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mracnucmw
- Nuclear emulgion detectors were ﬂown through the 1ower part of the
inner Van Allen mdiation belt in the nose cone of an Atlas miesile on October
13, 1960, The ermecwxy. frem Cape Canaveral to Aeceneicn_ lsl.and. was
nearly identical to that of a flight on July 21, 1959, the results of which have

been reported (A'r'mstrbng_ Harri’soﬁ. Heckman, and Roéen. 1961). The max-

imum altitude attained wae 1185 kilomete x8, &0 kilometers hxgher than in the
earlier flight. The purpose of irmdiating the emulsion detectors under eim-»

ilar ﬂight conditione was to extend the specewm to lower energias thzm had

been posaible in the previous experiment and to ixwestigate the stability of the

radiation in the hmer belt.

o GEOMETRY
.For this flight a“4><4 inch section was femovgd from the aft ring of the
nose cone and. rqplaced by a'ihin-?{wsndowed canister conzaim;g the emulsions. .
With this geometry the only matériais ex"avereed by the incident radiation,
before enteﬂng the emulaion &etec;or; were the windows sealing the canister

and its contents, and a emall amount of low-density insulating material.
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The various eﬁulsion stacks were designed and positioned in the canisgter
to provide different areas of information. Figure ! is a schematic drawing of
their arrax'x'gement. , Foj"r stu@y of the loweat energies, four brase-walled éassettes -
were placed in a watertight compartment. Each cassette contained a etack of
13 K.2 emulsions, 30X13 mm, with their planes parallel to the 1-mil Ti window

which sealed each cassette. . Thé two upper pellicles of each stack were 200

thick, the remainder, 4004 thick. The cassettes were placed at different depths

in the well, covered by various thicknesaes of styrofoam and microquarts, and

‘sedled by a 2-mil Ta foil. The low-energy data were obtained from the emulsion

stacks 1 and 2. The minimum energy of a proton that could reach the surfaces
of stacks 1 and 2 was 10.6 Mev aﬁd 9.9 Mev, respectively. ‘

| Section A was occupied by a 3-3/4X 3-l/{i in;:h emulsion stack, denoted
as stack A, coneisting of forty-eight 600 G.5 emulsion pellicles. Here the

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

u_iaterial set a minimum proton 'energy of 24 Mev at the entrance edge qf the

stack. The stack in section B consisted 6@ twelve. 600 glags-backed G.5 emule

siongs & X3 inches, arranged in pairs with the emulsion surfaces in contact.

This stack was to be used for investigating the high-energy p’roto’::m in the

Van Allen radi&ion in case stack A incurred serious distortions during processing.
- Although the aft ring of the nose cone sustained eﬁceéaive heating during

i-e~entry. the heating caused little damage to the contents of the canister. The

top emulsion pellicle in each of the two small stacke analygzed (1 and Z) had been

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

tingency that the two upper penicles were bniy 200 u thick; it was hoped that if

heat damage should occur, only thig thickness might be logt. Such, indeed,

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

1 and 2 were therefore actually 12.6 and 11.9 Mev, reapectively. The large

stack in section A suffered no detectable damage.
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MEASUREMENT& AND ANALYSIS

A. Low-Enerﬁy Stacka: - The. low-energy part-of the spectrum was ob-

tamed by counting tha numbes. cf track, endinga vs. the depth of penectration into

stacks l and 2. Since the parncles selected for measurement entered nearly

xwrmal eo the emulsion suriacea. each pellicle in the stacks recorded proton
endings of a well-deﬁned energy interval. A central and unshielded area of

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

irigs. A track was écce&ed 0n1§ if it entered thé emulsion surﬁace within a cone _
with a half a.ngle of 20° to the normal and its ending wag not lese than 50 from

the top sgrface. The latter criterion was invoked because of the low eﬁiciency for .
finding _endingé of steep tracks 0-501 below the surface and because oi';ehe large |

uiic’arta.int_ies in the measurements of the entrance angle of the trackaQ "~ Stacks-

B and 2 were analygzed independently in Berkeley and Los Alamos. Since the

 energy intervals for corresponding pllates are different, the two seés of data are

shown separately. | - .

High<Energy Stack: . The analysis of stack A followed closely the

pattern used for the pgéeyiqus flight. ;“I‘ha emulsions were calibrated fér fone
ization ve. Y-l." the kinetic. energy in rest mass units, by measuring the jon-
ization ve. residual range along the path o£ ¥ mesong whosa residual ranges
were at leaat 5 to 6 em. Positrons in the Tep-e decay chain were ugsed to estab-
lish the plateau of the ionizatton va. y-l curve. |
_ The mwsimu.m amrgy of protons brough: to rest in the ernulgion was 190

Mev. Energies above thig value were determmed by ienization measurements. . |
Two methods of scanning were used. (a) "along-the-tra.ck. " and (b) "area."

In method (a) the ermulsion was scanned along a line 1.5 mm (Emm = 31 Mev)

cr 3.0 mm (37 Mev) froem thé entrance edge. All tracks that entered the emul~

sion within a projected angle of « 15° normal to the emulsion edge and a dip angle of
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£10° were accepted.' and an ionization meaaurément made. For those with an
ionization corresponding to protone of energy greater than 190 Mev, estimates -
of kinetic energy were made from the biob densxty of the tracks. For those of
lower energy. the ionigation was determined from the gap-length coefficient or
percenz tranaparency of the track. The energies of these latter particles were
accurately '_deterrmned from their ranges. The curves of ionization vs. residual
range which were developed in the cours'e of the analysis then served for identi-
: £xcation of pax'txcles heavxe:' than protons. | | |
The emulsione were area-scanned for track endings between 0.8 and
. 30 mm from the 1e‘ad;’mg edge of the etack. a range mtervax correspondmg to .
proton energxes 21. € to 102 Mev. A stopping particle was counted if its di- |
rection 1 mm £rom xts end was within a pro;acted angle £ 20° normal to the ‘
entrance edge and a dip ax;gle of % 10°. Thg purpose of the araa scan was to’
obtai_niz.x statiati;:ally'indepen&ent measuferhent of‘the qpectfun; in this energ}"" ‘
interval. | | |

Several cdrrectior‘:s x;ver'e .a.ppiied to the«“iav-v &ata. lﬁthe area scan the ..
" number- of track endmgs recorded was reduced by 4% to elimmate star ptonga.
which satisﬁed t.he selection criteria. An estimate of this background was ob-
tained by tracing a sample of 100 stopping tracke to their point of entrance or
atar oxigin. In the along-the-track scan the direction of a proton of energy in
excess of 200 Mev at the scan line was unknown; therefore, correctione were
made for particles ttavelmg in the backward directxon The calculated irac- '
tmns of backward- traveling particlea. appropriate to the experimental geometry
and the observed energy apectrum. for the.energy intervals 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

Enerﬁy Spectrum

The complete proton energy spectrum is shown in Fig. 2. The excellent
| agreement between the two low-energy stacks supports the reliability of these
results. Data from 32 to 190 Mev, obtained from gtack A by following tracks
to their endings, are augmented by data obtained by area-scan_ning for track
endiﬂgs be‘tweez.x the eae:fgies 28 and 102 Mev.. Above ll<}0 Mev the energy
_spectrum is b‘ésed upon ;dnizaéicn méasuremen@s. and for fprotoh energies
above 500 Mev, upoﬁ multiple scattering in addition to ionization meaaurements.
The spectrum below 80 Mev exhibits a quite diﬁerent character from
that expected from the albedo hypothesis. (Singer. 1958 ab; Hess, 1959; Freden
and White, 1960. and Lenchek and Singer, 1961) lastead of a mouotonicauy

decreasing spectrum with mcreaaing energy, there is observed a broad, flat
maximum centered at about 35 Mev and a minimum nea., 20 Mev. with an indi- -
cation of a rise tdwgra lower energies. Aone 80 Mev the s_pectrumv éte‘epeﬁs with
incréasmg‘éne.rg’y} consistent with the prediction of the albedo-neutron: theéfy.
-F‘eW{ if any, pietoue in excess of 660 Mev, i.e., y«-l 2 0.7.:' were detecté,d in
the experiment. Thig is in agreemént With the results of the July, 1959 exi}eri-
ment. in which the most energetic proton detected wag 610+ 100 Mev. |

The resulta of this experiment are compared with the proton-energy
specfrum_obtained from ,our prevxous (July, 1959) f};ght in Fig. 3. The July,
, 1959 spectrum is normalized to thé present (Octobef. 1966) data in the region

of 100 Mev. Alsc shown are the theoretical curves of the equilxbtium-proton-energy

spectrum as given by Fa:eden and White (1960) and Lenchek and Sing r {1961),
each normalized to the data at 100 Mev. . ‘
Abové 80 Mev both measurements of the spectrum are in good agreement,

showing little evidence for changes in the shape of the zspéctrur_n with time. As
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F.re‘den and ‘Nhite (1961) have also observed, éhe ﬁwasureé spectrum falls
significantly below their theoretical cur\fe for enérgies E > 300 Mev. The
tbeoretic;l energy spectra to which the data arc compared are based upon the
h'j'potheeis ihat the source of geomagnetically trapped protons is the decay of
co;sxnxicé:ay albgdb neutrons. The Freden and White spectrum results from the

appfoximations that the injection coefficient, i.e., trapping probability, ie in-

. dependent of neutron e?ergy} and that protons are lost from the trapped radia-

tion by ionization and nuclear éouisions. Lezichek and Singerlhévc'éxtended i
Freden énd Whiee'.s.’,theoretical tregtinent by;: (1) ﬁkﬁing into account the
anisotropy of energetic albedo neutrong {above 50 Mev)-~an effec:'which de-‘
creases the injection coefficient with 1nc'reaeing. enai-‘gy.{ and (2) ‘as‘su:'n‘ing_
' ..a.'ra lost from the belt owi#g to tl\;e
breakdown of the adiabatic invariance of the magnetic moment. The intfodﬁctiox;
of these loss mechanisms,intt\a the theors; increases the s.lop‘e of the spactium.
particularly foj: 'ener_‘gi.es above ~ 300 Mev--where thé spectrum becomes sen'-“
_sbitive to‘t,he cut-off e#e_rgy ch Such # Amod'iﬁcatjiion is in accord with expe}iment.
Lenchek and Singér were ablé tc obtain a good fit to the July, 195‘? spectrum for

energies E > 80 Mev with ‘Ec = 1000 Mev. The results of the pres,et_xé‘experiment

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

in excess of about 650 Mev have been 'detécted in éithér experiment, we show |
the cnergy Qpectrum for E_ = 650 Mev. An excellent agréement between ob-
a.erir'ation' a_nd'theory is thereby attained for E > 80 Mev. |

| Below 80 Mev, both the Ocaobe:; 1960 and July, 1959 measurements
deviate from the calculfatec‘i épectra. That the spectrum obaeived in July, 195;
departed from the Freden and White cal.!.et.xiacio;m below 0 Mev has been pointéd

out and discussed ('Armstto,nﬁ,et al., 1961). Because the 1959 proton spectrum

‘was measured 5-11 days after the 3+ sclar 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 Mev, if transient in
nature, might be attributed to the effgcts of solar pvrotona. However, a com-
parieon of our twe measnramepte of the specttuﬁi between 50 and 100 Mev re~
 veals no major difference between them other-than in igtensity. This suggests
‘that the departure of the meééuréd spectrum from that of Freden and White
noted in the July, 1959 experiment may oot be a transient phenomenon attrib-
"utable to solar protono, but- rather may be a slight, but not negligible, system-
atic difference betwéen their measurements of the proton-energy distribution
and ours. We conciude iroﬁz'our 1959 and 1960 experiments (Fig. 3) that the -
sp'ectrum of geomagnetically ii'apped proténs for euergies‘above 50 Mev in the
lower regioas of the inner belt has not varied significantly over a period of a year.
vadenca that the spectrum below 50 Mev 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 betwee»nA 24 and 52 Mev during the sa_mé
1959 flight that carried our emulsion package. ' In the region of maximum count- -
ing rate, Holly et al. report that. tha differential spectrum varied as E O, where

n = 1.6840.09 in the interval 24 to 52 Mev. This value of n is at variance with .-

n=0 obse:fved in the present experiment. Naugle and Kniffen (1961) have observed
a proton spectrum that varies a.ppz;oximately as 'E'l's bet*&éen 15 and 100 Mev
for protons which populate the ceptéal region of the inner belt. Thug. although |
our data do not substantiate evide;zcef for a time variation of tiw spectrum of '
high-énergy protons in the lower regione of the inner belt, they 60 not rule out
the poeeibility that such e_ffecté may be present at low enaigiea. _

The question as io wﬁat éxtenf solar flares can iafluence the pfoton spectrum
of the inner belt is thus open for further investigations. For completeness we
wish to cite that the period between July, 1959 and October, 19i6‘0vwafa a . time of

strong solar activity, culminsting 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,
sixtecen days after the éblat flare, has shown that the intensity and spectrum
shape of trapped protons vai-y greatly with alt'ieuc.le and latitude. Such observa-

tioné support the kypothegis that partic‘ie‘s are contributed to the Van Allen belts

| by the interactions of solar protons with the atmosphere at high geomagnetic

latitudes. As suggeated by Arvmstrong et al. (196!). and discussed in more

detail by Lenchek and Singer {1961), the gener‘ation of albedo neutrons by the
interactions of eolar protons in the atmosphere during strong solar activity, to

as far south 'a‘s- 60° geomagnstic latitude, may contribute significantly as a source

‘of geomagnetically trafape& protons.

-. The current theories of the proton speétmm are less reliable below

 ~80 Mev due to the large ungertaixity in the élbedofneutron“apectmm. If onie

_assumes that the observed proton spectrum i‘epreéents an equilibrium distribu- '

tion, it is possible to derive an 'albedo-n@utr‘ongen‘er‘gy‘ distribution from it.

_ F;éeden and Awmte (1961) ha'védexflved from t@xeif (October, 1960) data such an

effective albédo<nelitron spectrum. To.account for the minimum. and maximum
in the proton spactt;um-at ~20 and 35 Mev (Fig. 2), the derived neutron 'épecfrum

exhibits a minimizm at about 20 Mev. " This suggests that a maximum exists in "

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

A maximum in the ineclastic neutron cross section for carbon at 20 Mev ia, in
' ) Lo - ¢ ' ‘
fact, known. :
" The absolute flux of pro&enamxvi_éh E 2 45 Mev=entering the leading edge

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

experiment is in good dgt‘eemem with the flux measured by Freden and White

(1961). These measurements are, however 5.0:0.2 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 th.é _app.roxin{ate-va.-r«iati-on -of-intensity with altitude, and the difference
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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 expeﬂmenml geometries for

the two flights pe rmﬁtéd us to check whether or not this ratic was sustained for

the volumec}ensity of particlé tracke near the center of the emglsion stacks. It
-waes not. The ragic of the total time~integrated {lux of protons in excess of about
1150-200 Mev, thé minimum energybﬁsg?vable in the ceontral regions of the stacks,

was 2.0%0.2. The observed :;atio is close to the rai'id expected for the omnidirec-
- tional flux. We conclude, -therefore, that-' in these emulsion experiments the
tﬁmﬁling of the nose cones did nét ih"su'::e a random. eampling oi the anisot:opicauy
distributed partxcle ﬂux over the flight trajectories. As a conaequence. aystematic
' »'errors ae large as 200- 300% may enter into estimates of absolute partxcle inten- ,

sities in expenmen;s of this type.

Particles Heavier Than Pr‘gtons

Deuterons and Trii':ons:v In the course of analyzing the July, 1959 and ‘ |

October, 1960 experiments, a mass measurement was r‘naide for a total of 783
stopping particles. - Tracks with ranges greater than 5 mm were selected for
measurement. Figure 4 shows a typical graph of ionization vs. range, where
the ionization parameter ig the percent transparency of the track. The main
locus is due to protons. Because the :’ate_ of e;xérgy loas, dE/dx, depends only
upon the velocity for singiy cha.x;ged ziarticles. the mass of an unknown particle

in units of the proton mags is equal to R./R --the ratio of the residual range of
the particle to tha.t of the proton irom poxnas of equal xomzatzon. Curves of range
ve. ionigation’ expected for deutero;xs and ’tri_tons are, therefore, detérmined
‘relative Ato the proton' curg}e; Whenever a mass measurement deviated more

than ¢ 0 {standard deviatioh) from thé px?ot;on curve towards heavier mass,

further ionization megsuraments. wer;@ made at several points along the track.
The results of these frzeasurements.' in addiigi._qn’_tp__ those by Fredean and White- - B

(1960), are tabulated in Table I.
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~ Table I: Observations of Deuterons and Tritons in Inner Belt

Dage ' " No. of Tracks No.' of Deuteréns "~ No. of Triténs

Oct. 1960 301 0 . 0
July 1959 482 s 0
Ma,y 1959 (F and W) 246 0 - 3

The iarqt obgervation by Freden and White that patticlee heavﬂet than
pfotons exist in the inngr belt led to the cqncluaion that these pax‘t:.-cles were
products of-nucl'ea.r collisions 'be‘tw_een the trépyed ra&ation and the upper at-
mosphe.re. Within the limited statistics there is agreement that ‘the abundance
of particles heavier than. px"bto#s in the inner belt is about 1%. Our éa(:é indicate
tfxae the heavy compone.nt'ie predo'minantly deuterons. The preaénce of deutérons
alleviates the diiﬁcult problem of explainmg their absence £rom the belt, as was
indicated by the data of Freden and thter A conclusiom—from the combined data~
that the abundances of deutercns and tritons may be nearly equg,l is not inconaig~
tent with.'the data of Bailey (1956), who has shown that o(pst)x 0.2-0.5 olp,d) -

for 190-Mev protons on various complex nuclei. -

' Heliun{ Nuelei: No track which could be identified as & 2 = 2 particle was found

during the ionization méasu;emenﬁs described abové. The selection of tracks
| gréater than 5 mm range in emulsion ¢orreapondmg to an initial aipha eneigy |
185 Mev, bia.ses agalnst the detection of alpha pattxcles. ‘Subsequent acanmng
~ along the Ieading edge of the emulsion fox alpha tracks between i and 5 mm range

(E = 125 Mev) also failed to produca evidence for trapped alpha particles. An

min
upper limit of the alpha flux is 0 120.05% of the proton flux in the interval 125 to
185 Mev. This limit is aet by the alpha-pa.rticle-background produced by nuclear

- interactions in the emulsion and surrounding matter. |
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FIGURE CAPTIONS

Schematic drawing of the experimenta.l pa.ckage showing the

arrangement of the emulsion stacks.

Measured proton-energy spectrum (October, 1960). Data from

stacks 1, 2, and A are shown separatély.' Standard errors are

" indicated.

Comparison of the normalized proton spectrum observed in July,
1959 with the results of this experiment. The theoretical curves
of Freden and Whifé. and Lenchek and Singér are normalized to the

‘experimenzal data at 100 Mev. The spectra, calculaeed by Lenchek

4

and Singer are for cut-off energies of 650 and 1000 Mev.

Maas measurements by the ionizaeion (percent trmsparency) vs.

A range mristhod. Dashed curves are expected loci for deuterons

and tritons as deduced from the proton calibration curve. . Five

tracks were identified as deute.rcn‘s. Note that three measure-

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

" deuterons were 93, 119, 126.’. 131, and 133 Mev.
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PERCENT TRANSPARENCY
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