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AImzact--Flu.xesof cosmicray particleswithdifferentLET valueswere measuredon boardthe
Cosmos-2044biosatelliteundervariousthicknessesofshieldingbystacksofCR-39 and nitrocellulose"i

plasticnucleartrackdetectors(mountedoutsidethesatellite).Thecomponentcompositionofthepa.,-ticles
detectedundersltieldingsof0.1-2.5$ cm-2isverifiedbycomparingexperimentaldatawiththeresults i
ofmodelsimulationsofthefluxesofgalacticcosmicrayparticlesandofradiationbeltprotons. !

1. INTRODUCTION

T_m RADIATIONfieldsintheEarth'svicinityaregener-

atedby theparticleswhich arecommonly grouped,

accordingtosome criteria(mainlytheirorigin,com-

positionand energy) into certaincomponents,
namely,galacticand solarcosmic rays (C-CR and

SCR), radiation belt (R.B) particles and anomalous

fluxes (AF). To date, numerous experiments have
been carried out on board Soviet and U.S. spacecraft,

yielding copious data on the fluxes and spectra of
protons and heavy, ions in the Earth's vicinity (see, for
example, Benton and Parnell, 1988; Marenny et al.,
1987). Almost all of the data have been obtained
using solid-state nuclear track detectors (SSNTD)

(Marermy, 1987) which are notable for their essential
characteristic of a detection threshold expressed by
the smallest LET value at which detection is possible.

In the present work, an attempt is made to analyze

the components of SSNTD-detected particle fluxes
under various thicknesses of shielding. The exper-
imental data are supplemented with simulations cal-

culated bymodelsoftheradiationenvironment.Only

GCR and RB particlesare includedbecauseother

heavy cosmicray components did not penetrateto

greatershieldingthicknessesthan0.05gcm -zduring
theCosmos-2044 Right.

2. EXPERIMENT

The Cosmos-20aa missionlastedfor 13.8 days

from 15to29 September 1989.The biosateiliteorbit

was elliptical; witha perigeeand apogee of216 and

294 kin, respectively, and an inclinationof 82.3°.

Four fiat,liddedcontainersholdinga varietyofdosi-

metricequipmentwere mounted outsidethesatellite.

The experimentalresultspresentedhere were ob-

tainedby processingthreeSSNTD stacks,one at

IBMP (Moscow) and two at USF (San Francisco).
The IBMP stack of 90 x 50 x 16ram dimensions

contained20 Soviet-madeKNC-type nitrocellulose

detectors of 800 _m thickness each. The detectors
were etched in a 6"NNaOH solution for 5 h at 50 °C.

The tracks were scanned with a stereo-microscope at
• 80 x magnification. The penetrating (a cylinder or

two cones) or single-cone (of at least 100 _m length)
tracks were selected by counting, and correspond
with the C_.rCRparticles of Z ;_ 6 and LET ;_ 1600

(MeV c'm2) g-1 (under the given etching conditions).
The USF stacks were of 3 ¢m diameter and in-

cluded CR-39 and Cronar polyester layers. The CR-
39 SSNTDs were processed in a 6.25NNaOH
solutionfor7 days at 50°C. The bulk etch,B, was

measuredforeachofthedetectors.Pairsofdetectors

were reassembled in their flight orientations and the

two adjacent inner surfaces were scanned with an
opdcal microscope. This procedure permitted the
particles to be separated into short-range (SR)
(matching tracks appear on two inner surfaces only)
and long-range (LR) (matching tracks appear on an
four surfacesof the detector pairs)C_rCRparticle

tracks.The SR particlesincludethe secondarySR

paniclesfrom targetnucleiwithintheplasticand the

stoppingprimaryGCR and trappedparticles.All
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protons were detected as SR particles because of their
short registration ranges in CR-39. The GCR par-
ticles include the primary C.rCRs and the LR Z >i 2

secondaries which are mainly the GCR projectile

fragments. The Z i> 2 stopping C.rCR particles can
_Ico contribute to the SR tracks, but with a low

probability.

3. ANALYTICAL PROCEDURE

3.1. Galactic cosmic rays

The GCR panicle fluxes outside the Earth's mag-

netosphere were calculated in terms of the model
proposed by Suslov and Nymmik 0958) and de-
scribed in detail by Suslov and Nymmik (1990). In

the model, the energy spectra F_(E,t) of the
I _<Z _<28 C_.,CRpanicles are inferred from the par-

ticle rigidity spectra Oi(R, t):

A,B
F,(E, t) dE = ¢J,(R, t)-_ dR, (I)

where A_ is the atomic number of a nucleus of species

i; R_ is particle rigidity; t is time.
The rigidiw spectra are defined by the phenomeno-

logical model

D'_'_I R ?,c,)t)=-k-T-,,+ ' (2)
where D_, 'h and 7_are the constants which character-
ize the spectra of particles of certain species whose
values were determined through the available set of

experimental data on the C_.rCRparticle fluxes during

the previous solar cycles.
The data used to calculate the fluxes of all particles

can be found in Standards for Galactic Cosmic Rays

(1991); the constants used in calculating the energy

spectra of the basic elements are presented in Table 1.
The value of 1% is defined by the solar activity level

and by the delay of the CR panicle flux variations
relative to Wolf numbers. During the experiment,/_

proved to be 0.88 GV.
The power-law exponent in (2) is determined by the

formula

A,(t) = 5.511 +o,o4 )]
,8.R

+ ,.0 sgn(:,)._-exp( - "_), (3)

where thecoefficientsb_= 1.2and dt= 0.03#,describe

the form of the spectrum at low energies

(R < 0.55GV_ and were inferredfrom our data on
thefluenceofoxygennucleiobtainedintheCosmos-

2064 experiment(Marenny eta/.,1990).

3.2. Function of nuclei penetrating to low orbits

The C-CR pa_cle energy spectra on the satellite
orbit were found by calculating the penetrating func-
tion on the basis of previous determinations of the

boundaries for proton penetration into the magneto-

sphere in a Cosmos-800 experiment (Biryukov eta/.,

1984).
Figure I shows the plots of the penetration func-

tion, calculated as indicated above and using the
conventional techniques based on the International
ReferenceGeomagnetic Field CIRGF') model. Our

approach has yielded higher fiuences of particles
penetrating to low orbits as compared with conven-
tional techniques('Nymmik,1991).

TableI.Valuesof constantsusedincalculatingenergy
spectI_

Element Z, A, D, a, 7,

H I I 2.0E04 3.0 2.75
He 2 4 3.5E03 3.0 2.75
C 6 12 9.6E01 3.1 2.75
O 8 16 8.4E01 3.0 2.70
Si 14 32 1.2E01 3.0 2.65
Fe 26 56 9.2E00 3. I 2.60

3.3. Radiation belt protons

The P.B proton fluxes on the Cosmos-2044 orbit
were calculated using the AP-8 model (Sawyer and

Vetoer, 1976) for solar maximum. The calculations
have shown that the orbit-integrated differential en-

ergy spectrum of the 1-100 MeV protons can be
described as

F(E) = 8 x 103E -', (4)

where 7 =2.03 at E<$MeV and ?==2.72 at

E ) 8MeV.

3.4. Particle flux deep in matter

The speciesi particleflux undershieldingofthick-
nessx isdeterminedby the formula

F=(E'_) = F,_(L,/Lx), exp(- x/:.,), (5)

t.O
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Flo. I. Panicle penetration function into the magneto-
sphere for the Cosmos-2044 orbit. Curve l is the IGILF
model calculation result. Curve 2 is the N3_mik (1991)

modelcalculationr_ulU
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CALCULATION AND MEASUREMENTS OF CR IN LEO

where E'= E°- to L,(x)d.x; L, and L, are the par-
ticle LET values above and under the shielding,

respectively; _ is the species i particle patti:for nuclear
interaction.

The particle energy spectra under the shielding
were used to find the particle LET spectra:

=' L- J (e

where L_(E)is the energy dependence of species i
particle LET value;j is a given flux component (GCR

or RB).
In conformity with the selection criteria for events

in the USF stacks, the flux ¢_(> L) was broken into

four groups (see Fig. 2):

4

¢,(>x..)= _ #_,(>E). (7)
i.. I

Ifxtistheleveloftheuppersurfaceoftheupper

detectorina pairof detectors,x2 isthe levelof the
lowersurfaceofthelowerdetectorinthepair,and x

is the level between xt and x:, then the pictorial

pattern for breaking into four groups of events is

1 2 3 4

GCR SRi SR: SR3

X_ @ 0 0 @
X @ @ ® @

X_ @ Y @ Y

where ® means that L > Lo, O means that L < L,,
and Y means that a particle is not present. The

102

i tOo

_. iO °2
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(_ept_ in _420 icm)

FIG. 2. The cajculated flux vs detector depth. Cm-ves 1-.-4 are

particle fluxes calculated by formulas (8)--([l), respectively.

S is the total particle flux with L > Lo at depth x. The curves
numberedwithouta primeare forL>a0MeVcrns'L;
those with a prime are forL > I000MeVcmg-L Curve 4"
isnotpresentforthevaluesofLET and plasticthickness

used.

/
particle fluxes at L > L, at the level x may be

described by

_(CrCR) = _#_ (L _ L,, x_);(_r(R)> E(x..- x,))
(S)

#;(SR) = Y'.¢#(L _ Lo,x,);(E(/_) _ E(x: - x,))
# (9)

¢I(SR) = _¢# (L < L,, x0;(£(R) _ E(x: - x,))
# (lO)

#_(sR) = _#_ (/. < L,, x,);(E(R) > E(x: - x,)).
(ID

In the expressions (8)-(11), the C-CR group in-

cludes the particles with LET values L > L, over a
range great enough to penetrate both detector layers,

from x_ to x2.

4.RESULTS AND DISCUSSION

Figure2 shows the O_(L > L,),plotsOX,(GCR),

@:_(SR),O_(SR), and _(SR) calculatedfor the

experimentalconditionsunder the shieldingthick-

nessesrangingfrom 0.075 to 2.5cm H:O at two
thresholdLET values(40 and 100MeVcm-' g-_).

From the calculationsitfollowsthat,under the

shieldingexceeding0.2em H:O, the fractionof the

eventsingroups2--4(SR) islessthan 1% ofallthe
detectedGCR particles,whiletheeventsofgroup l

includenearlythe totalfluenceof detectedCR par-

ficleswithinthe givencomponent. Secondary par-

tidesare not includedinFig.2.

Figure 3 shows the experimental data (plotted
points) for (a) the particle fluences detected at seven
depths at x > 0.2 cm H:O in the USF stacks (GCR)
at L > 100 and L > 500 MeV era g-_; and (b) at two

depths (0.24 and 1..53crn) in the IMBP stack at
L > 1600 MeV cm: g-L The independence of the val-

ues of C-CR particle fluxes predicted by calculations
for L>Lo and at depths of 0.1-2.0g crn°' is
confirmed by the data. The measured particle flux at
L > 100 MeV era" g-_ is somewhat below that pre-
dicted by the calculations, but probably within the
overall accuracy expected from the comparison.

Figure 3 also presents the data on the events
selected by the criteria of SR conditions (9)-(11) and
shows thecalculated.dependencewhich followsfrom

the RB protonspectrum.This data (Curve l)has
been normalized to the SR particleflux at

x = 0.25cm H,O. To thatend,thefactorC in(4)had

to be setequalto I000,i.e.eighttimeslessthanthe

valuegivenby theAP-8 model forsolarmaximum.
The reductioninprotonfluxfrom the model predic-

tioncan beattributedtouncertaintiesderivingfrom



/
iO 3

I0 2

g,,,#

I0 o

tO"_

10-2

A. M. MARENNY et al.

3

x" _ -'t =

4

. _ t.lO01

Dep_ in H20 (cm)

FIG. 3. Particle _luxes with L > L, vs detector depth.
L > 100 meV cm g-i: Curve 1 is the SR track density due to
RB proton flux calculated by formula (4); Curve 2 is the
track density due to GCR particle flux calculated by for-
mulas (1)-(3); the black circles axe experimental SR track
densities; the drcles with dots are experimental OCR track
densities. L > 500 MeVem g-_: Curve 3 is the track density

due to GCR particle flux calculated by formulas (I)-(3);
the star-like crosses are experimental GCR track densities;
the skewed crosses are the SR track densities.

r_ > 2 x 103 MeV cm g-l: Curve 4 is the CrCR track density
calculated by formulas (1)-(3); the squares are the exper.

imental GCR track densities.

two major causes. There are substantial proton flux
fluctuations observed at low altitudes near the lower

RB border, where the density of residual atmosphere

increases. The high solar activity level during the

observations may have contributed to atmospheric

expansion and a decrease in proton flux. Also, the

pronounced directionality of the trapped proton

ttuxes is not taken into account by the AP-8 model or

compensated for by the SSNTDs. The assumption of

isotropic proton incidence which is made in correct-
ing the experimental measurements fordetector solid

angle response could thereforehave introduced some

error into the measured proton fluxes.

From Fig.3 itfollows that the SR particlefluxat

x > 0.3 can H_,O is considerably greaterthan would

be expected from the primary RB protons. For the

particle flux with L > 100 MeVcm_g -I, the excess

equals about l particle(m_s sT)-_.Only a small part

of thiscan be attributedto H recoilsproduced by

neutron collisions.The high energy (> iMeV) neu-

tron fluxwas measured on Cosmos-2044 (Dudkin et

al., 1992) in the range of 275-500 no/m -_ s-1 sr-t. The

efficiency of CR-39 for high energy neutron flux

detection has been reported as ~ 10-' proton tracks

(neutron) -_ (Durrani and Bull, 1987"). This would

imply a neutron-induced component of ~ 0.04 parti-

clcsm -_ s -_ sr-L High energy protons also contrib-

ute through elastic scattering of target H nuclei and

this would seem to be the major source of the excess

tracks seen at the larger shielding depths.

The SR particles at L > 500 MeV em 2 g-_ cannot

be protons, but are mainly secondary particles of

higher charges produced by inelastic interactions of

RB protons and neutrons with the detector nuclei

C_,c, o).
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