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SUMMARY

The composition and energy spectra of solar cosmic rays from the No-

vember 12, 1960, solar flare were studied by using rocket-borne nuclear

emulsions. The abundances of hydrogen, helium, carbon, nitrogen, oxygen,

neon, and larger nuclei were determined; and upper limits were set for light

nuclei (3 5Z <5) and fluorine nuclei. The relative numbers of helium, light,

medium (6 -<Z 5 9), and large (Z < 10) nuclei in the solar beam were found to

be 680 * 110, <0.1, 10, and 1.0 + 0.3 respectively. The composition was similar

to that of the solar atmosphere, as determined by spectroscopic means, for

those elements where a comparison could be made but was markedly different

from that of galactic cosmic rays.

The differential energy per nucleon spectra of hydrogen, helium, and medi-

um nuclei could be represented by an equation of the form dJ/dW = K(W/Wo) -7

for kinetic energies greater than 35 Mev/nucleon. The values of 7' for helium

and medium nuclei were the same within uncertainties, but larger than that

for hydrogen nuclei by a factor of more than 2 in the energy interval from 40

to 130 Mev/nueleon. In spite of the different energy per nucleon spectra, the

ratio of protons to heavier nuclei in a given energy per nucleon interval was

the same at different times in the event and was also the same as that ob-

served in two other events. The measurements are shown to be consistent

with a diffusion process having a predominantly velocity dependent diffusion

coefficient at low energies, as suggested by Parker; and therefore the differ-

ent energy per nucleon spectra mentioned earlier are probably due to differ-

ences generated by the acceleration process. Present ideas concerning the

acceleration mechanism for solar cosmic rays are discussed in relation to

the experimental results.
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A STUDY OF

THE HYDROGEN,HELIUM, AND HEAVYNUCLEI IN

THE NOVEMBER12, 1960, SOLARCOSMIC RAY EVENT*

by

S. Biswas), C. E. Fichtel, and D. E. Guss

Goddard Space Fli,_hl CenteJ"

iNTRODUCTION

Many studies have been made of the proton energy spectrum of solar cosmic ray events by means

of balloons and satellites. Information on the helium nuclei at balloon altitudes (References 1 and 2)

was obtained in several events by the University of Minnesota's nuclear emulsion group. In a NASA

sounding rocket firing that was part of the solar cosmic ray experiment at Fort Churchill, Canada,

some data on the protons, helium nuclei, and heavy nuclei (Z ">3) were obtained at one time during

the September 3, !960, event (Reference 3). Although these results gave the first indication of the

very gross relative abundances of the heavy nuclei, and the heavy nuclei to proton ratio, the limited

statistics did not permit a detailed analysis of the composition or a determination of the energy spec-

trum of any but the proton component.

Subsequently two similar rocket firings with successful nuclear emulsion recovery were made

during the high-intensity solar cosmic ray event of November 12, 1960; in this event there were suf-

ficient numbers of particles to permit a detailed analysis of the helium and heavy nuclei. This paper

presents an analysis of the particle properties of the November 12, 1960, event as determined from

the nuclear emulsions recovered from the two firings just mentioned.

In particular, the charge composition is studied up to charge 18 for particles with an energy per

nucleon in excess of a few 10's of Mev. The energy spectra of the protons, helium nuclei, and medium

nuclei (6 < Z < 9) are compared in the same energy intervals and the same rigidity intervals. This

new information is discussed in terms of some of the existing theoretical models related to solar

cosmic ray events in an attempt to obtain a better understanding of the sun, the acceleration mecha-

nism for these high energy particles, and the interplanetary modulation. Finally, the composition of

the solar cosmic rays is compared with that of ordinary galactic cosmic rays to show that there are

some very marked differences.

*Also published in: PhysicalRe*,iew 128(6):2756-2771, December 15, 1962.

_NASA-National Academy of Sciences Senior Postdoctoral Resident Research Associate; on leave from Tata Institute of Fundamental

Research, Bombay, India.



DESCRIPTION OF THE EVENT

The November 12, 1960, event was one of the largest ever recorded. The total integrated parti-

cle flux for this event is estimated to be about 2 × 10 8 particles/cm2 -ster for particles with ener-

gies greater than 20 Mev. This is almost two orders of magnitude greater than the normal galactic

cosmic ray flux for a whole year. Further, the integral energy flux was approximately 3 × 104

ergs/cm 2-ster, which is somewhat larger than that from cosmic rays for 1 year.

The flare considered to be the source of the solar cosmic ray particles that began to reach the

earth on November 12, 1960, was preceded by a period of relatively important solar activity. On

November 10, 1960, there was a class 3 flare at 1000 UT in the McMath plage region 5925. On

November 11, 1960, a major type IV radionoise outburst was observed in Japan and Australia begin-

ning at about 0304 UT. At approximately the same time, Voroshilov observed a major flare that

reached a maximum at about 0340 UT. On November 12, 1960, at 1322 UT a class 3 flare occurred;

and very shortly thereafter, at 1340 UT, a neutron monitor increase began at Deep River (Reference

4) and other stations. Two magnetic storms followed shortly thereafter, at 1348 and 1844 UT; they

are believed to be associated with the major flares of November 10 and 11. Following the second

sudden commencement, at 1900 UT there was a second sharp increase in the Deep River neutron

monitor counting rate, which, after having increased for 2-1/2 hours, had begun to decline. However,

at the same time there was a Forbush decrease on the Massachusetts Institute of Technology meson

telescope, indicating that the very high energy galactic cosmic rays were being partially excluded

from the region of the earth.

Vogan and Hartz (Reference 5) observed that the 60-Mc riometers showed a sharp increase in

absorption at approximately 1900 UT on November 12, 1960. Steljes et al. (Reference 4) have shown

that these and other considerations form a solid base for the proposition that the particles from

the 1322 UT November 12 flare were at least partially contained within the walls of a "mag-

netic bottle" formed by the gas cloud associated with the November 11 flare expanding from the sun.

There was a considerable leakage from the bottle, as indicated by the increase in particle intensity

prior to 1900 UT November 12. The first of the two recovered payloads was fired at 1840 UT, and

therefore the information gathered represents a sample of the particle flux just before the effects of

the second magnetic storm were felt.

On November 13, 1960, at 1021 UT there was anofl_er sudden commencement, presumably as-

sociated with the November 12 flare, followed by another Forbush decrease at 1035 UT (Reference 4).

No appreciable prolonged change was noted in the riometer absorption at this time; this indicated that

the second sudden commencement had little effect on at least the low energy component, which ac-

cording to the riometer was only slightly less than maximum intensity. The second firing of the

event of November 12, 1960, from which a payload was recovered occurred at 1603 UT on November

13, and therefore represents a study of this period of near maximum low energy flux.

After this time the particle density - as measured by the riometer and balloon flight at

Minnesota - continued to decrease until early on November 15, when another solar cosmic ray event

prevented the further study of this event.



A summaryof theDeepRiver NeutronMonitorrecord (Reference4), theFort Churchill riometer
data,*andthetworocket flight timesis shownin Figure 1.

Figure ]--Deep River neutron monitor

record and the Fort Churchill riometer

absorption curve. Flight times for the

two rockets of this experiment are indi-

cated by arrows. Class 3+ flare began at

]322 UT on Nov. 12, 1960, indicated by

solid diamond symbols.
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EXPERIMENTAL PROCEDURE

Rocket and Payload System

To study the low energy component of solar cosmic rays and to take advantage of the special

properties of nuclear emulsions in order to examine their charge spectrum, research sounding rockets

with recoverable payloads were kept on a 24 hour/day standby at Fort Churchill, Canada, from June

6, 1960, until the end of the firings in November 1960. The Nike-Cajun rocket was chosen because:

It could be prepared for firing quickly; a number could be kept on a standby for launching into the

same event; it could carry the 85-pound payload to a peak altitude of 130 kilometers, permitting a

several minute exposure under less than 0.01 gm/cm 2 of atmosphere; it had a recovery system that

could be easily modified for these needs; it could be fired from Fort Churchill, where entry of the

low energy particles to be studied is not prevented by the earth's magnetic field (References 6, 7, and

8); and it was a proved system.

*(ourtesy of Defense Research Telecommunications t-stablishment, Ottawa, Canada.
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Figure 2--Nike-Cajun trajectory.

The payload* was divided into four parts:

a _'CCOUCYy SCC[iO_I, a Jlltclc(_ CHIIIIS/Oll ,'_(_'('l]oll,

an im;h'm;zenlalio_z secl/olt, and an oL,ic'c;_osc-

colic. The ;'ecoc'e;5'scclio_z included a para-

chute, a SARAH beacon, dive brakes for re-

entry stabilization, and dye packages. The

sequence of operation of the recovery section

is illustrated, along with the Nike-Cajun tra-

jectory, in Figure 2. Successful recovery of

the payload depended primarily on homing-in

on the SARAH beacon with a helicopter, impact

prediction by SOTIM,? and visual sighting -

since attempts to track the rocket flights by

radar failed. In spite of difficult recovery conditions, two of the three payloads fired into the No-

vember 12, 1960, event were recovered.

Tile mtclear emulsion secHon consisted of: a central cylinder of forty 600/z-thick Ilford G5 nu-

clear emulsions in the shape of 4-inch-diameter disks whose planes were perpendicular to the rocket

axis, four structural posts 90 degrees apart, and an outside cylindrical aluminum skin that was 6-3/4

inches in diameter and 0.024 inch thick. This thickness was the minimum that would withstand the

heat and strains of the flight and still maintain a watertight seal. As an additional protection against

heat, the emulsions were covered with thin heat-radiation-reflecting aluminum foil. A sheet of 1-mil

Mylar was placed between the foil and the emulsions to prevent the aluminum from reacting with the

emulsions. The total amount of material between the emulsions and the ambient radiation, once the

payload was out of the atmosphere, was then 0.19 gm/cm 2 - largely aluminum.

The iush'umenlalion .s'eclion contained flight performance instruments (including a magnetometer

and accelerometer) and electronic counters, the data from which are being published separately

(Reference 9).

Proton Component

The emulsions were scanned on specially constructed microscope stages that provided precision

rotational motion about the center of the circular emulsion sheet and a radial motion. The scanning

was performed in the middle 80 percent of the emulsion thickness at distances of 0.5, 1.3, and 3.5 mm

in from the edge for all tracks lying in the solid angle interval defined by ] a l < 20 degrees and

I i_ I < 20 degrees, and at distances 10.00 and 20.0 mm for all tracks in the solid angle interval de-

fined by loll -< 20 degrees and Ifil < 10 degrees. Here ais the angle between the projection of the

track on the emulsion plane and the radius vector of the emulsion disk measured at the scan line,

*'Ihe payload was constructed by (look Research l.aboratories in accordance with the specifications of the Goddard Space' Flight (:enter.

?A system whereby several sets of microphones on the ground are used to receive the sound produced by reentry of the payload into the

atmosphcre. An impact point is estimated by triangulation.

4



and 13 is the angle of the track with respect to the plane of tile emulsion. Ttle usual scanning efficiency

checks (Reference 10), such as comparing the distributions of tmmber of tracks found versus a,

_, and emulsion depth with the expected distributions and rescanning by a second scanner, were per-

formed. In addition, scans were performed in all four quadrants of the emulsion disks, and the in-

tensity of tracks obtained in each was found to be the same within the statistical uncertainties. This

would be expected, since the rocket was known to be spinning rapidly about its axis during the flight.

The scans described above make it possible to derive integral proton intensities in the range of

energies between 14.5 and 81 Mev. To extend the spectrum to higher energies, the energies of

those particles producing tracks in the scan 10.00 mm in from the edge of the enmlsion were deter-

mined from ionization measurements, using the Fowler-Perkins method (Reference 11) of the blob-

g al) counting. The tracks were selected for the blob-gap measurement if they had an ionization

greater than 1.3 times minimum, as determined from a prior blob count. This was two standard

deviations beIow the ionization corresponding to the highest energy point included in the integral

spectrum. Because the spectrum is a steeply falling function of energy in this energy region, the

finite resolution of the ionization measurements results in an artificial particle increase toward

higher energy; and a shift of the order of 4 percent was made to compensate for this effect.

The results obtained from the scans described above must be corrected for particles olher lha_z

solar pJ,olo_s that are picked up in the scans. These are background tracks collected before and

following the flight, galactic cosmic ray protons collected during the flight, and solar heIium nuclei.

Because of the energy spectrum's shape, the contribution of secondary tracks from interactions in

the emulsion is negligible for the range of energies under discussion. The contribution from back-

ground tracks was determined from scans in emulsions that were kept with the flight stack at all

times except during the rocket flight; and the contribution from galactic cosmic ray particles was

determined from scans in the emulsion stack that was flown during a solar "quiet" time. The cot-

rection to the particle densities from both of these contributions was less than 1 percent at proton

energies less than 120 Mev. At higher energies these corrections became appreciable, and the high

energy limit of the spectrum was set at that energy where the expected background contribution was

the same order as the sample: 340 Mev in the first flight, and 270 Mev in the second. The contri-

bution of solar helium nuclei was determined as described in the next section, and this correction

was made to the proton flux.

To calculate intensities, some assumption must be made about the isotropy of the solar particles.

It was assumed that the solar particles during these flights were isotropic over zenith angles _ - 90

degrees and zero for zenith angles _ 2 90 degrees + 5. The particles present between 90 degrees and

90 degrees + 6 are those that have mirrored in the magnetic field of the earth below the altitude of the

rocket and have returned. The mirrored particles are degraded in energy by ionization loss in the

atmosphere while twice traversing the spiral path from the rocket altitude to the mirror point. The

angle 5 is a function of the ambient proton energy and the rocket altitude; however, even for the high-

est energy particles considered, 5 did not exceed 10 degrees. An anaIysis of the Geiger counter data

on the flights is consistent with these assumptions.

With the above assumption of isotropy, an integral energy spectrum can be constructed from the

data that have been corrected for background, galactic cosmic rays, and solar helium nuclei. This



spectrumis a goodfirst approximationto tile ambientspectrumand,byusingit asa trial spectrum,
thetrue spectrumof solar protons--correctedfor rocket trajectory--is obtainedby a methodof iter-
atio,_as explainedbelow.

Thetrajectory correctionconsistsof twoparts: (1) thoseparticles collectedbythe emulsionin
its ascentanddescentthroughtheatmosphere,and(2) thoseparticles collectedwhenthe rocketis
abovetheatmosphere. Theparticles in (1)are degradedin energyby ionizationloss in the atmos-
phereabovethedetector; thosein (2) that arrive from zenithanglesgreater than90degreesare
also degradedin energyby ionizationloss in theatmospherebetweenthe rocketaltitudeandthe mir-
ror point. The remainderof theparticles, thosecollectedin theupperhemispherewhentherocket
is abovetheatmosphere,comprisingmore than80percentof theparticles collected,areat theorigi-
nal energy.

Theshapeof thetrial spectrumafter passingthroughvariousamountsof atmospherewascon-
structedfrom rangeenergytables(Reference12). Inprinciple, the total contribution to the particle

density for the trial function can be calculated by integrating the appropriate energy spectrum at a

given point and angle over the entire solid angle of acceptance and collecting area for the known pay-

load orientation at each point on the trajectory, and then integrating over the entire flight. In prac-

lice, these integrals were approximated by summations. To this sum was added a small contribution

for penetration, that is, those particles that crossed the scan line from below, having first traversed

the emulsion stack. The absorption length and shift in the energy spectrum resulting from inter-

actions of protons in emulsion are not known well. It was assumed here that an interaction of a

proton produced one proton of approximately the same energy and direction; and the contribution

from penetration was determined by constructing the shape of the trial spectrum at an absorber

depth equal to the amount of atmosphere and emulsion traversed. As seen in Table 1, the contri-

bution resulting from penetration varied from 2 to 23 percent of the sample. The systematic error

resulting from this procedure was included in the systematic error resulting from the trajectory

correction. It should be noted that the contribution from penetration is small and that it is largest

at high energies, where the statistical error rather than the systematic error governs the total

error.

The particle density, in units of particles per cm2-ster obtained from the procedure outlined

above, was then compared with the observed particle density. On the basis of this comparison, a

better estimate of the primary spectrum was made, and the procedure was repeated until the trial

spectrum produced the observed particle densities. In both flights the second trial spectrum fitted

the observed data.

Table 1 shows the contribution to the observed integral intensity that was obtained under various

absorber thicknesses for the flight at 1840 UT on 12 November and is typical of all of the rocket

flights. The energy E in the table is the energy calculated with the assumption that no absorber was

above the emulsion except the wrapping and rocket skin. The table indicates that from 62 to 88 per-

cent of the sample, depending on energy, was obtained at zero atmosphere. The error arising from

this procedure is estimated to be essentially zero for that portion of the particles collected above the

atmosphere and no more than 30 percent for that portion of the sample collected under some residual



I Energy

E
t

_ (Me,,) k 0-0.2
15 0.88

20.5 0.86

31 0.82

56 0.76

81 0.75

120 0.70

160 0.66

220 0.62

270 0.62

Table 1

Fractional Contribution to Observed Integral Proton

Intensity from Various Absorber Depths.

Fractional Contribution to Proton Intensity

0.2-0.7

0.04

0.05

0.05

0.05

0.05

0.05

0.05

0.05

0.04

Atmosphere (gm/cm 2)

0.7-1.5 1.5-6

0.03 0.02

0.03 0.02

0.04 0.03

0.04 0.04

0.04 0.04

0.05 0.04

O.05 O.05

0.04 0.04

0.04 0.03

6-15

0.01

0.01

0.01

O.02

O.02

0.02

0.02

0.03

O.03

I 15-25 25-35

0 0

0 0

0 0

0.01 0

0.01 0

0.01 0

0.01 0

0.01 0

0.01 0

Penetration

0.02

0.03

0.05

0.08

0.09

0.13

0.16
I
I 0.21I

_0.23

atmosphere. The estimated error from this source then depends on energy and is of the order of 6

percent for the lower energies ('81 Mev). The combined error introduced by the uncertainty in

measurements of the solid angle of acceptance and the collecting area is 5 percent. Combining this

error with the other uncertainties mentioned above gives a root-mean-square (rms) error of about

8 percent at low energies and a somewhat larger value of 10 to 15 percent at high energies (120 to

270 Mev). This systematic error was combined with the statistical uncertainty to yield the errors

listed later in the report (Table 3).

HeliumComponent

To obtain the flux and energy spectra of the helium nuclei in the solar particles, the emulsions

flown in the first flight were scanned along a line at a distance 5 mm from the edge of the emulsion.

All particle tracks crossing this scan line in the middle half of the emulsion thickness were recorded

if they had nine times minimum ionization, or greater, and were within a solid angle defined by

pfi ] < 3.5 degrees and I_1 -<45 degrees. With these criteria, the ambient energy interval was 37.5 to

180 Mev/nucleon. The particle tracks were followed through the emulsion stack until they came to

rest or interacted. Grain density and delta ray* density measurements as a function of residual

range were made on about 1200 tracks to resolve helium nuclei from protons. The helium tracks, of

which there were 50, were followed from the scan to the outer edge of the emulsion, and those origi-

nating from interactions in the emulsion above the scan line were rejected. The very small cor-

rection for loss of helium nuclei due to interactions in the emulsion and the shielding was made with

*A delta ray is a secondary electron track, originating from the primary track.



an assumed interaction length of 20 cm in emulsion. The ambient energy of the particles was ob-

tained from range measurements except for one particle that interacted in the emulsion. Its energy

was determined from a multiple scattering measurement. The scanning efficiency for the detection

of helium nuclei was found to be essentially 100 percent.

A similar procedure was followed for obtaining helium nuclei in the second flight. In this case

the scan line was 3 mm from the edge, and all particles having an ionization of 2 ll.0times minimum,

i i_l "5.5 degrees, and l e I_45 degrees were recorded. From 1350 particle tracks, 70 helium nuclei

having ambient energies between 29 and 130 Mev/nucleon were obtained.

To calculate the flux and energy spectra of the helium nuclei in free space, the effective time

and the solid angle are calculated in a manner similar to that for the protons.

Deuterons and Tritons

In the course of analyzing the solar helium nuclei in the first flight, an arbitrary sample of 300

tracks was examined for the presence of deuterons and tritons. The particle tracks scanned and

selected for measurements belonged to the following ambient energy intervals: protons, 40 to 56 Mev;

deuterons, 50 to 95 Mev; and tritons, 60 to 130 Mev. Integral delta ray counts were made over the

last 2 mm of range. From a plot of the frequency distribution of delta rays, about 100 tracks were

selected that would contain 80 percent of the deuterons and tritons present in the entire sample of

300 tracks. Accurate ionization and range measurements were made on these tracks to resolve pro-

tons, deuterons, and tritons.

Heavy Nuclei

To determine the heavy nuclei characteristics in the solar cosmic ray event, a complete scan of

the periphery of the nuclear emulsion disks, 0.7 mm from the edge, was made for tracks of heavy

nuclei within a solid angle, Ifl] _20 degrees and!a [<45 degrees. The scanning efficiency safeguards

_nd checks, including additional scanning farther in from the edge of the plates than the original scan

(at 2.5 and 6.5 mm from the edge), were similar to those used for the proton component. There was

no indication of particles being missed.

Mter elimination of the tracks that could be identified as having been formed by helium nuclei,

measurements were made on the remainder to determine the charge and energy of the primary nu-

cleus that produced each track. For this purpose, it was sufficient to record the range of the particle

and its relative rate of energy loss. The very small number of heavy tracks having energies suf-

ficiently high that they did not come to rest in the stack was found to be consistent with that expected

from the normal high energy galactic cosmic ray flux. Therefore the range could be used as one

parameter for the solar heavy nuclei. The range of a heavy nucleus is given by the expression (Ref-

erence 13):



whereRxt is a very smallterm. Since Rproto is a function of v/c and known constants, and R x t

known, Equation 1 gives I_H in terms of Z and v/c.

is

To determine the relative rate of energy loss, the delta ray density method was used, since it

gave a more reliable estimate of the charge than the thin-down or effective track width measurements.

Both the four-grain delta ray density criteria and the method of counting delta rays whose projected

length in the emulsion plane extended beyond two parallel lines at a fixed distance on each side of the

primary track were tried. The resolution obtained by the two methods was similar, with the latter

being slightly better. To provide an adequate length for charge resolution measurements, a range of

at least 1 mm in the emulsions was demanded for all tracks included in the final analysis. This re-

striction, plus the material between the emulsion and the ambient radiation, set the lower limit on

the energy.

Since the delta ray density varies with the degree of development, the matter of variations in

development must be considered. In general it seemed better to try to avoid variations rather than

to correct for them, and this was done whenever possible. Therefore the delta ray density over a

given length was measured rather than the integral number of delta rays from the end of the track;

in this way most of the nonuniformities now to be discussed could be avoided with relatively little loss

in resolution because of slightly reduced statistics. Since a large number of acceptable heavy nuclei

tracks was found in each plate (about fifty in the first flight and eighty in the second), a self-consistent

charge calibration was possible for each plate; thus the problem of emulsion-to-emulsion development

variations was circumvented. For a small portion of the tracks, a count was necessary in hvo plates

to obtain the desired statistics; in these cases a statistically weighted average of the Z determination

was used as the final value. The emulsion-to-emulsion variations in delta ray density were _ 3 per-

cent in these plates.

There are also several kinds of sensitivity variations that can occur within an emulsion plate. Non-

uniformity with depth can usually be largely avoided by use of known developing procedures. The vari-

ation of grain density with depth for a plate

from the first flight is shown in Figure 3,
1.15

for example. In addition, delta ray meas-

urements were not made in the top or bottom _ 1.10

15 tz in any case and were made in the top or z
10B

bottom 45 tt for only approximately 10 per-
z

cent of the tracks, where a meaningful meas- _ 1.00
urement could not be made on the track

._0.95
without so doing. The counting was per- V-

formed at the same distance in from the edge ,,'fl,0.90
whenever possible, and the small correction cc

for average development over the length of

the count was made for the few cases where

this was not possible. Figure 4 shows the

variation of grain density with distances in

from the plate edge. The plates were further

! T ! T/I'"

I I I I
0.85 0 0.2 0.4 0.6 0.8 1.0

DEPTH FROM GLASS SURFACE
(fraction of total thickness)

Figure 3--The variation of grain density wlth depth in emulsion
as obtained from measurements on tracks of fast particles.
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examined for local nonuniformitie.¢. For

the relation between delta ray varations

with grain density variations, it was neces-

sary to use high energy heavy tracks of

the appropriate delta ray density in cosmic

ray plates developed to a similar degree

and with similar grain size, since no tracks

of this type were found in the short solar

particle exposure. However, since the cor-

relation should be nearly the same and
Figure 4--The variation of grain density as a function of
the distance from the emulsion edge as obtained from since the correction for sensitivity gradients

tracks of Fast parHcles, was usually small compared with the sta-

tistical uncertainty -- 2 to 3 percent on the average compared with 6 to 10 percent -- no significant

error should be introduced by this procedure.

The general subject of delta ray counting, associated uncertainties, and statistical errors is com-

plex; however, it has already been treated extensively (References 10, 14, and 15), and therefore only

a few more remarks will be added. For observer consistency, it is advisable to recount standard

tracks of various delta ray densities frequently--and this was done herein. The constant correction

for background electrons is very small compared with the delta ray densities measured in the region

of interest: approximately 1 percent of the plateau value for oxygen.

The variation of the delta ray density with v/c as measured by the second delta ray density

method (namely, counting those secondary electrons whose projected length in the emulsion plane ex-

tends beyond some fixed distance) was found to agree well with Mott's formula, which was shown

previously to be a good representation of the experimentally observed distribution (References 14 and

15). The correction for the difference between the average of the delta ray density measured over a

finite length and the theoretical value at the midpoint was made with this formula. Again, the cor-

rection is small compared with the statistical uncertainty. There is no simple model giving the

variation of the four-grain delta ray density with range because the variation in track width with

range causes the cutoff energy corresponding to a delta ray with four observable grains to change.

Experimental curves can be developed, and were obtained. However, as mentioned earlier, the for-

mer method gave better resolution; and those results are presented as Figure 5.

By a method described in detail in a previous paper (Reference 10), the charge resolution obtained

experimentally for the medium nuclei was found to be 0.27 of a charge. This is about the same as the

average rms uncertainty for charge determination in this charge group, as expected from statistical

uncertainty. For nuclei with charges of 10 or more, the accuracy begins to decrease slowly with

charge. A correction was made to the nitrogen abundance for the effect of adding particles from the

tails of the carbon and oxygen components (Reference 10). However, since the correction is

significant, it is perhaps best to regard the nitrogen abundance as an approximate upper limit. The

limits set for the fluorine and boron components are due primarily to the oxygen and carbon tails

respectively. A diagram showing the charge resolution for tracks from the first flight is shown in

Figure 6; the resolution for the other flight was similar. In addition to the experimental points, the
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Figure 5--Plot of delta ray density as a function of range for measurements made within a single plate. A

few tracks for which N_exceeded ]00,/100_ are not shown, as well as one for which the range exceeded
10 mm. The length of the vertical line associated with each point gives the uncertainty due to the number

of delta rays only counted. The small corrections for development variation have been made for the cases
where it was not negligible,as explained in the text. Points marked with a cross were not included in the

final results because, although they satisfied the range criteria, they correspond to particles whose ener-

gies were below the cutoff limit.
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Figure 6--The charge distribution for heavy nuclei from the flight at 1840 UT on November 12. The ex-

perimental points are marked by open circles. The expected distribution for an rms uncertainty of 0.27of

one charge for medium group of nuclei is shown by the solid histogram, assuming the relative abundances
of B, C, N, O, and F nuclei to be 0, 5, 1.7, 10, and 0, respectively.
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expected distribution for an rms uncertainty of 0.27 charge is shown, assuming the relative abundances

of B, C, N, O, and F to be 0, 5, 1.7, 10, and 0 respectively.
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Figure 7--The calculated charge distri-
bution for a composiHon slmilar to that of
galactic cosmlc radiation, assumlng the
same charge resolution asshown in Figure 6.
The relatlve abundances of B, C, N, O, and
F nuclei were assumed to be 1, 2, ], 1.3,

For comparison, Figure 7 gives the expected histogram

for a composition similar to that of galactic cosmic radi-

ation for the same charge resolution. For this histogram

the relative abundances of B, C, N, O, and F were taken to

be 1, 2, 1, 1.3, and 0 respectively. The number of particles

obtained for each interval in such a diagram is usually of the

order of five. Thus, except for carbon, the distribution shows

less pronounced peaks than is the case for the solar parti-

cles-especially if there are a few large fluctuations. A

typical distribution of this type is shown in Reference 14, in

which the expected error is similar to the present experi-

ment because of the fact that, though the statistical error is

somewhat less by a factor of about 0.75, the problem of

plate-to-plate normalization necessitated by the low galactic

heavy flux approximately compensates for this effect. The

degree of resolution in the present experiment may also be

helped somewhat by the particularly favorable development

of this set of plates.

and 0 respectively.
The resolution would be expected, then, to be similar to

ordinary cosmic ray studies-as it is-and what appears to be a sharper resolution, on first glance at

Figure 6, is in reality only a reflection of the different composition of the two radiation types.

The only subject related to the charge measurements still to be discussed is the matter of abso-

lute charge calibration. The particular difficulty was the complete absence of low energy light nuclei

(Li, Be, and B), which meant that there was a gap of several charges between helium nuclei and the

higher charges. The expected normalizing constant for the curve of the delta ray density NS as a

function of range n was obtained in two ways: first, from the tracks of carbon and oxygen nuclei in

normal cosmic ray balloon flight nuclear emulsion plates developed to the same degree and, second--

and with less certainty--from the helium nuclei curve in these plates. Whereas the latter method was

used only as a check, the former method should lead to an error of no more than 0.2 charge. In fact

the experimental points predominately clustered so well around the expected curves for carbon and

oxygen that the final best curves, based on assuming the tracks to be formed by these nuclei, differed

from the expected curves by less than 0.1 charge.

To calculate the flux and energy spectra of the heavy nuclei in free space, a procedure essentially

identical to that for the proton component was used. As shown in Table 2, the contribution during the

ascent and descent phase is smaller than for the protons, because of the steeper energy spectrum and

the higher rate of energy loss per nucleon. Again, because of the wall and the minimum track length

accepted for analysis, there was always about 0.61 gm/cm 2 of material in the payload for any accepta-

ble particle to go through. Therefore, the cutoff energy remained essentially constant for most of the

12



L

Kinetic Energy
per Nucleon

(Mev)

42.5

54.9

68.8

95

Table 2

Fractional Contribution to Observed Integral Medium
Nuclei Intensity From Various Absorber Depths.

Fractional Contribution to Medium Nuclei Intensity ___

Atmosphere (gm/cm 2)

I 0-0.2 0.2-0.7 I 0.7-1.5 1.5-6 6-
0.96 0.03 0.01 _ 0.002 0

0.95 0.03 i 0.02 _ 0.003 0

0.94 0.03 0.02 = 0.005 0

0.92 0.04 0.03 0.01 = 0.005

effective collecting time and solid angle. For a similar reason, the effective collection times for the

heaviest nuclei accepted were nearly the same as those of the medium nuclei, although the minimum

energy per nucleon (determined by the minimum accepted range) increased with charge.

RESULTS

Singly Charged Particles

From the measurements described in the section "Proton Component," the integral and differ-

ential energy spectra of solar protons in the kinetic energy interval from 14.5 to a few hundred Mev

were obtained. The flux values measured in the two rocket flights are given in Table 3. The integral

flux above 340 Mev in the first flight and 270 Mev in the second was estimated by extrapolating the

differential energy spectra. These values are such that the uncertainty introduced into the integral

flux values is negligible except for the highest energy points quoted.

The errors shown in the integral flux values included both the statistical and systematic errors

that enter into the measurements. In the integral flux values the statistical errors are 6 percent in

the energy interval from 14 to 81 Mev and then gradually increase from 6 to 25 percent in the energy

interval from 120 to 340 Mev. Systematic uncertainty is given in the section "Proton Component."

The differential flux was calculated from the integral flux values. The error was obtained by calcu-

lating the statistical error as that arising from the statistical errors of the two integral points and

combining this error with the systematic uncertainty to obtain the total error.

The differential energy spectra of solar protons in the two rocket flights shown in Figure 8 indi-

cate that very significant changes occurred. In the second flight the intensity of low energy protons

had increased, while that of high energy protons had decreased as compared with those in the first

flight.

The proton spectrum cannot, at any time of measurement, be represented by a power law spec-

trum of the form

d_.N_N: KE-n (2)
dE
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Table 3

Integral and Differential Flux Values for Protons.

L
] Kinetic Energy Flux at 1840 UT Flux at 1603 UT

(Mev) Nov. 12, 1960 Nov. 13, 1960

Integral Flux (particles/cm2-ster-sec)

1690 _ 190
15 5160± 520

20.5 1290 ± 140 3690 + 370
31.3 850 _ 94 2180+ 240

56 501 _ 55 842_ 81

81 310 -+ 34 350 _ 39

120 / 127 + 15 78+ 9

160 69 + 10.4 27_ 4

220 24.3 + 5.4 6.6 t 1.3

270 8 _ 3.0

Differential Flux (particles/cm2-ster-sec-Mev)

17.5 73 _ 24 267 , 72

25.5 40.7 _ 12 140 _ 26

43 14.1 t 3.5 54± 8

68 7.6 + 1.9 19.7+ 3.1

100 4.7 _ 1.1 7.0_+ 0.9

138 1.45 + 0.35 1.3-+ 0.2

186 0.74 _ 0.18 0.34-+ 0.06

243 0.33 + 0.12 0.08± 0.03

306 0.10 _ 0.04 i

10o

?

{D

o

X

3
14--

z 1.O

N

0.1 --

l I 1 I 1 I1' I I I 1 1 II1

_ 0 1840 ur NOV, 12, 1960
• 1603 UI NOV 13, 1960
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Figure 8-Differential kinetic energy spectra of
protons during the two Flights.

where E is the proton kinetic energy, in Mev, and K and n are constants. Consider, for example, the

first flight, where

d(lnE)

varies from about 1.5 in the energy interval from 15 to 40 Mev to a value of about 5 in the energy

interval from 200 to 300 Mev. In the second flight, the spectrum behaves in a similar manner. This

feature was even more pronounced in the results obtained during the September 3, 1960, flare event

(Reference 16).
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Analternativewayof expressingtheprotonenergyspectrumis as a powerlaw of the total energy:

dN C C

dE [ E_y (W_ Y (3)

t tWo)

where w is the total energy and w0 is the

proton rest energy. The data from the

two flights are plotted in this form in

Figure 9. A proton spectrum of this form 10o

fits the experimental data well in the

energy interval from 35 to 300 Mev, with

about 21 in the first flight and _ about

37 in the second. In the event of Sep-

tember 3 1960, this form also fits the "_

data well in the entire energy interval d 10

from 30 to 600 Mev. as measured by rock- ®c

et (Reference 16) and balloon-borne (Ref-
E

erence 1)detectors. It is not possible to

distinguish between a spectrum of the

form given by Equation 3 and the form

given below by Equation 4 from the data x 1.0
__1
o_

of this work since, for E/Wo' 1, Equation

3 reduces to this form: 7-
Z
LO
0g

dN E
It.

in ,tE in C - Eo (4) _,

where E o = W0 >

Another feature of the proton energy

spectrum is that, at about 35 Mev, the

slope abruptly changes to a large vaiue,

as shown in Figure 9; this is present in

both flights. The data of September 3,

1960, show a similar, but less marked,

change in slope. This abrupt change oc-

curs at nearly the same energy in each

case, although the slopes of the energy

spectra above 35 Mev are very different.

0.1

0.01
1.0

I 1 l I I I 1

_I o 1840UT NOV 12, 1960
I • 1603UT NOV.13, 1960

\

I i i i I iiillii iililliliilililililil
50 100 150 200 250 300

KINETIC ENERGY (Mev /I I I I 1 I
1.1 1.2 1.3

TOTAL ENERGY/REST ENERGY

Figure 9--Differential proton flux as a function of total energy

units of the rest energy. Note that the abscissa is an expanded

logarithmic scale.

As mentioned in the section "Deuterons and Tritons," a set of 300 solar cosmic ray particles was

examined for the presence of isotopes of hydrogen other than protons. Mter elimination of 15 helium

particles, there remained 284 protons, one deuteron, and no tritons. A small number of secondary
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deuterons and tritons is produced in interactions of other particles in the air and is recorded in the

emulsion while on the ground, and during the ascent and descent of the detector through the atmos-

phere. In the area and solid angle scanned, the probability of finding a deuteron or triton from these

sources is a few tenths. Therefore the flux of deuterons and tritons in the solar particles is less than

1 percent of the protons in comparable energy intervals and, in the present experiment, there is no

positive evidence for any.

Helium Nuclei

The differential energy spectra of solar helium nuclei measured in the two flights are shown in

Figures 10 and 11 and in Table 4. In the first flight the flux of solar particles in the energy range

100 I I I I I I

0 PROTONS

HELIUM NUCLEI X lO

• MEDIUM NUCLEI X 700

q)

,L

_E
cj

0o

X

_J
L.L

._1
<C
I.---
Z
._J

E3
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\

\

\\\

\

tt

0.01
1.0

, j j , I , , ,,1,,, II,,,,l,,=,l,,,,I,,,
50 100 150 200 250 300

KINETICENERGY/NUCLEON(Mev)
l I I I I i i

1.1 1.2 1.3

TOTALENERGY/RESTENERGY

Figure 10--Differential spectra for protons, helium nuclei, and medium
nuclei as a function of the total energy per nucleon in units of nucleon
rest energy at 1840 UT November 12, 1960. Note that the abscissa is
an expanded logarithmic scale.
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from 37.5 to 130 Mev/nucleon was 18.3 _ 2.8

particles/cm2-ster-sec. In the second

flight on November 13, a still higher fluxof

41.4 t 6.2 particles/cm2-ster-sec was seen
100

in the same energy interval. Figures 10

and 11 indicate that the spectra can be ex-

pressed in the form of Equation 3. The

value of y was 63 _ 7 in the first flight and

68 _ 7 in the second flight.

Ney and Stein (Reference 2) measured _ lO

solar helium nuclei from this flare in bal- _E

loon flights from Minneapolis at about 1900 $

UT on November 13. Because this balloon

flight was only about 3 hours after the sec- ×

ond rocket flight and the helium flux pre- -_
u_ 1.o

sumably did not change appreciably, we may __

compare the two results. Their differ- z
o_

ential helium flux of 0.02+ 0.003 and _,
La-

0.009 +_0.0015 particles/cm2-ster -sec-Mev

at 100 and 112 Mev/nucleon respectively

agrees well with the results in Figure 11. 0.1

Heavy Nuclei

With the flux and energy/nucleon spec-

tra of the heavy nuclei obtained, a large low

energy component -- energy / nucleon < 300

Mev--was found in each of the flights, as

was a high energy component--energy/nu-

cleon>300 Mev--that was consistent with

the normal cosmic ray background. It has

\

0.01
1.0

I T I I I I I

o PROTONS
<_ a HELIUMNUCLEIX I0

_\\ • MEDIUMNUCLEIX 700
_T\

\

_Li I ,, J,ILtILl,l,Jl,,i,l,_l_l,
50 1 O0 150 200 250 300

KINETIC ENERGY/NUCLEON (Mev)

[ I I t I I I

1.1 1.2 1.3

TOTAL ENERGY/REST ENERGY

Figure 11 --Di fferential spectra for protons, hellum nuclei, and
medium nuclei as a function of the total energy per nucleon

inunits of nucleon rest energyat 1603 UT November 13, 1960.

Note that the abscissa is an expanded logarithmic scale.
been shown previously (Reference 3 ) that

the normal cosmic ray flux of low energy heavy nuclei is no more than a few particles/m 2-ster-sec

and can therefore be neglected. Hence this large low energy component represents the accelerated

solar heavy nuclei.

The heavy particles that were included in the analysis--that is, those whose emulsion equivalent

range was greater than 1.7mm--were found to be predominantly medium nuclei (6 < Z _9), rather than

light nuclei (3 _ Z <5) or large nuclei*(Z >-10). Therefore the discussion of the heavy nuclei will be-

gin with a treatment of the properties of the medium nuclei since, in addition to being the most

abundant heavy nuclei, they also have nearly the same charge and the same charge-to-mass ratio.$

*The term large nuclei is introduced here to avoid the confusion that has arisen in the cosmic ray and astronomical literature resulting from

heavy being used to refer both to nuclei with charges greater than 2 and to those with charges greater than 9.

"_Fluorine, of course, does have a slightly different ratio from the others, namely 9:19 instead of 1:2 for the predominant isotope of each of

the other three, but there is no positive evidence for fluorine among the solar particles and it is relatively rare in general.

17



37.7 - 42.5
I
i 42.5 - 50

50 - 60

60 - 90

90 - 130

Table 4

Differential Flux of Helium Nuclei.

l Flux in the Differential

Kinetic Energy | Interval Flux

Interval (particles 1 ( particles /
(Mev/nucleon) \cm 2_ster__ec) i \cm2 _ster_sec_Mev /

At 1840 UT November 12, 1960

[
6.45 i

4.18 i

4.85

1.92

0.89

At 1603 UT November 13, 1960

32.5 19.53 5.58 _ 1.68

1.34 _+0.42

0.56+0.16

0.49-0.13

0.064 ÷0.026

0.022 +0.013

29.0 -

32.5 -

35.5 -

41.5 -

47.5 -

57.5 -

67.5 -

95 -

35.5 10.98

41.5 10.80

47.5 9.06

57.5 9.90

67.5 6.10

95 4.24

130 1.77

3.66 _ 1.06

1.80 _ 0.52

1.51 _0.48

0.99 :_0.30

0.61 +0.23

O. 15 _ 0.07 /

0.05+0.035 /

I ' I ' 1 ' I'1'

\6 o PROTONS

I0 ]_T _ HELIUMNUCLEIX 5
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Figure 12--Differential spectra of protons, hel ium nu-

clei, and medium nuclei as a function of rigidity at
1840 UT November 12, 1960.

The differential energy per nucleon and rigidity spectra for medium nuclei are plotted in Figures

10 and 12 for the flight at 1840 UT November 12, and in Figures 11 and 13 for the flight at 1603 UT

November 13, and are given in Table 5. An extrapolation of the energy spectra to balloon altitudes

would indicate that solar heavy nuclei even in this very large event are barely detectable at that level.

This result explains why heavy nuclei have in general not been seen at balloon altitudes during solar

cosmic ray events in the past.

The other subject of interest in the study of the heavy nuclei is the charge spectrum, which is

given in Table 6. Notice that within the medium group oxygen is somewhat more abundant than car-

bon, as spectroscopic evidence of the sun (References 17 and 18) indicates--contrary to the situation

in normal cosmic rays. The fact that nitrogen is appreciably less abundant than carbon or oxygen is

also in agreement with spectroscopic measurements of the sun.

The lack of any positive evidence for light nuclei and the relatively low limit set for their abun-

dance is consistent with the relative abundance of this group in the sun (where they are less abundant

than medium nuclei by a factor of 10-6 or more) and with the very small amount of material the solar
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heavynuclei havegonethrough. Theratio of light nuclei
to mediumnuclei in galactic cosmic rays at thetopof
the atmosphereis approximately0.3 andis usuallyas-
sumedto beessentiallyzeroat the source.

There are small but measurablefluxesof the large
nuclei; howevertheabundancecomparisonto otherspe-
cies must be madeat higherenergiesbecausetherange
of a nucleusfor a givenenergyper nucleon,or velocity,
is a decreasingfunctionof thequantityZ2/M. Neonis

Table 5

Differential Flux of Medium Nuclei

Kinetic Energy
Interval

(Mev/nuc leon)

Flux in the

Interval

m2-ster-sec

At 1840 UT November

42.5 - 54.9

54.9 - 68.8

68.8 - 95

95 - 135

Differential

Flux

t particles -/m 2_ster_sec_Mev/

969

548

52t

68

2, 1960

78 _13

39.4 + 7.4

19.9 ÷ 4.5

1.7 f 0.8

At 1603 UT November

42.5-54.9

54.9 - 68.8

68.8 - 95

95 - 135

2463

762

663

91

3, 1960

198_ 24

55 +12

25 _ 6

2.3 + 1.0

Time

1840 UT

Nov. 12, 1960

1603 UT

Nov. 13, 1960

Average:

1OO
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Figure 13-Differential spectra of protons, he-

lium nuclei, and medium nuclei asa function

of rigidity at 1603 UT November 13, 1960.

Table 6

Charge Spectrum of Heavy Nuclei in the Same Velocity
Interval with a Base of 10 for Oxygen

< 0.2

< 0.2

6C

4.8 ±1.0 1.7 _+0.7

i

7.1 ±1.5 1.9±0.8

6.0 +0.9 1.8 ±0.5
0.2

Nuclear Charge

7 N BO

10

10

10

9F

_0.3

_: 0.3
i

<0.3

10 N

] .4 + 0.5

1.2 * 0.5

1.3 ± 0.4

._,Na -_sA

1.1 +0.7

1.6 +0.7

1.4 + 0.5

*Lithium (Z 3) is not included because the scanning efficiency for Li tracks was less than IO0 percent. Whenever Li occurs in nature,

however, its abundance is similar to that of l_,e and I3.
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seen from Table 6 to be 0.13t 0.04 of the abundance of oxygen. There is no spectral evidence to indi-

cate what the abundance of neon in the sun is; however, on the basis of stellar models, there is no

reason to expect the abundance of neon relative to medium nuclei to be very different from the cosmic

abundances (Reference 19), where the neon to oxygen ratio is a few tenths. Table 6 indicates that

nuclei with a charge greater than 10 were quite rare. The ratio of nuclei with charges 11=< Z <18 to

oxygen nuclei in the same velocity interval is found to be 0.14 _:.05 compared with the order of 0.09

given by spectroscopic evidence of the sun. The ratio of nuclei with 11 < Z < 18 to medium nuclei in

the solar cosmic rays of November is 0.08 ±.03 compared with 0.25 + 0.08 for galactic cosmic rays at

the top of the atmosphere and 0.35 _ 0.10 for galactic cosmic rays extrapolated back to their source

(Reference 20).

There was one very large nucleus of low energy, probably in the iron group; but, since this could

have been a cosmic ray particle, no definite statement about detection of solar nuclei in this charge

group can be made. If the nuclei in this group of very large charges occur in the same relatively

small abundance as in the sun, their presence would not have been detected in the samples reported

here.

Comparison of Hydrogen, Helium, and Medium Nuclei

Since the flux and the energy spectra of solar protons, helium nuclei, and medium nuclei have been

obtained, a comparison of these three components can be made. The differential energy spectra are

plotted in Figure 10 for the first flight and in Figure 11 for the second flight. The energy spectra of

the helium and medium nuclei have the same slope within uncertainties in both flights. On the other

hand, the slope of the energy spectrum of the helium nuclei, or the medium nuclei, is much steeper

than that of the proton component. Specifically y, defined by Equation 3, was 21 +_2 for the proton

component and 63+ 7 for the multiply charged particles in the first flight; and the corresponding num-

bers for the second flight were 37 + 2 and 68 + 7.

The differential rigidity spectra of these three components are plotted in Figures 12 and 13 for

both flights. These figures show that the rigidity spectra of hydrogen, helium, and medium nuclei are

similar; however the proton data at the high rigidity end of the spectrum are of poor statistical weight

and only extend up to about 800 Mv as compared with 1000 Mv for the multiply charged particles.

In Table 7, the relative abundances of protons, helium, and medium nuclei are listed for equal

energy per nucleon intervals and equal rigidity intervals for the two flights. For comparison, the

values obtained in the September 3, 1960, event (Reference 3) and the preliminary results for one

firing (Nov. 16) in the November 15, 1960, event* are also given. The relative abundances for the

same energy per charge are intermediate between those for the same energy per nucleon and the same

rigidity. The lower limit of 42.5 Mev/nucleon in Table 7 was set by the material above the emulsion

and the minimum length of track required to identify the medium nuclei. The upper limit of 95

*Biswas, S., Fichtel, C. E., and Guss, D. E., "Rocket Observations of Solar Protons, Alpha Particles, and Heavy Nulcei from Novem-

ber 15, 1960, Flare." Paper presented at 43rd Annual Meeting, American Geophysical Union, Washington, April 1962. Abstract published;

entire paper will be published in Proceedings.
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Time

1840 UT

Nov. 12, 1960

Table 7

Relative Abundances of Protons, Helium Nuclei, and Medium Nuclei.

l Proton 7 Proton I -Helium Nuclei

Medium Nuclei _ Helium Nuclei | Medium Nuclei

42.5Mev_ Kinetic Energy/Nucleon <95Mev

2000_400 32 + 6 63+14

1603 UT

Nov. 13, 1960

Average:

1408 UT

Sept. 3, 1960

1951 UT

Nov. 16, 1960

2650 _430

2330 +290

2650+ 790

1870± 360*

36 +7

34 +5

32 ± 1 0*

26 ± 7*

72 t16

68 fll

83 +32*

77 +20*

570Mv =<Rigidity _870Mv

1840 UT

Nov. 12, 1960

1603 UT

Nov. 13, 1960

1408 UT

Sept. 3, 1960

1951UT

Nov. 16, 1960

300 + 55

68 ± 14

1100 +380

105 ± 35*

*Preliminary value; final value to be published later.

5_+1

I_ 0.2

13 _ 5*

1.4 ± 0.3*

63 +14

72 +16

83 ±32*

77 ±20*

Mev/nucleon was chosen because essentially all of the multiply charged particles observed had ener-

gies less than this value and there were no proton data above the corresponding rigidity value. These

limits in rigidity correspond to 570 and 870 Mv respectively for helium and medium nuclei with a

charge to mass ratio Z/M of 0.5. The proton energies corresponding to 570 and 870 Mv are 160 and

338 Mev respectively.

Since the helium and medium nuclei have the same energy spectrum, the helium to medium nuclei

ratio is not a function of energy. The proton to helium nuclei ratio and also the proton to medium nu-

clei ratio are, however, functions of energy since their energy spectra differ. The proton to helium

nuclei ratio as a function of energy is shown in Table 8 for both flights.

Table 7 shows that the proton to helium nuclei and the proton to medium nuclei ratios in the same

rigidity interval both vary greatly from one flight to another. On the other hand, the proton to helium

nuclei and the proton to medium nuclei ratios in the same energy per nucleon intervals are nearly the

same each time. Thus there is the striking situation that, although the energy per nucleon spectra for

protons and multiply charged particles are different, the relative abundance of protons with respect to

the others remains markedly constant in the energy interval examined.
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DISCUSSION

Since the relative abundances of the

energetic nuclei reaching the earth in a

major solar particle event have been ob-

tained and the energy spectra of the major

components determined at two different

times in the event, a number of old hy-

potheses can be reexamined and a few new

ideas put forth.

Modulation and Diffusion

In this section the problem of the inter-

Table 8

Ratio of Differential Flux of Protons to That of

Helium Nuclei as a Function of Kinetic Energy Per Nucleon.*

Time [
[

At 1840 UT 120

Nov. 12, ]960 350 i

1At 1603 UT 250

Nov. 13, ]960 , I
*These ratios are obtained from the best fitting lines for the differential

Kinetic Energy
(Mev/nucleon)

--401 60 80 ]O0

14 32 72 ] 65

2] 45 i 78 145

spectra of protons and multiply charged nuclei. Since helium and medium

nuclei have the same energy spectra, the values for (dJp/dE)/(dJm/dE)

may be obtained by multiplying the above ratios by a factor of about 70.
The error for the ratio at the lowest energy is about 30 percent and in-

planetary history of the energetic solar creases to about 50 percent at the highest energy.

particles will be reviewed with emphasis on

those areas relating to the results of this work. Since the particles seen at the earth already have been

acted on by both the acceleration phase at their source and the transit phase, wherein they are modu-

lated by the interplanetary conditions, it is necessary to try to disentangle the two effects. We will

proceed from the observations back to the sourc% and the discussion will begin with the transit phase.

Parker* has shown that particle diffusion must predominate over particle drift in the interplane-

tary space because of the associated time scales. Several diffusion models for solar cosmic ray

particles have been developed (References 21 and 22, and Parker*), and in general the diffusion co-

efficient that determines the rate of diffusion depends both on the particle velocity and on its rigidity.

Parker suggests that, below a proton energy of the order of 1 Bev (the corresponding rigidity is ap-

proximately 2 Bv), the diffusion coefficient depends primarily on the velocity of the particle and not

on the rigidity, because in this rigidity interval the radius of particle gyration is less than the scale

length of the magnetic field disordering. If this latter proposition is correct, we would expect the

ratio of the differential proton energy spectrums dJp/dE to the differential helium energy per nucleon

spectrum dJH,/dE at a given energy E per nucleon to be independent of time in the event at energies

included in our study._ Remember that the medium nuclei energy per nucleon spectrum was the same

as that for helium within uncertainties; so in this discussion either the medium nuclei or the helium

nuclei could be compared with the proton component.

The two exposures studied here occurred at very different times in the November 12, 1960, event--

about 5 hours and 27 hours from the flare's beginning and probably under very different interplanetary

*E. N. Parker, private communication of work to be published.

tWriting the differential spectra as a function of energy per nucleon is, of course, equivalent to writing it as a function of velocity for pur-

poses of comparison, since two nuclei with the same energy per nucleon have the same velocity.

*This conclusion should not necessarily be made for balloon altitude experiments where the particle rigidities are higher and consequently

closer to what is only an order of magnitude limit for the rigidity.
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conditions(Reference4). Theseexposuresthereforeprovideagoodtest of this hypothesisconcerning
thediffusioncoefficient. In spiteof thefactsthat thedifferential energyspectrumis very different
from oneflight to thenextfor a givencomponentandthatthe slopeof theheliumcurveis different
from that of theprotononeat agivenenergyper nucleon,the ratio (dJp/dE)/(dJHe/dE)is foundto be
the samewithinuncertaintiesfor thetwoflights for thoseenergieswherecomparisonscanbemade,
as shownin Table8. Onthe otherhand,theratio (dJp/dR)/(dJne/dR),whereR is the rigidity, is very
difierent. This result andthefact that similar abundancesare seenin the samevelocity intervals
for three eventsare thenin agreementwith thepredictionthat thevelocitypredominatesover the
rigidity in thediffusioncoefficientin this low rigidity interval--at least in thesethreeevents.

Theexperimentalresult of thenearconstancyof the ratio (dJp/dE)/(dJHe/dE)from oneflight to
anotherfor anygivenenergystudiedfurther suggeststhat thedifferencein the energyper nucleon
spectrabetweentheprotonsandtheheliumnucleiis notdueto thetransitionphasebut rather to the
accelerationphase. This conclusionwill beexaminedfurther in thenextsectionontheacceleration
process.

A fewadditionalremarkscanbemadeaboutthediffusionprocess. Thetheoriesreferred to at
thebeginningof this sectionindicatethat, bothinside the region through which the particles diffuse

and outside it, there is an increase of the particle flux at any given energy to a broad maximum and

then a relatively slow decline. Further, the high energy particles will diffuse out more quickly with

the result that the energy spectrum steepens with time--more quickly early in the event than later,

when the decay phase is reached at all energies under consideration. All these features have been

observed many times (References 23, 24) including the observations of this event. This event is

different from some of the others in that there was most probably a moving shock wave, or magnetic

bottle wall, from a previous event wherein diffusion is much slower than in the surrounding region--

as already mentioned in the section "Description of the Event." Although this feature does not alter

the general remarks made above, it adds sufficiently to the complexity and uncertainty of the inter-

planetary conditions so as to make an exact functional prediction of the change in the spectral slope

extremely difficult, if not impossible. We shall, therefore, be content with saying that the general

change in spectral slope noted in the "Results" section and shown in Figure 8 is not unexpected.

Acceleration

Parker (Reference 25) has shown that within the framework of the present understanding of plasma

dynamics all particle acceleration mechanisms occurring outside the laboratory are reducible to the

Fermi mechanism (References 26, 27, and 28), which is based on random particle collisions with

magnetic inhomogeneities. The Fermi mechanism is divided into two phases, injection and acceler-

ation. We shall begin with the former.

For acceleration to be effective, the initial particle energy must be sufficiently high so that energy

losses due to interactions with ions and electrons are less than the energy gained by the Fermi pro-

cess under the conditions existing in the medium. Parker (Reference 28) shows that in at least some

regions the rms velocities may be such that the effective temperatures are 5 × l0 s to 5 × 1010 oK and
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thephysicalparametersare suchthat energylossesare completelynegligible. Underthesecondi-
tions there is no problemof partial ionization,sinceaneffectivetemperatureof only 107oK is
neededto completelyionizeoxygen.

Sincethe necessaryinjectionenergyis notthe samefor all nuclei,anunbiasedsampleof thesun
will beobtainedat the injectionpointonly if the rms velocityis muchlarger thanthenecessaryin-
jection velocity.In Parker's model,just mentioned,this conditionis easily metfor all nucleibeing
considered.Nobias canoccur in theprotonto heliumratio from this causealonebecausetheneces-
sary injectionenergyfor protonsandheliumnucleiis the same(Reference29).

Duringtheaccelerationphasea Fermi typeof processin generalleadsto an integral energy
spectrumof theform

C l

or an equation that approaches this one in the low kinetic energy region. According to the calculation

of Parker (Reference 28),c_ of Equation 5 is given by the expression

1

c_ = 4no(v/c)2 , (6)

where n o is the mean number of collisions before expulsion and v is the characteristic hydromagnetic

velocity. Parker's actual equation differs from Equation 5, but reduces to it for the case that

(E2 _2Wow) is appreciably less than 1/_.

In the first order of the Fermi theory the energy spectrum of the particles does not depend on

the charge or mass of the particle, but only on the velocity as long as the particle is charged. The

experimental results obtained here, together with the previous discussion on diffusion, show however

that the hydrogen nuclei have a flatter energy per nucleon spectrum than the multiply charged parti-

cles; accordingly, an explanation should be of interest. For a given velocity the rigidity, and hence

the radius of curvature, will be larger for the multiply charged nuclei because of the larger mass to

charge ratio. Therefore the number of collisions before escape would in general be expected to be

fewer both because a particle of higher rigidity is less likely to be reflected if the disturbed centers

have random sizes and because it is more likely to escape from the region. By Equation 6, then, o_

would be larger for the helium and medium nuclei than for protons, as observed. From this point of

view, the similar energy spectra for the helium and medium nuclei is a particularly strong argument

for complete ionization.

In the previous section, "Modulation and Diffusion," it was noted that the diffusion process prob-

ably acts on an initial spectrum in such a way as to yield a final spectrum that is related to the

original one by a smoothly varying function of energy. It is not unreasonable, then, for an initial

spectrum of the form given by Equation 5 to be changed by the diffusion process in such a way as to

yield a spectrum of the same form but with a different value of _ at different times in the event, as

observed experimentally and shown in Figure 9.
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Below 35 Mev there is a large additional group of low energy particles. Very large numbers of

particles were seen at lower energies by Ogilvie et al. (Reference 9) in electronic instrumentation

[lown on the same flight, and satellite data have in general shown relatively large proton fluxes in the

1.5 to 15 Mev region. These particles may be a sample of the original plasma from which the high

energy particles were accelerated. Although the properties of these particles probably have been

changed appreciably, a mean energy corresponding to the temperatures mentioned earlier--that is,

0.05 to 5 Mev--seems reasonable on the basis of the relative number of particles at 1.5 Mev and the

excess over the proposed Fermi component at 15 Mev.

If the above considerations are correct, there is some justification in first extrapolating the pro-

ton, helium, and medium nuclei energy spectra to zero by means of a straight line on a graph of flux

as a function of total energy per nucleon--ignoring the additional low energy component below about

35 Mev--and then taking the extrapolated integral flux values at zero kinetic energy as representative

of the relative abundances. Table 9 gives the ratios thus obtained. Notice that the ratios are the same

TABLE 9

Relative Abundances Deduced by Extrapolation of Integral Fluxes to Zero Kinetic Energy.*

Time

]840 UT November ]2, ]960

1603 UT November ]3, ]950

Average:

Hyd/ogent
Helium

16_+5

15 _5

16±4

Hydrogen t
]_Aed ]urn Nuclei

(1.0± 0.3) x 103

(1.1+ 0.3)x 10 3

(1.0± 0.2) x ]0 3

*See page 25 for a discussion of this calculation.
tThe errors include the uncertainty in the extrapolation process due to experimental uncertainties only, and do not include

any attempt to evaluate this method of determining relative abundances.

within errors in both flights and within the very wide limits set previously on the basis of spectro-

scopic evidence. The ratio thus obtained is certainly based on many assumptions and should not be

treated as a definite conclusion; however, it appears to be worth presenting because the ratios thus

obtained do not involve the very uncertain ratios deduced by spectroscopic means. Relative abun-

dances among the multiply charged components are, of course, unaltered and need not be repeated here.

Solar Cosmic Rays and the Sun

The detection of heavy nuclei in the 1960 events of September 3 (Reference 3), November 12, and No-

vember 15 (Reference 20), together with the fact that all present evidence points toward similar relative
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abundances in each case, indicates that the sun is capable of accelerating heavy ions to lO's of Mev

per nucleon or more--and probably does so in every major solar event.

One of the questions of immediate interest, then, is whether or not the nuclei in solar cosmic

rays reflect the relative abundances of elements comprising the sun's upper layers.

Putting aside for a moment the problem of the proton having a different charge to mass ratio from

that of essentially all of the other nuclei of interest by a factor of 2, and hence a different velocity for

a given rigidity, let us concentrate only on those nuclei with a charge of 2 or more. In the preceding

sections, it was shown that there were good theoretical reasons for expecting the composition of the

multiply charged component after the acceleration phase to reflect that of the sun when the acceler-

ated particle fluxes of the various nuclear components are compared in the same velocity intervals.

Once accelerated, the nuclei should behave similarly because the drift and diffusion mechanisms

treat all nuclei with the same Z/M factor in the same way, and the amount of material traversed in

reaching the earth is certainly insignificant in terms of appreciably reducing the energy of even a 10

Mev/nucleon particle.

There is also some experimental evidence to indicate that a relatively unbiased sample of the

multiply charged component of the sun has been obtained. The fact that the relative abundances of

helium, carbon, oxygen, neon, and larger nuclei were the same within uncertainties not only in three

events -- two of which were in completely different regions of the sun--but also at two different times

in the same event suggests that charges are neither favorably accelerated nor discriminated against

by the acceleration process. This hypothesis is strengthened by the fact that the relative abundances

obtained in this experiment are consistent with those obtained from spectroscopic measurements for

those nuclei in which determinations can be made by this latter method--namely, carbon, nitrogen,

oxygen, and some of the larger nuclei. Good additional evidence is provided by the similar energy

spectra for helium and medium nuclei.

If the ratios obtained here are accepted as representative of the sun, then an estimate can be

made of the abundance of elements such as helium and neon, which cannot be determined with any

reliability by spectroscopic means because they do not emit radiation {at least not strongly) in the

optical range at normal solar temperatures. As stated earlier, the measured abundances of these

two elements are both within expected limits. In addition, the carbon to oxygen ratio would now be

determined with relatively fine precision, compared with the ratio obtained spectroscopically.

The next logical step is to attempt to determine the abundance of hydrogen with respect to some

of the others, especially helium. It has been stated previously that the protons might be expected to

behave differently from the other nuclei, and their different energy spectra confirmed this suspicion;

so a ratio involving protons cannot be obtained simply. To circumvent the difficulty introduced by

the different charge to mass ratios, the spectroscopic value of the hydrogen to medium nuclei ratio

can be used. Unfortunately there is considerable uncertainty in this value. A recent estimate based

on a survey of available spectroscopic data (References 17 and 18) gave a hydrogen to medium ratio

of 650, with an uncertainty probably of the order of a factor of 2. This number may then be combined

with the solar helium to medium nuclei ratio obtained in this work to deduce a hydrogen to helium ratio
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of 10_*9.Anotherapproachto determiningthis ratio, whichis basedonlyonthe interpretationof the
solar cosmicray data,wasdiscussedat theendof theprecedingsectiononacceleration;it gavea
hydrogento heliumratio of 16+4.

Comparison with Galactic Cosmic Rays

The information obtained on energetic solar particles can now be compared with the properties

of galactic cosmic rays, with the aim of seeing whether or not these solar particles and ones like them

from other stars can be the source of ordinary galactic cosmic rays. Until a few years ago it was

generally accepted that most stars could not be important sources of cosmic rays for a number of

reasons. Within the last several years it had been noted that, since the sun produced large quantities

of particles whose energies were well above the injection energy needed for the Fermi theory to be

operative in the galaxy (References 26 and 27), ordinary stars* might possibly be an important source

of cosmic rays. Relatively generous estimates of particle production by the stars indicated that pro-

tons could be supplied at a rate sufficient to account for the ordinary cosmic rays, and these particles

could then be accelerated in the galaxy by the Fermi method. There remained the problem of the

charge composition of cosmic rays being different from normal stellar abundances, but it was thought

that there might possibly be favorable acceleration of the larger nuclei.

The results of this experiment on the multiply charged components show that their abundances

are just a reflection of those in the sun. There are at least four important differences within this

group between solar cosmic rays and ordinary cosmic rays. Two of these--the carbon to oxygen

ratio of 3:5 in solar cosmic rays compared with 3:2 in ordinary cosmic rays, and the light to medium

ratio of (1:100 in solar cosmic rays compared with 1:4 in ordinary cosmic rays--may be attributed

to the facts that ordinary cosmic rays have gone through a few gm/cm _ of material wherein the light

nuclei are formed by fragmentation and that there is at least an increase in the carbon to oxygen ratio.

The other two differences--the different helium to medium nuclei ratios, and the different ratios be-

tween the medium nuclei and those in the charge group with 11 :_ Z < 18--are only enhanced by fragmen-

tation. The helium to medium nuclei ratio is about five times larger for the accelerated solar

particles--about 68:1 as compared to 14:1 for ordinary cosmic rays, and the ratio of the medium nuclei

to those in the charge group with 11_ Z _ 18 was shown in the section "Heavy Nuclei" to be four times

larger for the energetic solar particles.

At galactic cosmic ray injection energies, the proton to medium ratio in solar cosmic rays is

seen to be approximately 1 x 10 3 or larger. The proton to medium nuclei ratio for ordinary cosmic

rays is about 250 for the same energy per nucleon intervals at very high energies and 100 for the

same rigidity intervals. Thus the proton to medium nuclei ratio for solar cosmic rays is 4 to 10

times the ordinary cosmic ray ratio, and the difference would be slightly increased by fragmentation

in interstellar matter.

*flere the term "ordinar_ star" refers to the great majority of stars with normal cosmic abundances and specifically excludes the unusual

ones such as nova and supernova, which may be important cosmic ray sources.
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Therefore,sincethe sunhasabundancestypical of mostordinary stars* in therespectsmen-
tionedhereandsincetheseabundancesare reflectedin solar cosmicrays, it seemsreasonableto
concludethat thedifference in the charge composition between galactic cosmic rays and ordinary

stars now remains as an objection to ordinary stars being considered as the sole primary source of

galactic cosmic rays.
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