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INTRCDUCTION 

Nuclear emulsion detectors were flown through the lower part of the 

Inner Van Allen radiation belt in the nose cone of an Atlas missile on October 

13, 1960. The trajectory, from Cape Canaveral to Ascension island, was 

nearly Identical to that of a flight on July Z I • 1959, the results of which have 

been reported (Armstrong. Harrison, Beckman, and Rosen, 1961). The max-

unum altitude attained was 1185 ki1ometer, 60 kilometers higher than in the 

earUer flight.. The purpose of Irradiating the ernulsiàn detectors under sim-

ilar flight conditions was to extend the spectrum to lower energies than had 

been possible In the previous experiment and to invests gate the stability of the 

radiation in the Inner belt. 

GEOMETRY 

For this flight a 4X4 inch section was removed from, the aft ring of the 

nose cone and replaced by a thin-windowed canister containing the emulsions. 

With this geometry the only materials traversed by the incident radiation4 

before entering the emulsion detectors, were the windows scaling the canister 

and its contents, and a email amOunt of low-density insulating material. 
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The various emulsion stacks were designed and positioned In the canister 

to provide diLfe rent areas of information. Figure 1 is a schematic drawing of 

their arrangement. For study of the lowest energies. four brass-walled cassettes 

were placed in a watertight compartment. Each cassette contained a stack of 

13 K. 2 emulsions, 30X13 mm, with their planes parallel to the 1 -mil Ti window 

which sealed each cassette. The two upper pellic]ea of each stack were ZOO 14 

thick, the remainder, 400thick. The cassettes were placed at different depths 

in the well, covered by various thicknesses of styrofoam and mtcroquartz, and 

sealed by a 2-mu Ta foil. The low-energy data were obtained from the emulsion 

stacks 1 and Z. The minimum energy of a proton that could reach the surfaces 

of stacks 1 and 2 was 10.6 Mev and 9..9 Mev, respectively. 

Section A was occupied by a 3-3/4X 31/4 inch emulsion stack, denoted 

as stack A t  consisting of forty-eight 600 0.5 emulsion pellicles. Here the 

plane of the emulsions was normal to the entrance window. The absorbing 

material sot a minimum proton energy of 24 Mev at the entrance edge of the 

stack. The stack in section B consisted of twelve 600 gi es-backed G.5 ømul-

sions, a x 3 inches, arranged in pairs with the emuieion surfaces in contact. 

This stack was to be LUsed for investigating the high-energy protons in the 

- Van Allen radiation in case stack A incurred serious distortIons during processing. 

Although the aft ring of the nose cone sustained excessive beating during 

re-entry, the heating èaused little damage to the contents of the canister. The 

top emulelon peflicle in each of the two email stacks analyzed (1 and 2) had been 

overheated to such an extent that they were unusable. It was for just such a con-

tingency that the two upper pellicles were only ZOO IL thick; it was hoped that if 

heat damage should occur, only this thickness might be bit. Such, indeed, 

proved to be the case. The minimum proton energies for the analyzed stacks 

I and 2 were therefore actually 12.6 and 119 Mev. respectively. The large 

stack in section A suffered no detectable damage. 
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MEASUREMENTS AND ANAL'SIS 

1wEnergy Stacks: The 10w-energy partof the spectrum was ob-

tained by counting the number of trackendings vs. the depth of penetration into 

tacks 1 and 2 • Since the particles selected for measurement entered nearly 

normal to the emulsion surfaces, each pellicle in the stacks recorded proton 

endings of a well-defined energy interval. A central and unshielded area of 

each pellicle of the stacks was scanned throughout its thickness for track end- 

Ilk 

	

	

ings. A track was accepted only if it entered the emulsion surface within a cone 

with a half angle of 20° to the normal and Its ending was not lose than 50 11 from 

the top surface. The latter criterion v-aa invoked because of the tow efficiency for 

finding endings of steep tracks 0.50 I& below the surface and because of the large 

uncertainties in the measurements of thi entrance angle of the tracks. Stacks 

1 and 2 were analyzed independently in Berkeley and Los Alaxnoa. Since the 

energy intervals for corroepondlng plates are different, the two sets of data are 

ehown separately. 

H4ghaEnergy Stack:; The analysis of stack Afollowcd•closely the 

pattern used for the previous fligtt. The emulsions were calibrated for ion. 

isatiàn vs. -1, the kinetic energy in rest mass unite, by measuring the ion-

ization vs. residual range along the path of it rneaona whose residual ranges 

were at least S to 6 cm. Positrons in the 	decay chain were used to estab- 

lish the plateau of the lonisatton vs y.4 curve. 

The maximum energy of protons brought to rest In the emulsion was 190 

Mev. nergios above this valuel  were determined by ionization measurements. 

Two methods of scanning were used: (a) "atongthe-track," and (b) "area." 

In method (a) the emulsion was scanned along a line 1.5 mm (Emin  31 May) 

or 3.0 mm (37 Mev) from the entrance edge. All trackø that entered the smut- 

sion within a projected angle of ± 150  normal to the emulsion edge and a dIp angle of 
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*100  were accepted, and an ionization measurement made. For those with an 

ionization corresponding to protons of energy greater than 190 Mev, estimates 

of kinetic energy were made from the blob density of the tracks. For those of 

lower energy, the toflimation was determined from the gap-length coefficient or 

percent transparency of the track. The energies of these latter particles were 

accurately determined from their ranges. The curves olionization vs. residual 

range which were developed in the course of the analysis then served for identi-

fication of particles heavier than protons. 

The emiAsions were area-scanned for track endings between 0.8 and 

30 mm from the leading edge of the 8tack, a range interval corresponding to 

proton energies 27.8 to 102 Mev. A stopping particle was counted if its di-

rection 1 mm from its end. was within a projected angle. ± 20 0  normal to the 

entrance edge and a dip angle of * 10 0 . The purpose of the area scan was to 

obtalna statisticaliy independent measurement of the spectrum in this energy 

interval. 

Several corrections were applied to theraw data. Inthe area scan the 

number of track endings recorded was reduced by 4% to eliminate star prongs 

which satisfied the selection criteria. An estimate of this background was ob-

tained by tracing a sample of 100 stoppIng tracks to their point of entrance or 

star origin. In the along-the-track scan the direction of a proton of energy in 

excess of ZOO Mev at the scan line was utknown; therefore, corrections, were 

made for particles traveling in the backward direction. The calculated frac-

tiona of backward-traveling particles, appropriate to the experimental geometry 

and the observed energy spectrum, 'for theenergy intorvals 200-300 Mev, 

300-500 Mev, and 500-650 Mev are 0.135, 0.15, and 0.17. respectively. 
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RESULTS AND DISCUSSION 

Spçtruxn 

The complete proton energy spectrum in shown in Fig. Z. The excellent 

agreement :be,eeu  the two low-energy stacks supports the reliability of these 

results. Data from 3Z to 190 May, obtained from stack A by following tracks 

to theirendlngs. are augmented by. data obtained by area-scanning for track 

endings between the energies ZO and 10Z Mev. Above 190 May the energy 

spectrum is based upon ionization measurements, and for proton energies 

abOve 500 Mev, upon rrwltiple scattering in addition to ionization measurements. 

The spectrum below 80 May exhibits a quite different character from 

that expected from the albedo hypothesis. (Singer, 1958 ab; Hess, 1959; Freden 

and WhIte, 1960; and Lenchek and Sin, .1961). Instead of a monotonicaily 

decreasing spectrum with increasing energy, there is observed a broad, flat 

maximum centered at about 36 May and a minimum near 20 May, with an mdi-

cation of a rise toward lower energies. Above 80 Mev the apectrum steepene with 

increasing energy. consistent with the prediction of the a1bedo-neütron theory. 

Few, if any, protons in excess of 660 May. i.e., y-1 0.7, were detected in 

the experiment. This is in agreement with the re8ults of the July, 1959 experi-

ment, in which the most energetic proton detected was 610± 100 May. 

The resulte of this experiment are compared with the proton-energy 

spectrum,obtainod from our previous (July. 1959) flight in Fig. 3. The July, 

- 	1959 spectrum in normalized to the present (October. 1960) data in the region 

of 100 Mev. Also shown are the theoretical.curvea of the equilibrium-proton-energy 

spectrum as given by Fedeu and White (1960) and Lenchek and Singer (1961), 

each normalized to the data at 100 Mev. 

Above 80 Mev both measuremnente of the spectrum are in good agreement, 

showing little evidence for changes in the shape of the spectrum with time. As 
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Freden and White (1961) have also observed, the measured spectrum falls 

significantly below their theoretical curve for energies E> 300 Mev. The 

theoretical energy spectra to which the data are compared are based upon the 

hypothesis that the source of geomagnetically trapped protons is the decay of 

cosmic-ray albedo neutrons. The Freden and White spectrum results from the 

approximations that the injection coefficient, i. e., trapping probability, is in-

dependent of neutron energy, and that protons are lost from thó trapped radia-

tion by ionization and nuclear collisions. Lenchek and Singer have extended 

Freden and White's theoretical treatment by: (1) taking into account the 

anisotropy of energetic albedo neutron8 (above 50 Me--an effectwhich de-

creases the injection coefficient with increasing energy; and (Z) assuming 

that protons above acritical energy. E. are losthom the balt owing to the 

breakdown of the idibatic• Invariance of the magnetic moment. The introduction 

of these lose mechanisms into the theory increases the slope of the spectrum. 

particularly for energies above 300 Mev--wbere the spectrum becomes sen -

sitive to the cut-off energy E.  Such a modification is in accord with experiment. 

Lenchek and Singer were able to obtain a good fit to the July, 1959 spectrum for 

energies E > 80 Mev with ' 
	=. 1000 Mev. The results of the preaentexperiment 

indicate a cut-off energy that is between 500 and 1000 Mev. Because no protons 

in eceas of about 650 Mev have been detected in either experiment, we show 

the energy spectrum for E c = 650 Mev. An excellent agreement between ob-

servation and theory is thereby attained for Z > 80 Mev. 

Below 80 Mev, both the October, 1960 and July, 1959 measurements 

deviate from the calculated spectra. That the spectrum observed in July. 1959 

departed from the Freden and White calculation below 80 Mev has been pointed 

out and discuaed (Armetronget al, 1961). Because the 1959 proton spectrum 

was measured 5-11 days after the 3+ so1ar flares on July 10-16, 1959 we were 
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led to propose that the peak or plateau in the region of 80 Mov, if transient In 

nature, might be attributed to the effects of solar protons. However, a corn-

parison of our two measurements of the spectrum between 50 and 100 Mev re-

veals no major difference between them otherthan in iitenaity. This suggests 

that the departure of the' measured spectrum from that of Freden and White 

noted in the July. 1959 experiment may. not be a transient phenomenon attrib-

utable to solar protona, but rather may be a slight, but not negligible, system-

atic difference between their measurements of the proton-energy distribution 

and ours. We conclude frornour 1959 and 1960 experiments'(Fig. 3) that the 

spectrum of geomagnetically trapped protons for energies above 50 Mev in the 

lower regions of the inner belt has not varied significantly over a period of a year. 

1ividence that the spectrum below 50 May may not have had the same shape 

during the July, 1959 flight as it had on October, 1960 is provided by the data of 

Holly. Allen, and Johnson (1961). By counter techniques they obtained a 

measurement of the proton spectrum between 24 and 52 lev during the same 

1959 flight that carried our emulsion package.' In the region of maximum count-

ing rate. Holly at al. report that'. the differential,spectrurn varied as E. where 

1.6810.09 in the Interval 24 to 52 Mev. This value of n is at variance with 

n m 0 observed in the present experiment. Naugle and Kniffen (1961) have observed 

a proton spectrum that varies approximately as E 5  beteen 15 and 100 Mev 

for protons whichpopulate the central region of the inner belt.' Thus, although 

our data do not substantiate evidence for a time variation of the spectrum of 

high-energy protons in the lower regions of the tnner belt, they do not rule out 

the poasibility that such effects may be present at low energies. 

The question as to what extent solar flares can influence the proton spectrum 

of the Inner belt is thuo open for further Investigations. For completeness we 

wish to cite that the period between July, 1959 and October, 1960 was 'a. time of 

- 	'strong solar aciiviiy.ulrnináting in the intense 3+ flare on September .3, 1960. 
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The experiment carried out by Naugle and Kniffen on September 19. 1960, 

sixteen days after the solar flare, has shown that the Intensity and spectrum 

shape of trapped protons vary greatly with altitude and latitude. Such observa-

tions support the hypothesis that particles are contributed to the Van Allen belts 

by the interactions of solar protons 'wIth the atmosphere at high geomagnetic 

latitudes. As suggested by Armstrong et al. (1961). and dicuesed in more 

detail by Lenchek and Singe.r (1961), the geneiation of albedo neutrons by the 

interactions of solar protons in the atmosphere during strong solar activity, to 

as far south as 600  geomagnetic latitude, may contribute significantly as a source 

of geomagnetically trapped protons. 

The current theories of the proton spectrum are less reliable below 

...80 Mev due to the large uncertainty in the albedo-neutronspectruzn. if one 

assumea that the observed proton spectrum represents an equilibrium distribu-

tion, it Is possible to derive an albedo-neutron-energy distribution from it. 

Freden and White (1961) have derived from their (October, 1960) data such an 

effectivetbe.&o.neütrón spectrum. To.account for the minimum, and maximum 

in the proton spectrumat -20 and 35 Mev (Fig. 2) 0  the derived neutron spectrum 

exhibits a minimum ait about ZQ Mov. This suggests that a maximum exiots in 

the inelastic cross section for neutrons in nitrogen and oxygen at this energy. 

A maximum in the inelastic neutron cross section for carbon at 20 Mev i, in 
rn 

fact, known. 

The absolute flux of protons-with F >, 45 Mev-entaring the leading edge 

of the emulsion within the selected angular criteria measured in the October, 1960 

experiment is in goódagreernent with the flux measured by Freden and White 

(1961). These measurements are, however 5.01:0.2 tImes as great as the flux 

we observed in July, 1959. Because the maximum altitudes differed by only 

60 km,, an increase of about 2.5 might be reasonably expected If one takes into 

- 	account t 
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between the flight times above 1000 km (690 and 590 sec for the 1960 and 1959 

experiments. respectively). The similarity of the experimental geometries for 

the two flights permitted us to chock whether or not this ratio was sustained for 

the volume- density of particle tracks near the center of the emulsion stacks. It 

was not. The ratio of the total time-Integrated flux of protons in excess of about 

150-ZOO Mev, the mmum energy observable in the central regIons othe stacks, 

was 2.0±0.2. The observed ratio Is close to the ratio expected for the omnidirec-

tional flw. We conclude, therefore, that in these emulsion experiments the 

tumbling of the nose cones did not Insure a random sampling of the anisotroplcally 

distributed particle flux over the flight trajectories. As a consequence, systematic 

error3 as large as 200-3007o may enter into estimates of absolute particle inten-

sities in experiments of this type. 

Particles Heavier Than Protons 

Deutorons and Tritons: In the course of analyzing the July. 1959 and 

October. 1960 experIments, a n-iass measurement was made for a total of 783 

stopping particles. Tracks with ranges greatr than 5 mm were selected for 

measurement. Figure 4 shows a typical graph of ionization vs. range. where 

the ionization parameter Is the percent transparency of the track. The main 

locus is due to protons. Because the rate of enrgy loss, dE/dx, depends only 

upon the velocity for singly charged particles, the mass of an unknown particle 

in units of the proton mass is equal to R/__tbe ratio of the residual range of 

the particle to that of the proton from points of equal ionization. Curves of range 

vs ionization expected for deuterons and tritons are, therefore, determined 

relative to the proton curve. Whenever a mass meaaurement deviated more 

than 2 tT (standard deviation) from the proton curve towards heavier mass, 

further ionization measurements. were made at several points along the track. 

The results of-these measurements, in addition to thcey_reden-and- White-- - - -- 
- 

(1960), are tabulated in Table I. 
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Table I: Observations of Deuterons and Tritone in Inner belt 

Date 	 No. of 'Tracks 	No. of Deutorona 	No. of 	Tritona 

Oct. 1960 	 301 	 0 	 0 

July1959 	 484 	 5 	 0 

May 1959(F and W) 	446 	 0 	 ' 3 

	

The first obaevation 	Freden and White that particle heavier tha 

prOtOns exist in the 'inner belt led to the conclucion that these particles were 

products of unclear collisions between the trapped radiation and the upper at 

moaphere. Within the limited statistics there is agreement that the abundance 

of particles heavier than protons In the Inner belt is. about 1%. Our data indicate 

that the heavy component Is predominantly deuterone. The presence of deuterons 

alleviates the 'difficult problem of explaining their absence from the belt, as was 

Indicated by the data of Freden and White. A conduaion*i.from the combined data.-

that the abundanceB of 'deuterons and tz'itons may be nearly equal is not inconale-

tent withthe data of 	(1956), who haè shown that o(p,t)  0.2-0.5 a(p,d) 

for 190-Mev protons on various complex nuclei. 

Relium Nuclei:. No track which could be identified as a z = 4 particle was fàund 

during the,ioniaation measurements described above. The selection of tracks 

greater than 5 mm range in emulsion corresponding to an initial alpha energy 

) 185 Mev, biases against the dtection of alpha particles. Subsequent scanning 

along the leading edge of the emulsion for alpha tracks between I and 5 mm range 

(Emin 145 Mev) also failed to produce ividence for trapped 'alpha particles. An 

upper limit of the alpha 'flux 18 0.11.0.051"a of the proton flux in the interval 145 to 

185 Mev. This limit, is set by the alpha-particle background produced by nuclear 

interactions in the emulsion and surrounding matter. 
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FIGURE CAPTIONS 

Fig. I - Schematic drawing of the experimental package Ghowing the 

arrangement of the emulsion stacks. 

Fig. Z - Measured proton.euergy spectruxn•(October. 1960). Data from 

stacks 1 Z,.and A are shown separately. Standard errors are 

indicated. 

Fig. .3 - Comparison of the normalized proton spectrum observed in July. 

1959 with the results 01 this experiment. The theoretical curves 

of Freden and White. and Lenchek and Singer are normalized to the 

experimental data at 100 Mev. The spectra calculated by Leuchek 

and Singer are for cut-off energies of 60 and 1000 Mev. 

Fig. 4 - MaGs measurements by the ionization (percent .  transparency) vs. 

range rrethod. Dashed curves are expected loci for deuterons 

and tritans as deduced from the proton calibration curve. . five 

tracks were identified as deuterons. Note that three measure-

ments, are shown for each deuteron. Kinetic 'energies of the 

deuterons were 93, 119, 1Z6. 131. and 133 Mev. 
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