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SOLAR GAMMA RAY AND NEUTRON OBSERVATIONS

§§§TRACT. The present status of knowledge concerning the
imﬁulsive and the continuous emission of solar gamma rays and
neutrons is reviewed in the light of the recent sélar activity
in early August 1972, The gamma ray spectrometer on.OSO—7 has
observed the Sun continuously for most of the activity period
except for occultation by the Earth. In association with the

2B flare on 4 August 1972 and the 3B flare on 7 August 1972,

the monitor provides evidence for solar gamma ray line emission
in the energy range from 300>keV to 10 MeV. A summary of all
the results available from preliminary analysis of the data will
be given. Significant improvements in future experiments can be
made with more sensitive instruments and more extensive time

coverage of the Sun.



I. INTRODUCTION

The aim of this discussion is to review the status of the
experimental efforts to search for gamma rays and neutrons emitted
Lrc.i the Sun. Most of these efforts concern observations during
quiet solar periods and during realtively small flares <2B. At
the time Dr. Ramaty organized this conference, we would have had to
be content in reviewing the many noble efforts which have been
carried out to bring into viable existence a new probe for studying
solar phenomena. Fortunately though, the significant solar
activity of early August 1972 allows us to review this field while
both the Sun and some satellite experiments were clbsely in tune.
We therefore will have to consider our remarks in the light of new
and interesting observations. Before 1970 the typical limiting
flux values for neutrons (2?0 MeV) was ~1072cm™2sec™!. These early
results essentially &ll referred to céntinuous emission of. neutrons
by the Sunp Since that time satellite and balloon neutron experi-
ments have been grecatly improved so Lhe neutren flux limit has
been reduced by an order of magnitude to “1073cm™2sec™! for con-
tinucus limits. Limiting fluxes for gamma rays (<10 MeV) have

remained at the same level; for example, 5 x 107 %cm™?%sec”™) for the

g

2.2 MeV lines. DEIfforts to dctlect n° decay gamma rays (>lO MeV) have
also continued with no clear success. In addition, the realization
that rountain top cosmic ray neutron monitors cén potentially
detect solaxr neutrons, coupled with Monte Carlo calculations of
solar neutyon secondary production in the atmosphere, have allowed
continuous scarch during large events back to 1960. Satellito

neutron detectors on 0S0-6 and 0S0-6 have also extended the time

coverage during times of significant solar activity, All of the
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mentioned above have continued to give only upper limits for solar
neu?ron and gamma ray fluxes under both actiQe and quiet solarx
conéitions.

‘ A new development has just occurred recently with measurements.
made by a gamma ray monitbr on the 0SO-7 satellite. Gamma ray
lines have definitely been detectedlduring at least two of the
several flares which occurred in the period from 2 August to
11 August 1972. Since the neutron-proton capture gamma ray was
one of the liﬁes detected, thesc observations give comprchengive

data on both the neutron and gamma ray fluxes with a single instrument

I¥. SUMMARY OF WORK TO AUGUST 1972

The experimental investigations to detect solar neutrons
and gamma rays, which were reported in the literature by 1970,
were reviewed previously by Chupp (1971). Up to that time there
was no conclusive evidence for ecither solar neutron ou gamma réy
fluxes. On the other.hand, therc were at least thrce higﬁly‘dis~
puted claims of observations of hoth solar neutrons and gamma
rays ailfin times of modest or low solar activity. None of tﬁese
"possible" events occurred in coincidence with the optical éhase
of any flare. Nonetheless, since they are published as positive
fluxes, we should keep the reports in mind and the conditions of
solar activity under which they were obscrved. The Tata rcsult
of Apparao ct al. (196C) was obtained under very guiet solar con-
ditions; tbat of Danicl et al. (1%67) was made sceveral hours
befere a subflare. This resull wvas soriously guestioned by Holt
(1967) since no neutron decay protons wore scen by the 0504

satellite, which was in orbit at the tine and should have Loon



them if the neutron flux was 1.0~} neutrons cm ?sec”}) as reported.
This criticism has now been countered by Danicl et al. (1971)
who have revised their result downward nearly an order. of magni-
tude to 1.5 x 10~2 neutrons cm™?sec”™! based on a new measurcement
of the atmospheric neutron flux which allowed them to convert the
measured solar neutron counting rates to an absolute flaxz. It
gseems this resuit will not go away. In the case of gamma rays,
Kondo and Nagase (1969) reported an extremely large (800 percent)
increase in the gamma ray flux (3-10 MeV) 10 minutes after a 1N
flare and associated radio burst. The last positive repoxt of a
gamma ray increase was given by Hirasima et al. (1970) who
reported a gamma ray line flux coincident with a 1000-Muz radio
burst. As satellitc experiments in the future continue to search
for gamma ray and neutxon events, it will be interesting to see
if any enhancements are found uvnder similar activity conditions
as in the cases just discusced. Thon we can decide if indeoed
these peculiar obscrvations arc most probably positive or spurious.
Sevéral significant experiments summarized in Table T have
been discurned in. the 1itera£urc since the review mentioncd above.
Joseph (1970) has reported on the results of measurements at Tata
using a new type of high energy detectoxr and a plasﬁic cedniil-
latox. The basic neﬁtron—detocting cloment for the new detoctor
consists of a CsTI(T1l) crystal slab of 4 3/8" diamcter by 0.5 cm
thickness and associated photomultiplior in a l-om thich plastic
scintillator anticoincidence shiceld. TFast neubtrons, 10 MoV < I

-

r Ay - Nry e Y oga '.>.\,-‘~u' . P _. - A
< 500 MeV, producc nuclear reactions, vprimarily stars, ¢giving
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Table 1

Solar Neutron and Gamma Ray Observations to August 1972

Instrument

Radiation and
Energy Range

Neutron or Gamma Ray Flux (cm~2sec™!)

Continuous

Flare Asscociated

i

i

1 v 2

jPlastic Scintil

] Telescope wi
antishield

0 MeV

n 1 5
0 MeV

2B, 1IN 2-26-69
n <1.2x10-2
Y < 1072

)
4

n 10-200 3

»(5\

<5.5 x 10~3

1IN 6~30-70
Protons < 6x 1032 above
P0=60 MV 30 MeV

WY Ny )

Do
) vy
}

[

RN

| n 50-350 MeV <3x 1073 (i) 1B 5-29-69
i : y >80 MevV <4 x 107" n <23 cm™?
. Scintillator Rec { v < 6 cm”?
R i Telasccoe witr { Test of (ii) 2B 3-21-65
B . _ —
entisnield Elliot Mocel n <4.2x 1077
Theo. ~5x 10-2 for
Class 4
. } Cerenkov pa ] 1N 10-17-68
< N : ) -l . . \
zooa Telescope wi ; Y >20 MeV y <2.6x107%(10 min rise)
LI 4 Ph converte ; <l1.1x 107° (active disc)
i
ci et al. . Hed preoportior _
1272) counter witl n 1-20 MeV <1.8 x 1077 Mull Results
0GC-5 antishield
] ;
Lezwvith o2 ol, ! !
TZ) i ‘ n >40 MeV <4 x 1074 Null Results
} ' .
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risé to proton, alpha particle, or dther ion pulses in the slab.

! : :
Pulge shape discrimination has also been used to separate out
neufron"induced star events from gamma ray events which produce
energetic electrons in the crystal. The sensitivity (arca x
efficienty) of this detector for fast neutrons is ~0.75 cm? above
10 MeV. 1In addition, the detector is sensitive to gamma rays in
the energy range 430 MeV, but no estimate is given for the
efficienCy. The properties of the scintillator block were vefy
similar to those previously discussed by Forrest and Chupp (1969).
The basic property of this detector needed in this discussion
are the sensitivities for solar neutron and gamma rays, which
are 22 cm? for neutrons (>10 MeV) and 30 cm? for gamma rays
(530 MeV). These instruments have been flown in 1969 from
Hyderabad (Agm=8°N) during'coincidentdl solar activity. DuringQ
a 2B (and following 1N) flare on 26 February 1969, the plastic
block detector obsecrved no increase; therefore, limiting fluxes for
solar neutrons were <107 2cm™2sec™! (5-30 MeV). On 19 April 1969
the smaller volume CsI(T1l) star detector was flown during a iB
flare with no enhancement observed. The corresponding upper
limit for solar neutrons in this event was 1.5 % 10~ %cm~2sec™ ]
which is essentially the same as for the larger plastic block
detector. The reason fbr this is that even though thé sensi-
tivity of star detector is much lower than for the formex, its
background counting rate is correspondingly much lower. All of
these limit estimates apply to the case of an assumed noutron
spectrum produced by a solax proton exponential rigidity spectrum

with PO = 60 MV (Lingenfelter and Ramaty 1967).,



Cortellessa et al. (1971) have carried out several éarefu]
meaéurements using an anticoincidence shlelded plastic scintil-
lator in 1970, which studied both céééinuous emission possibili-
ties as well as in small flares. The detector was sensitive
‘boéh to neutrons and éamma rays with the biases for neutrons set
at equivalent proton recoil energies of 10 MeV, 20 MeV, and
30 MeV. Self-gating effeéts due to recoil protons from the sur-
face of the inner detector interacting in the antishield wefe
reduced by_surrounding £he inner detector with 1 cm of Al. The
effective neutron energy-range of the detector then was lQ MeV~
200 MeV, with an effidiency for solar neﬁtrons of ~11 percent
based on an assumed solar neutron production spectrum due to a
.solar proton spectrum with charaéteristic rigidityPO = 60 MV,
The continuous solar neutron flux limit was 5.5 X 10-3 neutrons
cm~?sec”™), in the energy range of the detector, for flights in
1970. 1In addition, failure to detect any neutrons in a flight
during a 1IN flare on 30 June 1970 gave a llmlt for accelerated
protons at the Sun of <6 x 1032 protons with energies »30 MeV,
for ro= 60 MV. In.order for these workers to achieve the
improved limits (shown in Figu;e 1), care had to be taken to
keep insﬁrumental instability effects on the counting rate B, to
less than 2 (BT)”!’/2 x 100 for an observing_time T. .In this éase
the instability effects were reduced to 0.28 percent.

Eyles et al. (1972) have reported on the results of balloon
flights with a recoil telescope designed to test the prodactlonu
of Elliot OS(% concerning acceleration of charged partlcleo

before the optical flare with consequent release into the solar
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atmosphere thus providing the enefgy source for the optical flare.
The!apparatus consists of a polyethylene block of thickness

16.5 gm/cm? as a converter, followed by a recoil proton telescope,
.all in an anticoincidence shield comprising the neutron telescope.
This_unit was followed by a Cerenkov element, l—qm thick, to
eliminate 95 percent of relativistic charged particles. The
detector's neutron response was effective over an energy range
from 50 MeV to 350 MeV with a maximum efficiency at ~190 Mev of
~1.4 percent, falling steeply on both sides of the maximum. Using
the converter area of ~181 cm? gives a maximum sensivitity of
~2.5 cm®. The telescope half angle for neutrons was ~22°. The
detector was also sensitive to gamma rays with energies about

-20 MeV. At 100 MeV the gamma ray efficiency was 35 percent.

This detector was flown in i969 to give limits hoth during active
periods and quiet periods. The necutron and gamma ray limits for
continuous emission are 3 x 107 3cm™2sec™! (50+350 MeV) and .

4 x 10”3cm"2‘sec”1 (20 MeV) respectively. This neutron limit is
‘even lower than that mentioned above by Cortellessa et al. (1971).
Even though the sensitivity is an order of magnitude lower for
the tele;cope, the background is much lower. During a 1B flare
on 1 Novenmber 1969 the 1imiting neutron and gamma ray fluxes

found were <4x107?cm~ 257! and <107 2cm~2g—1 respectively. o

There was however an opportunity to test to somé extent the predic-
tions of Elliot's model (Elliot 1369) four hours before a 2B flare
on 21 March 1969. No neutron flux was detected abbve a limit of

4 %1073 neutrons cm™?sec™!.  Since Elliot's model predicts a flux

of "5 x 107% ncutrons cm~2 sec”! for a . Class 4 flare,



the authors do not consider'this example as a real test of the
preflare acceleration model since even much lower fluxes are
expected for smaller optical class flares.

Sooa (1972) has also éonducted a search for high energy
gamma rays from the Sun in order to test the Elliot‘model
(Elliot 1969). His instrument consisted of a pair telescope
with a Pb converter. ‘In addition, unidirectional Cerenkov
elements were dsed to detect the relativistic electrons. The
instrument was not sensitive to photons witﬁ enefgies <20 Mev .
but had an overall efficiency for ﬂé gamma rays of ”38 percent
and the area solid angle factor was 22 cm?sr. Several flights
were carried out in 1967 and 1968 from Kampala, Uganda, while
- the Sun was moderately active. For a generally active solar
disk, the limiting flux was <1l.1l x 10~ gammas cm” 2sec™}

(>50 Mev), and for a IN flare on 19 October 1968, the limiting
flux was 2.6 x 1074 gammas cm~2?sec™! assuming a 10-minute burst.
One flightlfook place “8 hours before a 2B flare on 31 October
'196S'but since no 350 MeV protons (7n° threshold) were observed
in space following this flare,; the author does not consider this
a definite test of the Elliot model. In any case, if one dig,

the limiting flux would be 1.1 x 107" gammas cm™?%sec™!,

In 1969 the 0GO-6 satellite carried out neutron monitoring

measurements in the-energy range 1 to 20 MeV from June 1969 to
December 1969 (Lockwood et al. 1972). The detector was a
high pressure lle-proportional counter in a plastic séintillator

meoderator to thermalize the fast (MeV) neutrons. The



anticoincidence charged-particle shield consisted of 22 propor-
tional counters. Typical‘sensitivities for solar neutron spectra
with characteristic rigidities P, = 60 MV and 125 MV a;é 0.38 cm2
and 0.37 cm? respectively. By carefully selecting the lowest
backgfound data (primarily low latitude) and using only data in

a 6-months' period when no solar proton events were evident, a
quiet time limit of 1.8 x 1073 neutrons cm"zsec”lAQas obtained.
This result is about an order of magnitude lower than previously
available in the same energy range. Iﬁ addition, several small
flares occurred during the experiment's lifetime, but no positive
evidence for enhanced neutron fluxes was seén. No limit esti—
mates were given for flares because of large statistical uncer-
tainties. Figure 1 summarizes the current results on the
.continuous flux limits for solar neutrons as summarized by
Lockwood (Pfivate Communication).

A recoil proton telescope was also fléwn on the 0S0-6
satellite to search for solar neutrons. Details on the insfrq~
ment aré not Currently availablé, but continuous f£lux limits
have been presented (Leavitt et ai. 1972) as <4:><J.().""cm“-?—sec."‘il for
soiar neutrons with energies greater than 40 MeV. Observafions
made by this instrument during solar activity are inconclusive.

A very interesting and new approach has recently been
descfibed by Kirsch (1972) using mountain altitude cosmic ray
neufroq‘monitors. Monte Carlo calculatiéns (Blsmiller et al.

~

1968) Hgve been carried out which give the conversion cfficiency
M,

of solar neutrons in the Earth's atmosphere for yielding
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secondary neutrons as a function of atmospherié depth. For
example, kirsch has used these basic results and calculatéd the
efficiency for detecting different aésumed solar neutrbn spectra
at the altitudes of existing neutron monitors. For example,'at
550 g_m/cm2 atmospheric .depth, corresponding to the Chacaltaya
monitor, the secondary neutron flux is 32 percent of the primary
neutron flux assuming fhe producing-proton spectrum at the Sun
has a characteristic rigidity R, = 125 Mv. Of pgrtiéular
interest here is the étudy made of the Chacéltaya and Mina
Aguilas honitor daté during the 12 November 1960 event for which
Lingenfelter and Ramaty (1967) have predicted significant neutron
fluxes. They predicted a flux of 10-33 neutrons/cm? sec at the
Earth as a result of solar neutron production in the‘slowing'down
phase after particle acceleration. Kifsch's analysis (1972)
indicates that the Qbservea solar neutrén flux is smaller by a
factor of 1072 to 1073, ‘Therefore, it is concluded that the
assumption of isotropic proton emission fiom the solar flare
region is not fulfilled. One of the basic difficulties with
this technique is the fact that any solar neutron effect must
override the diurnal variation of cosmic rays.

All of the more recént results discussed above are sumharized

in Table I and should be self-explanatory.

IIT. OSO-7 OBSERVATIONS

We will now discuss in more detail the recent observations

of solar gamma ray lines during the solar activity of early
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Augﬁst 1972, recently reported as preliminary observations
(Cthp et al. 1972). e
; The seventh Orbiting Solar Obscrvatory (0S0O-7) carries in

.on$ of its wheel compartﬁents the University of New Hampshire
gamma ray monitor designed to study solar and cosmic gamma radia-
tion in the energy range 0.3 to 10 MeV. The instrument has been
described in detail by Higbie et al. (1972). It consists of a
3" py. 3" NaI(Tlf crystal surrounded by a cup-shaped anticoincidence
shield of CsI(Na). The energy resolution of the instrument for
line radiation is ~8 percent at 662 keV. The instrument is
calibratcd regularly each orbit at déy/night and night/day
transitions with a Co®? source. The calibration gives photopeaks
at 1.17, 1.33 MeV,and the sum peak at 2.50 Mev. With this cali-
bration system we can deterﬁine the enérgy of a well-defined peak
to within 2 percent anywhere in the pulée height spectrum.

During the ﬁOrmAl mode of operation the pulse height spectra'
are accumulaﬁed over ~“80 wheel rotations (°3 minutes) in the
solar and background quadrants (Figure 2) ahd pulse height
analysed with a 377-channel quadratic pulse height analyser
(Burtis et al. 1972).

During the recent solar activity, beginning on 2 Auguét
1972, we have observed gamma ray line and continuum emission from
the Sun associated with the 2B flare on 4 August.and 3B flare on.
7 August 1972. A 2B Ha flare on 4 August began at 0621 UT reac-
ing maximum at 0638 UT (Preliminary Report SESLE-PRF-Boulder 092,

093). The 0SO-7 gamma ray detector observed this flarc until
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0633 UT when the satellite was eclipsed by the Earth. Figure 3
shows abplot of the spectra which were taken just befote the
start of the optical phase of the flare (bottom) during the rise
and just after the commencement of the satellite night. The
total accumulation time of each pair'of these épectra is

~“9 minutes and the live time ranges from “80 to 100 seconds. -
Figure 3(a) and (b) cover the spectral range ~430 to 620 keV and
2.1 to 2.4 MeV respectively. It is'evident from the figure that
during the rise of the reported flare there is signifiéant
enhancement in both the "0.5 and 2.2 MeV spectral regions as
well as in the continuum to above 2 MeV below the line features.
Analysis of the data in»other spectral regions shows possible
evidence for the emission lines at 4.4 MeV and 6.1 MeV,

The gamma ray monitor has an auxiliary X-ray detector,
NaI(Tl) crystal of diameter 1/4" and thickness 1 1/4"; co§ering
the energy range 7.5 to 120 keV in four stepé. Figure 4 is a
‘plot of the counting rate of X-ray Channel 4 (60 to 120 keV)
versus time as recprded during ﬁhe flare of 4 August. Also
plotted in.Figure 4 are the counting rates (above the continuum)
of the line feétures 0.5 MeV and 2.2 Mev as a function of:
universal time. |

In addition to the discrete line emiséion; we also observe
significan£~enhancement of gamma ray radiation over the energy
range 0.4 to 8 MeV. This is shown in Figure 5 where the average
differential spectra (solar and background quadranté) measured
during the rising phase of the flare arc plotted. Also shown in

the figure is the quiet time solar spectrum recorded just before
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the onset of the flare. It can be seen from Figure 5 that the
.quiet time solar spectrum and the background spectrum are almost
identical while the solar spectrum measured during theiflare
shows significant énhancement in the continuum bélow the lihe
features.

The interpretation of the above observations implies produc-
tion of discrete gamma ray lines by a variety of high energy
processes taking place in the solar atmosphere. The probable
sources éf.the gamma ray lines are positrons and neutrons
produced in the nuclear reactions and high energy protons,
Annihilation of positrons with electrons produces 0.51 MeVb
annihilation line while the 2.23 MeV results from the capture of
neutrons by the hydrogen atoms. Inela;tic scatterihg of fast
protons on the less abundant C, N, O,'and Ne nuclei produce a.
large number of weaker deexcitation gamma ray lines: 4.43 MeV
(C12%) and 6.13MeV (016%) ig likely to be the most prominent;.VWe
believe that the line features we observe in the 2B Ha flare.are
the annihilation line (0.51 MeV), the neutron capture line
(2.23 Mev) and thé deekcitation lines of C2% (4.43 MeV) and
016% (6.13 Mev). -

The enhanced continuum shows a large number of unresolved
line features. At this stage we arc not sure whether the con-
tinuum (particularly the high energy end) is due to elecctron
breﬁsstrahlung or summation of unresolved line features.'

It is appropriate to point out here that the gamma ray

emission in solar flares could be of more conmplex character than
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has been assumed in the past (Lingenfelter and Ramaty 1967). As
discussed by Shima and Alsmiller (1970}, the inelastic scaﬁteriﬁg
of protons (50 MeV) on C produces a line at ~2 MeV in qddition to
the 4.43 MeV line, while the 15 MeV protons on 018 yield promi-
nent lines at ~4.4 MeV and ~5.2 MeV in addition to the 6.13 MeV
liﬁe. Thus the possibility that more than one soufce is contribu-
ting to the observed line features cannot be ruled cut.

The 3B flare of 7 ARugust provides‘additional evidence for
the emission of 0.5 and 2.2 MeV in solar flares. The 3B flare
began in Ha at ~1500 hours UT (Preliminary Report SESC~-TRI-Boulder
092, 093) when the 0S0-7 satellitc was behind the Earth.
Approximately 40 minutes after the onset of the flare, the satel-
lite emerged into sunlight and enhanced counting rates in the
spectral regions around “0.5 and 2.2 MeV wexe obgserved. TFigure 6
is a plot of the counting rate cpoctra mecasured during iha onset
(nighttine) and deciining phase (daytime) of the flare. The
first solar‘spectrum measured after thoe commencement of tho
satellite day shows enbancement in tho xegions.corrGSPORding to
the photon encrgies of 0.5 and 2.2 lHeV. Although the enhancoment
is th as'large as observed for the 4 hugust event, but since It
appears only in the solar spectium, it can bhe argued tvhat 3t
could not arise due to local satellite cx atmosphoric cifteats.

The enhdncement in the background guadrant ~0.°5 HaV reglon

in the upper spectrum of Figurc G6(a) is pcerhaps gonuin

@. During
this time the dotector was looking at the Baxth willh good aspect

and picked up 0.51 MeV annihilation radiation from thoe atmosphere.
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f Table 2 lists tentative fluxes at the Earth for the gamma
ray;lines observed during the flarcs of 4 and 7 August

. In conclusion, it is clear LhaL the gamma ray production

‘ exoected during the solar flares has now been observed, and in
.addition, the presence of simultaneous neutron production is
indirectly confirmed through the observation of the 2.2 MeV gamma
ray line. When taken with correlated observations of the other
radiations emitted during the flare, we believe these gamma -ray

observations have opened a new dimen51on into the study of the

overall solar flare and solar cosmic. ray phenomena.

IV. THEORETICAL IMPLICATIONS

In view of the lack of any believable positive results,
prior to August 1972, concerning solar neutrons or solar gamma -
ray fluxes, it had become increasingly evident that some revision
was necessary in the simple models describing neutron and gamma’
ray production in the solar atmosphere. Essentiallyvall the
model calculations assumed an isotropic release of accelerated
particles into the solar atmosphere. This model gives the
large t yield of gamma rays and nettrons, but Lingenfolter and
Ramaty (1867) have also considered the production during accelera—
tion in a low density medium where the yield is relatively low;
From the failure to detect either gamma rays or neutrons during
any solar activity since 1960, it is at least necessary to con-
clude that the isotropic-release model for solar protons is
untenable. Thl° conclusion is supported most strongly by the.

work of Kirsch (1972).



Table 2

Associated TFlaxe
and the time of

Tentative Designations and Preliminary Solar Flux at 1 AU

Photons cm™2

sec™t

Observations 0.5 MeV 2.2 MeV 4.4 MeV 6.1 MeV
23 (Hc) 4 Aug 1972 Lo
0626 - 0632 UT (7+1.5) x 1072 (2.2:0.2) x 1071 | (3+1) x 1072 | (3z1) x 1072
(Before Hz Max) !
3B (Ho) 7 Aug 1972 .
1538 - 1547 UT (3.7£0.9) x 1072 (2.6+1) x 1072 <2 x 1072 <2 x 1072

2
o}
(After Ho Max)

At
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Until the August 1972 solar flares there has not been a good
opportunity to test the preflare acceleration ideas of Elliot
(1969). With the observation of strong emission of gamma ray
lines during the rise of the 4 August event, it is likely the
particle acceleration also occurred during this time. Since the
data now exists from the 0S0-7 experiment, a careful search will
be made to see if there is any evidence for preflare acceleration
of protons during the whole activity period from 2 August to
12 August} thereforé, a definitive ansQer on the Elliot model
should be soon forthcoming.

Several interesting inferences are now available from the
050-7 observations. From the time profile'of the 0.5 and 2.2 MeVv
lines shown in Figure 4, we can put an experimental upper limit
on the acceleration time for solar protons during the flare of
4 August. Since the time resolution of the insﬁrument for the.
gamma lines is .3 minutes, one can see that the 0.5 MeV radiation
rises to its maximum in no longer than about 10 minutes and it
could be shorter. Unfortunately, the statistics are not good
enough on the 4.4 and 6.1 MeV Jines to plot a time-profile curve.
Such lines should show a time profile that is exactly that of the
protons, since these are prompt rcemissions. TFurther analysis of
this data may improve this.

From elementary considerations we may also cstimate ﬁhe flux
of protons at the Sun required to produce’the obscrved gamma ray
intensity assuming protons are released toward the photosphere,
This is most easily done using the measured intensiﬁy of the

4.4 Mcv and 6.1 MeV gamma ray lines, since they are predominantly
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produced by protons in thé enexrgy rénge EP}~ 10 + 50 MeVv where the
excitation cross-section is significant. The basic process

giving rise to the gamma rays is inelastic scattering; for example,
the prdtons on C!2 populating the first excited state at 4.4»Mev
followed by promét deexcitation of the excited nucleus and giving.
a characteristic emission line at 4.4 Mév. This process is
denoted as cl? (P, P!, y) and source strength, §, at the Sun may

be expressed as

s (gammas,

where N is the number of protons/secondlincident on the solar ,
atmosphere, (njt) is the thickness of the target measured in the
number of carbon nuclei/cm?, and ¢ is the average inelastic

excitation cross-section over the energy range 10 to 50 MeV. The

target area density (njt) may be expressed as
(njt) = £.R/mp,

where fc.is the fractional solar atmospheric atomic abundance of
carbon relative to hydrogen ~5.3 x 10;“, R is proton range in |
hydrogen for 50 MeV protons and mp is the proton.mass (gms) .

The source strength obtained from the observed flux is
S(4;4) ~ 102% photons/sec emitted isotropically from the Sun.
Using this result, R(50 MeV) = 1 gm/cm?, and 0(4.4)”.1.2 x 10725¢cm2,
the proton current in the solar atmosphere is N = 2 x 103%protons/

sec. This means that over approximately the 1000 seconds the
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main burst lasted , about 2 x 1033 protons of eﬁergy 10 to 50 MeV
‘were impinging into the dénser solar atmosphere.

Deuteron production in the solar atmosphere from neutron cap-
ture may also be estimated from the observed flux of 2.2 MeV
‘photons which also givés directly the production rate of such
photons on the Sun. Since this production rate is. the capture
rate of neutrons, it is aiso the production rate of dueterons by
this source, and for the observed flux of 2 x 10! photons cm?sec™!,
we find "6 x 1026 deuterons produced/second by neutron capture.
This is unaoubtedly’a very small soufce of ‘deuterons since many
more must be produced in the He breakup reactions which produced
" the neutrons in the first place (Lingenfelter and Ramaty 1967).

Further analysis of the 0S0O-7 éolar events will be required
before we can be sure of final conclusions and interpretations.
One of the principal goals of further analysis is to determine
if nuclear line emission is only observable in very large events
or if they are more frequent and their frequency correlated with
the frequency of the larger (X-claés) X-ray bursts. In addition, -
the gamma ray spectra will have to be studied very carefully for
evidence for Doppler line shift or broadening. Finally, by
correlating with solar proton observations, we hope to learn more

about the spectrum of the protons accelerated at the Sun.

V. CONCLUSION

Since the prediction of solar flares is still a somewhat

"Shaky Art", it is clearly advisable to keep gamma ray monitoring
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experiments continuously‘in space as the éolar cycle adVances.
Without guestion it is also possible to greatly improve on ﬁhe
present.instrument with the capabilities of existing_Spécecréft.
The most desirable detector improvements that should be médé afe
background reduction, increased sensitivity and improved energy

and time resolution, all of which are easily attaiﬁable.

'This work was supported by NASA under Contract Nas 5-11054 and
Grant NGL 30-002-021.
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~Figure 1

Figure 2

Figure 3(a)

Figure 3(b)

Figure 4

Figure 5
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FIGURE CAPTIONS

Summary of the upper limits to the differential solar
neutron flux at Earth. For E>50 MeV the upper and
lower limits indicated with a band include many
results not shown in the figure. The curve marked
Lingenfelter and Flamm (1965) is the calculated

time-average solar neutron flux aL Earth for the

last solar cycle.

A schematic drawing of the gamma ray spectrometer
is shown with the 0SO wheel in the position for
viewing the Sun. The solar and background gquadrant
identifications are also shown. The small inset at
the right shows satellite aspect at sunrise and at
noon and at sunset.

The gamma ray pulse height spectrum is shown for
the energy region 460 keV to 620 keV on 4 August
1972. The lower spectrum was taken in the daytime
before the start of the 2B Ha flare and the central
spectrum was taken during the rise of the optical
flare. The spectrum at the top was taken just as
the satellite was occultated by the Earth. The
accumulation time intervals are shown for ecach
spectrum. ”

The gamma ray pulse height spectrum is shown for
the energy region 2.1 MeV-to 2.4 MeV on 4 August
1972. The lower spectrum was taken in the daytime
before the start of the 2B Ho flare and the central
spectrum was taken during the rise of the optical
flare. The spectrum at the top was taken just as
the satellite was occultated by the Earth. The
accumulation time intervals are shown for each
spectrum.

The time profile for the counting rate in one X-ray
channel (60 to 120 keV) is shown covering the period
of satellite day from about 20 minutes before the
optical onset until the satellite went into eclipse.
Also shown are the time prifoles for the counting
rates in the five channels corresponding to gamma
ray lines at 0.5 MeV and 2.2 MeV. (Preliminary data.)

- Differential pulse height spectra (solar and back-

ground quadrants) observed during the 2B flare on
4 August 1972. The spectra were measured after
the onset of the flare and cover the period

0626 to 0632 UT. Also shown is a typical solar
quadrant spectrum taken just before thc onset of
the flare.



Figure 6(a)

Figure 6 (b)
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The gamma ray pulse height spectrum is shown for the
energy region 440 keV to 610 keV on 7 August 1972.°
The lower spectrum was taken at nighttime just before
the satellite sunrise, 'but while the 3B optical flare

was in progress. The second spectrum from the bottom
was taken just after the sunrise calibration and ‘

during the declining phase of the optical flare. The

"top two spectra were taken at later times in the same

orbit during the satellite daytime. The accumulation
time intervals are shown for each spectrum. :

The gamma ray pulse height spectrum is shown for the
energy region 2.1 MeV to 2.4 MeV on 7 August 1972. -
The lower spectrum was taken at nighttime just before
the satellite sunrise, but while the 3B optical flare
was in progress. The second spectrum from the bottom
was taken just after the sunrise calibration and

during the the declining phase of the optical flare.

The top two spectra were taken at later times in the
same orbit during the satellite daytime. The accumu-
lation time intervals are shown for -each spectrum.
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