ge and CsI detectors 

will be measured as a function of temperature during environmental testing. 

Prior to delivery, an extensive calibration will be performed to character­


ize the aperture and angular response of the system.



Calibration is being performed with two types of gamma-ray sources. Low



energy ( 3 MeV) calibration lines can be readily obtained with small disks
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containing certain long-lived radioisotopes. For lines above 3 MeV, we have



developed a device called a heutron howitzer which allows the use of prompt



gamma-ray emission following thermal neutron capture in Ti'and Cr. The how­


itzer, shown in Figure 4, consists basically of-a strong Cf252 neutron source



in a tank of water which thermalizes the neutrons. A target is placed about



10 cm from the neutron source, and at right angles to the source-target direc­


tion is a port through the water which allows the prompt y-rays from the target



to travel to the detector nearly unattenuated. In designing the howitzer,



care has been taken to keep the neutron exposure of the Ge detectors to an



acceptable level while maximizing the flux of target y-rays. Figure 5 shows



a spectrum obtained with a Cr target which gives numerous lines at energies



up to 9.7 MeV. All the lines above about 1.5 MeV occur in triplets with the



highest energy line being the full energy peak and the lines .511 MeV and 1.022
 


HeV lower in energy corresponding to the single and double escape peak, respec­


tively. At lower energies, there are numerous background lines, including a



very strong one at 2.22 MeV resulting from deuterium.formation in the water.



Prior to integration of the CsI shield, a two week calibration was per­


formed to characterize the unshielded detectors. During this period, the



absolute efficiency, the angular response of the unshielded detectors, and the



simultaneous event efficiency of the 4 detectors together were all determined.



The results of-a preliminary analysis of the absolute efficiency is shown in



Figure 6 for detector 1 which is typical of all 4. The maximum effective area



reaches about 16 cm2/detector at 100 keY. The roll off at lower energies is



due to attenuation in the detector dead layer whidh has a thickness of about



700 p. At higher energies, the efficiency drops because of a drop in the inter­


action cross sections.
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Table I shows the final results of the efficiency measured with an NBS



60Co source. Also shown are the resolutions of ech detector at 1.33 Mev



measured on two occasions: the first during pre-shield calibration and the



second after the complete system had been integrated. Resolution measure­


ments vary by about 0.1 key from one measurement to the next, but the numbers



shown are typical. All the spectral fitting has been done at JPL using a



routine called HYPERMET (Phillips and Marlow 1976).



5. CONCLUSION



The HEAO C-1 experiment has -nowbeen fully integrated and is functioning



very well. During the next four months it will go through environmental test



ing and a detailed calibration prior to delivery to TRW on 1 October 1978.



The mission is currently baselined as a six month.sky survey after which we



will hopefully be able to answer some of the many questions raised during this



conference and elsewhere related to cosmic gamma-ray line emission. The experi­


ment will perform an exploratory complete search for narrow gamma-ray line


-4 2



-
emission from point sources to the level of about 10 4 photons/cm -see, which



is approximately an order of magnitude better than current balloon systems are



aihieving.
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FIGURE CAPTIONS



Figure 1. An exploded view of the HEAO C-I gamma-ray spectrometer 

Figure 2. The four high purity germanium detectors during transfer to the 

flight cryostat. Each detector is about 54mm in diameter. 

Mounted at the base of the cryostat are the bias voltage 

filters and the signal preamplifiers. 

Figure 3. The fully integrated system after conformal coating. 

Figure 4. The instrument-during calibration prior to integration of the 

Csl shield. The mounting cage was designed to allow the experi­

ment to be rotated to several planes for calibration purposes. 

To the right is the neutron howitzer used for high energy cali­

bration. In the background is the experiment support and check­

out computer system. 

Figure 5. A spectrum obtained with a Cr target in the howitzer. Note the 

numerous narrow lines in the upper half of the spectrum. 

Figure 6. The effective area (area x efficiency) of detector 1 including 

the single and double escape peak efficiencies. 



EFFICIENCY AND RESOLUTION OF 1EAO C-i GE DETECTORS 

From Analysis of Calibration Data 

CHARACTERISTIC. 
1 

DETECTOR NUMBER 
2 3 4 

Resolution - key 
(FWHM at 1.33 14ev) 

20 Feb 78 

5 May 78 

2.81 ± .08 

2.81 ± .05 

3,20 t .10 

3.05 ± .06 

2.39 ± .06 

2.58 ± .06 

2.99 ± .08 

2.83 ± .15 

Effective Area 
(Cm at 1.33 Mev) 

2.64 ± .04 2.93 ± .05 2,72 ± ,04 2.64 ± .05 

Ln 

Table I 
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Figure I. 
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ABSTRACT



We present here a summary description of the SMM gamma ray experiment along


with a discussion of the important scientific capabilities of the instrument.


A study has been made of the flare size detectable as a function of spectrum


integration time. A preliminary estimate indicates that a solar gamma ray


line at 4.4 MeV one-fifth the intensity of that believed to have been emitted


on 4 August 1972 can be detected in v 1000 sec with a confidence level of 99%.



1. INTRODUCTION



The gamma ray experiment on NASA's Solar Maximum Mission is one of the six



independent but complementary experiments dedicated to the study of solar



flares during the 1979-1980 period of maximum solar activity. The gamma ray



experiment is basically a scaled up version of the University-of



New Hampshire NaI gamma ray detector on 0S0-7, which first measured solar gamma



ray lines in August 1972. Dedicated solar pointing, increased spacecraft



weight, and telemetry capabilities have allowed an order of magnitude increase



in detection sensitivity and time resolution. These improvements will allow



detailed gamma ray spectroscopy observations during large solar flares.



The fabrication of the solar gamma ray experiment is a joint effort



between the Federal Republic of Germany (FRG) (under the supervision of



.DFVLR ) and the USA [under the supervision of the Goddard Space Flight Center



(GSFC), which has the overall-responsibility for the Solar Maximum Mission



program]. The scientific and engineering program is carried out by



tDeutsche Forschungs- und Versuchsanstalf fur Luft- und Raumfahrt.
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scientists from the Max-Planck Institute, Garching,and engineers from the firm



Messerschmitt-Bolkow-Blobm (M3B), Munich. In the USA the collaborating scientists



are from the University of New Hampshire, the Naval Research Laboratory, and



the Jet Propulsion Laboratory of the California Institute of Technology, with



engineering support supplied by American Science and Engineering in Cambridge,



Massachusetts. The University of New Hampshire, through the Principal Investi­


gator,has overall scientific and technical responsibility for the program.



Table 1 shows a summary of all scientific personnel involved and their specific



responsibilities as well as the overall institutional responsibilities for the



various phases of the program. Launch for the SMM satellite is scheduled for



October 1979. Only a brief summary of the experiment will be given here;



detailed descriptions of the instrument will appear elsewhere (cf. Forrest et al.,



1979; Seiple at al., 1979).



2. EXPERIMENT DESCRIPTION AND INSTRUMENT PROPERTIES



The heart of the gamma ray detector consists of seven high resolution



7.6 cm x 7.6 cm NaI(Ti) integral line detectors which form the main channel



detector. Each of the detectors has an energy resolution that is better than



7% (FWHM) at 0.662 MeV. Together they form a gamma ray line spectrometer



operating between 0.3 and 9 MeV. The gain of each of the seven units is



automatically and continuously corrected to a common (and command selectable)



position via an electronic servo loop. In order-to achieve the correct gain, the



servo loop utilizes gamma rays from three 6 0Co calibration sources (cf. Forrest



et al., 1972) and the corresponding digital output of the main channel pulse



height analyzer to continuously trim the high voltage on each detector. Hence



all seven detectors are forced to a common gain so that their analog signals
 


can be summed and digitized with a common pulse height analyzer. The digitized



signals from the seven main channel detectors are stored in two memories. One



of the memories accepts only events associated with any single detector (singles



mode) while the second memory accepts only events associated with two or more



of the seven detectors (multiple made). Since the gain or energy-to-pulse­


height conversion is the same in both memories, which are read into simultaneously,



they can be processed separately or added together. The accumulation time for



both of these spectra is 16.38 sec.
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Tabte 1



Solar Gamma Ray Experiment



for the


Solar Maximum ission



University of New Hampshire



- Durham, ?f. H.­

(American Science and Engineering)*



E. Chupp Principal Investigator Program Management 
0, Forrest Project Scientist Scientific Direction 
M. Cherry Co-Investigator Flight Electronics 
J. Ryan Co-Investigator Gamma Ray Calibration 
I. Gleske Data Manager Data Analysis 

Max-Planck Institute for Physics andAstrophysics



- Garching, F.R.G. ­

(Messerschmitt-Bilkow- Blohm)*



K. Pinkau Co-Investigator rDetector Assembly


C. Reppin Co-Investigator Mechanical Structure


E. Rieger Co-Investigator Gamma Ray Calibration


G. Kanbach Co-Investigator lData Analysis



Naval Research Laboratory



- Washington, D.C. -


J. Kurfess Co-Investigator (Monte Carlo Calculations


W. Johnson Co-Investigator Gamma Ray Calibration


R. Kinzer Co-Investigator' [Data Analysis


G. Share Co-investigator



Jet Propulsion Laboratory


California institute of Technology



- Pasadena, Calif. -


A. Jacobson Co-Investigator (Scientific Consul-tation



* Subcontractor
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Auxiliary detectors, which have been incorporated into the instrument, are a



thick CsI(Na) crystal, behind the NaI spectrometers, for use in a high energy 

detector for gamma rays with energies greater than oo 10 MeV and two NaI(TZ) 

X-ray detectors covering the energy range 10-180 key. The complete high energy 

detector consists of the seven main channel NaI detectors and the large 25 cm x 

7.6 cm Cst back detector. Events in the 10 MeV to 11,
100 MeV range occurring in



either the NaI or CsI crystals are analyzed by separate four channel pulse height



analyzers and then accumulated in a 5 x 5 matrix where the row and column posi­


tions correspond to the energy bins of the pulse height analyzers. Certain



elements of this matrix are associated with gamma rays interacting in a single



high energy detector (i.e., Nal or CsI) while other elements are associated with



gamma rays which shower and interact in more than one detector. The accumulation



time .for the high energy events is 2.05 sec.



2
The two 8 cm x 0.6 cm Nat X-ray detectors both cover the energy range 10-180 keV



with four channels of pulse height information. The detectors are identical



except that one has an At filter, whose 50% transmittance energy is V 10 keV,



and the other has an AZ-Fe filter so the 50% transmittance is t 35 keV. The



detector with the higher 50% transmittance energy ,allows observations to be



made during intense X-ray events with minimum spectral distortion -ue to pulse



pileup. The accumulation time for these detectors is 1.02 sec.



Figures 1 and 2 are top and side views of the gamma ray detector,respectively.



Shown in Figure 1 are the seven main channel NaI detector and the three 600o



stabilizing sources,all surrounded by the 2.5 cm thick CsI anticoincidence



annulus shield. Also shown are the outlines of the top 1 cm thick plastic



scintillator shield and the two X-ray detectors with their associated 241Am



calibration source. Figure-2 is a cross-sectional side>view; it sl1ows the



large CsI back detector, which is used both as an antic6incidence shield for



the main channel detectors for the 0.3-9 MeV spectroscopy mode and as one of



the detector elements in the high energy mode. The hemispherically shaped



1 cm thick back plastic which acts as an anticoincidence shield is also shown.



The basic operation of the gain stabilization system, mentioned above, can be



understood by reference to Figure 3, which shows a typical 60Co calibration



spectrum in a single 3".x 3" NaI(T±) crystal. A separa'te photomultiplier
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Figure 1. Detector - Top View* 
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detects the S- emission from the 60Co source, which itself is contained in a



small plastic scintillator, thereby giving a logic pulse to identify the prompt



emission of coincident 1.17 and 1.33 MeV gamma rays. All seven main channel



photomtultiplier tubes have their gains adjusted to a common value by the



stabilizer circuitry. Main Thannel events occurring in a single detedtor in



coincidence with a 60Co $- decay are analyzed digitally to see if their energy



falls within the bounds set by ground command. Events whose pulse height is



above a mid-level (gain) threshold,decrement the high voltage for that detector,



Figure 3. 	 Typical 60Co calibration spectrum and gain


'stabilizer operation (see inset).



240 L.17MeV 

L33MeV 

Mid Level 
Lower1 	 bThreshold 

! 120 
U 

0



1.17 MeV 

4o 	 2 50MeV 

F0 0 60 ,0 100 Zo 140 160 180 zo 

Channel Number 

while events below this threshold, and above a lower threshold, increment the 

high voltage. The mid-level gain threshold is chosen to correspond to the pulse



height given by the central photopeak energy for the 1.17 MeV 60Co gamma ray.



Each decrement or increment changes the high voltage by u 50 mV, which changes



the system gain by n,0.04%. The net effect of this active stabilization system,
 


with a proper setting of the lower threshold, is to continuously insure the



equality of the average 60Co rate above and below the mid-level threshold



(1.17 MeV). This is illustrated in the inset of Figure 3, which shows the



integral counting rate spectrum for the'6°Co source where the two regions,
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oppositely cross hatched, have equal areas. Gain stabilizer events and main



channel 60Co gamma ray events are rejected if an event occurs in any of the
 


anticoincidence shield elements or in a second main channel detector. This



insures that prompt multiple events from charged cosmic ray interactions any­


where in the detector will not confuse the stabilizer.



The energy resolution properties of the main channel detectors are illustrated



in Figures 4 and 5. Figure 4 shows the spectrum obtained with a 137Cs source



Figure 4. Single detector 137Cs pulse height spectrum.'
 


Cs1 3 7 spectr 

0.662 NoV 900 volts
6,69 res



E 

C.) 

Co 

Photon Energy 

with a gamma ray line at 0.662 XeV, the energy standard used for specifying



the resolution of a NaI(TZ) spectrometer. The FWHM energy resolution of this



particular detector is (6.6 + 0.1)% and is representative of the seven main



channel detectors, the poorest of which has a standard resolution less than



(6.9 + 0.1)%. Under gain stabilizer operation the main channel detector energy
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Figure 5. 	 Single detector pulse height spectrum obtained using 
a 24 'Am-Be source. 
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resolution in the singles or sum modes will be less than 7% at 0.662 14eV. The



energy resolution expected at the energy of the IZ deexcitation line, 4.43 14eV,



is determined from the spectrum shown in Figure 5, which was obtained using an



241Ain-Be neutron'source. The 4.43 MeV gamma ray results from the reaction



SBe(a,n)12C*. The resulting energy resolution is 3.8% FWTh for the same 

detector used to obtain the data in Figure 4. The 0.51 14eV photon escape 

peaks will be strongly suppressed in the SM instrument because of the operation 

of the various anticoincidence shield elements, most of which have a high effi­

ciency for detecting 0.5 14eV annihilation photons. The expected energy 

resolution, expressed in energy units, versus incident photon energy is shown 

in Figure 6 on the right ordinate. These data are preliminary but are represen­

tative of what is expected from the completed instrument.
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Yi-gze 6. Preliminary estimates of the basic detector properties. 

4 	 400 

Gama'ay Energy Resolution 

I 	 5: 

F r 	 6Efi tive
Ao .20 	 W20- - -single Delectot 

--- Sir. of Adjacent De efrs 

0L0 4 6 10 
Gamma Ray Energjy (MeV) 

Figure 6 shows pveZiminary data on the effective area or photopeak sensitivity



of 	 the 7 main channel detectors. The lower curve is derived from spectra



which are obtained in the singles mode and the upper curve from the summed



singles and multiple mode spectra. The data in this figure are a composite



taken from several sources:



Calculations for a 7.6 cm x 7.6 cm NaI geometry by Berger and Selzer,


(1964) and Birks (1964),



. A detailed Monte Carlo simulation of the SMM detector geometry carried


out by our NRL co-investigators (Kinzer et al., 1977), and



.		Actual calikration data from a UNH balloon instrument which used 7 NaI(T)


spectrometers in a geometry very similar to that of the SMM detector.



Dividing the total counting rate in a line by the effective area shown in



Figure 6 gives the incident photon flux in that-line.



It should be noted that calibration data to be taken with the completed



instrument in September 1978 will provide final preflight verification of



the energy dependent photopeak sensitivity (or effective area), as well as



the energy resolution.
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The capabilities of the various detectors in the instrument are listed in 

Table 2. For the main channel, the energy range for pulse height analysis 

can be extended up to ' 17 MeV by command but this will also increase the 

lower energy for analysis to e.0.7 MeV. This mode will only be activated 

later in the mission specifically to look for evidence of the 15.11 MeV 12C 

line in very large flares (cf. Crannell et al., 1977). As mentioned earlier, 

complete main channel energy spectra are accumulated for b 16 sec for both the 

singles and multiple mode data; therefore, the minimum time resolution obtain­

able with these spectra is also 16 sec. However, separate fast time (2 sec) 

accumulation and readouts are available for three energy intervals. These 

fast time resolution energy intervals are set at 4.2-4.6 heV, 4.6-5.6 MeV, and



5.6-6.4 MeV so that the time history of prompt gamma ray lines from 12C and



160 at 4.4 and 6.1 MeV can be studied. This possibility exists, however, only



for flares as large or larger than that on 4 August 1972. In addition, a



single energy window covering the energy range 350-400 keV for bursts of



photons is readout every 0.064 sec for ultrafast time resolution study of



bursts of hard X-rays. Again the setting of this window is optimized for



very large events so information will be available on the time behavior of



fast electrons in a flare.



The full main channeL detector only is covered with a separate filter to absorb



the intense X-ray flux so pulse pileup effects in the main channel spectra



are minimized. This "forward closeout", which is placed outside the experment's



thermal shield, consists of a sandwich of 10 mil of AZ and 20 mil of Pb.
 


The basic properties of the high energy detector were described earlier; however,



this part of the detector is in principle also sensitive to energetic neutrons



(> 20 MeV) as indicated in Table 2. A neutron signature can be identified by



a pattern of events in the high energy matrix, distinct from that produced by



the high energy gamma rays. Also, in a large flare producing a copious flux



of both forms of radiation, the neutron flux should extend over a larger time



period and be delayed by several minutes with respect to the gamma radiation.



The basic purpose of the X-ray detectors is to have correlated X-ray data for



identification of the time periods when electron acceleration is occurring at



the Sun. It is during these same time periods when it is likely that protons
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Experiment Capabilities*



ISEVEN 7.6 cm x 7.6 cm Nal SCINTILLATORS I



Energy Range: 0.3 TO 17 leV 

Energy Resolution: EE S 7.0 at 0.662 Mtv 

MIAIN 
-Intensity Range: 

MinimumMaximum Flux.Flux 

(Fluxes for a-'rypical 1ine)3-2 .1 
0 - 3 cm- 2 e110 photonsphotons cn- se.c 

DETECTOR/
-C Detection Sensitivity: 20 to 300 cl2 gautna ray 

photopeak sensitivity 

Temporal Resolution: 16.33 sec (full energy range) 
2.05 
0.064 

sec (three energy intervals) 
sec (0.1 to 0.3 ReV) 

Nat -Csl SCINTILLATORS t 

Gamma Rays: 10 to.10o MeV 

Energy Resolution: AE/E I (24-Element Matrix) 

Intensity Range:


Minimum Flux W -3 photons cm- 2sec-l



Sensitivity: 1.20 =2



HIGH ENERGY

flETECTOR/ 

D>Neutrons: 
>20 MeV 

Intensity Range:


-2 2 - l



Minimum Flux 3 x 10 neutrons cma sec



Sensitivity: 7.5 =2



Temporal Resolution: 2 sec 
(n and y) 

Nat SCINTILLATOR 1



Energy Range: 10 to 180 keV 

Energy Resolution: aE/E ' 1 Ct channels) 

X i YIntensity Range: 2 l
T Minimum Flux 10Iphotons c- sec­flETECTOR Maximum Flux 1o6 photons ca-2sec­

z 2Detection Sensitivity: 2 cm to 20 cm 

Temporal Resolution: I sec ._ 3 . ..'s1 3 a V. , -gg:3 4 

3 Co60 gated sources (nght)ALIBRTION Main Deatctor: 
X-ray Detector: AM241 gased source [night)' 

The information in this table is based on pre­
calibration estimates and tberefoie is not final. 
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and other ions producing the nuclear excitation will be accelerated. It should



be noted that complete calibration of the main channel and the X-ray detectors


occurs during orbital nighttime or approximately every 90 min.



3. EXPECTED RESULTS



Two major improvements have been made in the SMK instrument as compared to the


gamma ray spectrometer on 0S0-7. First, the earlier instrument utilized a 

single 3" x 3" NaI(TZ) crystal in a rotating spacecraft with an observing duty 

cycle of 25%, whereas the SMI instrument uses seven 3" x 3" Nal(TZ) crystals 
with a solar observing duty cycle of ,100%. Second, full SMM spectra from 

300 keV to 9.0 MeV will be accumulated in 16 sec intervals as compared to the 

180 s~c accumulation time for the 0S0-7 experiment. With the larger SMM 

instrument, it is expected that many more solar gamma ray events will be seen. 

In Figure 7 we show a plot of the predicted intensity of a solar gamma ray line



Figure 7. 	 Preliminary estimate of gamma ray flare size relative


to that of 4 August 1972 necessary to produce an


average intensity at 4.4 MeV to be detectable at the


99% confidence level. The detectable intensity is


plotted vs. integration time. (The final curve will


be determined by the observed inflight background.-)



tOt



1 
a-


10.1 

E 

10 	 1 I103 

I tegratin Time sec) 



570



at 4.4 MeV that can be detected for different spectrum integration times. The



ordinata.gives the flare intensity normalized to the average flux estimated for



-

the 4.4 MeV line in the 4 August 1972 flare, which was r 3 x 10 

2 photons



2 -1 (Chupp at al., 1975). The curve shown applies to a measurement at
cm- sec
 

the 99% confidence level, which means there is a 99% chance that a given



observation of the gamma ray line would be due to an actual solar emission rather



than to a fluctuation in the background counting rate [see the earlier paper



in these proceedings by Chupp (1978) describing the likelihood method of analysis



which we use for calculating this confidence level]. As can be seen, in an



integration time of e-95 sec (n 6 spectral accumulations), it will be possible



to identify a spectral line at 4.4 MeV having an intensity level equal to that



Correspondingly in
believed to have been emitted in the 4 August 1972 flare. 
 

fl 1000 sec it will be possible to detect a 4.4 MeV line intensity of 0.2 of that



-

of the 4 August intensity. This would correspond to a flux of 'b 6 x 10
 3 photons 

cm-2sec- . It should be noted that we have assumed that the average gamma


ray intensity is constant over the integration time but this may not be the case



in practice. Finally, the arrow marks on the abscissa indicate successive basic



16 sec accumulation intervals.



Figure 8 shows a hypothetical solar gamma ray flare counting rate spectrum



expected during a 1000 sec exposure to a flare having the gamma ray intensity
 


of the 4,August 1972 flare. This curve is a result of folding the estimated



SMM instrument response function generated by Kinzer et al. (1977) intb the



theoretical flare gamma ray spectrum calculated by Ramaty et al. (1975). It



should be recalled that the only experimentally observed lines reported by



Chupp et al. (1975) were at 0.51 and 2.22 MeV with suggestions of lines at 4.4



and 6.1 MeV. The other lines shown in Figure 8 are based on the model developed



by Ramaty et al. (1975) using standard solar abundances and an assumed spectrum



of solar cosmic rays having the same composition. In constructing Figure 8,



Kinzer et al. (1977) have superimposed the calculated solar flare spectrum on



a predicted background spectrum consisting of contributions from the cosmic



diffuse radiation, the Earth's_atmoshere, spacecraft background, and a solar



gamma ray continuum reported by Suri et al. (1975). A fixed channel width of



20 keV was used in constructing Figure 8 whitE is reasonable for lines above



I MeV, In the half MeV region the detector's ability to resolve the 0.511 MeV



line is misrepresented. The presence of this line can be seen in Figure 8 but
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at the finer channel resolution, of which the SMM detector is capable, this



line will be resolved.



Figure 8. 	 Energy spectrum expected during a 1000 see exposure


to a flare having the intensity of the 4 August 1972


flare. Note that the 0.511 MeV line would be resolved


with narrower channel width at low energies.
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4. GAMMA RAY LINE PARAMETERS



In order to perform gamma ray spectroscopy with the SMM instrument, one must



determine accurately its ability to measure the peak energy position and the
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width of a gamma ray spectral line. These two quantities depend basically on



the energy resolution of the detector (see Figure 6) and the counting statistics



available for a given solar -gamma ray line event. One of the most interesting



applications of such observations would be to measure a Doppler shift in the



position of a prbmpt liine such as the 4:4 MeV 12C line, which could indicate



the direction of motion of the solar cosmic rays at the Sun as suggested by



Raaaty and Crannell (1976).



WTe have niaue a jf±±m±nafy buuuy uz rniS aspect of the SMR instrument's capa­

bility by carrying out a Monte Carlo simulation using an assumed incident flux



of 4.4 MeV photons and a continuum flux of photons corresponding to strongly



broadened lines or a hard X-ray continuum. First, a Monte Carlo run was made



with the spectral line at its proper-location but broadened-by the instrument's



Figure 9. Monte Carlo simulation for 4.44 MeV photons on


SMM project. Dark curves - no Doppler shift;


light cuf-ves - 50 keV blue Doppler shift. 
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response function followed by introducing an artificial blue Dbppler shift of



50 keV in the line's position.



The two resulting spectra are shown in Figure 9. A separation of the two peaks 
at n. 4.4 MeV is just discernable to the eye; however, no detailed statistical 

analysis of the significance of this shift has as yet been carried out. In


Figure 10, we show the corresponding results for the case of a 100 key blue shift.


In this case, the shift is clarly discernable. The integrated counts used in


this Monte Carlo simulation correspond to a gamma ray flare comparable to the



4 August 1972 event observed over a total time of 1000 sec. 
 Further studies



of the SMM detector's ability to detect Doppler shifts will be carried out



after the instrument calibration is completed.



Figure 10. 	 Monte Carlo simulation for 4.44 MeV photons on SMM


project. Dark curves - no Doppler shift; light


curves - 100-key Doppler shift.
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In conclusion, the SbM4 gamma ray instrument has been designid to d~tect gamma 

ray lines with > 99% confidence in the range 0.3 14eV to 17 MeV from flares 

significantly smaller than those of August 1972. Improved energy and time 
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resolution, increased sensitivity and observational coverage, and-extended



energy range compared to the OS007 instrument give the SMM instrument the capa­


bility of substantially refined solar gamma ray spectroscopy.
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THE GAMA RAY OBSERVATORY



Albert G. Opp



Astrophysics Program


National Aeronautics and Space Administration



Washington, DC 20546



The Gamma Ray Observatory (GRO) will be a large, free-flying space observatory



dedicated to the study of the sky in gamma rays. For the purpose of GRO, gamma



rays are defined as photons with energies greater than -100 keV.



The GRO spacecraft will weigh about 10,000 kg, with about 6,500 kg available



for scientific instruments, providing about 400 watts of power to the instruments,



and about 12,000 bits per second of telemetry. The spacecraft will be launched



by the Space Shuttle into a 400 to 500 km circular orbit, inclined at 28.50 to



the equator. Launch is planned for 1984. The spacecraft will be three-axis



stabilized, with orientation capability of about 20 arc minutes and aspect deter­


mination of 2 are minutes. Absolute timing of 0.1 millisecond will be provided



by the spacecraft. The instruments will be co-aligned along one axis of the



spacecraft to optimize the spectral roverage of a particular region. We are



planning a two-year mission, and are studying possible retrieval by the Shuttle



at the end of the mission.



The objectives of GR0 are, briefly: to locate and characterize gamma ray



sources, in particular peculiar objects such as pulsars, to study diffuse gamma



ray emission, both from our galaxy and from extragalactic space, to investigate



other galaxies, especially radio galaxies, Seyfert galaxies and QSOs, and to



understand the origin of gamma ray bursts.
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,Gamma ray spectroscopy is one of the important objectives of GRO. Major



astrophysical problems such as the origin of the-elements, the nature of compact



objects, and particle acceleration could receive answers from observational



results obtained by a spectroscopy experiment on this Observatory,



To meet these objectives, a complement of four or five instruments will be



selected to fly on GR0. For the purpose of the GRO definition study, the High



Energy Astrophysics Management Operations Working Group came up with a 'strawman'



payload for GR0, which included one spectroscopy experiment. The actual payload



is to be selected following an Announcement of Opportunity (AO), which was
 


released in November 1977. Proposals were due in February 1978. Seventeen



proposals were received from 37 different organizations, representing 50 research



groups and 150 individual participants. The proposals were reviewed by a peer 

- review subcommittee.in May 1978; it is expected that the payload will be chosen 

before September 1978.



The Gamma Ray Observatory is not yet an approved mission. The Astrophysics



Program is recommending it as a new start in fiscal year 1980. It is hoped that



this observatory, carrying a full complement of gamma ray detectors, could firmly



establish gamma-ray spectroscopy as a new and vigorous observational science.



http:subcommittee.in
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SYMPOSIUM SUMMARY



L. E. Peterson*


Physics Department



University of California at San Diego


La Jolla, CA 92037



This conference marks the transition from the earlier age of such things



as conferences on shielding against background in gamma-ray astronomy to the



new age of high-resolution gamma-ray astrophysics. 
 Those struggles have borne



fruit in that now we have not only some ideas regarding how to do gamm-ray



astronomy, but also excellent preliminary results. With these results, gamma­


ray astronomy has moved out of the exploratory era into the time when observa­


tions on a serious and intensive basis are needed next. 
 We have seen some



older results reviewed here and we have seen new results, with a good deal of



discussion in the theoretical context regarding the interaction of these results



with the rest of astrophysics.



The first spectroscopic measurements in gamma-ray astronomy were obtained



on solar flares, both following theoretical predictions and prompting a consider­


able amount of theoretical study, in particular such as by Ramaty and Lingenfelter.



In.solar flares are seen a series of complex lines which are due primarily to



the interaction of energetic'particles in the solar atmosphere. 
 The intensities



of these lines are quite high, observationally, being found to be on the order



2
of a few tenths of a gamma-ray per cm per second. However, the upper,limits



3
on cosmic sources that have persisted over the past decade are around 10­


2
photon per cm per second, at the sensitivity threshold of detectors which have



been flown up the prebent time. At this conference we have been presented with



new results which, as I have indicated, confirm some of the older results with



observations at that intensity level.



*Transcribed by the Editors from the author's tape-recorded talk given at the


Symposium.
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One of these is the nice work which has been done by Leventhal, MacCallum



and Stang at the Bell Telephone and Sandia Labs. In this measurement, the pre­


vious observation of Bob Haymes of the 511-keV annihilation gamma ray line from



the galactic center region was indeed confirmed. This gives a flavor to the



sort of observations we would all hope to make. It indicates the kind of labor



that is necessary in order to produce such an accomplishment. This narrow



line measurement is a remarkable discovery, and the verification of the 0.5 MeV



line is, I think, a keynote to the work that we have seen presented here. The



interpretations one can do in an astrophysical sense with this line involve



the nature of the interstellar medium near the galactic center, the forms of



the annihilation of the positrons, the nature of the positron production



mechanisms, and the density and the types of matter in the regions in which



these reactions occur.



One source process of narrow-line spectra which was not predicted in



early times, but has since proven very important and was much discussed at this



meeting, is revealed by the beautiful observations of the Max Planck Institute



of the cyclotron line emission from Hercules X-l. The results were presented



here by Dr. Tr 'mper, and the comparisons with some of the other measurements



have been cleared up, as I see it, at this conference. First of all, the



observations of Dr. Trumper were made with an instrument that is considerably



more sensitive than the previous instruments that produced the earlier null



results. Those were primarily a consequence, I think, of sensitivity limita­


tions which were essentially at the threshold of detection of this particular



line. In addition to the verification of the intensity levels close to those



reported, the question of time variations of this line is just beginning to



unfold; this study will undoubtedly produce much new information useful for



the theoretical work which was also discussed at this meeting. I might say
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that Dr. Truimper gave a beautiful tutorial on the cylcotron line emission



process, and, in fact, we heard here of a variety of the different kinds of



calculations which involve the details of the mechanisms modelled for the



production of this line. 
 Certainly, much important astrophysical information 

can be obtained from the study of this line and its harmonics, regarding the 

intensity of the magnetic field, the location of the emission process, the 

geometry of the source, and so on; this is what the significance of what these



observations are about.



Another type of observation was reported by the JPL group, of the trans­


ient event observed with germanium detectors. This is a very different class 

of activity - a 20 minute transient event in which lines were observed at a 

number of different energies. An interpretation which was indicated at this 

Conference, due to Lingenfelter, is that these lines may be due to nuclear 

processes, such as have-been calculated for solar flares, but occurring near



the surface of a neutron star. 
 Several of the talks heard were associated with



theoretical processes which may occur near compact objects;" the above interpre­


tation of the JPL event, speculative of course, is that indeed some of these



processes could be observed. This is a good indication, I think, of the viable



kind of interaction between observation and theory that was amply demonstrated



at this Conference.



Another kind of result, not necessarily related to gamma-ray line astronomy,



but which has to do with the general production of gamma rays in distant objects,



was reported by Scgdnfelder, also of the Max Planck Institute. 
 He reported vhe



detection of gamma-rays from a discrete source, the.Seyfert galaxy NGC4151. The



cosmological implications of this particular discovery concern the origin of the



diffuse gamma-ray component which could be due to the superposition of discrete 

source of this type. Being an observattonalist, or a Iscrewdriver man' more 
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precisely, I regard many of the mechanisms which were discussed here as being 

speculative rather than theory, but nevertheless I think these are important



for driving the rest of us to produce better observations and for setting



a tone to an observational science. Such mechanisms are all involved. In



stellar flares, for example, the gamma rays are produced by the process asso­


ciated with setting up the magnetic fields; the mechanisms associated with



the production of light elements and the distribution of these elements in



the interstellar medium and the acceleration of cosmic rays are also related



to gamma ray line production. There is production associated with 5upernovae, 

in which the material is ejected and appears eventually in the interstellar 

medium while still radioactive. Sources of gamma ray lines are also associated 

with nova explosions. 

Another indication of the viability of this discipline has been demonstrated 

by the discussions that have taken place in the workshops and experiment sessions



First, we heard
where we heard three different but somewhat related topics. 
 

about detectors and the various processes which are associated with detection



phenomena, the observation of cosmic gamma rays at their low intensities and



the problems involved in improving the detector sensitivities and their back­

ground and instrumental effects.1 Second, the measurement of nuclear cross



sections in laboratory experiments are essential both in order to interpret 

the astrophysical phenomena and, for us as experimentalists and observations­


lists, to use these cross sections in order to understand our instrumental



And third, we have heard about the new experiments
and background effects. 
 

to be flown in'upcoming spacecraft missions.



To summarize what has taken place at this meeting, then, I think we have



seen gamma-ray line astronomy moving from an' exploratory phase into a phase
 


where a great amount of theoretical work is occurring, and where the observational



work needs to be moved into its intense phase.





The future! 
First, older data sitting on magnetic tapes must be analyzed.



I think one of the elements of this conference had-to do with the kinds of



effort, the intensity, the methods and the caution which one must use in



analyzing these data in order to make sure that the results that we publish



are understood and are significant. I think a lot of confusion was clarified



in the experimental situation, at this particular meeting. 'Second, there are



instruments that will soon be flown, as we heard, both on balloons and on up­

coming spacecraft in the next several years; these certainly will produce



significant results. We' have to think in .terms of sensitivity: The sensiti­

vity we have seen so far is on the order of 10 - 3 photons per centimer 2 per 

second for lines in this energy range. Instruments are designed and are 

about to be flown, such as one on the 1KAO-C, which will have sensitivities



­ 4in the 10 range. We have seen already what a small improvement in sensitivity 

over the past few years has done to this field. So improving it by an order 

of magnitude, which is possible in the next 5 years, will undoubtedly produce



new observational results. Many different conflicting theories have to be



tested and proven by the next step in observational sensitivity. By the early



1980's there is a possiblity of having a very much larger observatory, the



Gamma Ray Observatory, which will be capable of carrying instruments, not of 

hundreds of kilograms weight, but measured in masses of 1000 or' 2000kilograms. 

It is this kind of massive instrument that is required in order to get the 

sensitivity level into the 10-5 photon per centimeter2 per second range, which 

is certainly the next observational goal. Finally, more sophisticated, larger 

area, larger volume instruments must also be flown on balloons. These will 

become the instruments and the vehicles which we will be using to expand our



science for the future. 

To summarize this meeting, I think we have all been caught up in the .­
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spirit and the progress that has taken place here. I think we should all 

contribute to the proceedings of this conference, which are to be published



soon. I think it is not unlikely that this conference, amalgavating and 

collecting a number of diffuse results and setting a tone for the future,



will have the same place n the history of gamma-ray astronomy as did the
 


workshop held here on solar flares, way back in 1963.



I think we must thank the orjanizers of this conference for being 

very successful in terms of having these people together at an opportune 

- moment in time and at the same time providing a very pleasant and .productive 

meeting. 
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