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Abstract. A joint analysis of neutron monitor and GOES data is performed o study the production
of high-energy neutrons at the Sun. The main objects of the research are the spectrum of >350 MeV
neutrons and a possible spectrum of primary (interacting) protons which produced those neutrons
during the major 1990 May 24 solar flare. DilTerent possible scenarios ol the neutron production
are presented. The high magnitude ol the 1990 May 24 neutron event provided an opportunity to
detect neutron decay protons of higher energies than cver before. We compare predictions of the
proposed models of neutron production with the observations of protons on board GOES 6 and 7.
It is shown that the “precursor” in high-encrey GOES channels observed during 20:55- 21:09 UT
can be naturally explained as originating from decay of neutrons in the interplanctary medivm. The
ratio of counting rates observed in different GOLS channels can ensure the selection ol the model
paramelers.

The set of experimental data can be explained in the framework ol a scenario which assumes the
existence of two components ol interacting protons in the flare. A hard spectrum component (the first
component) generates neatrons during a short time while the interaction of the second (soft spectrumy)
component lasts longer. Alternative scenarios are found o be of lesser likelihood. The intensity -time
profile of ncutron - decay protons as predicted in the lramework of the (wo-component exponential
model of neutron production (Kocharov ef al., 1994a) is in an agreement with the proton profiles
observed on board GOL:S. We compare the deduced characteristics of interacting high-encrey protons
with the characteristics of protons cscaping into the interplanctary medium. It is shown that, in the
100 1000 McV range. the spectrum of the second component of interacting protons was close 1o
the spectrum of the prompt component of interplanclary protons. Flowever. it is most likely that. at
~300 MeV, the intcracting proton spectrum was slightly softer than the spectrum of interplanetary
protons. An analysis of gamma-ray emission is required 1o deduce the spectrum ol interacting protons
below 100 MeV and above | GeV.

1. Introduction

The neutron monitor network is able to detect a solar neutron event. However. it has
only a limited capability for a study of the neutron encrgy spectrum. On the other
hand, measurements ol spectra of ncutron decay protons on board satellites arc
possible (Evenson et al.. 1983, 1990; Evenson, Mever. and Pyle, 1983; Evenson,
Kroeger, and Meyer. 1985). This provides a capability to deduce the spectrum of
solar neutrons more cxactly. However. [or such an approach, it is nccessary. firstly,
10 ensurc that the studied proton increase is of the neutron decay nature, What can
show whether it is true or not is the observation of the neutrons from the same flare
(e.g., Zhang. 1995). Thus, a joint analysis of ncutron and proton data is necessary.

Solar Physics 169: 181-207, 1996.
© 1996 Klusver Academic Publishers. Printed in Belgiun.



182 1.. G. KOCIIAROV ET AL,

We perform such an analysis for the 1990 May 24 flare, which was a source of the
most powerful neutron cvent known so far. This is the [{irst time that the analysis is
possible for neutrons with some hundreds of MeV encrgy.

The 1990 May 24 (lare has been obscrved in many high-cnergy bands and this
provided a great deal of information on high-encrgy particles (Pyle, Shea. and
Smart. 1991; Shea, Smart, and Pyle, 1991; Pclaez er al., 1992; Dcbrunner, Lock-
wood, and Ryan, 1993; Talon et al.. 1993; Terekhov ef al., 1993; Kocharov er al.,
1993: Kovaltsov, Efimov. and Kocharov, 1993; Kovaltsov er al.. 1994; Kocharov
et al., 19942). In particular the flare was a source of high-encrgy nucleons detec-
ted by the ncutron monitor network. The 1990 May 24 increasc of the neutron
monitor counting rate had two distinct peaks. The characteristics of the second
increasc (at ~21:11 UT) werc normal for a solar proton event. The first increasc
(at =20:51 UT) ol short duration was detected only by monitors on the day side
of the Earth, and this increase strongly depended on the air mass along the line
of sight to the Sun. These circumstances allowed Shea, Smart, and Pyle (1991)
1o ascribe the first increase to the arrival ol solar neutrons. The necutron origin of
this increase was proved by Kovaltsov, Efimov, and Kocharov (1993). who noted
that the responsc of neutron monitors to solar neutrons does not follow a simple
exponential dependence on the air mass along the line ol sight to the Sun because
of the contribution of neutrons scattered through large angles. Neglect of this fact
might be responsible for misinterpretation of the event.

A part ol the solar neutrons decays when moving {rom the Sun, producecs
secondary protons. Those protons, if they have becn produced near the Earth-
connccted magnetic line, can be detected belore the onset of a major proton event.
Three such neutron-decay proton events (21 Junc, 1980. 3 June, 1982, 25 April,
1984) were detected earlier on board the ISEE-3 spacecraft (Evenson er al., 1990).
These ncutron-decay proton events were connected with the solar neutron cvents
detected on board the SMM satcellite, as well as by ground-based neutron monitors
(Chupp. 1990). Since the neutron event of 1990 May 24 was the strongest of those
known so far, one can expect ncutron-decay protons to be detected for this event
as well.

In our previous study (Kocharov er al.. 1994a), we examined the propertics
of the 1990 May 24 flarc source region on the basis of an integrated analysis
of gamma-ray, high-encrgy neutron, optical, and microwave data. On the other
hand, the major proton cvent has been studied recently by Torsti ef al. (1996). We
cxtend these studies with an analysis of possible spectra of interacting high encrgy
(I7 > 100 MeV) protons at the Sun (Sections 4 and 6) and ncutron decay protons
(Section 5). The onset of the major proton event was clearly seen in the intensily —
time profile of the GOES proton channcls. We detcrmined the fact that some weak
increase was clearly scen in the high-energy channels before the onset of the major
proton event. Neutron-decay protons should produce such a ‘precursor’. Inasmuch
as, for this flare, high-encrgy neutrons were measured by neutron monitors, and
interplanctary proton transport parameters are known (Torsti ef al.. 1996), one has
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a good chance to use this ‘precursor” for a verification ol the parameters of ncutron
injection from the Sun.

2. Observations

The flare of 1990 May 24 (X9.3/1B; N33 W78) occurred during 20:46- 21:45 U'T
in the active region NOAA 6063. Optical and microwave emissions of the flare
were discussed extensively by Kocharov er al. (1994a, 1996). Two sources of the
cmissions were revealed. High-frequency microwave (10 GHz) and optical (He
and HeD3) emissions were produced in a source of size = 2 x 107 ¢cm, while low-
[requency microwave emission (1 GHz) came from a source of size = 2 x 10" ¢cm.
Both sources were equally powerful in the microwave band. This resulted in a
(lat spectrum of the emission at the maximum of the burst (I.ce, Gary, and Zirin,
1994). An exponential decay of 1 GHz emission starled one minute after the burst
maximum, had an e-folding time a 220 s. and lasted about 17 min.

Radiation in the 2.2 MeV gamma-ray line was detected during the flare by the
PHEBUS instrument on board the GRANAT observatory (Terekhov et al.. 1993).
The decaying 2.2 MeV line photon flux was detected during more than 8 min after
the 4—6 MeV intensity maximum. The e-folding time of the 2.2 MeV emission
gradually increasced from = 180 s up to = 360 s during this time (thc mean valuc
of the e-lolding time was 260 s lor this time interval). The 4--6 MceV intens-
ity maximum coincided with the sccond peak in high-cnergy (57.5-110 MeV)
gamma-ray cmission (see Figure 1). Talon er al. (1993) emphasized a hardening
of the high-energy gamma-rayv cmission spectrum at the onsct of the second peak
(20:48:27 UT ) and concluded that “hardening of the spectrum above 50 MceV
during the second peak strongly suggested that meson decay gamma-ray radiation
is dominant’ (sec also Vilmer, 1994: and Trottet, 1994). Terekhov er al. (1993)
determined the fact that the second peak in 65— 124 McV band coincided with the
maximum ol 4—6 McV radiation. which gives additional support to the nuclear
dominant explanation of the peak (see also Figure 9 by Talon er al., 1993). On the
other hand, it was noted by Terckhov er al. (1993) that the counting rate in the
PHEBUS 57.5— 110 MeV-channcl did not decay down to the background level,
as was observed at lower cnergies. This temporal behaviour was explained by the
PHEBUS team 10 be a result ol a contamination of the 57.5-~ 110 MeV channel
by solar neutrons (Talon et al., 1993; Terekhov et al., 1993). Figure 1 illustrates
this interpretation. Solar neutrons arc regarded as a source of the excess of the
57.5—-110 McV channel counting rate observed after 20:50 UT.

Keeping in mind that the 2.2 MeV gamma-ray line emission had an therd)
long decay time, which is a signature of long-lasting interaction of accelerated
protons with solar matter (Kocharov er al., 1994a), we approximate the time profile
of high-cnergy gamma-ray emission with two exponents:
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Figure 1. The wemporal evolation of the 1990 May 24 gamma-ray/neutron event as observed by the
PHIZBUS deiectors in two energy bands, 15,9 21.2 and 57.5- 110 MeV (Talon er ¢l.. 1993). Arrows
show the two peaks discussed. Curves illustrate the approximation of high-cnergy gamma-ray flux
according to Equation (1) for different values ol the parameter &, Ty = 20 5. Ty = 260 s.

y 3 ot - t

where ¢-folding times for the first (f) and the second (s) components of the emis-
sion, X'y and 1, arc taken from the obscrvations of high-cnergy and 2.2 MeV
gamma-ray cmissions respectively; the “zero” time is 20:48:30 UT. The parameter
&', which is the contribution of the first componcenti of the emission to the total flu-
ence, should be adjusted to (it the obscrved time profile. One can sec [rom Figure 1,
that it is most likely that & = 0.5--0.6. This indicates that both the components
(almost) cqually contribute to the high-encrgy cmission. In what follows, we use the
designations [ and s for those interacting particles which produce gamma-ray emis-
sions and neutrons at the Sun, as well. The >300 MeV protons are considered to be a
natural source of high-cnergy gamma-ray cmission observed after 20:48:30 UT. As
an alternative, it might be proposed that electron bremsstrahlung was responsibic
for both peaks shown in Figure 1. However, one can sce from Figure 15 by Pelacz
el al. (1992) and Figure 10 by Talon ¢t al. (1993) that the ‘clectron-dominated’
explanation of the sccond sub-peak would implicate simultancous hardening of the
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Figure 2. The 3-min-average uncorrected counting rate observed on board GOLES 6 and 7 in three
e} = . < o ) . i
proton channels (averaged over the two satellites). A “precursor” is seen before the onsct of the major

proton event. The background levels are shown by solid lines.

clectron spectrum for encrgics above 50 McV and soltening ol the spectrum in the
0.8--15 MeV encrgy band. We cannot exclude such a complicated behaviour of
the electron spectrum, but it secms to be lcss probable than the *pion dominated’
scenario by Talon et al. (1993).

The flare ol 1990 May 24 was a source ol a strong ground level event (GLE).
The first increase detected by neutron monitors (20:49--21:03 UT) was caused by
the arrival of high-energy solar ncutrons. The high magnitude of the 1990 May 24
ncutron event provided an cxtraordinary chance to study properties of neutron
production at the Sun. Climax neutron monitor data for the neutron event werc
of the highest significance among the neutron monitors as well as of good, one-
minute, time resolution. Thus these data are the most suitable for the analysis. In
the present paper. we make use of records of ncutron monitor counting rate taken
from the GLE Data Base (WDC-A). For the study of neutron decay protons, we
employ data [rom the GOES 6 and 7 satcllites on detection of protons at the Earth's
orbit (CD GOI=S, 1992).

In Figure 2 we show the mean of GOES 6 and GOES 7 5-min averaged uncor-
recled counting rates. Background levels as obtained by averaging over the 19:40 ~
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Figure 3. The I-min-average uncorrected counting rate observed in the P7 channel on board GOES 6

and 7 (averaged over the two salellites). The background level is subtracted. The arrow illustrates the
time of the maximum of the 57.5 - 110 MeV gamma-ray emission as observed by PHEBUS/GRANAT
detectors.

20:40 UT interval are shown by solid lines. A ‘precursor’ is clearly scen in P7
and P6 channels beforc the major proton event. A less distinet “precursor’ may
be seen in the PS5 channel alter 21:00 UT. It is scen from minute-averaged GOES
data (Figure 3) that the onsct of the precursor in the P7 channel coincided with
the sharp maximum of the 57.5-100 MeV gamma-ray cmission as observed by
the GRANAT/PHEBUS dciectors (Figure 1). The sharp pulse was scen in the P7
channel during the first minute (20:48 —20:49 UT) only. The height of the pulse
exceeded the 10 level. It is known that a charged-particle detector has some
sensitivity to gamma-ray cmission as well (c.g., Kocharov ef al., 1994b). No other
emission in this energy band (110-500 MeV) but gamma-rays can arrive dur-
ing the first minute. Furthermore, protons, whenever being injected [rom the Sun,
cannot produce one-minute pulses because of the velocity dispersion. For these
reasons, one has to conclude that high-energy gamma-rays arc the main source of
the first portion of the P7 channel *precursor’. The nature of the second portion of
the precursor (20:55-21:09 UT) will be studied in Scction 5.
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3. The Model
3.1. INJECTION OFF NEUTRONS

A ground-based neutron monitor can cffectively detect solar ncutrons with encrgy
>300 MeV. It is usual for a study of solar ncutron events to cmploy a model
of neutron injection from the Sun, with some spectral and temporal parameters,
to calculate an expected response of ncutron monitors for those ncutrons and
to obtain values of the parameters on the basis ol a comparison ol the expecied
responsc with the actual one. In a limited encrgy band (namely, 100 MeV -1 GeV),
diffcrent approximations of neutron spectra can be adopted. For instance, Chupp
el al. (1987) made use of, among others, cxponential neutron spectra. More often,
a power-law spectrum with an upper cutofl is employed (Chupp et al.. 1987,
Dcbrunner, Lockwood, and Ryan, 1993). In our previous paper (Kocharov er al.,
1994a), we considered ncutron injection from the Sun, proposing the neutron
injection spectrum to be cxponential in encrgy. As the next step in the study, we
start directly from the spectrum of primary protons producing neutrons in nuclear
interactions with solar matter. A power-law proton spectrum of interacting protons
is cmployed, N(E) ~ 15 =%, with cutofl energy ¢. Thus we usc for the analysis a
solar ncutron injection spectrum, /7(S) = F(E. S.¢) (neutron MeV '), which is
the spcetrum ol neutrons produced by protons with a power-law spectrum in cnergy.
(The neutron spectrum itself is not a power-law one.) The energy spectrum of
ncutrons produced by those protons in the solar atmosphere has been calculated for
the isotropic thick-target model by means ot the Monte-Carlo technique described
by Gueglenko et al. (1990). Throughout the present paper, this neutron spectrum
is identificd as the F'(S) spectrum. The F(S) spectrum is normalized per one
interacting proton with encrgy above 600 MeV. Usually. the energy of 30 McV
is used as the normalisation encrgy when dealing with interacting proton spectra.
In the present paper. we make usc of 600 McV as the normalisation energy for
the interacting proton spectrum, because such protons cffectively produce high-
encrgy neutrons detected by ncutron monitors. The F(.S) spectrum as well as the
exponential neutron speetrum adopted by Kocharov ef al. (1994a) is a theoretical
tool for the analysis. Only a comparison of calculations with experimental data may
show which ncutron spectrum is closer to the actual spectrum of neutrons produced
during the flarc. However, the convenience ol [7(S) is that it shows explicitly the
slope of the interacting proton spectrum (in the corresponding energy band). In our
calculations, the helium abundance He/p = 0.07 is employed (similar to Hua and
Lingentelter, 1987). A possible impact ol higher values of the He/p-ratio has been
studied additionally.

The employed model of neutron injection during the flare is based on the multi-
wavclength study. including gamma-ray, microwave, and optical cmissions (Kocha-
rov eral., 1994a, 1996, and Scction 2 of the present paper). In the framework of this
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model, the function of neutron injection towards the Earth (neutron sr=!s ~! MeV~1)
is taken as

. > 600 ML,V) ¢ 3
[e(ld L) = 0( - _lﬂ e - —
o1, 1) i 1 (L.Sy.cp)exp 0y +
BLEpL F(FE.Ss.€e5)ex <—- [—ﬂ (2)

where Ny(> 600 MeV) is the total number of >600 MeV protons intcracting at
the Sun (in the case of isotropic neutron production); £ is the portion of the first
component protons in the total proton number No(> 600 MeV): Sy, and Ty,
denote proton spectral index and injection decay time of the first (f) or “second ( (%)
component. In Equation (2), the moment ¢ = 0 corresponds 10 20:48:30 UT. Valucs
of the decay time of the ncutron injection are taken as Ty = 20 s and 7, = 260 s.
Note that a 30% variation of these values would not lead 1o any esscntial change
in the results of the analysis.

Simultaneously with high-cnergy ncutrons, °-mesons arc produced which is
the most likely source of 57.5-110 MeV emission obscrved alter 20:48:30 UT.
Jitra-relativistic clectrons may also contribute to this emission. However this can-
not affect the conclusion that the time prolile of high-energy gamma-ray emission
is the best empirical basis for a high-encrgy neutron production model, since high-
cnergy gamma-rays arc a signature of particles accelerated to the highest cnergies,
anyway. Thus, in a view of Figure 1, it is most likely that £ = & = 0.5~0.6. This
circumstance was aclually the initial point of Kocharov er al. (1‘)94&). To perform
an alternative study, we analysc all valucs of the parameter £ € [0, 17 in the present
paper.

3.2. NEUTRON DLCAY PROTONS

Models of the propagation of protons produced by decay of solar flare ncutrons
were developed by Kurganov and Ostryakov (1989. 1992) and by Ruffolo (1991).
These models treat the deposition, pitch-angle scattering. adiabatic focusing, and
adiabatic deceleration of ncutron-decay protons. We take thesc effects into account.
However, we use another calculation technique than the one used in the papers
above. In the present study, the propagation of secondary protons is traced by
means of Monte-Carlo simulations. This technique is similar to that applied o
cscaping (interplanetary) protons and relativistic clectrons in our recent study of
the major solar cosmic-ray event ol 1990 May 24 (Torsti et al.. 1996) wherc two
components (promprand delayed) ol interplanetary protons have been discussed. In
contrast to the prompt component of interplanctary protons, ncutron decay protons
arc injected not only at the oot of the interplanetary magnetic ficld line connected to
the liarth but along the Jine as well. That is why the injection function of secondary
protons should be taken as
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where ()(z, ¢, t) is the rate of ncutron-decay proton production per unit of the
magnetic line length, z, and per unit of the magnetic tube cross-section at the
Earth’s orbit, S (i.e.. we consider the production at any point along the magnetic
linc as calculated per unit of the magnetic tube cross-scetion near the Earth): a(z) is
the angle between the normal to the solar surface at the flare sitc and the direction Lo
the point where the length of the magnetic line is cqual (o z (i.e., ov(z) is the zenith
angle as seen [rom the flare site); 1{cx. 1’} is the intensity of neutron emission from
the Sun (ncutron sr™ ! s7 1) in a certain zenith angle, . at time (' — | — r(2)/V;
r(z) is the radial distance to the Sun; ¢(z) is the inclination of the interplanctary
magnelic field line (sec, e.g., Figure 8 of Torsti ef al., 1996); 13 is the magnetic
field strength; V7. «y, and 7 refer to the velocity, Lorentz-factor and decay time ol
a ncutron, respectively. It is essential that the use of the mean free path for the
ncutron-decay protons be similar (o that for the prompt component of escaping
protons (scc Torsti et al., 1996), i.e., the mecan free path of neutron decay protons
is not an adjusting parameter. The total number of traced secondary protons was
~ 2 x 10°%in cach set of calculations.

In our calculation we made use ol the intensity of neutron cmission towards
the Larth, /-, deduced from neutron monitor data (sce Equation (2)). In order
to calculate the flux of neulron-decay protons, one should adopt somc angular
distribution of neutron emission from the Sun, since thosc protons arc produced at
any point along the Earth, connected magnetic field line. The magnetic field linc
conncected at the Earth’s was seen from the [lare site at zenith angles o = 40° -
90°. In a gencral case, one may expect that the intensity J{o.#'} increases with
. The actual value of anisotropy of neutron cmission depends on the magnetic
cnvironment at the flarc site. Recently, we considered the angular distribution of
ncutron emission from the 1991 March 22 solar {lare (Kocharov er al., 1995). This
flarc was found to bc similar to the 1990 May 24 (larc with respect 1o optical
and microwave emissions. However, the flux of high-cnergy ncutrons as deduced
[rom neutron monitor data for the 1991 March 22 flare was lower, which might
be caused by the difference in the two flare locations on the solar disk. In the
case of the 1991 March 22 flare, the Larth was secn from the {lare site at zenith
angle - = 337, while v~ was 80° in the case of 1990 May 24 flare. It was
found that a relative neutron brightening, A, of the 1990 May 24 flare due to this
difference in the zenith angle was not large: | < .1y < 3. Taking into account
this comparison. we consider two possibilities for the angular distribution of solar
ncutrons: (1) the isotropic neutron emission (A = 1 along the magnetic ficld
linc): (ii) moderale weakening of neutron emission at small a: (by factor A\ = 2),
Hal'y = I /As at o < 57° (lor illustration see Figure 8 by Torsti ez al., 1996).
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Table T
Best-fit parameters of interacting proton spectra

_\u(l 600 M L\_’)

5—. i _S_ ~igw (13)
0.00 - 1.6 32 10.9
0.10 20 2.1 34 7.6
030 29 30 4.4 9.9
040 3.1 3.6 4.7 2.3
050 301 44 4.5 13.4
0.60 32 30 4.1 33
070 33 55 39 12.8
090 34 68 34 13.1
095 35 73 3.4 14.6
097 36 74 3.7 224
040 3.0 Tq 4 440 =0.0) 15.0
04 31 Lg.(h 4207 =1.0) 13.9
048 31 Fg. (4 40(Y =2.0) 13.1
3.1 Eq.¢h 381 =3.0) 12.7

0.50

The proton intensities oblained were recalculated to uncorrected GOES counting
rates with all the secondary channcls taken into account (similar to Torsti et al.,
1996).

4. Analysis of Neutron Monitor Data

The analysis was casried out by means ol a comparison of the simulated response
of the Climax neutron monitor for the 1990 May 24 event with the observed one by
a x>-lest. The comparison was done [or 14 onc-minute intervals from the start of
the counting rate increase at 20:49 UT until the arrival of first relativistic protons at
the Earth’s orbit at 21:03 UT. We also took into account the fact that there was no
significant response of the monitor during 20:48 —20:49 UT. We varied the model
over 5 parameters: £, S.f* S, €r. and e5. A finite value of the cutoff energy has
been found to be cssential for the first component only, ¢; < 5 GeV, otherwise
the counting rate of the Climax monitor during the [irst minute interval (20:48 -
20:49 UT) must be much higher than the observed one. The results presented in
this paper arc shown for ¢y = ¢, == 5 GeV. Examplcs of the fits obtained arc shown
in Figure 4. The best-fit parameters are prescnted in Table . In Figure 5 we show
the 90% confidence contours in the (Sy. Sy)-plane for diffcrent possible values of
the parameter &. (The 90% confidence corresponds to the value of x*(13) = 19.8.)

Two qualitatively different cases can be seen in Figure 5. First, in the range
of £ < 0.46, it is possible to have equal spectral indices for the components. In
this case, both the components may be considered as ditterent portions of a single
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Figure 4. The illustration of fitting to the Climax neutron monitor counting rate at ditferent model
paramcters {sce Table I). Contributions of the first ( /) and the sccond (s) components of solar ncutrons
into the total caleulated counting rate () arc shown. In the casc of & = 0, no impulsive neutron
production is proposed. The histogram with error bars represents the observed counting rate.

population of accelerated particles at the flare site (cf., Guglenko er al., 1990). The
90% confidence contour for the case Sy = 9, is shown in Figure 6. It is seen
that a possible spectrum of interacting protons is rather hard. §y = S, < 3.4.In
contrast, al £ > 0.46, the s-component spectrum is always solter than the spectrum
of f-component protons. In particular, the value of S, could possibly be equal to
the spectral index of &1 GeV interplanctary protons, S, == 4.5 (prompi componcent
protons according to Torsti ez al., 1996). It is noteworthy that the spectral index
of s-component protons becomes close 1o that of interplanetary particles when
the parameler ¢ takes its most likely value & = 0.5 (as discussed in Sections 2
and 3.1). One case of cach type has been sampled for more detailed analysis:
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Figure 5. The results of the parameter (itting of the Climax neutron monitor counting rate at dilTerent
values of the parameter £. The contours represents the 90% confidence level in the proton spectral
index planc (S, S.). Theline S, = S corresponds Lo the case when the first and second components
of interacting protons may be considered as dilferent portions ol a single population of interacting
particles at the Sun. The S, = .S, line illustrates the case when the sccond component spectrum is
close to the spectrum of the prompt component of interplanctary protons al & | GeV. Black triangles
marked with 1PL and 2PL show the values of parameters sampled for calculations of neutron decay
protons.

(i) Sy =5, =30at& =03, and (i) Sy = 3.0, 5, = 4.5 at £ = 0.5 (marked
with 1PL and 2PL in Table 1L, respectively). In the next section, we will compare
expected fluxes of ncutron decay protons for 1PL and 2PL cases with the GOES
observations to deduce the actual neutron spectrum in the event. Other possibilities
will be discussced as well.

5. Neutron Decay Protons

We compare intensity —time profiles obscrved in the high-encrgy GOES channcls
(P5 —P7) with ncutron decay profiles cxpecled for different cases listed in Table 11.
All the observed counting rates are averaged over the two GOES satellites to
get better statistics. Background levels are subtracted. Figure 7 shows calculated
and obscrved profiles in the P6 (84-200 MeV) channel. As was discussed in
Section 2, the excess of the P7 (110-500 MeV) channcl counting rate observed
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Figure 7. The observed (points) and calculated (curves) counting rates of the GOLS P6 channel
during the time when the “precursor’ was observed. The intensity —lime profiles of ncutron-decay
prolons have been calculated for the cases fisted in Table 1. The observed counting rate is average
over the two GOLS satellites with the hackground subtracted. The error bars illustrate the standard
deviation of the counting rate as observed on board GOES 6 and 7 during 19:40 -20:40 UT on
May 24, 1990. The EXP case corresponds 1o the exponential model by Kocharov ef al. (1994a). "The
BPI. casc is discussed in Scction 6. The dash-dotted line marked with p shows the onset of the major
proton event.

during 20:48 -20:49 UT was caused by high-cnergy gamma-rays. For this rcason,
we suppose the time profile of gamma-ray contamination in the P7-channel to be
equal to that given by Equation (1) at Ty = 260 s, == 18 s, and &' = 0.47. This
time profile has been normalized to the observed P7-channel counting rate during
20:48 —20:49 UT and subtracted from the actual P7-channcl counting rate. The
resulting intensity — time profile is shown in Figure 8 along with calculated profiles
ol neutron-decay protons.

Different possible paramecters of neutron injection have been studied. The cal-
culated shapc of the intensity -time profile of neutron-decay protons is not very
sensitive to the choice of the ncutron injection scenario (spectrum). This is so
becausc we consider only scenarios which fit the neutron monitor counting rate
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Figure 8. The observed (points) and calculated (curves) counting rates ol the GOLS P7 channcl
during the time when the ‘precursor” was observed during the “precursor” observed in the P7-channel.
The intensity  time profiles of neutron decay protons have been caleulated for the cases listed in
lable T1. The obscerved counting rate is averaged over the two GOES satellites with the background
and gamma-ray contamination subtracted. The crror bars illustrate the standard deviation of the
counting rate as observed on board GOLS 6 and 7 during 19:40--20:40 U'T" on May 24, 1990. The
BPL case is discussed in Section 6. The dash-dotted line marked with p shows the onsel of the major
proton event.

actually obscrved. In contrast. the calculated ratio of the proton counting rates in
different GOES channels depends mainly on the ncutron injection spectrum. Note
that the calculated maximum valuc of the proton intensity depends on the value of
the anisotropy factor 4. However, we have no fitting parameters for the shape
of the proton intensity —time profile and for the ratio of the intensities in diffcrent
cnergy channels. The maximum valuc of the intensity may be obtained at A = 1.
In the case of hard neutron spectra, corresponding to £ < (.46, the calculated flux
of neutron-decay protons is Tow. For this reason, the extreme value of A, = |
is used to get the best possible agreement. [For a comparison, Figure 9 shows the
results of calculations for hard neutron spectra at Ay = 2, as well (see curves [PL
and IPLLA). In the case ol a solt spectrum of g-component ncutrons (€ > (.46)
we use A a = 2 which corresponds to a moderate limb brightening of the neutron
cmission.
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Figure 9. The calculated intensity - time profiles ol neutron decay protons expected in the P7-channel
lor differcnt cascs listed in Table I1. The dashed curves [ and s illustrate partial contributions of the
first and sccond components of neutrons for the EXP case. The 3PLA curve is discussed in Section 7.2.

The ‘precursor’ obscrved after 20:35 UT on board GOLS can be explained
naturally as caused by neutron-decay protons because (i) ncutrons from the 1990
May 24 flare were detected by neutron monitors, (i) the proton intensity —time
profilc observed during the precursor is consistent with the neutron intensity —time
profile observed by the ncutron monitor. However, in the case of hard neutron
spectra (e.g.. casc IPL), the expected maximum {lux of ncutron-decay protons
is lower than the flux obscrved in the P6 channel (Figure 7). The reason is that
all the calculated curves are based on the fitting ol the Climax neutron monitor
counting rate. This implies that the number of >300 McV ncutrons is aboul the
same tor cach curve. The GOES channels are available at lower energies. Hence, the
GOES counting rates turn out to be sensitive to the slope of the ncutron spectra at
100—-300 MecV. As aresult, none of the hard neutron spectra can tit the P6-channel
counting rate. Note that an attempt to increasc S, = .Sy up to the maximum possible
values, 3.3—3.4, results in an cxcess of the counting ralc in the P53-channel with
only a slight incrcase in the P6 channel. In contrast, a sofl spectrum of s-component
neutrons, £'(S = 4.5), fits the precursor observed in the P6 and P7 channels very
well (sce 2PL curves in Figures 7 and 8).

In addition, Figures 7 and 8 show the proton fluxes expected in the [rame of
the exponential model (Kovaltsov et al., 1994; Kocharov et al., 1994a), which also
suggests a soft spectrum of s-component neutrons, NN (L) ~ exp(—E/I's).

o=
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where £y = 80 MeV (marked with EXP in Table II). It is seen that the prediction
ol the exponential model is in agreement with the GOES observations.

A comparison of the expected and observed (luxes of neutron decay protons is
summarised in Figure 10. One 5-min bin in cach channel is sampled [or this figure.
It 15 seen that the slope of the neutron spectrum between 100 and 500 MeV was
close to that ol the (S -= 4.5) spectrum (2PL. case). In the 1PL case (/(S = 3.0)
spectrum), the expected Po-channel counting rate is cssentially lower than the
observed one (the discrepancy is 3.5¢). At the same time, the slope of the neutron
spectrum between 50 and 100 MeV was definitely fess than that for the /7(4.5)-
spectrum. In this energy band, the slope was close to that expected in the case of the
exponential model. Thus, in the entire 50—3500 MeV band, the neutron spectrum
may be fitted with an exponent in energy. The calculaled neutron spectra are shown
in Figure 11. It is secn that, in the 100-500 McV band, the exponential spectrum
of s-component neutrons comes close to the spectrum F'(S == 4.5). Of course, the
differecnce between the spectra is large in the range above 500 MeV, but it does
not affect the GOES and neutron monitor counting rates expected. In the following
sections. we will discuss a possibility to cxplain the [lattening of neutron spectrum
below 150 MeV.

6. Interacting Protons versus Interplanetary Protons

When analysing neutrons as detected by neutron monitors, one can cxtract some
information on spectra of primary protons with energy >300 McV which are
responsible for the production of > 150 McV ncutrons at the Sun. This is scen {rom
the observations of neutron decay protons in the interplanctary medium that the
spectrum of s-component of interacling protons was closc to £~* in this cnergy
band. It implies that an additional hard f-component of interacting protons (with a
spectrum I ~32+0-3) ig needed to (it the time profile of the ncutron monitor counting
rate (Figure 5: as an illustration, sce also the third frame in Figure 4). Note that
the f-component almost does not contribute to the production of those ncutron
decay protons which can be observed in the GOES P3 ~P7 channcls (Figure 9). It
is scen [rom Figure 5 that the value of the parameter £, is close to 0.5 in this casc.
This means that both components (/ and s) contained about the same number of
>600 McV protons.

The total number of >600 MeV protons interacting at the Sun is almost inde-
pendent of the details of the scenario: Ny(> 600 MeV) = (42:1) x 10*9 (Table I). It
is noteworthy that about the same number of high-encrgy protons has been injected
into the interplanctary medium soon alter the flare, N'"™(> 600 MeV) — 5.5x 10%
(for the prompt component of interplanctary protons by Torsti er al., 1996). The
injection spectrum of interplanctary protons was approximated by the [unction

- . I-‘fl T 1
N(E) =N 7t T — . 4)
W= ( E> | + (B]E») @)
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Figure 10. Composite plot of the expected and observed fluxes of neutron-decay protons in three

GOES channcls. Rhombus-type figures represent the uncorrected averaged counting rates observed
on board GOES 6 and 7 during 21:00-21:05 UT (P6 and P7) and 21:05  21:10 Ul (P5) on May 24.
1990. Horizonta) bars illustrate the expected counting rates for the cases listed in Table 11

where Ny = 1.4 x 10 proton MeV !, ~ = 1.6, v = 3.0. E| = 160 MeV, and
17, = 360 McV. At high cnergies (=1 GeV), this spectrum is close to the spectrum
of the s-component of interacting protons, £~ (the 2PL-case in Table If). Fur-
thermore, it is secn from Figure 10 that the P5-channel counting rate as expected in
the 2PL-case exceeds significantly the obscrved one. This implics a Aattening of the
interacting proton spectrum below =250 MeV. Thus, the s-component spectrum is
qualitatively similar to the spectrum of interplanctary protons (4).

As the next step. we adopt spectrum (4) as a possible spectrum of the s-
component of interacting protons. The calculated spectrum of solar neutrons pro-
duced by protons with spectrum (4) is shown in Tigure 11 (marked with BPL).
Then we use the BPL neutron spectrum (or a fitting of the ncutron monitor count-
ing rate. The 90% confidence contour obtlained is shown in Figure 12. Marked with
BPL. is the point sampled [or calculations of ncutron-decay protons. The corres-
ponding normalisation and other parameters of interacting proton spectra are listed
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Figure 11. Calculated spectra of the second component ol neutrons. Spectra BPL™ and LEXP it the data
at isotropic (<1x = 1) and anisotropic (Aa — 2) neutron production, respectively. The parameters
of the 2PL, IEXP and BPIL. cases arc listed in Table II. In cascs BPL and BPL", the spectrum of
interacting protons was taken according (o Equation (4) at £: = 300 McV and E> = 310 MeV,
respectively.

in Table 1. The results of calculations of neutron-decay protons arc presented in
Figures 7, 8, and 10. 1t is scen [rom Figure 10 that. in a comparison with £'(S)-tvpe
neutron spectra. the BPL spectrum fits the P6—P7 channels counting rates betler.
However, the BPL neutron spectrum still underestimates the P6 channel counting
ratc (Figure 10).

7. Discussion
7.1. SPECTRUM OF HIGH-ENERGY NEUTRONS AND INTERACTING PROTONS
Two components of neutron injection as well as exponential neutron spectra have

been employed by Kovaltsov et al. (1994) and Kocharov et al. {1994a) {or the fitting
ol the necutron increase obscrved by neutron monitors on 1990 May 24. In the case
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Figure 12. The results of the parameter fiting of the Climax neutron monitor counting rate. The
contour represents the 90% confidence tevel in the (S, &) plane. The spectrum of the s-component
of protons was taken according to Equation (4) at I> = 360 MeV. The black triangle (BPL) shows
the values of parameters sampled for calculations of neutron-decay protons.

of this exponential model. the predicted intensity —time profiles of ncutron-decay
protons coincide with the GOES observations in the high-encrgy proton channels.
As is the case in physics rescarch. such a coincidence supports the model proposed
carlicr.

The new analysis of neutron monitor data has been performed with the employ-
ment of neutron spectra which are produced by protons with a power-law spectrum
in encrgy. After that, expected fluxes of neutron-decay protons have been compared
with the observations. It is scen from the observations in the P6 and P7 channels
that, between 150 and 500 MeV, the neutron spectrum is as steep as the spectrum
F(S =~ 4.5) (Figure 10). Hence. based on the analysis of ncutron monitor data, we
conclude that an additional hard component of neutrons was produced in the flare
(Figure 5). This component was responsible for the fast increase of neutron monitor
counling rate in the beginning of the event (Figure 4). Thus, two populations of
ncutrons are necessary to explain both neutron monitor and GOES observations.

It is seen from TFigure 10 that the intensity of neutron-decay protons as expected
in the frame of the two-component model with a soft power-law spectrum of
the second component ol interacting protons (2PL.) exceeds the counting rate
obscrved in the GOES I3 channel which implies a flattening of the s-component
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ncutron spectrum in the energy band below 100— 150 MeV. On the other hand, the
intensity —time profile of ncutron-decay protons as predicted in the frame of the
two-component exponcntial (EXP) modcl of ncutron injection (Kovaltsov er al.,
1994; Kocharov er al., 1994a) is in agreement with the proton profiles observed
on board GOES. This implics that, in the 50—500 McV range, the spectrum of
solar ncutrons was close (o an cxponent in cnergy. This ncutron spectrum may be
prolonged to a band of higher encrgics either as a power-law proton originated,
F(S), or as an exponent in energy. exp(- - £/ £y). There is no experimental device
to distinguish thesc two possibilitics. However. a power-law proton originated
spectrum of the f-component can not be cxtended to a band above 2 GeV. The
spectrum of ncutrons of low encrgies, <50 MeV, is beyond the scope of the prescnt
study.

In an aitcmpt to obtain flattening of the ncutron spectrum at low encrgies, the
spectrum of s-component inleracting protons has been proposed to be equal to
the spectrum ol the prompt component of interplanctary protons. In this case the
number ol ncutrons with cnergy 100-200 MeV appearcd to be not enough, yet. to
obtain good agrcement with the intensity of the precursor observed in the GOES
6 channel (sec BPI. point in Figurce 10). Thus, betler agreement can be obtained
when, in the cnergy band 200-400 MeV, the spectrum of s-component protons
is slightly stecper than the spectrum ol interplanctary protons. For this reason, we
adopt the spectrum (4) at I75 =— 310 McV 1o calculate neutron production for the
s-component (sce Figure 13). It is scen from Figure 11 that, in the casc of this
spectrum (marked with BPLY), the number of ~100 McV ncutrons is sufficient
1o fit well the GOES P6 channel counting raic. Thus, it is most likely that the
spectrum ol s-component protons at ~300 McV was slightly steeper that the
spectrum of prompt protons in the interplanctary medium. [t is less likely, but siill
can not be ruled out that both the spectra simply coincided. It is possible that the
second component of interacting protons and the prompt component ol protons
in the interplanetary medium were two portions ol a unitary proton population
accelerated during [ —2 min in the impulsive phase of the flare and then trapped for
4 —40 min in high magnetic loops in the solar corona. Some re-acceleration during
the trapping might producc a hardening of the prompt component spectrum belore
the injection into the interplanctary medium.

[tis interesting to comparc the results obtained with the obscrvations of neutrons
and neutron-decay protons {rom the famous 1982 Junc 3 flarc (Chupp et al.,
1987: Evenson, Krocger, and Meyer, 1985). 1t is scen from the composite plot in
Figure 8 of Chupp et al. (1987) that, in the casc of the 1982 June 3 flare. some
[lattening of the neutron spectrum below 150 MeV may be seen. Tlowever the
accuracy ol reconstruction of the neutron spectrum in the entire 50-500 MeV
cnergy range is not better than 30%. Recent calculations by Ruffolo (1991) support
thesc conclusions. It is important that Ruffolo (1991) made usc of better proton
data and an updated interplanctary transport model. In the 26—~ 147 McV range. he
approximaled the ncutron spectrum to be a power law in encrgy with the ncutron
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Figure 13, Spectra of interacting protons. multiplied by /3. used for the caleulations of BPL and
BPL™ neutron spectra shown in Figure 11.

spectrum index S, = 1.7-1.9, while Chupp et al. (1987) deduced the value of
Sp = 2.4 in the energy band 100-2000 MeV. In the case ol the 1990 May 24
flare, we make use of an updated transport code. However. only two GOES encrgy
channels in the range of lower encrgics can be analysed. For this reason. we cannot
exclude the possibility that a power-law approximation of the ncutron spectrum
in the 50—150 MeV range may be better then the exponential one, but such a
spectrum definitely cannot be exiended to higher encrgics. Probably. an exponent
is not the best approximation of the actual neutron spectrum, but what we conclude
is that, in the casc of the s-component of neutron emission, the average behaviour
of the neutron spectrum can be adequately described with an exponential law in the
entire 50— 500 MeV energy range. Another possible approximation is the spectrum
of neutrons originating from protons with the spectrum (4) at £ = 310 MeV. One
can sec {rom Figure 11 that the accuracy of the exponential approximation is about
30% in the entire 50~ 400 McV range, in any casc. However, the actual neutron
spectrum may be essentially harder than the exponential one at higher energies.
As an alternative to the two-component model with a soft spectrum of the s-
component, a model with spectra of both the components being equal to cach other
has becn considered. Sy = .S, = S. Such a single population model requires hard
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neutron spectra, I'(S < 3.4). However, in this case, the maximum possible flux
of neutron-decay protons is not sulficient to cxplain the GOES observations in
{he P6-channel. Morcover. if S < 2.5 it is also impossible to fit the observed P7
channel counting rate. Note that, for 5 < 2, the cxpected Tux of neutron-capturc
2.2 McV gamma-ray line emission, as estimated according to calculations of Hua
and Lingentelter (1987) and Ramaty ef af. (1993), is about an order of magnitude
less than the one reported by Terckhov er al. (1993) for the PHEBUS/GRANAT
observations. The boundary case of the only s-component existing (¢ = 0) requires
as hard a spectrum as F'(S — 1.6), which implics all the above-mentioned diffi-
cultics. Thus, we conclude that the probability of the single population scenario is
small.

Let us consider additionally another boundary case of & = 1, when only the
Jf-component exists (an impulsive ncutron production). In this case. none of the
I7(S) spectra can fit the neutron monitor data. However, in the case of an impulsive
neutron production, a time-of-flight approach is possible to deduce the neutron
injection spectrum. The neutron spectrum deduced by such a means is close 1o
I7(S = 3.5) in the band of 300— 1500 MeV. while it turns out to be much sofler at
lower encrgies. This fact may be considered again as a signaturc of two interacting
proton components. However. the spectral index of the solt component protons
becomes cxtremely high when € approaches 1 (see, c.g.. Table I). Note that the
casc of £ = | has no support in observations ol electromagnetic emissions ol the
flarc.

7.2. POSSIBILITY OF THE THIRD NEUTRON INJECTION

We studied a possible impact of a hypothetically extremely prolonged third com-
poncnt of ncutron production, which may have no clearly signaturc in gamma-ray
cmissions due to a low intensity. Such a component may exist because the injec-
tion of the prompt component of protons into the interplanctary medium had the
¢-lolding time of 40 min (Torsti er al., 1996). No one can exclude the possibility
that some portion of the protons simultaneously precipitated into the chromosphere
to produce the third component of high-encrgy neutrons with the e-folding time
2400 s, as well. Debrunner, Lockwood. and Ryan (1993) proposed to use Mexico
City neutron monitor data for extrapolation of the Climax neutron monitor counting
ratc after 21:03 UT on May 24, 1990. This approach showed (Debrunner, Lock-
wood, and Ryan. 1993; Kovaltsov er al.. 1995) that some very prolonged ncutron
emission {rom the Sun might exist for the cvent. ITowcever, this intcrpretation of the
Mexico City monitor counting ratc recorded after 21:05 UT cannot be proved for
sure hecausc of the possible impact of solar protons. For this rcason, we can usc
the counting rate observed after 21:05 UT to put an upper limit for the third com-
ponent of high-encrgy neutron production, only. By means of fitting of the Mexico
City counting rate, the upper limit {or the total number of the third component of

S (> 600 MeV) = 3 x 10% (the BPL

interacting protons may bhc obtained as WV
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Figure 14. The results ol the parameter [igting of the Climax neutron monitor counting ratc in the case
of the third component introduced, for different values of the parameter ¥ (sec text). The contours
represents the 909 confidence levels in the (Sy, £) planc. For both the second and third components
of neatrons. the BPL. spectrum was used.

neutron spectrum is used for the third ncutron component). In order to calculate
the contribution of the third component into the neutron monitor counting rate,
we introduced the parameter Y = N V) (> 600 McV)/10%. The Climax ncutron
monitor counting ratc has been fitted at different values of the parameter Y ¢ [0. 31
In Figure 14 we show the 90% confidence contours obtained. Some best- llt para-
meters arc presented in Table L It is scen from Figure 14 that the introduction of
the third component of high-cnergy neutrons results mainly in a shift of the values
of the parameter €. Thus, a possible contribution of the rhird component neutron is
not very essential for the analysis.

The third component being introduced does not change essentially the flux of
neutron-decay protons during the time when the *precursor” can be observed. As an
example. Figure 9 shows the intensity —time prolile of ncutron-decay protons for
the caseof Y = 1.0,£ = 0.4, 57 = S, — 3.0,and the spectrum o third-component
neutrons taken as F (S == 4.5) (this casc is marked with 3PLLA in the figure and in

Table 11). For a comparison, the 1P1.A case (Y =- 0) is shown as well.
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7.3. INTERPLANLTARY-TO-INTERACTING PARTICLL RATIO

In a high-cnergy band, the ratio of interplanetary to interacting particles is a sub-
ject of large uncertaintics, because every high-energy secondary emission may be
anisotropic. Nevertheless, we arc interested in this ratio because, being calculated
under the certain ‘standard” propositions for diffcrent flares, it may rcveal the
dependence on a (Tare type, position on the solar disc, ctc. We calculated this ratio
under the proposition of isolropic production of neutrons, which may be the case
if the [larc is situated near the solar limb and/or the magnetic ficld at the flare site
is tilted and sufficiently complicated. Being calculated under this proposition, the
interplanctary-to-interacting proton ratio N™M(> 600 McV) /Ny (> 600 McV) =
1 -2 (Table T and Torsti et al.. 1996). In the casc of anisotropic neutron produc-
tion, the total namber of >600 MeV intcracting protons should be renormalised as
Np(> 600 MeV) — Ny(> 600 MceV)A. where A is the anisotropy factor defined
as the ratio of the angle averaged number of high-energy neutrons at the Sun to the
number of ncutrons emitted towards the Earth. One can expect the anisotropy factor
0.5 < A < 3 foranear-limb flare (c.g., Kocharov er al., 1995). Nole that the expec-
ted number of sccondary neutrons depends also on the composition of accclerated
particles and that ol ambicent plasma (Ramaty et af., 1993). This implies that, in
the case of a composition cnriched with He, the total number of interacting protons
may be 2--3 times less than the number deduced under the standard composition
by Hua and Lingenfclier (1987). which was actually used in the prescnt paper.
Anyway. the total number of interplanetary protons is not less than 30% of the total
numbecr of protons interacting at the Sun (cf., Debrunner, Lockwood, and Ryan.
1993). Notc that, for the flarc of 1982 Junc 3. Ramaty e afl. (1993) obtained the
ratio of interplanetary o interacting >30 McV protons to be 0.26— 1.3, depending
on the composition of the particles.

8. Conclusions

The main results of this study arc the following:

(1) The high magnitude of the 1990 May 24 neutron cvent provided an oppor-
tunity to study the flux of ncutron-decay protons of higher cnergics than cver
before. A “precursor” was clearly seen in the high-encrgy proton channels ot the
GOES detcctors before the onset of the major proton event. This ‘precursor” can be
explained naturally as originating from decay of solar neutrons in the interplanetary
medium.,

(2) The observed counting rate of the Climax ncutron monitor may be (it-
led undcer two assumptions: (i) a single population of interacting protons with a
hard power-law spectrum (S, — S, < 3.4): (ii) two proton components with a
hard spectrum component generating neutrons during a short time and a longer
inlcracting soft component.
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(3) Single population models with hard power-law proton spectra imply a flux
of ncutron-decay protons which is esscntially less than the intensity of the precursor
observed in the GOES P6 channel.

(4) The intensity - time profile of neutron-decay protons expected in the frame of
the two-componcnt model with a soft power-law spectrum of the second component
(S = 4.5) coincides with the GOES observations in the P6 and P7 channcls. This
supports the idea of a solt spectrum of s-component protons. Such a soft spectrum
of the s-component implies a hard spectrum of the first component, since this is
necessary for the fitling of the observed neutron monitor counting rate.

(5) The likclihood of the two-component model is found to be significantly
higher than that of the single population model.

(6) The intensity ol ncutron-decay protons as expected in the frame of the
two-component model with a solt power-law spectrum of the second component
of interacting protons (S; = 4.3) cxcecds significantly the counting rate observed
in the GOES P5 channcl, which implies a flatening of the neutron spectrum in the
encrgy band below 100- 150 MeV. The intensity —time profile ol neutron decay
protons expected in the (rame of the two-component cxponential model of neutron
injection (Kocharov er ¢l., 1994a) is in agreement with the proton proliles observed
in all GOES channels. Hence, in the entire 50-500 McV range. the average
behaviour of the second component neutron spectrum followed the exponential
law in cnergy.

(7) The spectrum of the second component ol interacting protons was quali-
tatively similar and close to the injection spectrum of the prompt component of
interplanetary protons at high energies, £ = 100— 1000 MeV. It is most likely that
the spectrum of interacting protons was slightly steeper at ~300 McV than the
spectrum ol interplanetary protons. However, we cannot rule out that both spectra
did just coincide.

(8) The total number of interacting >600 MeV protons is found to be of the
order ol magnitude of the total number of the prompt component protons injected
into the interplanetary medium.
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