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Abstract. The large flare of 11 June 1991 (GOES class X12) was detected by the Total Absorp-
tion Shower Counter (TASC) segment of the EGRET gamma-ray telescope on board the Compton
Gamma Ray Observatory. Significant gamma-ray emission was observed over the entire energy range
to which the TASC was sensitivel to 140 MeV. Several phases were identified which showed major
changes in the intensity and spectral shape of the flare gamma-rays. Furthermore, a ‘delayed’ phase
during which a response consistent with the detection of energetic neutrons and pion-decay gamma-
rays was seen, implying a qualitative change in the spectral shape of the accelerated ion spectrum.
The similarity of the characteristics of this delayed phase (pion and energetic neutron production) to
those in other large flares hint at a common particle acceleration mechanism.

1. Introduction

The likelihood of the significant production of measurable fluxes of gamma-rays
and neutrons in solar flares was investigated by a number of workers, long before
the relevant observations were available (e.g., Fireman, 1963; Chupp, 1963; Dolan
and Fazio, 1965). The potential value of gamma-ray and neutron measurements as a
probe of energetic ions generated in solar flares was pointed out and expected fluxes
were calculated in detail by Lingenfelter and Ramaty (1967) and Lingenfelter
(1969). These calculations showed that neutrons detected at 1 AU and gamma-rays
from pion (z*, 7% decay could be directly related to very energetic ions, because

of the high threshold kinetic energy required for their productier800 MeV for
bothx’s and neutrons ip — p reactions and- 200 MeV inp — « reactions).

Solar flare neutrons were first detected directly by the SMM spectrometer on
21 June 1980 (Chupet al., 1982). Evidence of pion-decay gamma-rays from the
flare of 3 June 1982 was reported by Forretsal. (1985). Several such satellite-
based observations have since been made by SMM (Gitugdp1987), GAMMA-

1 (Akimov, 1991, 1994a,b), and Comptel (Ryanal., 1994; Ranket al,, 1997).
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The signature of highly energetic solar neutrons has also been seen by ground-
based neutron monitors from a few flares (Debrungeteal,, 1983; Smaret al,

1990; Sheat al,, 1991; Takahastet al., 1991; Murakiet al,, 1991; Chibeet al.,

1992).

In the present paper, we report on an analysis of the response of the EGRET
Total Absorption Shower Counter (TASC) on the Compton Gamma Ray Obser-
vatory (CGRO) to the solar flare of 11 June 1991. This flare was also observed
by the Phebus detector on the GRANAT satellite (Trotteal., 1993) as well as
by detectors on CGRO: COMPTEL (Suleiman, 1995; Rahlal, 1993, 1994,

1996, 1997), OSSE (Murphgt al., 1993), and EGRET (Kanbao#t al, 1993;
Schneidet al, 1994, 1996). The response of a ground level neutron monitor to
this event has also been reported (Murekal, 1991). The TASC data presented
here contributes unique information on the evolution of the flare proton spectrum
above 300 MeV. We argue that the high-energy emissiatD(MeV) detected by

the TASC in the later stages of the flare is dominated by pion-decay gamma-rays
and neutrons. The appearance of this emission marks a significant change, during
the course of the flare, in the spectral shape of the protons that interact in the solar
atmosphere. This paper is organized as follows: Section 2 describes the capabilities
of the EGRET/TASC; Section 3 describes the flare observation and our analysis;
Section 4 presents our results.

2. Description of the EGRET/TASC

The EGRET (Energetic Gamma-Ray Experiment Telescope) is a large gamma-
ray detector comprising a spark chamber, a Nal(T1) scintillator/calorimeter, and
an anticoincidence plastic scintillator dome. EGRET was designed primarily as a
telescope to image 20 MeV to 30 GeV gamma-rays from cosmic sources with high
sensitivity. The Nal calorimeter, or TASC, is a large 785x 20 cn¥) spectrometer
which measures the total energy of gamma-rays detected by EGRET. The TASC
also has a burst/solar flare mode that records spectra in the energy range of 1 to
200 MeV every 32.75 s independent of the spark chamber and the anticoincidence
dome. More information about the EGRET detector system can be found in Hughes
et al. (1988), Kanbaclet al. (1988), and Thompsoet al. (1993).

Because of its large volume and mass, the TASC has a high efficiency for
detecting solar flare gamma-rays and neutreri® MeV. The EGRET, as well
as the other detectors aboard CGRO, are not normally pointed at the Sun, except
for times of high solar activity when the Sun is chosen as a target of opportunity.
Therefore the response of the TASC to solar gamma-rays and neutrons depends
on the orientation of CGRO during a particular flare. This response was calculated
using a ‘mass model’ that accounts for the effects of material throughout the CGRO
spacecraft. The response calculations for gamma-rays used a standard Monte Carlo
code for high-energy gamma-rays, EGS4 (Nelson, 1985). The response to neutrons
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Figure 1. Neutron detection efficiency (energy loss thresheldl0 MeV) plotted versus incident
neutron energy for two cases. The solid squares represent EGRET detection efficiencies calculated
using a Monte Carlo code. The open circles are efficiencies measured in a tagged neutron beam for a
Nal detector of the same thickness.

was calculated with an analogous code for neutrons, CALOR (Jensen, 1990). To
check the accuracy of the neutron response code, we have compared the calcu-
lated TASC neutron detection efficiency with that of a large Nal (20 cm thick)
scintillation detector exposed to a tagged neutron beam (Dueplay, 1989).

The comparison is plotted in Figure 1 and shows that the efficiency calculated
for EGRET deviates at most by 30% from that measured for a detector of the same
thickness.

3. Description of the Observations and Analysis

The solar flare of 11 June 1991 was one of a series of flares from active region 6659
that took place during June 1991. Following the occurrence of two GOES X-class
flares on 4 June and 6 June, the Sun was declared a ‘target of opportunity’ and
the CGRO instruments were pointed at the Sun. As a result, the active region was
close to the EGRET pointing axis (zenith angtel4°) during the 11 June flare.
This flare, which was categorized as GOES class X12, was located &t 8iad
17 W in heliocentric coordinatessplar Geophysical Datal991).

A number of observations of the 11 June flare in gamma-rays have been re-
ported. Murphyet al. (1993) presented preliminary data from OSSE on CGRO that
showed an intense>( 100 photons c?) neutron-proton capture line fluence at
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TABLE |
Time intervals and hardness ratio for flare of 11 June 1991

Phase Start Time End Time R(4-8) R(30-200) R(30- 200)/R(4-8)
() un Co) sh

I-1 01:59:15 02:03:06 261&74 121+0.84 46(+32) x 1074

1-2 02:03:06 02:09:39  331%52 141+058 43(+1.8) x 1074

Interphase  02:09:39 02:12:56 26978 061+0.79 -
Il 02:12:56 02:40:13 34% 12 3544013 104=+0.05 x 1072

2.223 MeV as well as emission above 10 MeV. Tro#ieal. (1993) reported mea-
surements of nuclear line radiation using the Phebus detector on GRANAT from
which preliminary values of the ion spectral shape and the 8blefH ratio were
derived. Time-extended emission of 2.223 MeV radiation lasting over 5 hours was
observed by Comptel on CGRO (Raekal.,, 1996). Finally, preliminary analysis
of EGRET spark chamber data by Kanbaattal. (1993) showed that the 11 June
flare had a long-lasting<8 hours) high-energy component of gamma-ray emission
and that this radiation showed spectral evolution to higher energies with time.
Figure 2 shows the response of the EGRET/TASC detector to the flare emis-
sion over a range of energy losses from 2 to 200 MeV. The net counting rate due
to the flare (32.75 s time bins) has been determined by subtracting background
measured approximately 24 hours before and after the flare, when the orbital and
geomagnetic conditions were similar. A significant flare contribution was present
from about 01:59 UT until 02:39 UT. The counting rate profile shows several
distinctive features over this time period: two relatively short bursts from 01:59—
02:10, an interval of low counting rate from 02:10—-02:13, and an extended excess
after 02:13. For purposes of analysis, we identify the first interval as phase I, the
second as the interphase, and the third as phase Il. Phases | and Il are similar to
ones defined by Mandzhavidzat al. (1996) for this flare, as we discuss below.
Phase | can be subdivided according to the two bursts into time periods of 01:59—
02:03 (phase I-1) and 02:03-02:10 (phase I-2). These time intervals are shown in
Figure 2 and listed in Table I. We note that the sharpness of time structure is limited
by the TASC time resolution of 32.75 s. The separation of the data into these phases
can also be justified directly from a comparison of the ‘hardness’ of the energy loss
spectrum for each phase. To specify the hardness, we compare the TASC counting
rate in the energy loss range 30—200 MeV, R(30-200), to the rate in the range
4-8 MeV, R(4-8). These rates and their ratios are shown in Table I. The ratio
R(30—-200)R(4-8) is seen to be more than an order of magnitude greater in phase Il
compared to the bursts of phase |, implying a significant hardening of the parent
particle spectra in the later phase of the flare.
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Figure 2. Time history of the response of the TASC during the flare of 11 June 1991 in several

energy loss bands. Background has been subtracted. Demarcations of the phases discussed in the text
are shown.
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To specify the details of the spectral changes with time, we fit the energy loss
spectrum for each phase with a multi-component model gamma-ray and neutron
spectrum. There are five gamma-ray components: (1) a power law in energy, as-
sumed to be due to electron bremsstrahlung; (2) a line spectrum from nuclear
deexcitation; (3) a line at 2.223 MeV from neutron capture by protons; (4) a spec-
trum (dominated by lines at 7.6 MeV) from excitation of Fe nuclear levels by
neutron interactions in the spacecraft material; and (5) a broad ‘line’ peaking at
67 MeV fromz° decay plus a continuum due to bremsstrahlung from electrons and
positrons from charged pion decay. For the neutron spectrum, two types of spectral
shapes are used (Murpbyal, 1987): (1) a theoretical neutron spectrum produced
by protons with a power-law spectrum in energy and (2) a theoretical neutron
spectrum produced by protons with a Bessel function spectrum. These proton (and
therefore, neutron) spectral shapes are assumed to be related to different proton
acceleration mechanisms.

The components of the model are folded through the gamma-ray and neutron re-
sponse functions described above and fit to the observed energy-loss spectra using
a standard Levenberg—Marqguardt nonlinear multiparameter iterative fitting routine
(Presset al,, 1989). The results of the fitting procedure are shown in Figure 3. Tak-
ing each phase in turn, we point out a number of features. The spectra from the two
bursts during phase | are quite similar, with a power-law continuum, a significant
contribution from the nuclear line de-excitation component (apparent mainly in the
energy range 4—8 MeV), and a strong neutron-capture line at 2.2 MeV. During this
phase, there is no significant contribution from pion-decay gamma-rays, solar neu-
trons, or Fe activation. In fact, these components were omitted from the phase I fits
shown in Figure 3. The fit to the interphase has only two significant components:
a power-law continuum and the 2.2 MeV neutron-capture line. Again, no pion-
decay or neutron component is used in the fit for the interphase. Finally, the fit to
the phase Il spectrum indicates a significant pion-decay and neutron component
but no significant power-law component. Otherwise, this phase Il fit requires all
of the gamma-ray components listed above. Unfortunately, the response of the
EGRET/TASC is very similar for both pion-decay gamma-ray spectra and high-
energy neutron spectra, so determination of independent pion-decay and neutron
spectra is not possible. Therefore, we have used combinations of pion-decay and
neutron spectra based on theoretical calculations (Murphy and Ramaty, 1985). The
best-fit parameters and associated uncertainties for each of the phases are listed in
Table 1. In the following section, we discuss the implications of the differences
between the spectra.

4. Results and Discussion

One of the most obvious features of the evolution of the high-energy emission from
this flare is the clear hardening of the detected spectrum between phases | and Il.
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Figure 3.Plots of the energy-loss spectra (background subtracted) observed by the TASC for several
time intervals during the 11 June flare. The spectra were fit with a multi-component model spectrum
described in the text.
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TABLE Il
Fitting parameters for flare of 11 June 1991

Parameter I-1 I-2 Interphase 1

p.l. index 208+ 0.07 230+ 0.03 220+ 0.17 -

p.l. coeff. 022+ 0.03 054+ 0.03 016+ 0.04 0

nucl. coeff. 136+ 0.07 165+ 0.05 < 0.097 Q137+ 0.007

2.2MeV coeff. ~ 0067+0.004 Q157+0.003 Q042+0.004 Q0188+ 0.0007
Felinecoeff. <14x103 <92x10% <18x103 (1.0+£0.2) x10°3
pion coeff. <23x10° <90x10°® 0 (1.55+0.13) x 107>
neutron coeff. 0 0 0 55x 107°

Note: Upper limits are &. Values in bold print were held fixed.

This can be seen both in the spectral hardness ratios in Table | and in the change in
spectral shape in Figure 3, where an intensification in the spectrum above 10 MeV
occurs during phase Il. In our fitting model, this implies a flux of solar neutrons
and pion-decay gamma-rays which were not present earlier. Mandzhastidte
(1996) have already pointed out the change in spectral shape. In fact, the change in
shape is more radical than their analysis would imply. Since spectral analysis of the
TASC data was beyond the scope of their paper, they had assumed that the emission
detected> 10 MeV in phase | was due to pion decay. The present spectral analysis
indicates that this energy range is actually dominated by electron bremsstrahlung
in phase |. Thus the change in spectral shape from phase | to phase Il is largely
due to the appearance of a new pion-decay component. This, in turn, is due to
the hardening of the ion spectrum that produces the nuclear lines and the pion-
decay emission. Furthermore, we see a significant contribution from neutrons in
the TASC response above 10 MeV during phase Il. This affects the derived fluence
of the pion-decay emission and, therefore, the proton spectral shape that is inferred
from that fluence.

The virtual disappearance during the interphase of nuclear lines that are a sig-
nature of ion interactions imply that the phase | and phase Il emissions are, to
some extent, independent. This could mean that the ion acceleration mechanisms
or the sites of the acceleration are different. The presence of a strong 2.2 MeV
neutron-capture line during the interphase is not inconsistent with a decrease in
ion interactions, since neutron capture line emission is expected to be delayed with
respect to the prompt de-excitation lines (Prietal,, 1983; Hua and Lingenfelter,
1987; Trottetet al., 1993) produced in phase |I.

Using the best-fit neutron and gamma-ray spectral parameters obtained from
each phase of the flare, fluences for various components can be calculated, and
these are listed in Table Ill. These fluences can be applied to appropriate solar
gamma-ray and neutron production models (e.g., Murphy and Ramaty, 1985; Mur-
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TABLE IlI
Fluences and proton spectral parameters

PhaseF,_7 Foo Fo Fop/Fa_7 Foo/F4_7 aT S

-1 217+1.8 260+ 2.6 < 0.063 120+ 0.12 < 0.029 Q020+ 0.002 ~ 4.0

-2 435423 574+ 57 <0.044 132+ 0.13 < 0.010 0023+ 0.002 ~ 4.0

Il 13.1+0.8 238+24 513+043 182+0.18 039+ 0.06 - 335+ 0.10

Note: Upper limits are &. Fluence units are crit.

phy et al, 1987; Ramatyet al., 1993) to constrain the flare proton spectrum. In
particular, the relative fluences of the 2.2 MeV ling §), the nuclear line emis-
sion in the range 4—7 MeVF,_;), andwr%-decay gamma-rays{o) can be used

to constrain the energy spectrum of solar protons that produce these emissions.
Because the 2.2 MeV line emission is delayed relative to the prompt 4—7 MeV de-
excitation lines, we have modeled the 2.2 MeV time history, using the technique of
Princeet al. (1983), to get the appropriate relationship between the 2.2 MeV and 4
—7 MeV fluences. This method gives a neutron—proton ‘capture time’ 6f 89 s
during phase |, compared to a value of #A0 s reported by Trottedt al. (1993)

for this flare. We also note that the rattd,/F4_; of 1.26 4+ 0.08 averaged over
phase | is consistent with the value a2% + 0.12 found by Trotteet al. (1993)
using data from Phebus for phase I, but higher than the vali38s100.12 and
1.24 4+ 0.12 found by Ranlet al. (1996) from Comptel data for phases | and I,
respectively.

In Figure 4, we plot the relevant ratiak; »/ F4_7 and F,0/ F4_7, as a function of
proton spectral shape, based on calculations by Raetatly (1993) and Ramaty
(personal communication). Two forms of proton spectral shapes are presented: a
Bessel-function shape characterized by paramefein panel a, and a power-law
shape characterized by (negative) index S in panel b. In both panels of Figure 4,
the calculated rati@, »/ F4_7 is shown for two directional distributions of the ener-
getic protons. One assumes an isotropic distribution in the downward hemisphere
into the solar photosphere (‘downward isotropic’) and the second assumes a fan-
beam distribution that is at an angle of°88ith respect to the downward radius
vector (‘horizontal’). The composition of both the accelerated particles and the
ambient medium is taken to be the photospheric composition, ‘comp 1’ in Ramaty
et al. (1993). For both the Bessel-function spectrum and the power-law spectrum,
the measured ratios are plotted for the ‘horizontal’ case. Using the ‘downward
isotropic’ case would cause the implied spectrum to be ‘softer’. Taking the data and
theoretical curves at face value leads to the following conclusions: (1) the phase |
data are consistent with Bessel-function proton speetfa£ 0.022+ 0.003 for
the horizontal case and@5+ 0.002 for the downward isotropic case); (2) the
phase | data are also consistent with power-law spectra (ifdex4.0) for the
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Figure 4.The fluence ratiod? »/F4_7 and F, .o/ F4_7 are plotted for two proton spectral shapes:

(a) a Bessel function in energy characterized by paramdfteand (b) a power law in energy with

index —S. The curves are theoretical values based on calculations by Ratralty1993) and Ra-

maty (private communication). The rati® »/F4_7 is plotted for both ‘horizontal’ and ‘downward
isotropic’ proton distributions (see text). The labeled sections correspond to the values observed for
three time periods (I-1, 1-2, and II) during the flare of 11 June 1991, and are indicated only for the
‘horizontal’ case.
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downward isotropic case, especially if a slight softening of the spectra above about
100 MeV is allowed; (3) the phase Il data are consistent with a single power
law (S = 3.35+ 0.10), with a horizontal distribution favored over a downward
isotropic distribution; (4) the phase Il data are inconsistent with a Bessel-function
spectrum. For any model, the phase Il spectrum is significantly harder than the
phase | spectra. This evolution in ion spectral shape from a relatively soft (possibly
Bessel-function) spectrum to a harder power-law spectrum is reminiscent of the
flare of 3 June 1982. In that case, Murpdtyal. (1987) argued that the initial burst

of gamma-rays (and neutrons) was due to ion acceleration by a 2nd-order Fermi
process, while the time-extended emission was caused by shock acceleration.

We conclude by noting a more general similarity of the high-energy time his-
tory of this flare with other large flares. In particular, the presence of an initial
impulsive phase (phase | here), followed by a ‘delayed’ or ‘extended’ phase with a
harder ion spectrum (phase Il here), appears to be the rule rather than the exception
for the largest X-class flares detected by SMM, CGRO, and GAMMA-1 (Dunphy
and Chupp, 1994; Akimoet al, 1991, 1994a, 1994b; Ryaet al, 1994; Rieger,
1996). It is already known that electrons { MeV) and ions £100 MeV) can
be accelerated together over short time scaled ) (Forrest and Chupp, 1983;
Kaneet al, 1986) and particle acceleration models that describe the impulsive
burst behavior typical of phase | have been addressed. Models that explain particle
acceleration and/or trapping with emphasis on ions which would be appropriate
to the phase Il emission reported here have also been put forward (Ryan and Lee
1991, Kocharowet al, 1993; Guglenkeet al,, 1990; Mandzhavidzet al., 1996).

Given the commonness of extended phase emission, models which do not depend
on unusual or special conditions at the flare site should be favored.
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