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The relative abundances of protons, deuterons, and tritons have been studied in photographic nuclear
emulsions flown during the 18 July1961 solar-flare event. These emulsions were exposed at a time and locality
where there was a geomagnetic threshold. The effects of this threshold on the different particles have been
calculated on the basis of theoretical assumptions, and the resulting enrichment of the abundance ratios has
been used to assist in reducing the abundance limits to lower values than those previously quoted. By includ-
ing the results of previous a-particle measurements in these emulsions, it has been found that the relative
abundances of solar-produced H!, H? H3, and He above a given rigidity at this time were 1: <1.4X1072:
<2.8%1072:0.17, and above an energy of 50 MeV per nucleon, i.e., above a given velocity, were 1: <2X1073;
<6X107:2.4X 1072 The consequences of these observations are briefly discussed.

INTRODUCTION

T has been known for many years that some solar
flares are associated with transient increases in the
intensity of the energetic particles falling on the earth.
These “solar-flare events” were originally observed
with cosmic-ray detectors located on the earth’s sur-
face but have, in the past few years, been extensively
studied with detectors carried to great altitudes. From
such observations considerable information has been
obtained regarding the mass composition of the
energetic particles produced by the sun, although as yet
the data are still in an inchoate state. A detailed
knowledge of this mass composition would be of great
theoretical interest because of its relevance to the dual
problems of the nature of the acceleration and propaga-
tion mechanisms that control these particles. In addi-
tion, it is possible that additional information regarding
the general solar composition may be deduced from
these observations.

The experiment reported here represents an attempt
to measure the relative abundances of the hydrogen
isotopes among the energetic particles produced in
one particular solar-flare event, whose characteristics
and properties had previously been quite thoroughly
investigated. A photographic nuclear-emulsion detector
flown over Minneapolis on a high-altitude balloon
was used in this experiment.

THEORY OF PROCEDURE

Previous observations!*® in nuclear emulsions of
low-energy (=20-200-MeV) solar protons had indicated
that the abundances of deuterons or tritons were not
high. Indeed, it seemed reasonable to expect that the
number ratio of deuterons to protons above a given
velocity, I'p(> ), or equivalently, above a given energy
per nucleon, T'4,(> E), was certainly less than 5X107%,
while the similar ratios for tritons were still lower. Thus,
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to measure either I'gp(>E) or I'p(>E) it is clearly
necessary either to examine a very large number of
particles with high-mass resolution, or to consider
detectors exposed under conditions where the ratios
are enhanced. If thereis no enhancement, the measure-
ment of these small ratios is beyond the presently
available mass resolution of counter detectors and
could only be achieved in nuclear emulsions by ex-
tremely laborious experimental techniques. However,
conditions of considerable ratio enhancement may exist
when the detectors are exposed in a geomagnetic field.
Since deuterons and tritons have mass-to-charge ratios
different from protons, they are differently affected by
the presence of a geomagnetic threshold, and will be
admitted to a given geographic locality with lower
velocity than are the protons. Consequently, by suitable
selection of the locality and thus of the geomagnetic
threshold, it should, in principle, be possible to observe
in a certain velocity interval a pure sample of deuterons
or tritons uncontaminated by protons. In practice,
geomagnetic thresholds are not sharp experimentally
but tend to fall off in an exponential manner,* so that
the differential intensity dJ at some magnetic rigidity
R that is less than the nominal threshold R, is given by

dJ=dJsexp[—B(R.,—R)], 1)

where dJo is the differential intensity in the absence of a
geomagnetic field.

To calculate the abundance ratios, it is necessary to
consider the velocity distribution of the solar-flare
particles. It has been shown® that in general this dis-
tribution is best represented as a rigidity spectrum with
an exponential form J=Joexp(—R/Ry), where J,
and R, are constants. Furthermore, while J, is a func-
tion of the mass number A4, Ro apparently is generally
not, at least for protons, « particles and heavier nuclei.
Consequently, Ry is presumably the same for deuterons
and tritons as for protons. This assumption is basic to
the analysis that follows and depends on the independ-
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ence of Ry with the mass number. Experimentally R,
has been measured separately for at least two different
charge components on some 20 distinct occasions?®:®
and only twice?® has it been found to differ significantly
between the components. With this assumption, at
any given rigidity, the differential intensity of protons,
(dJ/dR) p, is given by

(dJ/dR) p= —&(J po/ Ro) exp(—R/Ry) 2

where J 5ois the value of Joappropriate for protons, and
¢ is the fractional reduction produced by the geomagnet-
ic field; from Eq. (1), ¢ is unity when R>R,, but
expL—B(R,—R)] when R<R.. Similar expressions,
with J,o replaced by Jao and Jio would give the dif-
ferential intensities of deuterons, (dJ/dR) 4, and tritons,
(@J/dR)..

In an experiment where the particles are detected in
a balloon-borne particle detector, the individual
particles will be observed with rigidities, which when
extrapolated to the top of the atmosphere, will range
from the air cutoff value to some maximum value de-
pendent on the technique of identification used. If
these lower and upper rigidity limits for protons are
represented by Ra(p) and R,.(p), then the total proton
intensity observed, AJp is given by

Re

Rm(p)
ATp= $dJ ,+ f i, 3)
R

Ra(p)

if Ro(p) <R:<Ru(D).

Similar expressions, in terms of R.(d) and Rn(d);
R,() and R, (#), would be obtained for the total in-
tensities of deuterons and tritons. From these equations,
the observed ratio of deuterons to protons, I's,(obs)
=AJ /AT, is found to be related to the ratio above a
given rigidity, T'a,(>R) (=J a0/ p0) by

de (ObS) = Pdp (> R)

¢ BRe(gnRo— gnRa(d) i1 Ry (¢~ R el Bo— = Rn(d)/ Ro)

(4)

¢BRe(g1Re— gnRa®) =1t Ry (¢~Rel Ro— g~ Rm(»)/ o)

where p=8— (1/R,). The observed ratio of tritons to
protons, T';,(obs.) is related to the ratio above a given
rigidity, T'y»(>R), by a similar expression but with
R.(d) and R,.(d) replaced by R,(?) and R (). Obviously
Eq. (4) or the similar equation for T';p(obs.) will
simplify if any of R,,(9), Rn(d), Rm(f) are less than R..

These values of T'4,(obs.) and T';»(obs.) may be com-
pared with those that would have been obtained in the
absence of a geomagnetic threshold, where

T4, (obs) without threshold

e~ EBm(d)/Ro— p—~Ra(d)] Ro

:de<>R) (S)

¢~ (P Ro_ g~ Ra(p)/ R0

Thus, a measure of the effectiveness of the threshold is
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F16. 1. Experimental distribution of grain density per 100 u
against the residual range in the emulsions. Selection limits are
shown by arrows. Points measured more than once are represented
by ©, while the results of remeasurement appear as crosses.

provided by considering the ratio ® given by

®43=T"g,(0obs.) with threshold/
T'4p(obs.) without threshold, (6)
together with a similar expression for tritons.
The value of T'4,(>R) is related to the ratio above a
given energy per nucleon, I'y,(>E) by the equation

™ Ad Ap

Tgy (> ) =Ty (> K) exp[—g (Z_Z>] O

where
= { Ea(d)[Ea(d)+2mo T2

and A4 and Zg are the mass and charge numbers of a
deuteron. A similar equation holds for I';»(> E) with
Eq(d) replaced by E.(f) and Aq and Z4 replaced by
Ag and Z e

EXPERIMENTAL PROCEDURE

In order to apply these considerations to a particular
case, the stack of emulsions selected for study was one
exposed over Minneapolis to solar-flare radiation on
18 July 1961. This stack was flown under a mean
residual atmosphere of 6 g/cm? from 1535-1750 UT.
The protons and « particles produced by the flare and
recorded in the emulsions were previously investigated
by Freier.® From these measurements, it can be deduced
that =7.3, R,;=0.80 BV and R,=0.16 BV. It may be
noted that over the range of rigidities of interest in this
experiment, the intensities of the solar-flare particles
are at least two orders of magnitude greater than those
of the quiet time cosmic radiation,” whose influence can
consequently be largely neglected. The emulsions were
scanned along a line 1 cm below the top edge for the
tracks of particles with zenith angles less than 26°, and

8 P. S. Freier, J. Geophys. Res. 68, 1805-1810 (1963).
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azimuth angles less than 4.5°. These tracks were re-
quired to have a residual range of at least 2 mm at the
scan line. These conditions lead to values for R,(p),
R.(d) and R,(#) of 0.45, 0.63, and 0.97 BV, respectively,
with corresponding values for Eq(p), E.(d) and E,(¢)
of 102, 69, and 54 MeV per nucleon. The tracks were
also required to have a grain density greater than 20
grains per 100 p although the selection was eventually
imposed that only tracks with greater than 22 grains
per 100 u should be accepted. In these emulsions, a
proton producing the latter gain density had a residual
range of 5 cm. The resulting values for E.(p), En(d),
and E,(f) were 174, 154, and 147 MeV per nucleon,
respectively. Thus, R,.(p), Rx(d) and R,.(f) were 0.60,
1.12, and 1.65 BV.

Every particle was examined by measuring the
ionization, i.e., the grain density, at the scan line and by
following through the emulsion until the particle came
to rest, made or came from a nuclear interaction, left
the stack, or was conclusively shown to be moving
upwards. These latter particles, together with those
coming from interactions below or above the scan line
and those making interactions above the scan line were
rejected as being of secondary origin. Of the remaining
162 tracks, 16 were readily identified as having been
produced by « particles, leaving 146 particles of charge
one. Of these, 130 were brought to rest in the emulsions
and the mass determined from a comparison of the
residual range and the grain density. Figure 1 shows the
experimental distribution of these two parameters,
together with an estimated proton curve and the
derived deuteron and triton curves. Figure 2 gives the
resulting mass histogram, which shows a clear mass
resolution. There are four deuterons and one triton in
this sample. The remaining 16 particles either inter-
acted or left the stack before coming to rest. They were
identified from measurements of the multiple coulomb
scattering and of the change in ionization as being 15
protons and one deuteron. Thus I'g,(0obs.)=3.6X10"2
and T',(obs.)=7.1X1073, where in each case these
ratios are just those of the numbers of observed
particles.

From Eq. (4) and the equivalent equation for the
triton ratio, under the conditions of this experiment:

T ap(obs.)=2.58T4,(>R)
and
T';,(0bs.) =0.252T,(>R).

Also &4 and &, are 5.1 and 4.0, respectively, so that it
can be seen that this experiment corresponds to the
observation of between 700 and 550 protons. The re-
sulting values of I'¢p(>R) and T't,(>R) are 1.4X107?
and 2.8 1072, respectively.

From Eq. (7), T'4,(>E)=0.101T4,(>R) above 69
MeV per nucleon, and T';,(>E)=1.78X10T';,(> R)
above 54 MeV per nucleon, so that I'q,(>E) and
I'ip(>E) are 1.4X 1073 and 5X 1074, respectively.
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F1G. 2. Mass histogram derived from the data shown in Fig. 1.
The somewhat asymmetric shape of the proton peak is at least
in part due to the remeasurement of particles which could have
been deuterons.

These values for the abundances ratios must all be
upper limits to the true values since no corrections have
been made for the production of secondary deuterons
or tritons in the overlying atmosphere. The presence of
these secondary particles sets a limit on the values of
the ratios that can be determined in this manner since
it is impossible to calculate the intensity of these
particles with much precision.

Secondary deuterons can be produced in nuclear
interactions in at least three different modes. Firstly,
as a result of semielastic collisions with quasideuterons
in the nucleus (the knock-on process) deuterons will be
produced with an energy roughly equal to that of the
incident proton.®? Secondly, the high-energy tail of
the nuclear evaporation process (the pickup process)
produces deuterons with a range of energies appreciably
less than that of the incident proton. Thirdly, deuterons
will be produced by a-particle-initiated interactions,
principally as fragments of the incident a particle.
The evaluation of the relative contributions due to
these effects depends on parameters, such as fragmenta-
tion rates and production rates, which are not well
known. However, using the best available values, and
assuming that the production is entirely due to the
solar-flare radiation, i.e., neglecting the effect of the
numerically minor primary cosmic-radiation intensity,
a value for I'g, (> R) of 1.5X 102 might be expected due
to secondary deuterons. It is apparent, therefore, that
the results of this experiment are consistent with there
being no deuterons in the solar-flare radiation, and that
the value quoted above for I'¢,(> E)=1.4X102 repre-
sents an extreme upper limit.

For tritons the calculation of the expected secondary
contribution is still more uncertain, as essentially nothing

8V. T. Cocconi, T. Fazzini, G. Fidecaro, M. Legros, N. H.
Lipman, and A. W. Merrison, Phys. Rev. Letters 5, 19 (1960).
( 9S.)T. Butler and C. A. Pearson, Phys. Rev. Letters 7, 69
1961).
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is known about the necessary parameters. However,
clearly one particle can always be secondary in origin
and the value of I';,(> E) quoted previously should also
be regarded as being most probably only an upper limit
to the true value.

DISCUSSION

Present knowledge of the composition of particle
radiation from solar flares is somewhat sparse. The
most recent summary is that of Biswas.® Essentially
there are at present three observations on the composi-
tion which appear to be related to the problems of the
production and propagation of these particles. The
first of these is the virtual absence of beryllium and
boron nuclei (L nuclei) as compared with heavier nuclei,
reported® from a study of nuclear emulsions exposed
on sounding rockets during the solar events of 12 and
15 November 1960. In these experiments, less than
0.2 L nuclei were observed for every 20 heavier nuclei
having energies greater than about 43 MeV per nucleon.
This result suggests that these heavier nuclei cannot
have passed through more than 0.15 g/cm? (10%
atoms/cm?) of hydrogen from the time their energy
exceeded a few MeV per nucleon to the time they were
detected. This estimate may be compared with that
independently made by Biswas.!® from this datum, that
the path length cannot exceed 0.1—0.2 g/cm?.

The second relevant observation is that of Tilles
et al*? who found an appreciable abundance of tritium
in the surface layers of the recoverable satellite Dis-
coverer XVII after it had been exposed to the radiation
of the flare on 12 November 1960. These authors state
that the quantity of tritium observed was greatly in
excess of that which could have been produced by local
nuclear interactions. This conclusion has been " dis-
puted, e.g., Lal,®® and it is possible that the value of
T':p(> E) quoted by these authors of 4X 103 represents
an upper limit to the true value above 30 MeV per
nucleon. That this might be the case is, at first sight,
suggested by the fact that the value of T';,(>E)
<5X10~* obtained in the present experiment is not
consistent with that quoted above, even if the differing
energy limits are taken into account. Using Eq. (7),
it is apparent that, provided it can be assumed that R,
was approximately the same in the two flares, which is
not unreasonable, a value of I's, (> E=30 MeV /nucleon
=4X10"? implies I';,(>R)~8X 102 instead of the
<2.8%X 1072 observed. However, if three tritons had been
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observed instead of one, and if these tritons were
primary rather than secondary, then there would be no
conflict. In addition, and possibly of more fundamental
significance, it should be noted that a comparison is
being made here between two entirely different flares,
and it is known that composition differences exist from
flare to flare. For example, observed values of I's»(> R)
vary from 1.0 to at least 0.03 in different flares, and it is
conceivable that a similar, if not proportional, variation
occurs in I'y,(> R). In the November flare®' T'y, (> R)
was measured as being about 1.0 while in the July
flare® it was 0.17. Since, from a rigidity viewpoint, a
deuteron is indistinguishable from an « particle, it
might be expected that a similar trend would be ob-
served in T'¢p(>R) and presumably, since tritons are
even less affected by magnetic fields than « particles,
in T'4»(>R). Such an effect would be in the right direc-
tion to explain the apparent discrepancy between the
results of this experiment and those from the Discoverer
satellite.

The third and final observation relevant to this dis-
cussion is that of Schaeffer and Zahringer.!5 These
authors observed, also in material from the Discoverer
XVII satellite, a relatively enormous amount of He?
nuclei. The interpretation of this observation is un-
certain, due to the difficulty of making the necessary
corrections for secondary production, but the authors
state that they observe a He®/He* ratio, I'n® m.*(> E),
of 0.2 and that this value probably represents the
incident radiation to within a factor of 3. However,
Biswas!® presents arguments to suggest that the true
value of this ratio is more probably less than 1072

The equilibrium abundances of tritium and He® nuclei
in the solar atmosphere are unknown, but must be much
less than those observed in these experiments. It is
therefore necessary to invoke some production mech-
anism to explain their presence. At first sight, the most
reasonable explanation is to assume that they are
fragments of energetic o particles and heavier nuclei
produced in nuclear interactions occurring during their
passage through solar and interstellar matter after
acceleration has commenced. The influence of the
heavy nuclei can be essentially neglected since they
have a relative abundance to the a particles of only
some 29%,. Thus, the production processes of interest
must be those of a -particle fragmentation in a pre-
dominately hydrogen medium. The amount of matter
that would have to be traversed to produce I';, (> E) of
4%10~% had been estimated by Biswas' as being at
least 1.3 g/cm? (83X 102 atoms/cm?) and more probably
five times greater. Similarly, Fireman'¢ estimates a
path length of approximately 10 g/cm? as being neces-

4E, P. Ney and W. A. Stein, J. Geophys. Res. 67, 2087 (1962).

150, A. Schaeffer and J. Zihringer, Phys. Rev. Letters 8, 389
(1962).

16 E. L. Fireman, in Proceedings of the 1963 IUPAP Cosmic Ray
Conference, Jaipur, India [Tata Institute of Fundamental Re-
search,'Bombay, India (to be published)].
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sary to explain the observed value of I';,(> E). These
values are clearly inconsistent with that derived from
the L nuclei and in addition would predict that ' 3, (> E)
should be approximately 8X10~% instead of the
<1.4X107? actually observed. This difference is far
too great to be due to the mechanism which causes
Tap(>R) to vary by a factor of 6 between the two
flares. However, if the path length is really less than
0.15 g/cm?, as suggested by the absence of L nuclei,
then I'g,(> E) would be less than 6X 10-3, which is not
inconsistent with the observed limit when the difference
between the flares is taken into account. Clearly, there-
fore, a fragmentation process is inadequate to explain
the reported abundance ratios.

It has been suggested instead that the H® and He?-
nuclei observed are the consequence of quasithermo-
nuclear reactions occurring in the solar atmosphere near
the flare region.!® Reactions of the sort suggested would
apparently also result in a deuteron abundance com-
parable with or exceeding the tritium abundance,
although the cross sections are not well known.
Deuterium would be produced by the reaction H!(a,d)-
He® with a cross section at 30 MeV of ~25 mb and
destroyed by the secondary reaction H'(d,pn)H! with
0~~250 mb. Tritium would be produced in H(x,tp)H!
with o~10 mb and destroyed by H!(¢,#)He? with
o250 mb. Taken at face value, these reactions would
suggest I'ap(>E=30 MeV per nucleon)~10-% when
I'ip(>E=30 MeV per nucleon)=4X10"3. Conse-
quently I'gp(>E=69 MeV per nucleon) should be
about 5X 1073, which, while higher than the observed
limit for I'gp(>E) of 1.4X 1073, is not unduly so when
account is taken of the observed differences in I'y,(>R)
between the two flares. It is not at all clear how such
nuclear reactions are produced, since the production re-
actions are strongly endothermic, having thresholds of
20 MeV, and this would imply local temperatures of
> 10" degrees for them to be thermonuclear in origin.
Conceivably these reactions could occur in a region of
the flare where the initial density is sufficient to prevent
a particles and heavier nuclei from being accelerated due
to the ionization losses exceeding the energy gain, but
where protons can be accelerated and make nuclear
interactions. If the density of this region is later reduced,
additional acceleration of all the nuclear species present
at that time would then become possible and the ob-
served results could be explained.
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CONCLUSIONS

(I) The relative abundances of H!, H? H3, and He
above a given rigidity observed at the earth during the
flare of 18 July 1961 are 1: <1.4X1072: <2.8X107%:
0.17 and above an energy of 50 MeV per nucleon are
1: <2X1073: <6X1074: 2.4X1072

(II) The observed upper limit to the value of
I'4p(>E) is far too small to be consistent with the
tritium and He® nuclei abundances observed in other
experiments if these nuclei are produced by fragmenta-
tion processes. This conclusion agrees with that deduced
from the observations on the mass spectrum of multiply
charged nuclei.

(ITI) The upper limit to the value of I';,(>E) ob-
served in this experiment is not inconsistent with that
observed previously, when the differing energy thresh-
olds and the differing nature of the flares is taken into
account.

(IV) T4,(>E)<1.4X107% is consistent with Fire-
man’s assumption of thermonuclear processes in the
acceleration region of the flare, provided account is
taken of the apparent difference between these flares.
However, the physical processes involved in the produc-
tion of these particles are not clearly understood. It
might be noted that it would be unnecessary to invoke
these nuclear reactions if the true ratios were appreci-
able less than the upper limits obtained here.

FUTURE EXPERIMENT

Improved and finite values of both I'y, and I';;, are
needed in order to obtain a better understanding of the
complex processes in solar flares. Detectors with high-
mass discrimination should be exposed to solar-flare
radiation above the atmosphere, thus greatly reducing
the secondary contamination, at localities where the
geomagnetic field provides a threshold. In such an ex-
periment, the effective threshold and the shape of the
flare particle spectrum could and should be measured
by the same detector, or at least at the same time. The
other abundance ratios, such as I'y, and I'zs should
also be measured in the same events.
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