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ABSTRACT

ANALYSIS OF THE 0.511 MeV RADIATION AT THE 0S0-7 SATELLITE

by
FHILIP P. DUNPHY

Observations of the 0.511 MeV positron-annihilation gamma-ray
by the UNH detector on the 0S0-7 satellite are preéented along with a
. deserivtion of the detector itself, Varlables which affect the count-
ine rate for this line are diécussed. Local productidn is shown to
be important and & contribution from the Earth is found to be in
agreement with that measured by balloon-borne detectors. An upper
1imit flux of 7.6 x 1073 photons em~2sec-l is obtained for the qulet
Sun and a positive solar flux of 6,3 x 10™° (+ 2,0 x 10‘2) photons
cm"zsec—l is obtained for the 3B flare of August 4, 1972. The width
of this annihilation line gives an upper limit temperature for the
annihilation region of ¥ 6 x 106 ®k. An analysis of.the line width
and position elso shows that the contribution to the line from
positronium annihilation is less than 100% at thé 99% confidence level,
An upper limit is also fﬁund for an isotropic cosmic flux, This is

8 x 10=3 em=2 sec'lsr-l.



I. INTRODUCTION

A, Astrophysical Significance of the 0,511 MeV Radiation

The gamma-ray line at 0,511 MeV isrthe characteristic radia-
tion emitted as the result of the annihilation of = positron and a
free electron at rest (see Appeﬁdix 1), Astruphysicélly, this
radiation is related to positrons in the same way thal gamma rays
are related to energetic charged particles in general--they travel
- virtually directly from the point of origin of the particie reactions
without the intermediate magnetic field interactions and energy loss |
mechanismg of charged particles. Becaﬁae the production of gamma rays
is' a compiicatsd procéss, in practice many parameters of the 1ntef-
actions must be known or hypothesized (fluxes, energy spectra, ambient
densities, etc.). Therefore, gamma ray measurements do not replace
cosmic ray measuremenfs bﬁt.cnmplement them in the same way that |
"megsurementg in other reglons of the eiectrom&gnetic spectrum do,

A gamma ray line at 0.51 MeV has long been observéd in detectors
f1own beneath high altitude balloons, This has generally been attri-
buted to positron production in cosmic ray interactions 1nrthe atmosphere
with subsequent annihilation, This source has alao been seén ﬁt
natellite altitudes. - The follouing section reviawﬁ these experiments
in some detail,

Of greater astrophysical intersst are possible fluxes from
the Sun, from other discrete soufc&s, and'frqm our galaxy as a wﬁnle.

The quiet Sun emits a negligible amount of 0,511 MeV radiation

1



(Appendix I). Upper limits for this flux have been tabulated by
Chupp (1971) for experiments performed prior to 1969. The lowest
upper limit was measured by Haymes et al. (1968) and was 8,4 x 10-4
rhotons cm‘zsec'l; furthermore, there was no evidence of any radis-
tion of nuclear brigiﬁ from the éun_at that time.

Present theoretical calculaﬁions {Cheng, 1972) show that
measurable fluxes of annihilation radiation from the Sun can only
be exrected during solar flare activity. Several workers have
calculated positron production and annihilation rates for flares as
discussed in Appendix I. Different‘models can predict vastly dif-
ferent time characteristies (Chupp, 1971). The intensity and time
dependence . of the flux depends on the lnitial proton energy spectrum
and the amblent particle density and composition., The time depend-
ence can also be affected by the magnetic field in the positron
decelearation region. The width of the 0.511 MeV line can Eeveal the
Ithermal velocities of positrons and electroné in the annihilation
region and the formatlon of the positron-electron bound state
{positronium}, Such measurements combined with measurements in other
regiona of the electromagnetic spectrum and the detection of the
flare-related charge particles and neutrons can give valuable knowledge
about the flare environment. | |

Other extraterresterial dlscrete sources for which uppef
"1imite have been given include the Crab Nebula, the Cygnus and Virgo
regions, and Centaurus A (Chupp, 1971). A limit on an isotropic

flux which could mresumably be produced in our galaxy has been



rublished by Metzger et al. (1964). This measurement by the Ranger 3
spacecraft gives a limit of 1.4 x 10™2 photona em~2sec™t, '

The hyvothetical annihilation flux produced within our galaxy
and its significance has been discussed by Stecker (1969) and Rematy,
Stecker and Misra (1970). Ramaty and Lingenfelter (1966) have treated
cosmic ray interactions in the galaxy which yleld positrona by the
AT 7 Woe scheme, These positrons have initial energies
greater than 10 MeV, and their egcapé from the galaxy is an important
congideration in estimating the equilibrium positron flux., In
addition, the production and decay of positron—emipting,nuclei may be
an important source of galatic positrons in the range 0,1 to 10 MeV
(Verma, 1959). The intensity of the associatgd annihilation radia-
tion depends on parameters similar to those involved in solar flare
events, Positron production is a function of the primary cosmic ray
intensity and the deﬁsity and composition of the interstellar gas.
The qquilibrium-pbsitron intensity also depends on the energy loss
rate. of the poéitrons (since they annihilate neer rest) and their
survival time against'annihilation and leakage from the galaxy,

The resultant annihilation radiatioﬁ from the given direction can then
be calcﬁlated, kndwing the amount of mﬁtter in the direction of
observation, Positive measurements of, or limits on, such a flﬁx

would add to knowlnge'of the galactic cosmic ray flux and to the

distribution of matter in the galaxy.



B._ History of Observations of Atmospheric and

-Cosmic Annihilation Radiation
1. Balloon Obgervations

The measurement of 1ow-energy-atmoapheric gamma rays began
two decades ago as a result of attempts to detect radiation from
extraterresterial sources, Experiments by Rest, Reiffel and Stone
(1951) and Perlow and Kisasinger (1951) involved using Geiger-Muller
tubes in anticoincidence to detect gamma rays of energiea < 4 MeV and
< 15 MeV, respectively. Subaequent balloon flights by K. A, Anderson
(1961) and J. I. Vette (1962} gained energy spectrum information |
between 25 and 1060 keV using unshielded Nal scintillation detectors,
The data of Anderson extrapolated above 300 keV agreed well with
rocket data gathered by ﬁorthrop and Hostetler (1961).

Improvad spectral data was obtained by F. C. Jones (1961)
using a balloon-~borne CsI(Tl) phoswitch detector surrounded bj a
4-cm thick passive lead collimator and a 3-cm thick lead shutter.

The energy loss spectrum in this detector was divided into 31 bins
between ~ 0,1 tb 2.4 MeV. No evidence of 0,511 MeV radiaﬁion wasg
detected; however, the presence of a large amount of unshielded lead
and the small opening dngle of the collimstor made detection of the
atmogpheric speqtrum difficuli.

Numerous experiments have been méde with balloon-borne
inorganic scintillators w;th chargedearticle rejection and a min-

imum of massive material in the vieinity of the détector. A



gamma ray line at 0,5 MeV attributed to positron annihilation was
first found with svch a detector by L.E, Peterson {1963). Details
of the measurement, as well as others of & similar nature, have been
‘summarized by Kasturirangan et al. (1972). Peterson's detector
consisted of a 5.1 cm dia. x 5.7 cm long NaI(T1l) - phoswich arrange-
ment flown in 1961 at 55° N gecmagnetic latitude and an atmospheric

-2

depth of 6.0 g cm™, The published intensity of the 0.51 MeV line

was .31 + 0.03 photona en~2gec ™" at ceiling altitude. This was
later revised to 0.62 % 0.06, In 1962 an experiment was flown by
“rost et al. (1966) at the same latitude to & depth of 3.5 g em2.
.The detéétor was a 3,4 em x 5.4 em NaI(T1l) scintillator with a
CsI(T1) collimator. The intensity at altitude was 0.60 photons
em~2secL,

| Data at 47° W has been obtained by Rocchia et al, {1965)
during three flights in 1963-1964 to ;‘cailing of 5.0 g en™?, The
detector was.an un§hielded 4.4 cm x 5.1 cm NaI(Tl) seintillator and
the measured intensity varied between 0.34 and 0.40 photons cm~<sec-l,
A series of measurements have been made by Chupp et al, (1970) =t
42° N wvith a variety of inorganic scintillators and‘shield configura-
tions from 1966 to 1968, A mean intensity of 0.18 photons cm~2secl
was obaserved, Haymes et al. (1969) have flown a 10.1 em x 5.1 cm
Nal{Tl) detector surrounded by a thick (7.0 cm) NaI(T1) active co1—
limator. These investlgators give an upper limit to the 0.511 Mavl
inteﬁsity of 0,2 photons cm-_asec_-1 atl42° N and 3.9 g om™= in 1967,

An iﬁﬁermediate latitude measurement (27°N) was made by

Nakagawa et al, (1971) in 1970 using an unshielded 15 cm? Ge(Li)



detsctor. The result was an intensity of 0,12 + 0,03 photons cn~2sec™]

at 7.0 g pm'z. _Finally, a series of balloon flights was done by
Kasturirangan at al. (1972) near the equator (7.6° N} with plastic

shielded Nal(Tl) detectors. These flights gave a rate of 0,08 % 0,01

-2 -2

sec™! at 6.0 g cm™ < residual atmosphere. All of the above

—2)

photéns‘cm
re=ults have teen normalized to a common atmospheric depth_(é.D g om
by Kasturirangen et al. and plotted.to.giie the dependence of the
.51 MeV intensity on magnetic latitude,

The present experiment as well as other satellite experiments,
which are summarized below, eliminate the uncertainties involved in
cérrecting for atmospheric depth and in comparing the results from
detectors with different sensitiiitiés and angular responses. These
difficultlies are explained in the papers of Chupp and Forrest (1970)

and Haymes et al. (1970),
2. Satellite Observations

Gamma ray measurements made on the Ranger 3 snd Ranger 5
avacecraft {Metzger et al,, 1964) have given an indication of
the gamma ray anvironment in cislunaf gpace, The detector consisted
of A 2.75 ineh x 2,75 in. CsI(T1) scintillﬁtor-phoswitch combination
calibratéd in flight with Co”7 and Hg203 sources and pulse-height
‘anslyzed witha32-channel analyzer with two gain modes. The detector
was capable of helng extended from the spacscraft on a 6-foot boom,.
with data taken in both the atowed and extended position. This permit-

ted evaluation of local production in the spacecraft, The energy range

covered was 70 keV to 4.4 MeV,



A small pesk at 0.51 MeV was found in the stowed spectra of
both detectbrs:and was attributed to secondary pfodudiibn. No peak
was observed in the extended posiﬁion, giving an upper limit for an
isotropic flux of C.0l4 photons dm'gsec-l. These measurements were
made & distarce of 7 x 104 km to 4 x 10° km from the Earth, making
contributions from this source negligible.

Measurements in the 0.3 to 3,7 MeV range wers made on the
Cosmos 135 and Cosmos 163 satellite during 1966 and 1967. The Earth
orbits had 600 km apogee and 250 km perigee with an inclination of
49°. These experiments used 64-channel analyzera to sort the output
of a 4.0 em x 440 em NaI{Tl) scintillatﬁr—phoswitch arrangement,

Data in thé 0.5 MeV region has been described by Konstantinov, et al.
(1970), glving positive evidence of annihilation radiation attributed
té the Earth's atmosvhere. The quoted flux §aries with rigidity

“Zgee™! for rigidities

between 0,05 photons em—2gec™! anﬁ 0.2 photons cm
‘between 14 and 1 GV. No fluxes are quoted for other sources althﬁugh
Golgnétskii et al. (1971) give upper 1imit values for the gamme ray
intensities in interplanetary space of 4.0 x 1072 and 7.7 x 102
photons cm2gee~L Mev~t sr-l in the range 0.45 to 0.65 MeV for two
different fits to the data. |

~ An experiment similar to the Ranger series was placed on the
Apollo 15 and 16 space vehicles. The detgctors'cbnaistéd of 7.0 eﬁ
dia, x 7.0 em long NaI(T1) scintillators with plastic active charged~ -

particle shields. A boom was used to extend the détectors up to

| 7.6 m from the edge of the spacecraft, After correction for space-

cra”t production and local absorption, there was a weak poéitiva flux



at 0.51 MeV of 3.0 £ 1.5 x 10~2 photons cm~2sec™" (Trombka et al., 1973;
Paterson and Trombka, 1973). This corresponds to. an isotropic flux

of 2,4 % 1.2 x 1073 photons em %sec-lsr~l, This measurement seems
inconsistent with the Ranger upper limit and may be due to locally
produced positrons or low energy posifrons of solar or cosmic origin

that annihilate near the detector (Peterson and Trombka, 1973).



IY. DESCRIPTION OF DETECTOR

A, Physical Description

The ﬁniversity of New Hampshire gamma-ray monitor on the 050-7
satellite has been described in the literature (Higbie et al., 1972).
The following will summarize the characteristics whiéh are important
in the sccumulation and analysis of data at 0,5 MeV, The basic
daetector is & ?;6 em diameter by 7.6 ¢m high cylindrical NaI(T1)
crystal hermetically sealed in a thin stainiess steel housing and
mounted directly on an RCA C31012 photomultiplier.

This assembly 1slshielded in the forward direction by a 0.5 cm
thick CsI(Na) slab and in all other directions by a CsI(Na)_cup of
2.8 cm average thickness and 3.8 cm thickness near the detector
(Figuré II-1). Charged-particle interactions in the shield above a
nominal threshold of 100 keV veto coincident interactions in the
detector. The shield also éerves to supress the recording of Compton
scattering in the detector by detecting the scattered photon., Events
entailing a 0.511 MeV eacape gamma ray which interacts in the shield
are similarly supressed. The thickness of the shield is sufficient
to significantly attenuate gamma rays other than those entering the
forward aperture. A small X-ray detector covering the range 7.5 to
120 keV i3 included in the cumpartmént for the purpose of monitoring
solar activity. |

The detector is located in a segment of-tﬁe rotating wheel
gection of the 0S0-7 spacecraft. The detector faces radially &utward

with crystal and cup axes in line. The apin axis of the satellite 1s
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Figure II-l., Schematic diagram of the ganmma-ray monitor showing the main
detector, charged-particle shield, X~ray detector, and calibration sources.
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normal to the plane of the wheel. Thus the field of view of the de-
tector sweeps around a great circls in the celestlal aphere containing

the wheel plane with a period of about 2 seconds,

B. Detector Characteristics

1. Energy range and resolution

The energy range of the monitor is 0.3 to 9.1 MeV., The ocutput
of the central detector is pulse-helght analyzed by means of a
Quadratic Analog to Digital Converter (Burtis et al., 1972). The
channel n into which the pulse is directed is not related to the energy
loss E in the crystal in a linear way but by the function

E = e(nimp)?,
where ¢ and ng are constants, Since the energy resoclution of the
detector (or the full width at half maximum of a spectrum peak due to
a gamma ray line)is proportional to JE—(or FWHMa | ntng 1),
and AE = 2c(n+n,)4n, ;
if AE is taken to be the FWHM of a peak, its width in channels n is
-~ independent of energy. The quadratic analysis optimizes telematry
and pulse height analyzer usage by giving equal widths to peaks
throughout the energcy range. The pulse height analysis cb&ers 377
channels and the ¥WHM for peaks was chosen to be approxiﬁately 5
channels.. The nominal ehergy range is 6.3 to 9.1 MeV but the gain
can be adjusted by command over a 6:1 range. Thq detect9r was designed
to glve an energy resolution of approximately o -
' AE/R = 7,58

at E = ,662 MeV wl-:lere AR is the FWHM,
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2.. Photopeak sensitivity

The total intaeraction rate R in a detector due to a parallel
flux F incident on the sensitive area A 13 given by
| | R=Fed =By
where ¢ is the total efficiency aﬁd ST is the total sensitivity. When
A gamma-ray pﬁofnn interacts in a detector it doses not neceasarily
lose all of 1ts energy., Compton scattering with subsequent escape of
the scattered photon or pair production with subsequent escape of one
or both 0.511 MeV annihilation photons deposits only part of the
original ﬁhoton energf in the detector. The ratio of the interaetions
1eﬁding to total enérgy loss to the total number of interactions {is
called the photofraction f.
When the flux of a gamma-~ray line causes a peak in the detected
spectrum, the counting rate in the peak is given by
R‘p = FfcA = FSP

where Sp is the photopeak sensitivity., Vslues for the total sensitiv-
1ty, photopeak sensitivity, efficiency, and photofraction for a 7.6 em
by 7.6 em NaI(T1l) erystal sre glven in Table II-1 for = parallel beam
of 0.511 MeV incident energy (Heath, 1964; Neiler and Bell, 1965). In
practice, the rotation of the satellite durihg data accumulation
modifies the response to a perallel beaﬁ. This response, as measured
during detector calibration, is described below, The actual photo-
peak sensitivity of the detector for é.point source in the center of
the field of view of the detector at several en@rgiea is shown in

Figure II-2 (Higble et al,, 1973),
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TABLE II-1

EFFTICIENCY PARAMETERS "OR 7.6 om x 7.6 cm

NaI(Tl) CRYSTAL

Total Sensitivity (S,) 42 cm?
~ Photopeak Sensitivity (Sp) 25 c:m.2

Efficiency (c ) ‘ 0.92

Potofraction (f) 0.64

References: Heath (1964) and Neller snd Bell (1965.).

14
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3. Angular Response

A response function for the 0S0-7 detector which includes the
vﬁriation of detection sensitivity with angle of photon incidence has
been measured experimentally for several energies (Higbie et al., 1973).
Gamma-ray energies of 0,393, 0,662, 1.12, and 2.75 MeV were obtalned
from the radioactive isotopes Snllj, 03137, ans, and Nazk; respec-
tively. Measurement of such response functions permit the unfolding
of continuum spectra and the calgulation of averags sénsitivities to
point sources. These functiops are used in the present analysias, The
angular response of the present detectér includes the varietion in
look direcfion due to rotation of the satellite (2-second perioed)
while the detector 1is accumulating‘data. Tigure II-3 11lustrates the
variation of the sensitivity for a point source of energy 0.662 MeV
(03137), vhere the azimuth angle is the angle in the wheel plane between
the look direction andrthe sﬁurce, and the elevation angle is the angle

between the source direction and the wheel plane.
4. Time resolution

There are three modes of data resdout giving three possible
accumulatioh times. In fha normal mode, data is accumulated when
the detector is pointed wifhin 145° of the Sun. Because of the
satéllite orientation, this solar scan always contains the Sun at its
center (Flgure II-4), Data is alsov accumulated separately when the
detector ie pointed within +45°% of the'antigolar direction. The data

accumulation thus defines a solar guadrant and an antisoclar quadrant,



16

100 . :
E Cs7 ELEVATION
- 0.662 MeV ® e
A +60°
i ++90°
dg T
E [0] ot
E F
g F
l{'}") -
x L
g b
o)
a0
‘ O'l " 1 1 ) A 1 1 'l

2 20 60 O ) %0 180

AZIMUTH (DEGREES)

Figure II-3, Varletion of detector sensitivity (cm2).with
azimuth and elevation for a 0.662 MeV (Csl37) point source.
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The accumulation time for each quadrant during one spacecraft rotation‘
is about 0,5 ssconds bscause 5} the 2-second rotation period. Data
for each quadrant is summed separataly for 3 minutes of real time
before being read out,

In addition to this 3-minute time reaolution, fast scans of
30 seconds ana intermediate =cans of 61 aeconds are available on
command. These faster scan modes are pgmitted by 1Dwering the
nunmber of mulse height channels used, With proper gain adjustment,
the fast scan mode reads out only channels covering lines at 0.511 and

2.2.Mev and calibration lines of 0060‘(599 section on calibration),
The intermediate scan also covers channels for linea at 4.43 and
6.13 MeV,

The detector can also be switched by cuﬁmand from the normal
quadrant mode (solar-antisolar quadrants) to an alternate quadrant
mode in which dats is collected when the detector.is pointed &t right
angles t0 the solar direction. The section of the celestial sphere
seen in the alternate quadrant mode depends on the solar dirsection

and on the orientation of the spin axis of the spacecraft.
5. Housekeeping date

Information on the atatus of the experiment is telemetered
from the spacecraft during every scan. This information includes:
scan mode, quadrant mode, hish and low voltage, det#ctor and electronics
tempearature, slab and cup counting rates, integfai counting rates for
.anergies‘between 0.3 and 9.1 MeV and greater than 9.1 MeV, automatic

calibration mode and magnetometer reference mode. Further housekeeping
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data 1is {neluded in the main frame cycle which is sent back every
3 minmutes, This includes: Day/night signal, status of electronic
calibration and radistion source callbration, and live time and dead

time information,

C. Callbration and Gain Stability

When the detector is in the calibration mode, an entire scan
is used to accumulate & spectrum from a Cof0 calibration source
located next to the central detector {(Figure II-1). This calibration
method has been described by Forrest gt al. (1972). Briefly, it
consists of a small plastie scintiilator button doped with Co%0 and
mounted on the end of a 1ight plpe viewed by a photomultiplier tube,
The 0060 emits bets particles in conjunction with prompt gamma rays,
more than 99 percent of which are cascade lines at 1,17 and 1.33 MeV,
In the calibration mode, the pulses due to beta particle energy loss
in the @lastic are seen bylthe photomultiplier and are used to gate
on the main detector and a calibration spectrum is accumulated. In
the noncalibration (normal) mode, the deﬁeeﬁor is gatedroff by these
pulses and the calibration interactions are excluded from the data.
Since the efficlency for detecting the beta particles is not 100
percant, being somewhét greater than 95 peréent, there is some leakage
of the Co®0 radiation inte all the data. A sample calibration spectrum
18 shown in Figure TI-5,

In the autﬁmatic calibration mode the Cof0 spectra are ac;
cumulated at every satellite day/night and night/day transition,

This mode can be inhibited and initiated by. commend from the ground.
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Amplifiers and thresholds are alsoc checked electronical}y by the
manual calibration command,

| The gain ﬁf the céntrﬁl aetector i1s adjustable tﬁrough the
variation of phototﬁbe high voltage which has two coarse adjustment
steps of 150 volts each, and 64 fine adjustment steps within each
coarse range.‘ Gain control allows for correction of gain loss due
to phototube aging and gives the option of changing the overall enargy
range of the detector.

The stabliity of the gain can be checked by menitoring the
channel positions of the calibration peaks (1.17, 1.33, and 2.50 MeV
sum peak), The satellite dawn and dusk calibrafion verify the stability
of the gain over fhe characteristic time of an orbit period (about 93
minutes) or longer. Gain stabilitj for times between calibrations can
only be estimated by the position and width of peaks of known energy

(such as the cob0 leakage peaks) in spectra summed over those times.

D. Description of Satellite Orbit, Aspect, and Op-times

The Orbiting Solar Ubservatory (080-7) was launched on
September 29, 1971. The orbit had the parameters listed in Table II-2.
An error in Delta injection produced an anomaious‘eccentric orbit
causing a periodic variafion in the latitude of the apogee. The
UNH gamma-ray monitor was turned on at O352UT, October 3; 1971 and
was ful;y opératiohal at 2315 of the samé day.

It was discovered soon after turn-on that the detector-gain
was severely degraded during and after passage through the South
Atlantic anomaly region of the radiaﬁion belta. This problem was

dealt with by turning off the detector during orbits that passedl



TABLE II-2

050 - 7 ORBIT PARAMETERS

Inclination

Period

Perigee

Apogee

-Ascending Node
Argument of Perigee
Semi-major_ﬂxis
.Eccentricity

Mean Anomaly

Epoch time

33.14°
93.5 min
330.7 km
5745 km

' 310.06°

57.4,8°
68308 Im
0.01785

201.93°

12:00:00 uT
29 September 1971

22
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through the snomaly reglon. Using this technique, the galn was held
stable, though at a lower value than at the initial turn-on. The
chanqels containing the 0.5 MeV reéi;n remained bel;w the detector
threshold until 1006 UT April 25, 1972, At this time, the gain was
raised until the threshold.wns at about 0.3 MeV. "
| The detector usually operated in the normal quadrant mode;

that is, data was gathered in the solar cuadrant and antisolar (back-
ground) ouadrant, For about 4 hours‘every day the detector was switch-
ed to the alternate quadrant mode, “or the next 8 hours the detsctor

was off for passages through the anomaly, after which time it was

turned on for about 12 hours of operation in the normal quadrant mede.
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III, METHODS OF DATA ANALYSIS

A, Selection of Data Scans

The main limit on the data coverage in the time domain is the
requirement. that the detector be off during orblts that include passage
‘through the South Atlantic anomaly. The detector is off for this
reason about 25 percent of the time, Addiﬁionally, data from a given
source cannot be gathered continuously because of the changes of
guadrant and aspect and eclipse by the Earth. For example, data from
'tﬁe Sun is excluded in the alternate quadranﬁ mode and during satellits
"night.® The best_gSpect for viewing tha:Earthfs atmoaphere is near
satelliite "noon" and "midnight" when the detector look direction 1s
~ along an Earth radius vector.

' The best time for measuring the contribution to the counting
rate “rom sources other than local production in the spacecraft is
when thia local production is at a minimum. This minimum has been -
found to oceur éoon af'ter the apogee of the orbit reaches its northern-
most excursion (Figﬁre III-1). This is because local background is
At its greatest when the spacecraft passes deep into the radiatiﬁn
belts, whlch happens when the apogee is in the southérn latitides {in -
the vicinity of the South Atlantic anomaly).

Measurement of the atmospheric contribution should be done
when the contribution from the Sun is negligible. For example, during
the period of solar activity from August 4 to August 11, 1972, &

contribution from the Sun could be seen in the solar quadrant
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(Section IV, Dl Furthermore, there was an apparent enhancement.of
the fMlux Trom the atmosphere on August 4 about 8 hours af'ter flare
maximum.

In addition to data 108t for the above reasons, some data must
be rejected because of noise picked up during telemetry tranamission,
Imoroper data can be recognized by warnings in the dats analysis chain
and by nonstatistical fluctuations in one or more adjoining pulse-

height channels.

B. Selection of the Peak Region

—

Because of the enérgy calibration whiéh is done twice during
each orbit, the pulse height region where the 0,511 MeV peak 1s
expected to occur can be locited with some confidence. The calibration
spectra contain three peaks (Section II, C) which are used to calculate
values for ¢ and ng in the e-uation

E = c(n+no)2.
From these values the channe’ number in which the ceﬁter of a 0.511 MeV
beak would fall can be calculated,

Tyniéal values for ¢ nre shown in Figure III-Z,‘which also
shows the time varistion of . The value of n, 1s taken to be
constant throughout (ny=80.2). For this example, the center of the
peak is calculated to vary between channel 43.8 and channel 45.6 for

a 7 hour time span on April .7, 1972.
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C. Fitting the Continuum Background beneath Peak

1. Linear fit

A first attempt at determining the counting rate due to a
0.511 MeV line consists of determining the excess of counts in the
peak repion above an assumed "background". The qualitative behavior
of the 0.511 MeV flux can be seen merely bylassuming that the back-
ground is a linear interpolution between regions on each side of the
peak, Tﬁis fit to the data ié shown in Figure III-3. The background
is taken to be the sverage of 7-channel wide regions immediately above
and below a 7-channel wide region centered on the peak., Figure IlI-4
shows the result of such a fit for a series of scans, Each point
represents a scan for which the average altitqde, rigidity and detector
live time is given. A positive value for the excess at 0,5 MéV above
the linear background implies the existence of 8 peak near that energy.
A coﬁsistent excess in the 0.5 MeV region above the background exists.
This shows that there 1s a peak at this energy indicated in the data,

even for 1ndiv1dual scans,
2. Exponentisl Mt

Examination of & sum of many scans reveals strong lines on
both sides of ti_m 0.5 MeV remion. This indicates that the localized
linear fit described above is not the most reasonable fit io the
background, rFigure ITI-5 shows a plot of data gathered while viewing
the Earth, This spectrum is a summation of scans gathered over a

live time of 1701 seconds. \lso shown is the corresponding sum
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spectrum for the antiearth direction., The data shows numerous peaks
and é continuum which is fit to an exponential law gf the form
| R = Ne*F counts-sec™ eV |
where R is differential counting rate and E is energy in MeV.
Tigure TII-5 shows this fit for the Barth aspect. The fitting is done
for energies hetween .78 and 1.11 MeV where there appears to be &
minimum contribution from strong lines. This energy region was also
salected because of its proximity to the annihilation peak, An
exponential which fits the continuum well at a nuch higher energy .
will not do so in this region because of the en:rgy dependence of the
e-folding energy. The reglon in the immediate vieinity of the an-
niﬁilatinn 1ine cannot be used to it the continuum bescause of the :
existence of lines which can be attributed to 1seal production in the
satellité. This attribution is made because the strength of the lines,
unlike the 0.511 MeV line, is independent of the look direction of the
detector. Lines in this energy range are expected due to spallation
interactions in the detector and shield (Appendix II), as well as. in
the reat of the spececraft., These same interactions are also-expécted
to give rise to an exponential continuum.(Fishman, Appendix II). .
The sum spectrum shown in Figure IIT-5 4s from the L-day ﬁeriod

25-28 April 1972 with scans characterized by the detector viewing the
Enrth with satellite altitude leas than 430 km and cutoff rigidity'_
between B and 12 GV. The effects of_theaa-ﬁarameters are discussed

in subsequent sections., The least-squares fit spectrum shown in the
fieure gives the conatants in the exponegﬁialrlaw to be ,:

N = 98.5 and k = 2,40 # 0.09 (Mev)~L
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A fit to the corresponding data obtained while looking away from the
earth gives the values

N =81.5and k = 2,27 £ 0,11 (Mev)~L
The corresponding e-folding energy of 0.4 MeV can be compared with
the valuelﬁf 1 MeV for iaboratory produced‘spallation continua
(Dyer and Morfill, 1971; Fishman, 1972) and the value 0.7 MeV in the
post~f11ght analysis of the Apollo 17 detector (Peterson and Trombka,

1973).

D, Determination of Rigidity Values

A parameter which has been found to Ee important in the behavior
of the atmospheric annihilation line flux is the value of the vertical
cutoff rigidity_Pc'at the point of orlgin in the atmosphere
(qutufirangan et al., 1969; Golenetaskii et al., 1971). The rigidit}
of a rarticle in volts is numerically equal to its momentum in aV/c
divided by its charge number Z, The characteristic cutoff rigidity of
a point near the Earth is the smallest rigidity which a cosmic ray
can have, and yet reach that point by penetrating the Earth's maénetic
field, Rigidity values in this paper have been obtained from the
rublicati on by Shea et al. (1968) where trajectory-traced P, values.
at the'Earth's sufface are tabulated by geographic latitude betwean
859N and 85°S in increments of 5 degrees and by geographic longitude
in increments of 15 degrees. Comparison between actval proton cutoff
rigidity measurements by Bingham et al. (1967) with somewhat leass
precise earlier calculations by Shea and Smart (1967) show that
calculated values are within 10 percent of the measured valuea for

rigidities greater than X 4L GV,
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The. rigidity applied to each scan is the value tabulated for
the point on the Earth which marks the midpoint of the 3-minute scan
time. This average rigldity 1s interpolated where necessary from

the values tabulated by Shea et al, (1968),
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IV, RESULTS OF DATA ANALYSIS

A, Plen of Analysis

Previous satellite-borne gamma-ray experiments have shown thaf
their counting rates are a contribution from several sources, namely,
local production from particle interactions, the active Sun, a cosmic
flux, and a flux from the Earth's atmosphere (for a satellite in Earth
orbit). The separation of the total rate into these component parts can
be done, at least partially, by investigating its dependence on various
parameters, This is the &pproach taken in the following anglysis.

Since the local production-rate is not of direct interest, it
is minimized (but not eliﬁinated)by appropriate dats selecfion. The
important variables of.aspect, vertical cutoff rigidity, altitude,
gammé-ray continpnum rate, and charged-particle rate are then investi-
cated with respect to the counting rate due to the positron annihilation
_line. These lead to the above~mantioned sep&ration into componente,
Included in these components is a contribution from the Sun which
yields only an upper limit flux for the quiet Sun. During the solar
activity of August 4 to August 7, 1972, houevér,'a positive contribu-
tion was measured. The significancé of this line flux, its width, and

its energy are also discussed in the following presentation,
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B, _Parameters Affecting 0.511 MeV Flux
1. Vertical Cutoff Rigidity

Preliminéry analyals of the data_indicated that rigidity
(Section IIT, D) is an important factor affecting the gamma ray flux
at satellite altitudes, This was to be expected from previous sat-
ellite and balloon measurements (Section I, B), It cah Ee assumed a
priori that the flux cen also depend on various other parameters
including: altitude, asspect or look direction, time after exposure to
the radiation belt, exposure to the Sun, and changes in the cosmic
ray flux, among others, The difficulty in assessing the importance of
various parameters lies in holding all parameters, except the one of
interest, constant, while obtaining enough data to give a statistically
significant measurement.
For an investigation of the rigidity dependence, the remaining'

parameterg were treated as follows:
1. Altitude was not conatrained in the analysis. A4 scatter dlagram
reveals that the averapge altitudé is not correlated with rigitdity

over the analysis ﬁeriod of four days so the rigidity variation is
| avarared over altitude, |
2. Aspect was limited to orlentations of the spacecraft such that the
intersection point of the center of the lock direction and the surface
of the REarth did not differ by more than 5° in arc distance or about

1 GV in rigidity from the value in rigidity calculated as in
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Section III, D. This is less than the averapge change in rigidity
over a J-minute senn. o

3. Data was limltad to that takan23150 min, after passage through
the HouthrAtlantic gnumaly to minimize the contribution from short-
lived spallation products which could mask the rigldity dependence.
Also, data was only analyzed for a 4-day period of minimum background;
that is, for times when the apogee was in northern latitudes
(Section IIT, Ay,

4. The quiet-time solar contribution to the 0.511 MeV flux i=
neglieible (Section I, B) and data obtained during periods of selar
activity have bean omitted from the rigidlity analysia.

5. Larpe changes in the charged-particle flux in the spacecraft
environment can be monitored by observation of the counting rates in
the charged-particle shield slab and cup. Timés when these rates
differed “rom quiet-time rates (such as periods of strong solar
activity) were omitted from the analysis.

After choosing the scans by the above criteria, they were
arouped according to rigidity (1 GV resclution), day/night status,
and solar/antisolar quadrant, The counting rate in the 0.511 MeV
peak was determined for each individual scan using a linéar fit to
the background as described in Seection III, C. It can be noted here
that Golenetskii, et al. (1971) used a similar approach with "Cosmos"
data, since the background is apparently taken as smoothly joining
the spectrum on both sides of the peak. -

Data combined acéording to Earth aspect, with sclar/day date
added to antisolar/night data (antiearth data) and solar/night data

added to antisolar/day data (Earth data), is shown in Figures IV-1
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and IV-2. Again, this plot is cohparable to "Cosmos™ data which had
similar time (2-minute scans) and rigidity resolution although the
asssentially isotropic Cosmos detectors hed no aspect criteria., Both
data wére also averaged over altitude, with an average altlitude of
N 400 km in both cases. The plotted data summarizes the 4—&ay

minimum background periocd (25 April 1972 - 28 April 1972).

It was noted in Section IIT that an exponential continuum is
a more reasconable representation of the spectrum continuum than a
linear background., There is insufficient data to fit exponential
backgrounds to spectra summed over the 4-day period for single rigid-
ity values. for this reason, the sum of scaﬁs with fitted background
discussed in Section ITI was used to scale the rigidity dependence
from a linear backg?ound agsumption to an exponentisl background,
The basis of the method is illustrated in Figure IV-3, & is the count-
ing rate obtained from a linear fit to the background in the sum
spectrum; b i3 the background used for a linear fit; A is the total
gounting rate ﬁnder a gaussian veak riding on the exponential back-
ground C. Once the relationship between g and A 1s found for the sum
spectrum, it can be found for addition values of a and A merely by
varying the value of A and empirically determining the corresponding
value of &, This method is applicable only if the production peaks
on both sides of the annihilation peak do not vary with rigidity,
for then the value of b, which contribufes-to the peak, would not
vary linearly‘with C. The correction 1is also-good as long as the
exnoneﬁtial background C does not vary r#dicallj in shaps, Both of

these qualifications are met in the present anmalysis., The functional
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devenden~e of A on a is A = (1.21 a + 0,26) counts-sec™! for Earth
aspect and A = (1,21 a + 0,12) cquntsfsec'l_for antiearth aspect,

Comparison of sum.spectra show that the 0,511 MeV pesk 1s in
both Earth and antiearth directions with a considerable excess seen
in the Earth direction (Tigure III-5), The counting rate in the anti-
earth quadrent ( N 0.4 sec“l or 8 ¥ 10-3 photons cm"zsec'lsrhl) is
congiderably greater than 1limits put on the cosmic flux for thls peak
determined by Metzger et al. (1964). Since positron emitters can be
expected from spallation products in detector snd shield materials
and since Metzger and others have seen an annihilation peak assoclated
with loeal backgfound; we can tentatively identify the counting rate
seen in the antiearth direction with loeal production. The rate seen
in the Farth guadrant is thereforé local production plus the Earth's
contribution. TIn the following discussion however, the detector
sensitivity will be combined with counting rates obtained in the
Earth and antiaarth directions to give an equivalent flux for compari-
son with other measurements, with the understanding that the Earth-
antiearth difference flux, in which locgl ef'fects cancel out, is the
most.physically meaningful'quﬁntity.

For a transformetion fram counting faté_to flux for any de-
tector, the angular dependence of the flux must.be included. The
mosat reasonablg assumption for the contribution'from Eafth‘s atmos-
phere is an 1sstropic flux over the angle subtended by the.atmoéphefe
(neglecting 1limb effects). The relation of flux to counting rate is
then obtained from

R=F/3 (&, ¢)an
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-2 -1

where R is the counting rate, F is the flux in photons em™sr™ and
8{ 9, ¢) is the vhotopeak =ensitivity discussed in Section II, B.
S{ g, ¢) for M.511 MeV photons was obtained by interpolating the
expefimental values obtained at 0.793 and 0,662 MeV and integrating
.over angle to glve the values of S shown in Table IV-1.

The equivalent.Earth and antiearth fluxes calculated from the
ahove mathod are plotted in Flgure IV-4, 4 aimilar plot of fluxes
from Cosmos measurements are shoﬁn in Figure IV-4. The original data
was plotted by the authors (Konstantinov et al., 1970) using the
formula F = N/Sqy e where T is the transformed counting rate-(cm‘zsec'l),
N is the detector counting rate, ep is therphotopeﬁk efficiency, and
Sb is the peometric factor of their detector for an isotropic flux.
Tor comparison mirposes, this has been transformed to an equivalent
flux by assuming the Earth to be an igotropic soﬁrce, gubtending a
solid angle Qg %1.3 7 at the average altitude 400 km for the Cosmes
satellite, | |

The above standard method of calculqting the isotropic sensi-
tivity and flux by combining the geometric factor and the efficiency
for a parallel flux appears to underestimate the flux by up to 50%_
as 18 shown in the work of Forrest (1969) ané of Puskin (1970). T£e
same method has been used in most of the balloon experiments, the
results of which are discussed below. No correction for this effect

13 included in either the Cosmos 135 results in Figure IV-4 or the

‘balloon results in Figure IV-5,
- - R



TABLE TV-1

DETECTOR SENSITIVITY 4T 0,511 MeV FOR VARTIOUS

ASPECTS
Time Aspect Source Sensitivity
Day-night Earth Farth 37 emPer
Day-night Earth Cogmic~Isotropic 16 emPsr
Day-night ‘Antiearth Earth 3 em®sr
Day-night_ Antlearth Gosmié-IsotrOpic 50 cmzar,
Day Antiearth Sun 15 cn?

“fensitivity to an isotropic flux not screened by the Earth is

'53 cmzsr.
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The rigldity dependence and flux indicsted here can be compered
with a summary of results from balloon-borne detectors given by
¥asturirangan et al. (1972). The data plotted by Kasturirangan et gl.
as a function of magnetic latitude is tranaformed to a rigidity
dapendence as shown in Flgure IV-5. Again this flux, derived from

balloon experiments, is divided by 3.87 , the effective solid angle
| due to the atmosphere at balloon altitudes near 1 MeV (Peterson, 1967).
This giveas the flux per unit solid angle which is compared with the
flux coming from the Earth measured by the 0S0-7 detector, The 0507
flux is obtained by taking the difference between the total "fluxes"
seen while looking toward and away from the Earth shown in Figure IV-4.
This removes the apparent'flux_due to local production, The leakage.
of a ffaction of the Earth flux into the antiearth quadrant is removed
by a firat order correction to the data. This is given by the ratio
of the sensitivity of the detector to an Earth flux while pointed
away from the Earth to the corresponding seﬁsitivity'while pointing
toward the Earth. This amounts to %32%555; or 8%. Also shown in
Figure IV-5 are data points for the ballooﬁ-borne experiments from
which Kasturirangan et al. obtained the rigidity dependence of the -
flux, Details of these experiments are diécussed in the introducﬁinn
of_the present work. |

The agreement between the balloop measursments and the presenf
experiment 1a qulte gooleXCept for the anumﬁlnualy low point at
4.5 GV in the present experiment. The satellits data alzp seems to
indicate a weaker rigidity dependence than the balloon data, This

may be due to the large opening angle of the satellite detector
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which samples a larger range of ripgldity than does a balloon axperiment.
Since details of efficienéy,_angular response; and atmospheric depth
corrections are not clear-cut in the compilafions of balloon data,‘it
appears to be more meaningful to compare the prasent exﬁeriment with

a balloon experiment ﬁhat is as similar‘to the present experiment as

possible. This is done in Section IV B 3,
2. Altitude Dependence

Another satellite parameter which might be considered a priori
as heing of importance to the delector counting rate is the satellite
altitude. Specifically, the counting rate due to radiation from the
Farth in a detector with isotroplc response above the Earth's atmos=
phere should decrease as the Farth's solid angle for isdtropically
producad low-energy gamma rays (Peterson, 1967). It will be shown
5e10w-that the counting rate variation due to altitude changes is
small and is consistent with the above model,

Pigure ITI-5 shows a sum spectrum accumulated while looking
toward the Earth over a périod of foﬁr days with the zatellite
altitude lesa than 430 km'during each scan, a mean altitude of 375 kra,
and an average cutoff rigldity below the satellite of 10.2 GV.‘ A
gimilar sum qpectrum was accumulated for tha same period at altitudes

greater than 43ﬁ km, 2 mean altitude of 472 km, and an average
rigldity of 10.1 GV, The difference between these spectra ig shown
in Mgure IV-6 for 25-channel-wide energy bins. Also shown is the
measured difference rate for fhe'O.Sl MeV peak, |

The.expécted or calculated rate for the‘0.51 MeV pesk is also

shown in the same figure., This was obtained by caleculating the change
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in the covnting rate from the Earth that would be caused by the

change in =olid angle in moving from the lower altitude (375 km) to
the higher éltitude (472 ¥m). Ther~ 1s an expected decrease at 0,51
MeV of 1.2 counts/sec-MeV as compared to a measured increase of 0.4
cuunts/sec-MeV. When correction is made for the difference in
rigidity between the two altitudes however, the expected rate becomes
+0.1 counts/ sec-MeV which is within the statistical error of messure-
ment. In any case, the altitude dependence which is~+ 3 percent is
apnreciably smallef than the rigidity devendence which causes a
counting rate varlation of 7 percent per GV at 10 GV and ~200 percent

variatioﬁ over the entire rigidity range.
3; Aspect

The Earth's atmosphere is known to be a source of continuum
gamma rays and an annihilation line (Appendix I). As a result, the
laok direction of the detector with reapect-to the BEarth is an
important paramsmeter affecting the counfing rate in the 0.51 MeV
region. The extent of this contribution is analyzed in Part B of
this section, Only the active Sun is an additional source of an-
nihilation radiation (Section IV, D) in thq'daia analyzed for this

work,
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C. Variation of 0.511 MeV Flux with Cutoff Rigidity

1. Correlation with Continuum Variation

Puskin (1970} Eas calculated that 85 percent of the 0,3 to
17 MeV rhoton flux at balloon altitudes (3.5 mb) is due to electron
bremsstrahlung., Most of the remainling flux is due to the C.511 MéV
line (10%) and scattered radiation from that line (5%). Since the
electrons causing this radiation are produced in reactions similar to
those ylelding positrons, we can exwect the gamma-ray confinuum to
depend on the same parameters as the line flux.

™ pure IV-7 shows the variation of satellite cutoff rigidity,
anticoincidence cup rate, and fhe integral gamma-ray rate (O,} te 1,0
MeV) as a function of time for a 4-hour period on April 26, 1972,
The data points cover times of good Earth aspect only. The integral
rate data is plotted versus rigldity for this period in Figuré IV-8,
with hoth Earth and antiearth aspect indicated. Fach data point
corresnonds to single scans and the counting rete is for the integral
rate ove; the energy range 0.3 to 1,0 MeV., This data can be compared
with the rigidity devendence of the ealeulated 0,511 MeV flux shown in
Fipure IV-4. Comparing the rigidity dependence of the line and the
continuum in the antiearth direction, for example, indicates a stronger
riptdity-independent component in the coqtinuum; If the line rate 1s
plotted versus the continuum rate, the resultant curve can be fitted
with a linear reprgssion giving a residual continuum rate of 13 + 4 cts/.
sec for zero line flux. This residual rate is local production rather
than cosmic in origin hecause the cosmic flux seen by Apollo 15 (Feter-

acn and Trombka, 1973) would contribute 2,5 cts/sec at most, The
existence of rigidity independent local background is not unexpected
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since Wigure IIT-1 indicates that the long-term (and therefore rigidity-
independent) variation of the gamma-ray counting rate depénds on energy.
The combination of such long~term production effects with prompt rigidity-
dependent effects make the interpretation of such procedures as extra-
polation to zero rigidity difficult,

Also shown for comperison in Fipure IV-8 is the rigidity
dependence for 0.5 to 1,5 MeV gamma raysrfor the 0S0-1 detector
'(Peterson, 1967). The 030-1 counting rate is normalized to equsl the
0S0-7 counting rate at 8.3 GV. The obviously weaker rigidity dependence
in the 0S0-7 probably indicates a somewhat larger rigidity independent

component in the present experiment,
2. Correlation with Charged-Particle Flux Variation:

Fleure IV-9 is a plot of cup rate versus cutoff rigidity for
the same scans used in the previous plqt of the gamma-ray continuum
variation. It should be noted that this charged-particle-shield is
also sensitive to gamma rays giving an energy loss of 100 keV or more
in the cup. Therefdre, the plot incorporates the variation of locally
produced pamma rays as well as charged partlicles. This plot shows a
stronger rigidity dependence than either the annihilation line or the
0.3 - 1.0 MeV continmmm. This ia consistent with the existence of a
substantial rigildity-independent 1oéal production contribution to both
the annihilation line and the gamma-ray continuum.

The figure also shows the calculated rigidity dependence for
the 0S0-1 detector rate on cosmic ray singles evente and on 0,5-1.5MeV

gamma-rays (Peterson, 1967). #1so included is the latitude dependence
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Also

shovwn are the rigidity dependence for the 0S0-1 detector of cosmiec-
ray singles events and 0.5 - 1.5 MeV gamma rays, and the calculated albedo

neutron rigidity dependence of Lingenfelter (Peterson, 1967).

4



56

of the equilibrium albedo neutron flux calculated for solar minimum
by R. E. Lingenfelter (Peterson, 1967). All rates are normalized to

equal the 0S0-7 cup rate at 8,3 GV.
3, Rigidity Variation and Components of the Flux
a, Contribution of Atmospherie Flux

The measursment of different counting rates in the 0,51 MeV
region of the photon spectrum when locking toward and away from the
Earth indicates that there are comparable contributions to the counting
rate from local production and from gamma rays from thelEhrth's,atmoe-
phere. Section IV, B shows the variation uith rigidity of the local
production rate (antlearth direction) and the sum of local production
and the Earth's contribution (Earth direction). The contribution to
the annihilation line fram a cosmic background 1s exﬁected to be small/ .:
{see below). The correctness of assuming thﬁt the difference in counting
rates is indeed due to a contribution from the Earth's atmosphere can -
be substantiated by calculating this difference rate and comparing it
with measurements of the atmospheric gamma-ray flux ma&e with balloon-
borne detectors. | |

The difference spectrum shown in Figure IV-10 was obtained from

scans accumulated between April 25 and April 28, 1972, that is, it is
the difference between the earth and antiearth spectra shown in

Figure IT1-5. The spectra were gathered at cutoff rigidities between

8 and 12 GV and at altitudes between 320 and 430 km., Only scans for
which there was good Earth aspect were chosen. The spectra obtained

looking in the Earth direction and those obtained looking ih the anti-

earth direction were summed separately. The total live time” for these
sum spectra is about 30 minutes, representing a real time of about 40
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Figure IV-10. Difference between the Earth and antiearth

spectra shown in Figure III-5,.
feature 18 a peak at 0.51 MeV.

The only significant
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minutea, Flgurs IV-10 is the difference betwesn the Earth sum spectrum
‘and the antlearth sum spectrum with each point in the differential
counting rate spectfum repfesenting an average over the mumber of
pulse-heighf channels indicated. The differsnce spectrum shows a
consiatent excess in the Earth direction over the entire range of
energiés.
The only significant feature in the difference spectrum is the

peak at 0,51 Me?. This peak is well fit by é Gaussian curve with a
mean energy of .516 MeV and a full width at half maximum ( %g.) of

8.8 percent. This is in good agreement with the annihilation line
energy of 0,511 MeV and detector resolution of 8.8 percent at this
energy. The counting rﬁta for this line amounts to 0.41 i 0.06
counts/sec and is about six standard deviations above the contimuum
background, This implies a contribution from the Earth of 0.44  0.06
counts/sec when the leskage of 8 percent of the Earth flux into the anti-
earth quadrent is sccounted for (cf. Seection IV Bl.}). The continuum

can. be it below 1 MaV by a power law of the form
0,525 ~3.1(2 0.5)

counts/sec - MeV
. and above 1 MeV by a power law of the form

0.6'7E"1'6(i 0'1)6ounta/bec - MaV

A similgr difference spectrum for altitudes between 430 and 530 km
. shows a power law dependence of g-2.1(% 0.3) balow 1 MeV axd E“l‘v(t 0.2)

above 1 MaV,

The gamma-ray continuum, unlike the annihilation line rate,
receivea an appreciable contribution from the diffuse cosmic gamma rays.
In obtaining the difference upecirum in Figure IV-10, the cosmic con-

tribution is, in effect, subtracted from Barth's cohtriﬁution. In
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order to obtain the actual Earth contribution, the effect of the cosmie
contribution must be calculsted and added on to the difference spectrum.
The measurement of the cosmic fiﬁxrby Aﬁdilo 15 (Peterson and Trumbka,
1973) has been used for this calculation. The result is a counting rale
from the Earth of |

- C.
2.6(1 5)cuunts/bec - MeV

1.3 E
below 1 MseV and

1.3_E‘1'8(i O’z)ccunts/éec - MeV
above 1 MaV, Since measurements of the ¢ osmic flux by different groups
differ by as much a factor of 2 in this energy range, the above result
cannot be considered exact.

To compare these line and continuum counting rates to measure-
ments made in the atmosphere, it is easiest to use data from a detector
with isotropic response and the same size and material as the UNH
detector., The counting rate for such a 3" by 3" Nal scintillator
flown in the atmosphere by L. Peterson has besn published in the liter-
ature (Gorenstein and Gursky, 1970). This spectrum is similar in many
reapects to the diffarence spectrum‘deacribed above. ‘It consists of a
continvum which.can be_described below 1 MeV by a power law of the form

0.4 ,E'z counta/cm?-gsec-MeV |
and above 1 MeV Dy

0.4 E'l‘scounts/hmi—aec-ﬂev
The only feature 1s-a clearly resolved pesk which was assumed for
energy calibration to be the annihilation peak at 0.511 MeV. The value
given for the counting rate in the peak is 0,060 + 0,003 cﬁunts/cmzsee.

Using the geometric factor of the isotropic detector of 67 cmz, this 1a



aguivalent to
0.060 x 67 = 4.0 counts/sec
Tn order to compare this to a measurement at sateilite altitude, a
correction ﬁust be made for the differsnt solid angles seen by eﬁch
detector., At balloon altitudes, the effective solld angle which the
atmosphere subtends at an isotropic detector is about 3.8 r steradians
(Peterson, 1967). The effective solid angle for the UNH detector at
N,51 MeV is about 1y steradians {eorresponding to a cone of 60° half
.angle). A fﬁrther correction must be made for the change in rigidity
betwaen the balloon position (4.5 GV) and the average satellite posi-
tion (10 GV). This corresponds to a decrease in counting rate of
aprroximately a factor of 2 (Figure 1V-5), There is also a amall cor-
rection for the attenuation of the fiux due to the front slab on the
UNH detector, This amuuhts to a factor of C.8, The balloon measuré-
ment as corrected to the satellite position becomes
4.0 counts/sec x 3-3- x % x 0.8 = 0,4 counts/sec

This agreas very well with the measured value of O, LA + 0.06 cts/sec.

The energy dependence of the continuum also agreds well for
both measurements -- a power law depgndencé with a break at 1 MevV. A
comparison of the absolute rates for the continuum at 0.51 MeV gives
11 cte/sec-MeV for the corrected balloon rate compared to a meaaufed
rate of_é.s cts/gsec-MeV, The greater rate at balloon altitudeé could
be due partly to a lack of the Compton suppression capablility whicﬁ
the UNH detector has, There may also be appreciable local production
in the balloon experiment. |
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b. Contribution of Local Production

Tt will be shown in the section folluuing.this one that the
0.511 MeV cuﬁnting rate observed while looking away from the Earth 1s
much greater than that expected from th§ upper 1imit for an isotropie
cosmic flux obtained by Metzger et al. (1964). The observed rate can
therefore be 1dentified with locai production. If we consider the
annihilation line counting rate averaged for 8-12 GV using the ex-
ponential continuum background calculated in Section III,C, the rate
for the Earth quadrant is 1.08 cts/sec, while the rate for the anti-
earth is n.sé cﬁa/bec. We can identify the difference of
0.52 + 0,10 cts/gec with the atmospheric flux from the Earth. This
last value agrees Tairly well with the value of 0.44 + 0.06 cts/secl
obtained in the previous segtion by fitting the continumum in the dif-
ferance spectrum where no correctloﬁ from linear background aasumptibn
to exponenﬁial background assumption had to-be made. The'agreemeﬁt
between the two methods gives us confidence that no sighificant errors
are introduced in the transition to the.exponehtial background assump-
tion, _ A _

‘It should be noted that the local production {(or antiearth)
counting rats varles with rigidity; Tﬁis rigidity-dependent part can
be identified with prompt production. However,Ktha long-term vatiations
geen in the data imﬁly a contribution that uill_rqmain essentially
constant over the period of analysis. It is reasonable to 1dantify
this contribution with the value obtalned by extrapolating the antiearth
counting rate to the rate which would be aﬁsociated with a null charged-

particle cup rate, Using a linear extrapolaticn, of the 0.511 MeV rate
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va, cup rate to zero cup rafe, ve get a value of 0.25 cts/sec for the
rigidity~independent production beckground. chal proéuction

. theref'ore appears to be divisible into a rigidity-dependent portion
sgsociated with prompt production and a non-negligible rigidity in- |
dependent portion probably caused by long lived isotopes. This component
will, of course, depend on the epoch of satellite hlstory in wﬁich the

data is analyzed.
c. Contribution of Cosmic Flux

The possibility of a measurable flux of snnihilation radiation
being produced in the galaxy is discussed in Appendix I. fn isotropie
flux cannot be differentiated from local production 1n the present
detector because neither will show a directional dépendence; Prompt
production due to cosmiclrays should show a dependence on the cutoff
rigidity which characte:izes the point in the safellité orbit at which
'a spectrum is sccumulated. Long-lived isotopes produced by cosmic rays
or trﬁpped pafticlea should reach a quasi-equilibrium condition, however,
which will be independent of the short-term rigidity changes. For this
reason, only an upper limit can be placed on an isotropic cosmiclflux.

Perhaps the most conservative value fﬁr an upper limit countiné
rate due to s cosmic flux is the rate measured af high‘rigidity_uhen the
detector 1s pointed away from the Farth. It is at this time that the
contributions from the Earth and from prompt production ﬁre at a minimum.
"rom the rigldity variation of the. 0.511 MeV counting rate as presented
in Section IV, B, the rate a".;. high rigid_itieq (il.-i'? GV) in the a_nti.'-
earth direction is about 0.4 counts/ﬁeé. -Tha gensitivity for aﬁi

isotropic flux from the solid angle_exoiuding the earth 1s 50 cm2 :
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steradiahs. This gives an upper limit value for an isotropic cosmic
flux of 8 x 10-3 photona em™2 mec~tar~l, The limit placed on thls

flﬁx from the Ranger 3 Ramma -ray detector was (Metzger et al., 1964)
0.014‘photons em=2 sec~l or 1.1 x 10~3 photons cm—2 sec~l sr-t for an
lsotroplc flux. The 0S0-7 limit is also consistent with the Apollo 15
mengurement of (3.0 + 1.5) x 10-2 photons cm=2 mec=} or (2.4 +1.2) x
10-2 photons em™= sec-l ar-l {Trombka et al., 1973). Hore we note that
the Ranger "3 1imit implies a maximum contribution to the 0S0-7 counting
raté of 0.055 eounts/sec which is amall compared to the contribution

from the Earth's atmosphere of about 0.4 counts/sec,

D. Solar 0,511 MeV Flux
1. Limit for the Quiet Sun

The UNH detector gathers data in opposite quadrantes virtvally
gimultaneously. This provides the possibility of analyzing the datﬁ
for a 41 ference in counting ratea in the two directiona. The Esrth
proves to be a gamma-ray source using thls method. In a search for
other sources, the difficulty presents 1tselflor choosing "background”
data which can be subtracted from "signal" data. Typical pairs of acans
contain one which views the Earth, either in the background qﬁadrant
during the day or in the solar quadranﬁ«iuring the night. Any counting
rate from an axtraferregtrial.sﬁurce‘wﬂuld be "wﬁshed out® in a.dif-
ference spectrum by the relatively‘strong Earth flux in the DppOBito‘
quadrant., _ 7 .

The above diffioulty can be overcome by choosing the_"aigﬁal“
and "backpround” data to be gathered while the detector is loﬁking

tangent to a surface concentric to the surface of the Earth, In this
case, the Earth's contribution to the counting rate will be equal in



both directions as long as the angular response of the detector is
cylindrieally symmatric; vhich is a good approximation in the present
case, The rate due to iocal production will also be eiiminated in a
difference spectrum since it will be equivalent in both directions,

The Sun is a good candidate for.analysia by the above methed.
When the detector is operating in its normal mode, the Sun is positioned
in the center of the solar quadrant, and the background quadrant viéws
an analogous sector of the celestial aphere 180°7 away from the aolar .
direction. The look direction is tangent to a sphere containing the
orbit twice every orbit, and data obtained at these times can be
evaluated for a solar contribution,

'In general, the look direction for such scans is not perfectly
tangent to the orbit. It ve define i to be a unit vector in fhe ook
direction ﬁnd ﬁ to be a‘unit vector pointing frnm'the satellite to the
center of the Earth, then the angle which defines @ scan to be tangent |
to a sphere éontaining the orbit is _

| o =cos -1 (L - R) = 90°
This can be called a "1imb" scan. Since a scan is accumulated over a
period of three minutes, we can guarantes that two such.“limb“ scans
will be acoumlated each orbit if the range in o is taken to be about
10°, 1In practice, & limb écan-was defined as one for which 84° < ¢ <
96°, On the average, the Earth will contribute equally to a sum of soler
"1imb" scans and to a sum of background "limb" scans 1f the éverage
value of © for the sum ia ~90°,

Limb spectrs were obtained for the 5-day period between 14:51 UT
on nprii_zs; 1972 and 14:14 UT on April 29, 1972. The solar and anti-

solar acans wers sumimed separately and the difference bstween these sum
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covering a live time of % 1300 sec (April 25-29, 1972) No significant
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spactra was taken as shown in ?!gure 1V-11. This shows the solar sum
spectrum minus the antiaolaf sum spect™um and comprises a live time of
%1500 sec. The dat; is-colleéted into 25—ohannel-uide-bins.and the
errors shown are the 1g  errors due to counting statistics. The
mean value of © for these scans is 89,6°, No significant excess is
gseen in the solar direction., This null result allows an upper limit to
be put on the gamma ray flux from the Sun at this time; In order to
get‘an upper limit “or the 0.511 MeV line comtribution from the Sunm,
we can take a 5-channel region centered on this energy. This would
include about 85% of the counts from a hypotheﬂcql solar line flux.
The e#cess rate in the solar diraction in this energy region is 0,015
counts per second.‘ Using the detector senaitivity of 15 em® for a
point'éourca at 0.511 MeV, thls gives an_exéess of 1.0 x 10~3 phﬁtons/
em? sec from the Sun with a 1 o error of 3.8 x 10~ rhotons/ cm? sec,
A similﬁr analysis dan be perfonméd‘for the energy region
centered at 2,23 MeV,,thg position of a posaibie deute:iﬁm forﬁatinn
1line “rom the Sun, In this case an excess flux of 2.1 x 10~3 photuna/
on? sec iz seen in the antisolar direction witha 1o error of
2 x 10=3 chotona/ em? sec, These limits are campﬁred with ﬁrevious
searches for‘line radiation in Tables IV-2 and IV-3 (Chupp, 197M).,
The 1imits for this experiment are taken to bs the 2 ¢ atatistical
error which implies a null result at the 95% confidence level. It can
alap he noted that the limits in this experiment afe somevhat stronger,
since they include both-line and continuunrr§§iat10n at ﬁheuraapectiva
encrpies. Pnssiblp_qontfibutions from_known discrete gamma ray sources,
the Crab Nebula and the galactic center, are négligible at these energies,

being less than 1 x 10~ photona/bee-cmgzin both cases..
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TARLE IV - 2

SOLAR UPPER LIMITS (0.511 MeV)

Date ‘ Flux (cm'zsec"l) Experimenters
52261 1x101 Peterson
6-1n-62 1.3 x 107 Frost et al
11-2-67 (7.5 - 26) x 10~ Chupp et al
~68 B4 x 10~4 -‘ | Haymes et al
-68 ' 77 x 1070 ' Womack and Overbeck
4-24—68 (1.1 - 4.8) x 10=2 Chupp et al

412 7.6 x 1073 Present work

Refgfenca:' Chupp (197).
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TABLE IV - 3

SOLAR UPPER LIMITS (2.23 MeV)

Flux (em—2sec™l) Experimenters

5 x 10-3 ' Chupp et al

4.5 x 1073 ' Womack and Overbeck
4.2 x 10-3 Presenﬁ work

Reference: Chupp (1971).
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2. The Active Sun (August 2 to Auguat 11, 1972)

On August 4, 1972 a 3B solar flare occurred while the UNK
detector was in normal quadrant mode and during satellite "day". The
H flare began at 2b621 UT, reached a maximum at 0638 UT, and ended
N 0852 UT, Gamma ray line and continuumrrudiation wvere obgerved in
the solar quadraﬁt hetwaen‘the beginning of the flare and the passage
of the satellite behind the Earth at ~ 0633 UT (Chupp et al., 1973).
Spectra in the 0.5 MeV region obtained prior to the flare and
after eclipse by the Earth can be compared with the flare-time spectrum
2 (0623 to 0632 UT) in Figure IV-12. A peak at 0.5 MeV is evident in
the.fiare data aleong with an energy—d;pendaht continuum, Similar
spactra at higher energies show a strong line at 2.2 MeV and weaker
lines at 4.4 MeV and 6.1 MeV. The production of features seen at this
time have been predicted to ogcﬁr during solar flares from theoretical
calculations {Appendix I,C). These fegtureé 1nc1ude a continuum
produced by elecfron bremsstrahlung? a 1ine at 0,511 MeV due to positron
annihilation, a line at 2.23 MeV due to deuterium formation, and lines
at various energies dus to inelastic proton acattering on light nuciai
(including 1ines at 4.43 MeV and 6.14 MeV from excited 012 and 016),
Another 3B flare ocourred on August 7, 1972, cﬁuméncingrat

~ 1500 UT during satéllita night, Enhancahgnts at 0}5‘H6V (Pigure TV-
13) and 2,2 MaV werg‘saen in the solar quadrant at the beginning of
satellite day (1538 UT) and lasted until about 1547 UT.. Fluxes_ﬁb-.

tained during these flare times are summarized in Table IV-4.
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Figure IV-12. The gamma-ray pulse height spectrum for
the energy region 435 - 615 keV on August .4, 1972.
The H, flare began about 0621 UT and the satellite

. was occulted by the Earth at sabout 0633 UT.
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for the encrgy region 435 - 610 keV on August 7,
1972, The H, flare began ebout 1500 UT during
satellite night. ©Satellite sunrise occurred at
-1538 UT, ‘ :
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TABLE IV-4

MEASURED FNERGIES AND FLUXES OF LINES
~ A7 0.51 AND 2,2 MeV AT 1 AU

Time of Flare

Observations _ Fnergy 7 Flux (photons cm"zsac'l)
gust 4L, 1972 O 510,7 + 6.4 keV (6.3 + 2.0) x 102
4920633:02)U™ 2.24 + 0.02 MeV (2.80 + 0,22} x 107!
August 7, 1972 508,1 + 5,8 keV (3.0 +1.2) x 1072
(1538:20-15_47:33)?1‘ 2,22 + 0.02 MeV (6.9 +1.1) x 10"
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The possibility of observing thermal D.ppler broadening in
gamma-ray lines produced during solar flares hrs 5een discugssed by
Kuzhevskii (1969) and Cheng (1972). The obaer-ation of these lines
by tha 020-7 satelliite allowa a 1imit to be puf-on thermal broadening
and, there”ore, on the temperature of the plasra in which these lines
are produced,

Line broadaning at 0.511 MeV due to th¢ thermal velocities of
aﬁnihilation of positrons and electrons is approximately (Aller, 1963
Stecker, 1969).

AEy " 2kT (1n2).1/2
Cgyieg v 2 ezl

where k = 8,6 x 10-2 eV/°K is Boltzmann's constant, T is the tempera-
ture of the plasma, and me? 13 the rest energy of the electron. 1In
addition %o the wliidening of the line at its sovrce, 8 further brosden-
ing is introduced by the statistical nature of the detection and
amplification process, ®lgure IV-14 shows the dependence of the
resolution on thé gamna ray line energy for various radiocactive

sources during prelaunch tests, The data are fit by the function

AE = ""0.5
(50 pg = 0-063 Ey o
AR
where (—2 Y)DR is the full width at half maximum (FWHM) of the line
"y

data.

{gure IV-14 shows the FWHM of the lines at 0.5 and 2,2 MeV
obserfed during the August 4 flare as well as the FWHM'of 6080 |
calibration 1ines observed before and after the flare. The FWHM's
were obtained by subtracting the background quadrant data from solar

quadrant data, and then subtracting a fitted continuum from the data
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and fitting the remaining peaks with Gaussian curves. The exact
form of the continuum was not critical to the results, but a power
law below the n.5 MeV peak fit the data best, The fit to the flare
0.5 MeV peak with 7 Gaussisn of width 0,074 is shown in Figure IV-l5.
The agresment of the inflight calibration data with the prelaunch
ternts indicate that the defector resolution was normal at the time
of the flare., Within the uncertalinty of the line width determination
(1, =0.,014), there ia no additional broadening due to thermal
effects at 0,5 MeV, The fact that the measured width (0.074) is
less than the expected width (0.082) seems to be consistent with the
© uncertainty of the measurement,

Wo can calculaste an upper 1limit to the thermal broadening
from the resolutions which should be combined in quadrature,

(4E) - TSN
E‘TOTAL . E'TH E'DR
4 null contribution from (-—éE—-)TH is indicated by the data, so the
upper limit to the temperature is obtained from the above ecuation if
the maximum or uppsr limit value of ( A%")TOTAL is used, At the
95 percent confidence level, this value is

AR _ ' _ |

where 0,028 is the 20 uncertainty in the measurement. The Gaussian
fit to the data for this donfidence level is shown in Figure IV-15.

At the 99 percent confidence level

AE - | : =
(HE)TOTAL MAX =~ 0.088 + Q.042.— 0.130

where (0,042 is the 35 uncertainty in the measurement.,
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The flare peak at 0.51 MeV and the best fit
Gaussian curve with a FWHM of 7.4%.

Alzo shown are peaks
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Then taking (-%E)DR to be 0,088 (with an error which is negligible
compared to 0.014), (-Qg)fﬂjp.076 at the 95 percent confidence level,
and (fgg_)Tnﬁp.096 at the 99 percent confidence level. This gives
upper limit temperatures in the annihilation region of 6.2 x 106 ok
and 9.9 x 10 6 9K, Because of the large magnetic fields in the flare,
it 1s reasonable to suppose that the positrons are produced and annihi-
late in the flare region and that the above temperaturés are upper limits
for the flare regicn.

A similar caleulstion for the 2.2 MeV line givea an upper
1imit temperature of A 10% %K. The reason for this much higher
value is that the electron mass in the formula for thermal broadening
must be replaced by the proton mass for deuteriﬁm formation. No
analysis was done for other lines seen in this flare or for the lines
seen on August 7'because of the poorer statistics due to lower fluxes,
It should be noted that the 6 x 106 % upper limit is meaningful
gince temperatures of A 108 oK have been calculated by Chubb et al,
(1966) to account for hard X-rays greater than 30 keV from solar flares.

Thermal broadening is not the only process which can affect
the annihilation line shape. Leventhal (1973) has ehown that the
measured energy of an annihilation peak can be red-shifted. and the
peak can be broadened if it is caused by annihilation through-the
positronium mode., Thls shift and broadening are due to the folding
of the three-quantum continuum and the two—quantum peak through the
finita instrumental resclution, For a detector with the resolution of
the present 1nstrumeﬁt'(8.8% or 45 keV) at 511 keV, the apparent posi-
tion of such a shifted peak would be 505 keV for annihilation totally

‘through the postronium mode. A small fraction of bound-state annihilation
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would cause a smaller shi®t from 511 keV, Since the preasence of
rositronium depends on the demsity and temperature of the_gas in

which the positrons amnihilate (Leventhal, 1973), the determination
of the exact position of the peaks debectad during the flarea of

- August 4 and August 7, 1972 is of interest. Limits on energy ahift
and broadening in the present experiment lead to a limit on positronium
formation in the flare,

The good energy resoclution of the gamma ray detector together
with the on-board calibration source allow the determination of the
energy of measured line radiation with good accuracy. It will be
shown here that the energy of radiation near 0.5 MeV can be determined
to within v 1 percent., The energy of a feature in the detected
spectrum is determined from the forﬁula

E=c (n+ng)?
where n is the rumher of the chamnel in which the feature falls snd
¢ and ny are constants, The constant ﬁo vas determined by fitting
ground cglibration‘data to the above quadratic formula, This givaes
a valus of 80,2 for Nrye The value of ¢ is constant for a given
anactmum but can vary with time due to gain changes in the detector.

Any calculation of energy from this formula involves the com-
pounding of errors of the measured quantities ¢ and n. The statisti-
cal error in determining the ﬁenter channel n of a gamma-ray peak is
taken to be A For a peak of FWHM agual to_2.35 qp, the error in
determining its center channel is giveh by L = %fGtTEF whera Np is
the number of counts in the peak. If there is albackground NB which
must be subtracted, this formula muét be multiplied by the factor

YT ¥+ x/T - x, where x = NB/(Np + Ng).  For our purposes,.ths
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random error g, in determining the dependence of energy on channel
number for a given spectrum is taken to be an error in the factor ¢
only. This is conaistent with the ability to fit variations in gain
with corresvonding variations in e, while hoiding n, constant, c and

oc‘can be determined for any time bjlappropriately'fitting the time
variation of c,

In practicae, the value.of ¢ is determined from the position
and known energy o the 0060 calibration peaks obtained twlce every
orbit while the detector is in the calibration mode, ¢ can be de~
termined for times between calibrations from the presence of leakage
counts from the Coﬁo in normal data, Calculated values of ¢ for
timeg around the solar flares of August 4 and August 7, 1972 are
shown in Mgures I1V-16 and IV-17. The ¢ value for the flare times
can be détermined by agsuming a 11nearrvariation of ¢ with time near

the flare pericd, This ylelds the values

e = (0,3930 + 0.0007) x 1074 MéV/(channel)2

for the August 4 flare and

H

e = (0.3619 + 0,0009) x 10'§.MeV/(channel)2 R
for the August 7 flare. _

The center channel of the flare peak which occurs near 0.5 MeV
on August 4 is determined from =z 1east'§quaras_fit to the data, Data
obtained in the background quadrant is firs ¢ subtracted from the
solar quadfant data to eliminate iocal affeéts. The remaining spectrum
can be fit‘with a contiﬁuﬁm plus a Gaussign*shaped peak.using éeveral
models for the continuum.  The center channel does not depend atromgly

on the shape of the continuum. A similar technique can be used on the

fugust 7 data, except that the contimnm is negligible. For August 4
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we get the value n = 34,8 + .64 ch; and for August 7 the value
n = 39,0 + .65 ch, 7

. The apparent energies of the f{lare peaks obtained usiﬁg our
values for ¢ and n are

E

519.9 + 5.8 keV for August 4

H

and E = 514.2 + 5.8 keV for August 7.
So far, only random errors in measurements have been taken into account.
Nonlinearites in the detection system can cause a systematic deviation
betwaen rulae helpght apectrum and sctual energy loss in the crystal,
Such nonlinearities are a property of the pulse height analyzer as
well as of inorganic scintillators themselves (Heath, 1964). The de-
termination of ny by fitting calibration data minimizes the systematic
error due to the nnnlineérity but does not eliminate it, For example,
the apparent energy of the .511 MeV ground calibration peak is .520 MV,

A correction can be applied fﬁr such a systematic error if we
uée the local production annihilation peak as a calibration line,
Since both flares occur while the satellite is in a region of hipgh
rigidity ( > 13 GV ) the contribution £o the'localiy detected peak
from the atmosphere, which mﬁy be affected by positronium production,
‘can be neglected. 4 correction factor "k“'which is the ratio of the
apparent annihilestion line enargy to the true en;rgy for the local
paak 1is i

k= E/'Et = 1,018 1 0.0057 for August 4
k =1.012 % .0022 for August 7,
Using this correction factor on the apparent flare energies,

we got the calculated energies

E, = B/ = 5107 3 6.4 keV for August 4
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= 508.1 % 5.8 keV for August 7.
‘where the error is due mainly to uncertainty in the center channel of
the flare peaks because of random counting éfatistic errors, Thia
result shows that tﬁe peaks detected during.tﬁa_flares of Atgust 4
and August 7, 1972 are consistent in energy with free annihilation
lines at 511 keV within the experimental errors,

Ag was mentioned previously, the positronium mode also causes
an increase in the apparent line width of the annihilation line., The
spectra for free annihilation and for bound anntihilation are shown in
FiéurngV-18. The sguivalent uidfh‘of a Gaussian curve fitted to the
positronium spectrum over thg energy range of the data is 11.2 percent,

From the analysis of thermal broadening we have seen that
width of the August 4 peak is 7.4 + 1.4 percent,.uhicﬁ is to be com-
pared with 8.8 percent for free annihilationg and 11.2 percent for
bound annihilation, If we combine the measurements of‘energy and
line width, ﬁhellikelihood that the apparent peak energy is as low
or lower than that required by totally bound ar_mihila.ltion_ and the
width is as greﬁt or greater than that required by totally bound
annihilation 1s % 1 percent. Although 1t is probably better not to
combine the data of two different ’1ares, the peak of August 7 shows
a similar lack of ‘broadening and large energy ahift, but at a lower
confidence 1ev31. Implications of the ppsitronium 1imit are given below.

The energy limits'alao put a 11m1£ bn‘a Doppler shift éf-the
line duve to bulk motlon of the plasma. For & bulk-valocify much less
‘than the speed of light ' -

K :.vr L
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where (-A%})DOPPLER is the fractional energy shift due to the Doppler

effact, Vr is the velocity along the line of sight and ¢ 1§ the speed

of 1ight, At tha 95 percent confidence level, the uncertainty in E ia
AR = 25 <12 keV, |

so V../ ¢ £ 12 keV/511 keV = 0,02

‘and Vo <6bx 102 im/sec,

For purposes of comparlson, the velocity of the solar vind near the

Earth 18 ~5 x 102 kn/sec.
¥. Discussion of Results

The ﬂNH detector on 0SG-7 ﬁas proved tc be a useful tool in .
.gamma-ray astronomy. Its primary goal was fulfilléd by the observation
of solar gamma rays during the solar activity of August 2 to August 11,
1972. The wide-angle telescopic'properties which made this observation
a clear-cut one also made posaible a distinction between radia@ion
from the Farth and lﬁeally produced radiation. The Barth annihilation
line flux obtained in this way agrees varyrwail with a similar Farth-
based experiment. for a vertical cutoff rigldity of 10 GV this flux
is 1.0 x 1072 (+ 0,2 x 10-2) photons-cm’z-aéc'l—sr“l.

The agreément between the annihilation flux from the Earth
measured by 090-7 with that measured from balloon éxperiments in the
atmosphere (Figure IV~5) encourages us‘that there.ara no large scale
systematic errors in the prasentldata analys;s; Howgver;fue‘cannot
rule out systematic errors of the size of the error bars in Mpure IV-5
on the gfounds of the difference technigue alone. It appears.that
srellation produced ¥ emitters u;th'half;iiées less than one-half

the rotation period of the satellite could produce & "pseudo-Earth"
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Ccunting rate if the proton flux > 300 HBV has an anisotropy of the
proner magnitude and direction. Because of the thick activs shielding,
the bulk of local producfioh Bﬁserved‘in the detector is that which

is rroduced in the dstector and in the shield itself. This 12 sup-
ported by the analysis of the line contributions to the sum spectra.

As indicated in Appsndix II, the strong lines are due to spallatlon
products in the shield and detector,

A survey of the spallﬁtion cross-gactions for isotopes produced
in the shield and detector shows that the cross-sections fbr-the ro-
duction of the proper short-lived (104 sec-l secj at emitters by
1ncidenﬁ_protons (C.3~3 GeV) at least an order of magnitude below the
corresponiing croas-sections for the productlon of long half-life B+
emittars and the isotopes which contribute an observable rate to the
local production spectrum (e.g. I'26 and 1124) (Fishman, 1972).
Specifically, the products Na<C (0.4 sec), Nels (1.46 sec) and Nel’
(0,10 sec) are the only 1mportant‘sh$rt-1ived B+'amitters in the de-
.tectbr and shield materials. Their cross-sections are < 10 mb compared
to ~1M0 mb for the observed lines, Fhrthermore, neglecting surface
effects, the positrons emitted in suéh decays have a continuum kinetic
energy distribution (Emax_Of 2.57.M6V or greater) yieldiﬂg a continuum
ﬁf energy loss in the detector rather thaﬁ an annihilation peak. This
would reduce'any anp&rént aniéotropic coqpopent by at least aﬁother
order of magnitude, | | |

Therefore, anisotroples of the order of Y00A wuuld be neceasary
to cause the obsarvable excess from the Earth, But even here, the

lenger lived isotopes would be produced at a rate only 50% reduced .
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from the isotrople case. Therefore, the anisotropic local ptoduction
would ben 2/1N0 or about 2% rather than the ~ 50% effect seen.

The meﬁhod of measuring the difference between "limb" spectra

-2 1

hés given an upper-limit quist Sun flux of 7 x 10~3 photons-cn -secf .
* This compares favorably with upper limits measured bv balloon-borne
experiments. bniy the upper 1imit-of Haymes et al. (1968) of 8 x 104
is lower. Since the présant 1imit was calculated from data taken over

a 5-day period, a significant lowering of the 0S0-7 1imit can be ob-
tained by using all of the 0S0-7 data in which the 0.5 MeV region is
covared. This amounts to some 2401days. ASince the upper limit dépends
on the-observgtion time Tgas 1/';5 s there is enocugh data‘afailabla
lto confirm the limit of Haymes provided that eystematid errors 4o not
‘became important,

The previous arguments regarding anisotropic local produﬁtion
epply to the solar guiet-time limit also, except the pgrticle anisotropy
to be dealt with is the East-West anisotropy of high-energy protons,
Balloon flights by Jebber and Ormes.(1967) show that the East-West
effect is‘of_the-order.of 50% or less for pfoton énergies between
60 and 300 MeV. This anisotropy appeérs to extrapolate to higher
energies. _ _ i | | _
Heckﬁan and Nakano (1963) have found an Fast-West asymmetry for
protons of E > 57 MaV in the South Atlantic anoﬁaly region at ﬁbdut
4ﬁ0.km. The‘magnitude of this effect gives a factor of 2;3 more
protons incident from the west than from the east. Evﬁn if the prﬁfonr
anisotropy isrthié larpe at OSO-?,_anigotropic.prodﬁction is caiculated
‘to be atout an order of magnitude smaller tﬁanrthe‘érror used to.

cnlculate the Quiet-time solar ubper 1imit at 0,511 MeV, Analysih of
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" all of the 030-7 data may reveal uhether such syastematic effacts
becéme 1hportant ﬁs the statistiéalrarrprs are decreased. The absence
of a significant excess or defect in the difference épactrum glven in
Tigure IV-11 also argues against the presence of aystematic errbrs

as large as the étatistical errors presented,

Upper limits similar to those'given above can be put on any
celestial point sources which are positioned near the center of the
detector field of view during "limb" séans. Such regions sweep the
sky through the year due to the apparent motion ufrthe Sun sacross the
"celestial sphere. Such objects as x-ray sourées, supernovvae énd the
Galactic Center are 1likely candidates for a search. For‘exampie, the
Flux from the Crab Nabula (Haymes et al., 1968) should reach the
99 percent confidence level for the first energy interval shown in
Figure IV-11 for data taken over a period of ebout 2 weeks, Unul
fortunstely, the Crab Nebula and the Galactic Center lie almostrop-
posite one another on the celeatial spheré, therefore s positive excess
in one of the opposing quadrants might nﬁt lend 1tself to a straight-
f‘crrwafc.it interpretation. | |

The present detector 1s not-weli designed for a measurement
of an isﬁtropic‘gamma-raﬁ bqékgrnund at 0.511 MeV. Since there is no
configuration in which the dgtectnr is screened from this scurﬁe, ox-
cept by the Farth, which 18 a strong source itself, no difrereﬁcq spect.
rum can he ubﬁainéd by which the local pradugtion contr1but1on
(which 1s coneiderﬁble) can be removed, These difficulﬁies could be
overcome partially by saparation of the detector frum tha qpacecraft
and by evoiding the trapped radiation belta either by low-lying orbits:

or in Qialunar space‘as in the Ranger,experiments. -Thie.would.minimize
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the magﬁitude of charged-particle effects, The addition of an active
shutter which cbqld_be insertsed hefore énd removed from the aperture
of n collimétor would allow a calculniiﬁn aﬁd nubéequant subtrastion
of the remaining loeal contribution. - |
with regard to the calculation of tha Doppler broadening of

the flare annihilation 1ina, the upper limit tempersture of N6 x 106‘6K
cannﬁt be used to determine the region on the Sun in which solar flares
occur. The temperature of the sclar atmosphere varies from 2?4 x 103 O
at the base of the chromosphere to ~ 100 ok in the corona. However,
high energj solar x-rays ( > 30 keV) have sometimes been explaiﬁed a8
tﬁermai 5remsstrah1ung of hot plasmas at temperatures of 107 %X and °
ereater (Chubb et al., 1966), In fact, temperatures of thé order of
101n O would be re@uired to explain the gamma ray éontinuum observed
by the UNH detector in the August 4, 1972 flare. Although tempsratures
of 107 ok and higher are not iqdiqated in the present analysis, the |
existence of‘sugh high temperature regidns cannot be ruled out. The
line from positrons annihilating thepe woqld“be greatif broadened_ahd
could be lost in the statistical fluctuaiions of the éontinuum.

| 4nglysis of the annihilation llne width andlensfgy ghows that
the fraction of annihilations in the bound atate is less than 100 percent -
at the 99 percent con’idence level and less than 75 percent at the‘_
95 percent confidence level. This result can be caused by high
temperatﬁre_or étrong magnetic fields in the_annihilation region,
| Ih & mneutral ﬁedium,'positronium ié fofmed by energetic
positrons via charge exchange.“At énergi;a abdve the ionizétion
potential, I, of the ambiant gas, elastic collisiona and free annihila-

‘tion dominafe over positronium formation althuugh only a few percent or -
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less of the pos? trons annihilﬁte above this energy. For positron
ensrgies between I and (I-6.8 eV), where 6.8 oV is the binding energy
of posltronium, the positronium formation cross-section dominates the
free annihilntiqn crogg-section by many orders of magnitude. Below

the energy I, nositrons annihilate only in the free state. However,

for amblent densities < 10Y5 atoms em”3 virtually all of the posltrons .
will have been lost to positronium “ormation before falling below that
threshold (Stecker, 1969; Leventhal, 1973). In media of sufficient
density ( > 1015 atoms cm'3) orthopositronium annihilation is quenched

by collisional dissociation, This density is obtained approximately by

setting the mean time between collieions (q&b') equal to the ortho-
positronium lifetime (1,4 x 10~7sec), wheren is the density, o 1is
the positronium ionization crogs-section, and v is the positron velocity.
At higher densities the ratio of positronium annihilation to all an-
'nihi}ations'varies hetween 20%-50% depending on the mature of the
“ambient gas (Green ond Lee, 1964).

In a plasm, charge,ekchange is no lqnger important, however,
and the postronium annihilation rate is determined by lonization
and recombination of the positronium stom, If the recombination
coa”ficlent is taken to be the gome as thﬁt of hydrogen, the recombination
time 18 1.5 x 1091‘0'35/},e aec,_wheré ng is the electron ﬁensity‘and T
~1s the tamberature_of the plasma (Ramaty'gnd Lingenfelter, 1973).
Since the mean fnte for free annihilation is 7.5 x 1015 nB sec™t
(Deuﬁsch, 1953}, the corresponding mean timg_is 1,3 x lol%ﬁae éec. Set-
ting this eoual to the recombination'timq #e see that high temperatures
can quench.annihilation via positronium independent of ambilent deﬁsity.

The temperature at which the positronium formation rate equals the free
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annihilation rate is ~ 7 x 10° % (Ramaty and Lingenfelter, 1973).
This meehanism could explain the preqent obqervation that anpihilation
is not totally thrnuch the positronium mode., It should be noted
however, that up to one-third of the three-photon decays (those from
the m=0 subétates) can.be.quenched in magnetic fields %5 kG (Green
and Lea, 1964)., This {8 due to the mixing of those states by the
perturbing magnetic'fiald and the subsequent annihilation in the
‘singlet state since its lifetime (1.4 x 10-7 gec) apainst annihilation
iﬁ congiderably shorter than the lifetime in the triplet state
(1.3 x 10~10 gec),

" The arcuracy of line width measurements such as the one
mrésented in this work is limited by the counting rate, the background,
and the resolution of the detector. The relétinuship-between line

broadening and  temperature 1s approximately

AE, % , 2kt (In 2).1/2
¢ E)TH V2l - me“

)

In the 0%0-7 experiment for the N.511 MeV 1line seen turing the solar
flare,.the calibrated rpsolutiﬁn for the detector aﬁd the uncertainty
in the wildth of the measured line were 0.088 and 0.028, réspectively,
~ with the uncertainty at the 95 percent {25 ) confidence level (i.s.,
about 30 to 35 percent of the detector resolﬁﬁion). The uncertainty
derends on the ability to subtract background and the ability to fit
the remaining peak to a Guasian. If NBris the number of counts in |

the background and N is the number of counta in the peak, then the

P
uncertainty in the background fit goes approximately as ¥ ﬁ and the
vnecertainty in the peak it goes approximately as ¥ ﬂp where NP is the

number of counts in the peak. For our flare data the errors due to
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both sources were rbtout equal and of the order of 0,01, or about
1C percent of the resolution of the detector,

AIt is intéresting to'calculaté.thg jmprovement made by using
a detector of superior resclution such as a solid-state detector.k
Such defectors generally have lower sensitivity than the inorganic
scintillgtor used on the 050-7, however. For a solid;stste detector,-
iet us take a resolution a factor of ten less than 080-7 (i.e., 1 percent
at .5 MeV, or 5 keV), Let us also suppose that the sensitivity ja a
factor of ten down,

For the solld-atate detector the channels must be packed 10

' times.as Aensely as the 0S0-7 analyzer eo that there are still about
& channels under the peak. The factor of 10 chhnge in resolution
13 balanced by the factor of 1C decrease in the sensitivity so the
counts per channel in the peak are the same. However, the continuum
has decreased by a factor of in. Therefore, the error in fitting the
continuum is down by a factor of 3 (i.e., /Ng/10 rather than v'Ng)
which makes it smaller than the Gaussian fitting error which should still
be about 10 percent of wldth due to the intrinsic resclution of the
detector. This is true because the counts per channel in the pezk
are the same as in the ofiginal case. Yo if an upper limit were cal«
culated . for this solid-state detector in the same way as for tha 050.7,

AE}

a2kt (In 2) 11/2
(—ﬁ N 20 /

mes

. -5 1/2
TH = 3 'x 107 B

Combining the componante of line width in quadrature as in Section IV, D,
for the upper 1imit to 4—-—E)TH .

AE, 2 AE,2 - (4B, 2
(lE)TH < P iomr E)DR
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AE 2 = AE, x4

AE
80 (—glqy < 0.007

and T2 < 7 x 1073/3 x 1075 = 233 and T < 5 x 10% 0K
In this casn, thermal broadening should certainly be seen. 411
of this denends on the assumption that background effects, shielding,

pointing, angular response, atc. are the same or squivalent,
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APPENDIX I

GENFRATION OF ANNIHILATION RADIATION

A, General Theory

‘The existence of a positively charged particle of mass equal to
that of an elesctron was first postulnted theoretically by P. A. M, Dirac
aas the physical interpretation of the negative energy solution of the
Dirac equation (Diraé, 1928a; Dirac, 1928b). Tracks of the positron
were discovered in cloud chamber photographs by C, D. &nderson in 1932
(4nderson, 1932; Anderson, 1933). |

The cross-section for electron-positron two-photon annihiiation |
was first deduced‘by Dirac (1930}, while the cross-section for pair
creation by gamma rays in‘the vicinity of a nucleus was calculated by
Heitler and Sauter {1933) and by Bethe and Heitler {1934). Moderﬁ
presentations of the theory are given by Heitler (1960) and by Bjorken

and Drell {(1964).
1. Annihilation Mechanisms

The differential cross-section for two-photon annihilation is

glven by (Heitlér, 1960)

o4 E§+p§+p§sinze Zpgsinze
do = S— - 1sing do d¢
4Py Eg-pgcoszb (Eg—pgcosze)z '

in the center-of-momentum frame for unpolarized qﬁanta and particlss,
where pn is the electron momentum in the c.m, frame, E, is the electron
energy in the c.m, frame, g iz the angel between Po and the direction

of one photon, and ¢ is the azimuth of the direction of that photon,
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'I*ransfoming.to the 1ab frame in uhich the electron is at rest,
and integrating over both angles, the cross-section for the annihilation

of a positroﬁ of enérgy E,; is

2
_ 2 1 vy +4y+1 =7 T - +3
g = Tr. ey | [ YZ~-1 In(y+ry ) flT"Z"_"'l"J

where y=E +/mc:2 and r0=e2/m02.
An approximate form for -Y"L, 1 ("non-relativiatic" case) valid
for positron kinetic emergies such that e/he << T, <<mc? is

n 2
A7)
o TE c/v_I_

vhere v, is the positron veloeity and T, is the positron kinetic energy.

An approximate form fory>>1 {extreme relativistic case) is

2 2
% T me 2E
O
> (In —= ~1)

Ey

Although two-photon ammihilation is the predominant channel for ﬁ'r_ee
poaitron decay, there are several competing processes. Single-photon
annihilation can take place when the electron is strongly bound to a
nucleus of charge Ze. (The nucleus is neceassary to conserve energy

and momentum), However, the cross-section for single-phofon annihilation
is, at most, about 20 percent that of two-photon annihilation even for
the heaviest muclei (Heitler, 1960). For example (Hayakawa, 1969), '

for y>»>1 o1 n 4250‘4

g, © In(2y)-1
vhere 0»1/02 13 the ratio of single-photon to two-photon cross-sectioﬁs,

@ =e%/he = 1/137, and for 8 >>1

aq
_a_l; N 4/3 25(1432
V+ 2
where g=7%, but 25 o b <<l 80 :—l <<1.
2

Another possible process is one in which no photons are emitted

and the energy of annihilation ia given off to a second electron in the
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vieinity of the collision., The cross~section for this process is
small (Heitler, 1960),

| | Thrae-phbton decay will oceur when two~guantum annihilation
is Torbidden by selection rules which are applicable. For an unbound
S state, the.ratio of the cross-gsection for three-quantum decay to

that for two-quantum decay is (Ore and Powell, 1949)
g 1
1

P

[

For states aof g;ig%;; 2g§ular momentum, the crosa-sectiona
decrease. The positron and electron can form a bound state (posi-
t;onium) in which the three-photon decay mode becomes important,
~ For example, if & = 0, the formation of the triplet 331 state
(orthopositrcnium) is 3 timesmore probable than the formation of the
singlet 190 state (parapositronium). Since the decay of positronium
oheys the selection rule (Stécker, 1969)

(-1)* (-5 -1y B= (-1
where ¢ 13 the orbital angular momentum quantum number, S is tha spin
grantum number, and ¢ 1is the number of photons in the final state,
three-quarters of the positronium decays go to three photons and one-
guarter go to two photons, The decey rates for states = 0 are
negligibie-cumpared to the £ = O rate (Deutsch, 1953}, The astro-
physical conditions under which positronium formation is important
have been discussed by Stecker and by LeVenthél (1973). Stecker
shows that under interstellar conditions poaitronsgenerated.by cospic
ray interactions annlhilate from rest via positronium formation over
95 percent o° the time. In most gases near atmospheric pressure,

positfons will annihilate through the positronium mode between 21
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percent (nitrogen) and 50 percent (oxygan)‘of the time (Green and Lee,
1964}, Leventhal caleulates that the positronium formation fractiom
cah-approach 100 ﬁereent for atomic hydrogen as the density falls
below 1015 atoms cm'3. At high enough densities or temperatures,
however, triplet decay and positronium formation can be supressed by
collisions, Furthermore, high magnetic fields (=~ 5kG) can decrease
triplet decay by one-third (Green and Lee, 1964). In solids, three

photon annihilation is negligible,
2. Generation of Positrons

There are three modes of positron production which dominate
in interactions of astrophysical imcortance; these are: 1. pair
'production,‘Z. positive pion decay, and 3. decay of positron-emitiing
nuclei,

| Pair production is the conversion of an energetic photon

(E >2mc?) into a positron-elactron pair. Energy and momentum cor-
servation requires that another particle be present. Ths ¢ross-sections
for this interaction were first calculated by ﬁeitler and %auter (1933)
and by Bethe and Heitler (1934). For ﬁair creaﬁion in the vicinity of

a nucleus of charge Ze the cross-section is {(Heitler, 1960)

- 24 2
GE, dE, = g P+P- 4 |y
A x— 4B, (- 3 - 2BE_ "p.%p. 2
,ip B4E_  EE. g€ 2 +
+ {rc - + - - 2g 2 2., 2y.
me®) Sl P, p+p..) *r [W(E+ E.74py ")
E E {mc2)2k E.E -p? - 2
_8/3 + - - -—-—..-—)-—-.- +‘E.-P . + E+E_ p+ +2kE B
P.P.  2p,p e e T T T &y b RN
+ +Po < Py 525z ]
+ —

whe?e k is the momentum of the photon, Ey(o) 1s the total energy of

the positron (electron), Pe(-) is the momentum of the positron
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2y 2
(By1Py)  paggn BB ARP A GIC2L2)

‘me mcck

N

(electron), e, =20
and  o=Z%r_2/137
This formula is wvalid under the conditions of the Born ap-
proximation, assuming that the screening of the nuclear Coulomb fleld
by the outer electrons 1s negligible., By integrating thls expression
over E+, a total'pair—creation cross-section can be obtained, For thq

cage in which &ll energles are large compsred with mc2,

2k 218
o =0 (55 1n por - 57

In general, the pair production cross-section for an electron rises
from a negligible value {compared to the Compton cross-section) below
1 MeV and levels o“f to a weak dependence oﬁ photon energy above
1N0 MeV,
Another mechanism important is astrophysics is the decay of
the positive pion. 'The normal pion decays arg_(Segré, 1964}
L 2y(T ~ 2 x 10716 sec),ln++p++vp

2.55 x 10'8390)

e -

and ﬂ“+pn+;u (p+
Down in probability by a factor of 10~4 is

+ +
T =+ e + v_ .
€ <

Down in probability by a factor of 1078 1

T ﬁo + e+ + ve.

Free muons obtained from the plons decay by the scheme
(Segre, 1964) | |

ﬁ+ + et + v+ v (T~ 2.2 x 107 sec)

The mean energy of the resulting elec%ion 14 rou%hly one-quarter the
energy of the original plon (Cheng, 1972).
Negative muons react weakly with nuclei (e, By P+ n+y),

but decays freely as indicated above, Thp-chain1r +3 +e+ is



important because rions are produced by cosmic ray interactions in

interatsllar space by reactlons such as (Ramaty and Lingenfelter, 1966)
ptp+A+Brar +b (nTar ")+ en®

- O
P+H ”+A+B+C+an++b(ﬁ++n 1+ cw
where A, B, and C are nuclel and nucleons and a, b, and ¢ are zero or

and

positive integers, About 30 percént of the incident kinetic snergy
of the protons goes to plon energy (Cheng, 1972). Most of the
galactic pions are produced by cosmic rays of energy 500 MeV or greater.,
The contribution from cosmic ray o-particle 1nteracti§na with Be4 and
proton interactions withheavier nuclel can be neglected because of
low relative intensity and density. The contribution from kaon pro-
duction and decay cain be neglected because the kaon production cross-
section is 10-20% of the pion cross-section and kaons carry a smaller
fraction of the total energy. Similarly, the positron contribution
from other strange particles is negligible.

Another source of positrons (of energies below 20 MeV) is the

1 1 1 1
10’cl,N3,OA,05)

decay of 8 * emitting isotopes (e.g., C . These
radionuclides can be formed in the cosmic ray spallation intefactions
between protons andrclz, le, and OL6 nmiclei, as well as in simllar
interactions in the atmosphéres of the BEarth and the Sun, The role of

this mechanism in the production of positroﬁs in the galaxy has been .
| 1nvea£igated by Stecker (1969) and Ramaty, Steckar,jand Miasra (1970)
using cross-aéctions published by Audouze et al, (1967),

Less 1mportant modea of pair productioh include the following:

1. Creation of pairs in the collision of two heavy particles,

r 2 2,25 2
Here, o » _9 2y2 "L %2 ZjMo-z M.
’ = 357 (me*=) Myt 2 l) 2

where particle 1 is initially at rest and Tzlls the kinetic energj of



100

particle 2 (assuming T,<s< nzcz) (Reitler, 1960).

2. Creation of pairs by a fast electron in the field of a
2,2
r

nucleus., Here, —%7.2_ 2'8; {(in E /mc?-)

and the electron energy E0:>>mc2.

3, Creation by collision between two electrons.

4. Creation hy the armihilation of two light quantz (inverse
peir annihilation).

5. Conversion of a vy quantum emitted by a nucleus into a
pair in the field of that nucleus, A1]1 of these latter processes

are negligible compared to the first three.

B,' Production in the Rarth's Atmosphere

1. Cosmic Ray Interactions

Cosmic rays which are incident on the Earth's atmosphere
generate continuum and line gamma radiation, which have be;n measuréd
by balloon-borne detectors (Jones, 1961; Paterson, 1963; Haymes et.al.,
1969; Chupp et al., 1967). The channels into which the energy of the
cosmic rays goes is shown in the following table {Hayakawa, 1969):

Process. . . Energy dissipationl
(Hev-cm ~Sac

Tonization in the atmosphere } 730
Rasidual energy at zea level , 40
Nueclear disintegration _ _ 150
Neutrinos _ggg.

TOTAL \ ' 1150



101

where the numbers hold for latitude 50%. The incident and dissipsted
energies can also he analysed into the species by which they are

carried {Hayakawa, 1969):

Species _ Incident Energx
(MeV-cm™'-sec™ ~sr™
Protons geol 25
He ~ nuclel 200% 4
L ~ elemants 6 2
M ~ elements N 47i 1
H -~ elements Q)ﬁ 1
TOTAL | 11802 30

where L, M, and H refer to light, medium, and heavy coemlc ray nuclei.

Spaciea | Dissipated Energy
Proton Ionization loss | 1291 3

i - 063 14

S 2652 2,
Nuclear disintegration 201i 68

TOTAL - 11102 80

vhere the estimates have been made for a geomagnetic latitude of 559,
The above tablés illustrate the importance of pilons in cosmic ray
interactions in the atmosphere, |

Cosmic ray components can also be characterized by their
abiiity‘to penetrete matter. A The so-called soft component is composed
of alectrone and photons (the electronic or R-component)., Near sea-
level the charged pions have largely decayed into j mesons (the
penetrating component) which interact with matter even less strongly

than the N-component. The genetlic relationships among the cosmic ray
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secondaries are illustrated by Hayakawa (1969) in the following

diagrams:
> j;o o 7fE
Low N . > N >N
Energy l /
. - —--)e
*

m H 4]
——e
Ki ‘ | | > v
o
> ; s Y > E
High N * » N » N
Energy &11 -
| " >
. >V

Although these diagrams are only rough schematics, they indicate that
the main contribution to the electronic component (and, hence, to

the positron annihilation radiation and the gamma-ray continuum) is
7% production, This can be seen quantitatively in the graphs of the
intensity versus atmospherlic depth in Figure A-1 and Figure A-2_
(Hayskawa, 1969) where the elactron (positon plus negaton) fluxes
Prom 1 ° interactiona and froin ﬁ degayéuare compared. Only at l?rge
deptha (> GOOg/bmzj does the ﬁ»-& source bacome important, Since

~ balloon-borne gamma-ray detactor“mgasuréments'hqve shown that the flux

of Annihilatiqn radiation increases ﬁith decreasing atmospheric depth
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Figure A-1l. Vertical intensities versus
atmospheric depth of the soft component (S] and its
subcomponents; S = e + sy + sp, ¢ (electrons) =

N + e {electrons from wo) + yu + e (electrons from

the knock-on and decay processes of muonsl CHayakava,
1969).
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. Figure A-2. Intensities of electrons (e] and

gamma rays (y) of energies above 100 MeV versus
atmospheric depth, in units of the nucleon attenu-
ation length, 110 g- cm™ =2, fThe contributions of
79 - 2y decays (v .0, € 0) and 7 -~ u = e decays

(v e ) to gamma rays“and electrons are shown
Seﬂaragely. (Hayakawa, 1969).
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in a manner similar to the E-component (Kasturirangan, 1972), we can
- conclude that the positrons which produce this radlation come mainly

from the channel

0 +

! N-+n +rze
where the positron is producbd by pair production and loses energy by
bremsatrahlung radiation (Ee'>100MhV) and fonizing colli{sions

(Ee < 100MeV),

The generation of low energy gamma rays in the atmosphere haa
~ been investigated by Puskin (1970). Using slectron flux measurementg
of Verma (1967) and Brini et al. (1967), he has calculated that 84%
of the photon flux at 3.5 mb resldual pressure from 0.3 to.10 MaV can
be explained by electron bremsstrahiung in the atmosphere, Laés
important processes are annihilation line and scattered radiation,
nuclear de-excitation radiation, and gamma rays directly from , °
decay. Calculations and obaservations by Kasturirangan et al. (1972)
and Haymes et al, (1969) also show that the low-energy photons largely
originate from the electronic component of the secondary cosmic
radiation. The positron portion of the electronic component also gives

rise to the 0.511 MaV radiation.
2, Antimatter in Meteor Showers

The distribution of antimattef in the unlverse is a phenomenon
in cosmolology that may be amenable to study by gamma-ray astronomy. |
konspantinov (1966) has hypothesized the existence of meteor-like
bodies exchanged betﬁeen matier and antimatter stellar sysiems. Poal-
tive evidence for this idea has been claimed through a correlation |

betwean the intensity of high energy gamma-ray flux and neutron
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measurements in the upper tropopause with the time of entry of
individual meteor$ into the Earth's atmosphere (Konastantinov et al.,
1966; Konstantinov et al., 1967), _

o Konstantinov ét al. (1970) have analysed gamma ray data in the
range 0.3 to 2,7 MeV from the Coamos~135 satellite and have found an
enhancement during meteor showers in the 0.511 MeV radiation observed
by their detector. The observaticns were made during the Geminids,
Urside, and Quadrantide showers of 1966-1967 and amounted to a 50%
effect.

The snhancement was not correlated with changes in the gamma
ray continupm or with chargad-?article effects. According to the
hypothesis, the cbserved enhancement could be caused by about 20 mg,
of antimatter iptroduced_into the Eﬁrth‘s atmosphere during one déy.

The 4-day period of 25-28 April 1972 used in Section IV of
this work in an investigation of aspect and rigidity variation has
also been used to investigate the time variation of the 0.511 MeV
flux. In order to see daily variations which are_independent'of
 rigidity effects, scans used to obtain & daily average must be char-l
acterized by the same rigldity from day to day; that is, if tﬁo scana
at 4=5 GV-and three scans at 10-11 GV &re used to obtaln an average
rate on 26 April, equivalent scana must be used £o obtain the éverage
rate for 27 April if a valid time dependence is to be seen. Other
parameters need not be considered since-they do not affect the rate
by the factor of 50% seen by Konstantinov et al. |

The variation of the average daily rate is shown in Figure A-3.

The error bara shown are due only to counting statisties but include
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F%gure A-3. Daily variation in the 0.51 MeV counting rate for a
linear fit to the background., Each point 1s an average of 22 scans.
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the uncertainty in subtracting a linear background from beneath the
peak, Each point i{s an average of 27 scans. The 1 U error btars are

abauﬁisz of the avaféga rate in iongth. A consistent incréése in the
rate of 50% or more over a period of several days in coincidence with
~a meteor shower, as was seen by Konstantinov et al., should be apparent
in this type of analysis,

At the time of the preaeﬁt work, only 4 days of data were
available for computer analysis. In the future, however, data covering
‘ﬁpril to December 1972 will be available. This span of time includes
such large showers as Aquaride, Perseid and Orionlde. If the 0,511 MeV
enhancement 13 a general property of meteor showers as the work of

Konstantinov et al. implies, it should be confirmed in the 0S0-7 data.

c. Pru@ﬁétian in the Solar Atmosphere

1. Quiet Sun

Although the high energy thermonuclear reactions in the Sun's
core produce x- and gamma-radiation, these photons are degradad in
energy in thelr passage through the solar materisl to the surface. The
temperature of the surface of the photosphere is ~ 4500°K, and the Sun's
épectral distribution can be approximated by a dlack bo&y at about
6000%K, Tnis digtribution peaks at aboutVSOOOR and virtually ell of the

o o

energy of the Sun's radiation is below 20004 (Green and Wyatt, 1965).
6 o

‘The temperature of the corona is about 10 nK, and it radiates like a

"gray body" with a distribution peaked at 298 (0.43 keV). However,
this emiesion rarely exceeds 10™> of the solarrconetant (Green and

Wyatt, 1965),
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The average kinetic energy of gas particle ia:
T=3/2%9
for a‘Maxgell-Boltzmann distribution, where ¢ 13 the kinetic temper-
ature and k is Boltzmann's constant (8,6 x 10”2 eV/%)}. For e tempera-
ture of 6 x 10°%, T = 0.77 eV; and for 10%%,T = 130 eV. The threshold
for positron vroducing mechanisms are much greaﬁer than tﬁese values,
For example, the threshold for the producfinn,of 3+ emitters in nucleon-
nucleon collisions in the solar atmosphere is 5 MeV or higher (Dolan
and Fazlo, 1965; Cheng, 1972). The thresholds for  production in p-p
and p - o reactions are 290 MeV and 172 MeV, respectively. Finally,
the contribution to the annihilation gamma ray flux from the thermo-
nuclear reaction
Hoaul > +et 4 v
is expected to be small even for the hot corona and coronal condensation
as compared with a flare-related contribution (Cheng, 1972).
Because of the above considerations, the gamma radiation
emitted by the quiet Sun is negligible compared with emission during
solaf flares (Dolan and Fazio, 1965). No positiVB‘measurements of |
quiet-sun gamma rays have been made to date; a summar} of upper limits
for the gamma ray continuum has been preaented by Cheng (1972) end a
similar summary for the 0.51 MeV radiation has been given by Chupp
(1971). The listing of Chupp is reproduced here as Table A-l,



Source
Sun (Crab)
Cosmos
Sun

Sun

Crab (Sun)
Cygnus
Virgo
Cent A

Sun

Sun

Sun

Reference:

EXTRATERRESTRIAL UPPER LIMITS (0.51 MeV)

Date
§=2-61
1-62
6=10-62
11-2-67
-68
-68
-68

48

-68

4~25-68
- 7-"1-66

B2 8-66
5-23-67

TAELE A-l

Photons o::lu"zssem::.1

1 x 10"'1

1.4 x 1072

1.3 x 107°
(7.5-26) x 1072
8.4 x 1074
i.:az, x 1073
2.1 x 1072
1.8 x 10-3

7x 1070

(1.1-4.8) x 1072

Null result

Chupp {1971}
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Experimenters
Peterson (1963) -
Metzger et al. (1964)
Frost et al, (1966)
Chupp et al. (1968)
Haymes et al, (1968)
Haymes et al. (1968}
Haymes et al. (1968)
Haymes et al. (1968)

Womack and Overbeck
(1968)

Chupp et al, (1970)
Cline et al. (1968)
0GO-TIT
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2, Solar Flares

A review o theoretical flare mechanisms has been preaentéd by
“weat (19691, lhese models includa the‘acceleration o fast nuclel
which are somastimes detected directly and which must be presént for
the production of annihilation radiation. In fact, high energy protons
have been thought to be produced predominantly 1) before ﬁhe flare
(1. Elliot), 2) during the explosive phase (K. Sskurai), and 3) during
the dacay stage (C. de Jager) (Sweet, 1969). A review of flare models
a9 related to gamma ray and neutron production has been done by Chupp
(1971), Here the modele and flux estimates are differentisted ac-
cording to their geometries: A) the directed particle geometry
(S. I. Syrovatskii), B) isotrople thin target geometry (R, E. Lingen-
felter and R, Ramaty,racceleration phase), C) 1isotropic thick tsrget
geometry (Lingenfelter and Ramaty, slow down phase), and D) magnetic
bottle geometry (H, Elliot and E. Schatzman) (Chupp, 1971).

The rate of generation of annihilation radiation'during solar
flares has been calculated by several workers. The main sources of
positrohs ara the deecay of ﬂ+,mesons produced in p-p reactions ani
the B+ decay of apallation products. Dolan and Fazio (1965) have
calculated the time-averaged annihilation line flux assuming a
rigidity dependent oroton spectrum

= Noe"R/Bﬂ.
Lingenfelter and Ramaty (1967) have caleulated the flux for a positron

production rate per g/bm2 of flare proton range averaged over the
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particle acceleration time (geometry B, above), The range of the ac=
calerated protons.is generally taken to be ~ 1 g/bmz. A flux can

also be produced.during the slowing down of those particles which do
not escape the Sun., Por this geometry (C), the authors have assumed
that 1/2 the flaré particles are directed toward the Sun where they

. interact and slow down. Agsuming the same rigidity;dependent spectrum
aa Dolan and Mazio, the mean gammﬁ ray fluk per unit time at Earth

during acceleration is

N X
_  r_1 (*ace)
¢ =g X
acc 1 1

where NT is the pumber of accelerated particles .30 MeV, Xy is the
rangé (g/cmz) of these particles during acceleration, t; is the ac~
celeration time, and =bacc/x1‘is tabulated by Lingenfelter and Ramaty.

The flux during slowdown is given by

5 NTE b'sd)
==
ad ad

where ¢ 18 the fraction of perticles which interact after acéeleration,

téd is the time over which interaction takes place, and g 1s tabulated.
Cheng (1972) has taken into account the time-dependent energy

losses of the flara~accalarapion of particles followed by energy loas

through various mechanisms, They may'remain trapped in the_flare

region or a large fraction may escape and interact on the (high density)

solar surfaca. The fluxes are calculated both for a power law in

initial particle kinetic energy
N = g(B-uc?)*
aE
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and for an exponential law in rigidity
R/R,

'QE _
R ¥e

+
Then the initial maximum annihilation flux at Earth due to o
projuction ia | -

= —28 T2gac”d
Jﬂﬂ 7.1 x 10 (_nHKV)Qﬂ_'_* photons cm “sec

vwhere ny is the ambient proton density, V is the gamma-ray emitting
volume (KV=N/‘RO, where N is the total number of accelerated protons),
and ¢ nt is the positron production rate tabuiated by Cheng, The time
dependence of the flux goes as exp[ -(t-%p)/T] for t>T,, where T is
the “decay" time for n production {due to proton energy losses),

and ' TE'm ig the mean time for positron production to annihilation. The
initial flux due to 3+ - decay positrons is

g, = Telox 10728 q XV photons cm 2sec” !
[4

. whare g 8 is the positron production rate which is graphed by Cheng as
a funetion of time Tor various ny and Ro. There 13 a fixed delay of

Tan between positron production and annihilation where 120 gec <

T an < 1.2 sec for electron densities between 1012 cm*3 and 1014 cm-B .

The fluxes obtained by these models can be compared for a flare

with rarametersa

N =107

v = 1028(:1!:3

R, =200MV-

n, © 3 x 1013@'3
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Model 0.51 MeV flux at earth
| X |

n+ decay - g decay Total
Dolan and Fazlo® 4.2 x 1071 2.1 x 1072 4.4 x 1071
Lingenfelter & Ramaty* —— — 3 x 107t
Cheng' " 1.2 x 102 1.4x107% 1.2 x 107°

¥ averape flux over 100 seconds

#%initial maximum flux

D, Cosmic Sources

Stecker (1969) has calculated that there may be a detectable
ﬂucfmmﬂmﬁmgmmrws&thgﬂmﬂcﬂﬁ.Ashsﬂu
flares, the two main possible positron production modes are from the
formation of ﬂ+ mesons and positron emitting radionuclides. Stecker's
argument shows that an annihilation gamma ray flux will be due mainly

N and p - 0'° spallation

to B+ decay of products of p = 012, P -
interactions rather than w+ formation, This is because positrons
 from 8+'decay have a lower initial energy (less than a few MeV) than
positrons which reault." from reactions producing w+ mesons {greater
than a few MeV). The latter positrons have a much greater probabilitj
of escaping the galaxy before annihilating. |

?or the ﬂ+ decay mode, the positron spectrum can be caleulated
from knowledge of the galactic cosmic ray spectrum (assumed to be the
same as that measured abnve 500 MeV near the Earth), The positron

energy loss rate (via ionization, bremsstrahlunmg, synchrptron_radiation,

and Compton collisiona) and trapping time in the galaxy also determines
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the shape of the annihilation gamma ray spectrum. Because of the high
velocity at which annihilation takes place, Doppler shifting is im-
pbrtant in this mode and the characteriatic peak iz smeared between
250 and 500 keV., Only 1-2% of these positrons annihilate near rest.,

The second important source of galactic positrons is spallation
interactions. Stecker (1969) usaes the 1ist of interactions of Audouze
et al, {19A7) and the ouilet-sun cosmic-ray spectrum between 20 and
1000 MeV/nucleon of Gomstock et al. (1966) to estimate the positron
production from 5+ emitters. Most of these positrons are emitted
with energles leas than 5 MeV and over 95 percent of them annihilate
near rest in the galaxy. Stecker's calculations indicate that almoat
all of these positrons form positronium, 25 percent of which decays
into 0.51 MeV gamma rays and 75 percent of which decays in a continum
of energy less than 0.51 MeV (see appendix on General Theory of An-
lnihilation). The most éptimistic estimate of the annihilation line
flux which comes out of this analysis is about 10~3 photons em~2gec™!
sr L from the galactic disk, ﬁith more conservative values being
4 x 1074 en~2gecLar ™ or less.

A later analysis by Ramaty, "tecker, and Misra (1970) concludes
‘that the flux for a homogeneous disk model of the galaxy would be

h

smaller than the background continuum ( X3 x 10 rcm‘gsec_lsr'l) unless
the mean cosmlic ray energy density is much larger than seems probsble
from the general dynamics of the interstellar medium, Thue the hypo-
thetical flux would be very difficult to detect. However these authors
go on to argue that physical conditions in the galactic center could
modify the energy density argument and so it might be a detectable

source of 0,51 MeV gamma rays,
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Johnson et al, (1972) have detected a gamma-ray continuum and -
& peak at 476 + 0 keV from the galactic center region, This measurement
has received several interpretations. The most interesting one, in

the vresent context, is due to “eventhal (1973). He suggests that a
line-plus-continuum spectrum, which is emitted from the galactic

center by annihilating positronium, is folded through the 86 keV energy
resplution of the detecting instrument, Thie resclution causes the
apoarent energy of the maximum of the peak to be shifted down to 490 keV,

The observed flux for this feature is 1.8 + 0.5 x 1073 photons o;:m"zsec“1

for a point source (or about 3 x 10'3 ghotons cm-zsec-lsr- for source
extended over the 24° angular opening of the detector). It should be -
mentioned here that Metzger et al. (1964) have put an upper limit of
1,1 x 1072 photons em~=2sec™tsr~l for an isotropic cosmic flux. Trombka
et al, (1973) have a positive, though weak, indication of an annihila-
tion radiation of cosmic oripgin, althopgh other sources cannot be

completely ruled out., Their measurement indicates a flux of

2.4 1.2 x 10-3 photona cm”zaec'lsr'l.
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APPENDIX II
LOCAL PRODUCTION IN THE SATELLITE

It is reasqnabie to expect that.charged-pﬁrticle 1ntergctioﬁs
with the apacecraft material would produce low energy gamma rays.
Satellites are always exposed to cosmic rays and those in Earth orbit
can be exnosed regularly to trapped particles. The gamma ray experiment
aboard the Ranger 3 Spacecraft indicated the significance of cosmic
ray effects (Metzger et al., 1964). Spectra in the range 70 keV
Lol MeV were'measure& with an isctropic detector both stowed on the
aoacecra®™t and extended on a 6-foot boom, Comparison of the spectré
showed a decrease in counting rate of about a factor of 2 in the
extended_nosition as compared to the stowed-poaition. The difference,
due to secondary production in the spacecraft, included a peak at
-0.51 MeV. This background Qas apparently caused by cosmic rays.

An analysis of the background produced in the 0S0-1 satellite
by Peterson (1967) indicated that about 50 percent of the counting
‘rate in the energy range 1.5 to 4.5 MeV was caused by secondary
production in the spacecraft, about 40 percent was due to atmosapheric
gamma rays and 10 percent to cosmic gamma rays. Additional background
wag geen after exposure to trapped protons encountered in the 500 km
orbit. The mechanism was indicated as being due to the decay of
25-minute I128 actlvity induced in the Nal cfystal by secondary
neutrons produced by trapped protons (Peterson, 1965).

More recent nnalysis tends to 1ﬁdicate that spallation reactions

in the detector and spacecraft are more important gamma ray sources
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than neutron capture, Fishman (1972) has calculated the spallation
yields for 100 MeV proﬁons interacting with Nal scintillator material.
These calculations were checked experimentally by irradiating Nal with
600 VeV protons and cobserving the spectrs of the descay products as a
function of time., The analysis indicated numerous lines in the spectra
due to the deeay by electron capture or internal iransition of isctopes
of lodine, teilurium, and antimony. An exponential continuum due to
beta emitters and unresolved lines‘uas also found,

Dyer and Morfill (1971) have obtained similar results for the
irradiation of CeI(T1)} with 155 MeV protons. These results were used
to‘predict production in this material by cosmic rays and trapped
protons.

| The recent Apollo flights have enabled Peterson and Trombka
(1973) to measure the activation in a Nal scintillator directly.
A 7.0 ecmx 7,0 cm Nal erystal was stowed in the Apollo 17 Command
Module for some 300 hours and passed through the Van Allen belts twice
bafore it was examined on the ground aboﬁt 1 1/2 hours after re-entry
into the atmosrhere. The crystal waé examined by viewing it with a
photomultiplier tube and by exposing it to Ge(Li) detectors and a large
Lo scintiilation counter., Radioactive muclides in the crystal were
identified by the characteristic energles of the gamma rays emitted by
them and by their half lives, .Qualitative identification was obtained
for the following nuclides: Na?? (2.6 yrs}, NazA (15 hra), I123 (13 hr;),

124 |
T (4 days), T1%0(13 daya), 11%8(25 min) and Xe'27(34 days). The

Ra24 and 1128

127 22 :
I, respectlvely, Na =~ is produced by spallation from Na23, and the -

are evidently produced from neutron capture by N323 and
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other nroduéts result from the spallatidn of I}27, The lines at
1.46 MeV and 2,62 MeV due to X40 and Th were also observed.

Several of the lines seen by the UNH detector are cansistént
with these sources. In Figure III-5 we see a peak near 0.&9 MeV and-

a broad Teature between 0,59 and 0,72 MeV, The feature at 0,40 Me¥
may be due to the 0,39 MeV line from 1124 together with the 0.44 MeV
line from 1128, A feature similar to the one between 0.59 and 0,78 MeV
was seen by Peterson and Trombka. This was caused by the following
lines: 0.60 MevV (T}24), 0.67 Mev (1128}, 0.72 MoV (1%%3) and 0.75 MeV
(1126).

The local scurce of annihilation radiation is a large mumber of
positfon emitters that can be produced by spallation, When these
radionuclides are rroduced in the scintillstor itsalf, they produce
Van energy losa continuum spectrum rather than an annihilation line,
This im because the positrons release energy by ionization losses as
thev slow down in the =cintillator, prior to annihilation. The CsI
shield, however, should be an important source of 0,51 MeV gaﬁma rays
because of 1ts massiveness and because it surrounds the central deﬁecforl

‘The theoretical and laboratory analysis of Dyer and Morfill
(1971) indicate that numerous positron emitters can be produced
by spallation in CsI. The most important are: Cs!30(30 min), Cal?8(3
min), cs1?6(1.6 min), Xel27(120 min}, I122(4 min), 1121(96 min),

b 118(3.5 min) and Sb116(15 min), Positron emitters produced in the

]
| photomultiplier tube and In the rest of the spacacraft may‘alao cone
tribute to the detected background. Thé‘multiplicity of positron
emitters makes the analysis of the background rate into various

o
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“contributors prohibitively difficult in this experiment. Instead, the
telescoplc proverties of the detector are used to distinguish local pro-

duetion from external sources,
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