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ABSTRACT

Processes which lead to the production of y rays with
energy greater than 8 MeV in solar flares are reviewed and
evaluated. Excited states which can be produced by inelastic
écattering, charge excihange, and spallation reactions in the
abundant nuclear species are considered in order to identify
nuclear lines which may contribute to the y-ray spectrum of
solar flares, The flux of 15.1l-MeV ¥ rays relative to the
flux of 4.44-MeV y rays from the de-excitation of the correspon-
ding states in lzc is calculated for a number of assumed distri-
butions of.exciting particles. This flux ratio is shown to be
a sensitive diagnostic of accelerated parﬁicle spectfa. Other
high~energy nucleér.levels are not so isolated.as'the 15,11-MeV
state and are not expected to be so strong, The spectrum of
Y rays from the decay of 712 is shown to be ﬁensitive to the
energy distribution of particles accelerated to energies

greater than 100 MeV,




I. INTRODUCTION

In astronomical observations, as well as in laboratory
measurements, y-ray lines serve as probes of energetic particle
interactions, Solar Y-ray lines were first detected from the
Importance 3B solar flares of 1972 Auqust 4 and 7 by Chupp
et al, (1973) with the Y-ray spectrometer aboard the 0SO-~7
satellite. Theoretical treatments of Y-ray production made
prior to 1972 have been reviewed by Ramaty, Kozlovsky aﬁd
Lingenfelter (1975), They present, in addition, updated
interpretations of Y-ray observations, reléting them to the
spectrum, number, and energy content of accelerated particles,
The solar y-ray spectrum in the energy range 4 to 8 MeV has
been studied further by Ramaty, Kozloﬁsky and Suri (1977) with
the conclusion that the emission in that energy range is due
almost entirely to nuclear processes, and that the ratio of
electrons to protons does not exceed 5%, Thej suggest that
the observations are best fit by a relatively flat spectrum of
particles whose velocity vectors do not point.predominantly
towards the photosphere. |

Because most of the Higher enerqgy states are particie
unstable and lead to little or ne y-ray emissidn, the signifi-
cance of y-~ray lines more enerqetid than the 7.12~ﬁev line of
160 has only recently been considered (Crannﬁll and Cranneli
1976, 1978; Crannell, Ramaty and Crannell 1977). fhe infor-
mation to be gained from chseérvations of a hiqh—enefgy y~ray

line should not, however, be overlooked. Pairs of Y-ray'lines,



from thoe samoe nucleay spacias but rasulting from tha do-
oxcitation of nueloar lovals with widely saparatad throsholds,
provide a unique measura of tho spectra of high-anergy particle
within thalxr sourca.

In tha pragsont work, tha y-ray line omisslon and continuum
radiation nbova 8§ HaV aroe invastigatoed. A nunbar of nucloar
gtatas ava ildantiflad as possibla candidntﬁs for producing
high=anarqgy y-rvay lina amission. For ona hiqh—auurqf lina,

* {15 it
rasulbing from tha doacay of 12c (15,11 Hav)

. tha axeltation

eross gsactions and branching ratlos hava baon studliod extansivaly.
Thage maasurad cross sactions and branching ratlos arve uaqd ko
.calculutg tha gxpgcﬁgd iut@uaiby af tha 15,11-MaV lino amiussion
raolative to that of tho J4,44-MaV linae feom a lowar=-lying statoe

in lac.

If the spaectrum of anarqutlc charged particlas axtands with
sufiflclant Intansity  to hundreds of MaV/nuclaon in solay flaras,
high—cnargy guﬁmn radiation will rasult from tha production and
dacay of 1° masons. Thq.spach'n of wU~dacay y rays hava baon
cnlbulnhdd by Linganfialtar and Ramaty (1967) and by Chang (1973}
with tha approximation that all 1 masons axe produced at the
madn anerqy fox tha given incldent proton anaray. In tha
prnsent'wmtk,'the total flﬁx of u® masons 15 re-awvaluatad and
tho resultant y-way spactra ara calouliatod from mansuroad '
diffdgunﬁial.exess soctions Eck a® ﬁroauction. |

‘In the naxt section, tha nucloax procaessas whilch contribute
to line onission and continuum radiation SDGVQ 3 Mav are de-

@

seribed ipn dotail and tha relativa flux densities are Jotarminaed.
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The resultant y-ray spactrum, with an estimated upper limit for
the bremsstrahlung contribution, is presentad in Scction III.
In the final section, tho significanca and observebility af tha

prodicted apectrum ara summarizod.
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II., NUCLEAR PROCESSES

The strength of y-ray line emisaion is proportional to tha
product of three factors: cross section, branching ratlo, and
nuclear abundances, Abundances are rolatively well known and
branching ratios for clectromagnetic decay have been determined
.adequatoly for most of the states of interest. The cross sections
for production of mest high-enerqyv states arxe, howaver, sparscly
measured. One of the wellwstudied Y-ray transitions, which is
alsc one of the.strongesﬁ, is produced by decay of the 15.1l-Mev
state in_lac. In the subsection that follows, the technique for
predicting the strenqgth of tﬁe 15,11-MeV line relative to that of
tho 4,44~HeV iina is developed, and predictlons based on measured
cross sections and branching ratios are presented, In Subsection
| b,.the streﬁgths of othexr y-ray lines with enexgies above 8 MeV
are CQmpared to the strenqth of the 15,11-MeV line. The processes
which can be cxpected to make significant contrxibutions to the
Y-ray continuum above 8§ MeV are bremsstrénlung and 7° decay. In
Subscctlion ¢, the relevaﬁt cross sections for production of
neutral pions are presenked, and the spectral distribution of the
subsequenﬁ.Y-ray continuﬁm is ovaluated,

a)  Gamma Rays from the 15,11-MeV State in lzc

With one exception, all excited states in the nucleus ¥
“with energies above the threshold for alpha emission at 7,367
MeV dacay predominantly by ﬂirect'particle emission and thus

produce few nucleax y rays. The one exceptioh is the lowest-
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gnoarqgy lsospin 0 = 1 state, the analog to tho gqround state in

o _
1"n and 1

QN, at 15,11 Mav, 1hily state lias below the lowest-
anargy, single-particlo omlssion threshold by 0.85 Mev and is
thug stabla against notitron ox proton amission., If this lavel
wara a puro U = 1l state, decay by alpha emission would ba for-
bidden by isoapin consarvatlon, Thore 45 a small admixture
of 1 = 0 in this state, but the moasurod alpha- to gamma-decay
branching ratio is only 0.04% + 0,009 (Balamuth, Zurmiihle and
Tabor 1974). Bacause aloctromagnotic transitions can change
the nucloar isospin by 1 udit, the state can ddcny raadily by
omlssion of a Yray. In tha casa of lS.ll—NoV axcltation, the
dacay directly to tha ground state is dominant, A weightod
averaga of the exparimentally maunured.branching ratios
(Ajsonbarg-Selova 1976} ylelds a value of 0.952 + 0.009. Thus
do~axcitation of tho 15.11-MaV state in lac procaeds by Y-ray
amission divectly bto the ground state 91 + 2% of the time.

Pho Importuant cross sections for producing 4,4d4- and 15,11~
MeV ¥ rays are shown in Fiquro 1 as a function of the kinetic
anargy of the incidenk particle. In EhO'present analysis, tha
cross sactlions for prnﬁudinq d,.44=MaV Y rays by proton inter-
actions are taken from tho work of Ramaty, Kozmlovsky,and Suri
(1977) which includes mansuremants up to 103 MGV. Phair results
ura xapxasnntdd by tha solid eurve. At low enargles, this cuxve

12 0 (4,44 Mav)

h
is n smoothad average of tha l”C(p,p') e cross sec-

tion. At higher energies, it includes imphrtant contributions

dua h67ﬁf0duchion of a 4,44=-MaV state in llB erm'the raackion

1 1L ¥ (444 Mav)

zﬂ(p, 2p) The cross sections for producing



4. 44=HaV vy rays by alpha~partlele Internctions are also taken
fyrom tho wark of Ramabty, Ronlovaky,and Surd (1977) roprosentad
Ly tho dashed surve, This is an lwmporbtant process in tho sglax
madinm begause of tho magnitude of the cross section and boacauso
of thae abundance of alpha paxtielas.

The dottoed curve showing some of the structuxe in tho cross
gaction for production of Jd.44=-MaV vy xays by proton intaractions

l')

with "¢ is obtainad {rom the datan of Martin, Schnelder and

Semport (1953} for 4.%3'B) £ 6.5 MaVy. Redch, Phillips and

¢
Rusyall (1956} for 4,4 i.Bp < 5,5 teVy  Barxnard, Swint and Claag

(L964) for 6.6 ¢ 1 1L.6 Mav; and Nagahara (196)) Ffor 9.5 < Ep

i

p
£ 16 Mav, whare Ep is the kinotic anawgy of tha incident proton.

Up to an anoxgy of 19 MaV, the cross saction for axcitation of

tha +,dd-MaV stata in lac shows considaxabla structura, In the
works of Martin, Schnaidor and Sompoart and of Redch, Phillins

and Russoll, tho axgltation cross section was moaasured by detecting
tha 4.44-MaV de-oxcitation y ray at 20%, The total cross section
raprasanted by tho dobttod curve was obtained by agsuming that the

- eross soction for photon amdssion is isotrople. Wiffarential
Ccrosd sactions moasured at additional angles by Redeh, Phillips

ond Russell at threa ancrgios neaxr thae fivst resonance, 5.188,
§.297, and 5.425 MaV, show that this nssumption of ilsotropy leads
to diserepoancios as lavgo as 60% in the first twe resonancas,

In the axpariments of Brsmard, Swint,and Clagg and of Nagahava,
dlfforential cross soctions wore measured fox a widoe »ange of -

angles of thoe racoll proton at oneh incidant praton anaragy. The



cross sactions shown here as the doited curve lncluda the btotal
cross sactions given by these auvthors,

Tha cross sectlons obtained with alternate methods, Ly
datecting the scattexred proton and by detecting the de~axcitn-
tion y ray, glve satisfactory aguoemant within the limitatlons
of the exporimantal measurewments. 7The resonance structure,
whicgh would be ifmportant for narrow distributions of praton
energias,is affoctively smoothad when folded with the proton
spactra assuned for purposas of the prasant work,

Tha total gross ssctiona for production of tha 15.1l-MaV
stata in 12c by protong has been measurad by a numbar of workeus.

The dotted line shown in Pigure 1 indicating the 15,11-MaV
lRC*(lS.ll MaV)

L)

axcitation in Ve is taken from the lgctp,p‘yl
measurerents of Warburton and Funsten (1962) Ffor 14 S»Ep 2 20 Mov¥,
and from Moasday ek al. (1963) for 14 < Ep.i_43 MoV, In both of
thase exporiments the 15,11-MeV y ray was dotocted only at 920°
in the laboratory. “ha total proton excitation cross sections
plotted in Figura 1 were obtained by assuming that the y-zay
omission is isotropic in the laborabory and by weducing by 0.8
and 0.9 the wesults of Warburton and Funsten and of Measday
et al., raspectively, to obtain agreement with tho measurament
of Scott, Flshexr and Chant (1967) for an incident proton enaray
of 21 MoV, o o
Above a proton enexgy of 20 Mev, lEC(pipl)-lag*(ls'll No¥)
differantial cross sections have boen measured byHSCQtt,_yiahar.
and Chant (1967) fox proton engrgies batween 20.5% and 30,3 Haev,

Gorawb ek al. (1275) for 22,5 ﬁlmp.i 45 #aV, Dickens, Hanar and




.

TR T e et

. processes, The cross sections for lao(prp'a)

4

L T T R e R A gt et

~these secondary reactions on

e A s

Waddel (1963} at 31 MeV, Petersen gt al. (1967) at 46 Mev,
Amos et al. (1974) at 61 MeVv, and Hassalgren ot al, (1965) at
185 MeV, fThe differential cross scctions reported by thesn
authors have been integrated to obtain the total cross section
shown in Pigure 1. The total cross section obtained from the
wvork of llasselgren et al., of 0.5 mb is not shown in Fiqure 1,
but was used in the analysis., Fox proton energies above 24 teVv
thesz cross sections fall above those given by the dashed curve
representing the measuremsnes of Warburton and Funsten, This
is almost certainly due to the nonisotropic nature of the 15,11~
MeV Y-ray emission.

Other nuclear reactions which produce the iS.ll—MeV state
are significantly reduced when compared to inélastic proton

scattering., The excitation of the 15.11-MeV state by alpha

particles has been observed (Spuller et al. 1975) but is

suppressed by more than an order of magnitude due to the parity

and isospin of the state, and is thus not important in stellar
12c*(15.11 Mov)

have not been reported in the literature. preliminary measure-

ments of the ratic of this cross section ¢~ the cross section

120*(15.11 MeV)-

for the direct process lchp,p*) (Lapides et al,

1978) have shown that it is approximately the same as the equi-

' b
valent ratio for producing the 4.44-M¥eV state in l“c, Thus

160-are expected to cnhaﬁce the
intensities of both lines without siqnificantly alterinj the
ratic of line intensities, lFor consistency, all (p}p'u) inter-

actions are omitted in the following considerations.
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The solid curves shown in Pilgura 1 are visual fits to the
axeitation cross section data, Above a proton kinotic ancray,
'np; of 30 MeV, the crosy soctions for coxeltation of boath the
d,4d= and 1h5,11=MaV statoea docraase approximately as lfﬂp.

The cross scctions represoentad by the s0lid linas, along with
intarpolations between the highor-oneray moasuremonts, wors
anployed in arxdwving at tha flux astimatas presanted in this
papor,

Az is modae clear in Figure 1, tho cross sections for pro-
duction of the two nuclear states have Jdirforent eneray do-
pandanvas, and thus tho rolative intonsitlies of tho 15,11=Nav
and 4. d4=MaV lines depoemd on the functional forw of tho eneray
spactra of incildent protons and alpha particles. In this work
the energy spockrum is paramoterized by twe variables as in
the selar y-ray reviaw of Ramaty, Kozlovsky,and Lingenfeltar

{1975). The enerqgy in tha particle spectrum is assunad to ba
constant from. 0 to some cuboff anorgy Ecy and then to dourease

with 2 power law with axpenent s, or

aN C B eB
—

~ 4B ' Eu i : S
P c.(-ﬂ-—) Iy B
1 R «
p )

The ratio of alpha particle to proton flux is assumoed to bha
V.07, in accord with abupdancas given by Teimblo (1975). The

vatios of tha tluxas of tha two ines, #(15.10)/8{4,.44) is thus
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givon by the oxprasszion

$(15,11) /" ( ) C / { &
= 0,91 W -
LICPERY Jy Csan iR at } PRI ) B

P
n dNE
)
. (4 A *
+ 0,07 /4:' 04.44(m.u )#(dﬁp dbp ' {2)

where Y15 11(p,p')and a, dd(p,p') are tho cross soactions for

_ " T
producing the 15.1)= and J4.44-MeV states in 3 € by proton

collisionsg, o Jlapat) s the eross sectien for producine the

1,44
d.4d4=MaV state by alpha ecollisions, and v is tha velucity of
the Ineldary paxticla. In Plagure 2 the ratio predicted by
Pauation (2) is plotted as a function of s for four diffarent
values of B, ranging from 0 to 30 MeV., For thae moroc probabla
casas with E > 20 MeV {Ramaty, Roumlovsky,and Surd 197%) tha
intansity of the 15.)11-Mev line is areatar than 1% of the

Ledd=MoVv line for all values of s.

hj Gnmmﬁ Rays from Qthexr Nuclear States above § MaV

'production of Y-ray lines above an enray of 8 MeV in tha
solar atmosphere is restricted hy tha scarcity of hinhuanuxny.
y-ray transitions associated with the small number of ralatively
abundant isotopes, In the present work, exalted states whlcﬂ
gan be produced by inelastin scattering, charae exchange, and
apdliation vaackiony in the abundant nuclear spocies havoe boen

gonsidered, S&ince evan tha 15,11-Mel line will be JdiFficult to

_ detcvt with pres ent 1nstrumontnLlon, only these lines which

have a relative intensity of at least 5% of the 15,11=-Mav line

ara tabulated here.
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Phree factors other than the spectrum of inecident particles
are importan* in determining the relative strengths of nuclear
linas: First, the relative abundance of the target nuelei;
gacond, the cross section for produeing tho excited state; and
thixd, the branching ratio for clectromagnctic decay of the
excitaod state to a sultable lovel, For most nuclel, cross
gections for production of any of the high-onerqy states are
known only at a few selocted cnerqgies, if at all. Thoso in-
elastic gsecattering cross sections which have been determined
are within a factor of three of the cross scction for producing
the 15.11-MeVv state in lzc. Spallation and charge eixchange
cross sections (p,n) are generally smaller. Foxr purposes of
this investigation, therefora, it is assumed that none of the
unknown cross sections is siqnificantly greater than that for
the 15,11-MeV state in 120, and hence only thosa nuclel with

12

modarate abumlances relative to C have been considered. The

nuclear speccies with abundances greater than 1% that of.lzc
and their relative abundances in- the solar photosphere (Trimble
1975) are presentad in Table 1.

In order for an exclted state to exhibit a significant
Y-ray branching ratio, it must be particle stable., 'Thus all
states above the single-nucleon threshold have been igqnored. -
States above the alpha-particle threshold also were iqnored
unless alpha decay is forbidden by isospin considerations, 'The
list of crcited states is furtherx restricted to those which can
be excited by relatively simple reactions with the abundant

puclal listed in Table 1. These reactions arxe (p,p'), (p,2p),
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(p,d), 2,0y, (p,m), la,a'), and {a,y). liydrogen has no

cxcitaed nuclear states below the delta resonance at 294 MeVv,

This rosonancoe does deény by y=-ray omlssion 0.6% of tho time

but doos not produce linc emission becauso of its intrinsic

width of 115 MeV, 7The excited states in helium are all above

the partiecle disintegration threshold. Furtheormore, y-ray

transitlions from the first three excited stataes, which lie in

the energy range 19 to 23 MeV, are either forbidden or inhibited

by the spin and the parxity of the nuclear states. In oxyqen

and iron there are no particle~stable nuclear lavels above B MaV,
In Table 2 a list of the energies of strong y-ray tran-

sitions together with the excited nuclei and the y-ray branching

ratios (Ajzenberg-Selove 1972, 1975, 14976, 1977; A-dzenberg-Selove

and Lauritson, 1974; Auble, 1977; BEndt and van der Loun 1973;

Fiarman and Hanna 1975; Fiarman and Meyerhof, 1973) nrc'prcsuhted.'

Pox the most part, the y rays are the result of transitions

from an excited nuclear state to the ground state. In a few

cases, those marked with an asterisk, the dominant transition

is to the first excited state of the nucleus. The last column

labeled "strength factor" gives the product of the y-ray

branching ratio times the relative abundance of the target

nucleus, normalized to a value of 100 for the 15.1l-MaV tran-

sition in lzc. If the total (b,p') crous sectlong ware the

same for each of these states, the relative intensities of the

Y-ray omissions would be directly proportional to the strength

factors listed. The cross sections for the spallation reactions,

on the other hand, are agenerally more than an order of maanitude
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lover than the inelastic scattering cross sections., Stranqgth

factors for thosao transitions would, theorafora, be misloading

in xolﬁtionship to the y=-ray flux. For this reason, strengkh

factors for those transitions producaed by gspallation reactionn
are not listad in Table 2. It is not expected that the y-xay

Elux from any of tha transitions listed in Table 2 will axcoed
30% of that of tha 15.1l-MaV lina.

o ndditional lines, with branching ratios less than 10%,
are included in Table 2 because both are produced by transitions
in lzc and bocause thelr intensities relative to tha 15,1l-MeVv
line are well known, '"hae 15.11-MoV skate decays to tha 4.44-
MaV state, producing a line at 10.67 eV with a £lux 2% that
of tha 15.1l-tieV lina. The state at 12.61 Mav, (1Y, v = 0) is
known to decay elechtromagnetically to the qround state 2% of
the time (Ajzenborg-Selove 1976). The cross sections for pro-
duction of this skate are not as well mcésurud as those fFor
the 15,ll-MeV state, but values for the cross section have been
reported by Measday et al. {1963) for 14.9 < EP < 19 Hev, and
Goramb et al. (M975) for 24 < Ep < 45 MaVv. Unﬁak tha nssumption
that the proton spectrum is constant up to-an anexay L = 30 Mev,
the intédval pxoduction'rhte of the 12.71 MeV state, bnéod on
thesa cross sectidns; is found.ho be a Factor of.a qrontcr'than
| that for tha 15.1l1-MaVv state. the 12.71-MHeV level in lzc would
therdforu prodﬁta'd line with apﬁroximately G%'thé strenagth of
the 15.1l-MoV lina, .

'h summary,.indicatinq tha.number of y~ray transitions by.

anargy and by excited nuclear species, is prasented in Table 3.
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It is readily scen that the total numbar of lines is a decreasing
function of enexgy, with most of the transitions having enargies
less than 10 MoV, The only known y=-ray line above 13 MeV is

the well resolved and isclated transition due to the 15.11=MeV
state in 120. Othaer possible sources of y-ray line emission

at energies characterizing the nuclear binding enerxqy, approxi-
mately 8 MoV, are reactions involving thermal neutron capture.
These (n,Y) reactions have not been considered in this work,

but are known to be powerful diagnostics in remote sensing, as

discussed by Trombka et al, (1978),

¢} Production of n® Mesons
Stacker (1970, 1973) haé compiled'thc 1° production cross

sections times.multiplicitics for.tﬁe reactions '

p+p-+ nr® 4+ anything,
und

p 4+ o » nu° + anything,
where n is the w® multiplicity. The paramaterized fit (Stecker
1973) fox w° ﬁroduction by proton-proton interactlions covers a
range.of_enerqies.irom a few hundred up to greater than 10° MeV,
applicable to the Gosmié ray particle spectyum, Thé spectrum of
particles accelerated in solar flares is not expecﬁed to extend
_significdntly above an engfgy of 103 MeV, so that the range of
énergies Erom p:aduction thréshold to Cutoﬁf is relatively
narxow, As can be seeﬁ in FiﬁﬁrQVB, the crdss section for the
reaction p + p ¢_§ +”p + w° rises raﬁidly in this range, then

flattens abruptly, temaining constant up to an enecrgy above the



two-pion production threshold., It is precisely in this range
that the parameterized fit based on a wuch wider enaergy range
is poorest, differing from the measured valuas by as much as a
factor of two. The experimental points of Baldoni et al. (1962)
and of Bugg et_al. (1964) have been included in Figure 3 along
with those referenced by Stecker (1973). ror purposes of the
present work, the n° production rates have boeen evaluated from
a numerical integration of the smooth curve drawn through the
measured points shown as the solid line in Figure 3, As no
additional waasurements are available for v° production from
proton-alpha interactions, the values reported by Stecker {1970)
have been employed in the present work,

'he protOnnalpha particle interactions have a lower threshold
for w° production than the proton-proton interactions, The im-
portance of proton-alpha particle interactions is further en-
hanced by energetic alpha particles which intefact with ambient
solar protons. In the present analysis, the differential
alpha-partiecle flux is assumed to scale as the relative abun-
" dance times the differential proton £iux as a function of
"kinetic energy per rnucleon, The total contribution of proton-
alpha plus alpha-proton is then twice the r° yield due to proton—
alpha partiecle interactions. The abundances given in Table 1
have been assumed for the relative number of alpha particles
per proton. In Table 4, the fractional contributions due to
proton-proton and to proton-alpha plus alpha-proton interactions
are shown for three values of the energetic particle spectral

index. The increasing importance of the lower-energy particles
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and gonsequently the lower-threshold proton-alpha and alpha-
proton regctiOns, enetuon of increasing spectral index,
can be soen from a comparison of the relative contributions
to the cnaergy ranges above and below 700 Mev/nucleon.

The spectra of #° y rays shown in Figqure 4 have been
calculated from detailed differential cross sections for 7°
pfoduction available for proton kinetic energies of 560 MaV
(Baldoni et al. 1962) and 970 Mev (Buqg et al. 1964). The
axpected solar fmray spectra can_be represented well by mix~
.tures.of the spectra for thgse two pioton enerqies, welqghted in
proportion to the fractional contributiohs due to incident
encrgetic particles in the two.ranges of kinetic enarnqy:

< 700 and > 700 leV/nucleon,
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LXX., CONTINUUM AND LINE BMISSION ABOVE § Mav

Tho pradicted spectrum of solar=flare y=-ray omission is
summatized in Flgure 5, ‘tha obsaxved nuclear-line omission
and eontinuum radiation in tha 1972 Auqust 4 solar flare havae
baen omployad fow normalization (Chupp, Morxest, and Suri 1975,
Suri at al, 1975}, %Yha expectad line amission at 15,11 MeVv
and tha eontinuum radiation due to n° decay ara based on cal-
culated cross sactions and mulbipliclties presontad in the
pravious sactilon,

Tha 4,44-MaV line omission obsorved in the 1972 puqust
4 Elare is shown in Flgure 5, normalized to that difforentlal
flux axpactod for an idealizod line width of 90 keV, FWIM.
This is tha oxpected width of the line due to Dopplar broadeninag
alone, caleulatad by Ramaty, Rozlovsky, and Surxl (1977) undar
the simplifying assumption that there is no correlation batwean
tha diraction of the incident proton and tha emitked ¥y way.

The corresponding 15,1l)l-MaV linc emission is shiown for a
Dopplar width of 300 keV and an instantancous proton spactrum
which is constant up to on enexrgy off 30 NeVv and which docreases

with a spoctral index of 2 abova that enorxqgy. Both the 4.44-

~and tha 15.11-MeV line omission arae insensitive to steapening

ef thg praton spactrum nbove 100 HaV, In addition to line
emission ab 15.11 HaV¥, continuum radiation with the samo total
£lux is expacted from thao interachkions of anargetlc carbon
nuclal with the ambient solar medium.

The continuum radiation reporxted by Surd gg_gi. (19758} in
tha enargy interval 1 to 7 MaV for the 1972 Auqust 4 flare arve

ghown as data points with associsted statistical uncextainties
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in Figura 5, 'The total £lux observed in the interval 4 to 8
MoV, including both line emission and continuum radiation,

is 0,2 photons cm—2 s-l, one third of which is reportedly ob-
served in.the 4,4-MoV and 6.1-MeV lines (Chupp et al, 1975),
Calculations by Ramaty, Kozlovsky,and Suri (1977) suqgest that
all of the observed emission above 4 MeV is of nuclear oriqin,
~with the continuum radiation resulting from Dopplexr-broadened
y-ray lines. Such extreme Doppler broadening is thought to
be due to the de-excitation of energetic heavy nuclei which
have been accelerated in solar flares. 7These nuclei are
.exéited by interactions with the ambiantlsolar.medium and
decay before slowing down.

Tha possible contribﬁtion of electron bfemaatrahlung to
the Y-ray continuum above 8 MeV has beaen estimated undef the
assumption that the coptribution for energies between 4 and 8
MeV ds at wost half of the total observed flux., DBecause hest
aestimates indicate that electrdn bremsstrahlunq above 4 MaVv
is eﬁtirely negligible, half the observed flux may be considered
a very generous.upper limit, The high—enerqy bremsst#ahlung
spectrum is normalized in the interval 4 té 8 MeV and extra-
polaﬁéd with a spectral index of 3, as ﬁhéwn'in'Fiqure 5, For
the energy range under_consideration, an index of 3.fdr the
ﬁhoton spactrum correspohds to an instantaneéus alectron
spectrum with a power-law index éligh;ly ;ass than 3, a typical
value for the spectrauof elactrons observed in a large number
of solar flares (Datlowe 1971).

The yield of n° y rays per'£laré proton has been caidﬁlated

for proton-proton interactions using the n° production cross
P Y
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soctions times multiplicities presanted in Fiqure 3., For
proton~alpha particle interactions, the yleld of u°® ¥ rays has
boan calculated f£rom the u°® production cross soctlons timas
multiplicities qgivon for this process in Fiqura 5 of Stecker
(1970).. The w° Y-ray yield has bean normalized te the number
of protons required to produce tha 4,44-MeV y-ray flux observed
in tha 1972 August 4 flare.

'The y=-ray continuum due to n° decay has been caleulated fox
three casaes. In each, the instantanaous proton spectrum is
assumed to ba consbant up to an enexgy of 30 fieV and to follow
2 poﬁer law in enerqgy with a spectral index of 2 for energiles
botwaeﬁ 30 and 100 MeV, In the f£irst case, the protoh speckrum
is assumed to continue with a spectral index, s, of 2 up to an
enexqy of 103 MeV, at which the spectrum is terminated and the
proton Elux is set equal to zero. In the other two cases, the
spectrum is assumed to break at 100 NeV and to drop with a

spactral index of 3 or 4 up to an enecrgy of 103

HMaV, at which
it is again terminated., The resultant spectra of ¥ rays due

to n° decay are shown in Figure 5.



TV, SUMMARY

Yha y=uay gpactrum abovo 8 Mav ds ooxedeh and relatdvaly

waxplorad ragion which la populatad by awlssion from tha hiahewt-

anaray intaractions in solap Flaves. Tho lowvage numbar of ywray
amitbing lavala In tha apayay dntoreal hotusan § and 12 Hev will
make a slgnificant contribution to tha continunm omisaion. hine
anfaadon with relativaly narvow Dopplor wddths may bhe axpoctal
ko ho accompanded by graably broadenad lina smlssion dwe to
gxaltatlon of accalovatad heavy dong which Interact with tha
amblant solax atwmosphara, Tha dausi™y of posgible Y-ray Linasg
hatwaen 8§ and 10 MV, all with siwmilar steength Pactory, will
inergane the difflculty of resolvdng and dantdfyinag the in-
dividual lines,. Accurate pradictions of the pelative stranaths
of thoze linas will raguire a wuch bhatter knowledga of tha
lwportant crosa sactiona. Dacawsa of thadr ganaltlvity to

the apactyrum of anarqgatice flave particles, ldantiiication of
any of thaza high-anavqy y-ray lines would provide siand ficant,
new conntralnbts on the eperqotics of solar flaroes,

Wine emisaion from tha 15.11-MaV axcitad stata of &aﬁ 35
ahown e he a gonalidve measura of the anavagy gpectrum of the
protona accelarvatad in solar flaves, the rasults prasentad in
Plyure 3 Jdemonsbrats that the Flux of 15,11-MaV vy rapa ralative
o the flux of 4.4d=NeV | rays iz a atwong function of tha
characteristics of tha proton gpectrum in the anevay ranao 1o
o o MeV, Uncertainties in the expoctad gpactral dependoncs
of tha flux ratio are due primazily to Lack of measurad oxvos

12,5 (18,10 Nev)

gactions for tha procass laotp,p‘m) T . A know-

ledoe of thade oroeag sactlony is roegqulrad for accurata

e e s



gquantitative dntexprotations of solar flaroe obuexvations,.
Obgorvablility of tha 15,ll-MoV line doponds on tho intonnaity
of the line amission, the intensity 6P nhhér nmisaion within the
band pasa dofinad by tha width of tho lino, and ﬁhn Lnstrumental
vogolution and sonasitivity with which it is obsorved, The con-
tinuum radiation in an endrqy interval around 15,11 MoV is
pxpectod to bo low and not to limit the obsexvability of thao
line, The dotoction probabiliny of 15.11=MeV ¢ rays iy enhancad
by tha high interaction crnss section, which rises in this
anbrgy rangae due to the paly=-production process. Tho eneray
rasolution charactoristic of Nal sointlllation spoctromoters
fox vy rays in this onorgy szanaoe is loss than tha axpactad
Doppler width of the Jane, sa thiabk no govarce constralnts on
the instrumontal rosolution are required, For Flare intensities
comparable to tho 1972 August 4 golar flara, dotootors with
10 timas tho sonsitive area of the 050=7 ingtrument, or approxi-
‘mataly 500 umn, and 100% duty Factor, continuous salnr.vinwinn,
would anablo positiva datection of tha L5.11-MaV Llina or
dofini tive rostrictions on the spagtrun of flure protons,
Observations of y ways resultdng from the productlon and
dacay of #° would provide cloar avidesnde that nuclel are accel-

ey

oratud to kKinotic anerxgies of many hundreds of MaV’nucloon in
solar flaras, Nven with gspoctra cub off at lﬂq'Mev; monre than
40% of tha w*=~docay y rays axe dua to interactions with pdrticlun
of Kinatie aenoray graater than 700 Mavinucleon. Inturnc&inns
invelving alpha particles contribute nearly 50% n? tha n° 'y rdys,

indapandent of tho gpoctral index, Moasuroments of x°-production



eross soctions for proton-alpha partlcle interactions are re-
quired for exporimental confirmation of the enloulations on
which the prasent work ls basoed,

obsorvablility of v y rays depoends on flara dntonsity and
dotoctor songitivity. The enorgy rosolution avallable with
both Nal and CaXl seintillation apactrometars is move than
adoquato o romolve the genaral features of tha expoctad sboe-
trum, Mo other continuum radiations aro expected to confuse
the obsexrvations. The dotection probability fox those y rays
is high due to the palr production cross section. The actual
datoctor areas regquirod depend on dotails of instrumontal
- shiolding and background, Areas of approximataly 500 cma,
howevaer, should enabla positive ohsexrvations for a proton
apostral indax of 3 or less, and definitive unper limits if

tha spactrun falls off morae steeply.
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Table 2

Gamma=Ray Transitions Above 8 MeV#

Rt SNEE] ST . SNS—— T st —— ittt ——
*The astensks designate the ines whieh result From a transition to an exeited state vather than 1o the ground state
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y-RAY EMITTING MEASURED STRENGTH
ENERGY NUCLEUS BRANCHING FACTOR
IN Mev RATIO
805 2TAl 100
813 L ] R
8.29 1?8 60 3
8.31 ‘5N 70
8.32 20Ne 20 10
8.33 205, 59 6
8.36 S INa 63
843" 285 50 G
844 Mg 80 8
§.49 S 100 10
853" ug, 50 0
56 ‘g Hi
ﬁiu 20Ne a0 10
865 SN 100
867 YINa 100 =
869° Simg _100 9
8.76* 285, 100 "
8.89° 205 100 n
890 LT 50 6
900 34 5% 5
906 ‘5N 02
915 4 ah 4
a1h N 100
a17* L 86 0
936" 24Mg a8 1
048 g 100 1"
9 .60 28, 76 8
976 10N 82
083* 24Mmg 8h i
o.84" <Ang 83 7
993 1oy 78
997 e 20 8
1007 BN 96
1031 W 50 6
10 59 28 100 "
10.62 ONe 100 "
067" e 2 3
10,72 § SRR 100 "
1073 b, e 40 4 ]
10.90 i RS TR 68 8
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Table 3

Number of ¥-Ray Lines Above 8 MeV?

[ eroouction | 89 | o0 | 1o 12 | 23 [ o
REACTIONS Mev MeV MoV Mev MeV | Mev
_nc,“’:m = o - ; : 3
::gtt::'.::':u = ) :
Op. 20 : 1 4
Ne(p.p) 2° 1%(1) 1 (2) 1
MMa(p.2p) 3 | ‘ . i o

. iﬁitp.u‘i 'l._t:_' : _4.;.";(71) & 1 [

;gi;g’ﬁ--.‘w_;m__.%-_w —ede e

e BE TR T O B B

U5 SE g aans 4 e

| e wm' ﬁm 8(1) 2 1(2) 1 ]

*The asterisks designate the numbers of lnes i each mterval which result trom a tran

sMOon o oan exated state rather than to the ground state. The parenthesis deswnate the
numbers of possible additional lines based
branching ratios have not been measured

o encited states for which the Y-=ray
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Lable 4

Percentage Contribution of pp and pa + ap Interactions to the Production of
n’=Decay ¥ Rays by Energy Range tor Three Values of the Fnergetic-

pp
patap
Sum
s=4

0-700

23
26
49

26

3%

Particle Spectral Index

7001000

g

26

5
s‘s’

o1

22
20
42

Range of Kinetic Energy in MeV/Nucleon

01000

100

49
51
100

52
100




Flgure 1.

Flgqure 2.

Figurae 3.

Plgurae 4.

Figure 5 .
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FIGURE CAPTIONS

12 % (4,44 Mav)
w ang

*y
Cross sactions for l"C(P,p') |

12 % (15,21 b
1200p,p1) Y2c*(15.11 Hav)

as a funckion of the
kinatlec cenergy of the oxciting proton.

Ratio of tha flux of 15.11-MoVv to the flux of
{.44=MaeV ¥y rays as a function of the spactral
index of the axeiting proton.

Cross saections btimes multiplicity for the pro-
duction of w°® as a function of the kinetlc enerqy -

of the exciting proton. Referencas are aivan by -

first author only.

Spackra of y xays raesulting from the decay of n°

produced by proton beams of kinetic energles 560
and 870 MeV,

Gamma~ray lina amission and continuum radiation
for n differential proton spectrum of the form

AN Zdl o B 79 Gith s = 0 for B < 30 MeV and
o p ¥ th p =

g a2 for 30 <X «¢ 100 MeV. The calculated

— * "

fluxes are normaligzed to the line emisgion and

continuum radiation observed below § dMeV in the
1972 nugusﬁ 4 solar flare. WThree estimates of the
y-ray sontinuum due to y° decay are presented, one
with a photOn spectrun which continues above 100
MoV with a powar-law index of s = 2, The others
break at 100 MeV, continuing with powerw~law

indices of § = 3 or 4. ALl three are cut off

at an'enargy_of,looo Mev.
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