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MEASUREMENT OF HIGH-LET PAR TICLES ON .
: ‘ BIOSATELLITE III '

E. V. BENTON ' s. B. CURTIS, R. P. HENKE T
. and C. A. TOBIAS ' _

Donner Laboratory, Lawrence Rad1at1on Laboratory
"University of California, Berkeley, California 94720

.'A"betraet-—.-'H'igh- LET._particlee encounte-red tlnring the‘f.light of Biosat-
ellite III w_éré measured' 'by means of a detector packet consisti_ng of
tissne—equivalent plastic 'nuclzea'vr track aetectoré and nuclear photo_‘— '
graphic emnlsions' located in the proximity of the animal's brain. The
plastlc detectors were used to record Z =2 partlcles w1th track
lengths, L > 10 |.x Some charge resolutmn, even for the very short
track segmevnts ~ 40 u, was found possible. A heavy _reco11 track den-
sity pR(Z>2, L0>10 p) = 103 crn-?’-da.y-1 vv&.zas measu’red.. This value .
is in good agreement vyith a"predicted ciensity.c’alculated with the as- :
» surnption that the tracks are caused by nuclear recoils produced.'_,
through the 1ne1ast1c ecattemng of the trapped protons The meaeured "
results probably correSpond only to the h1gh energy ta11 of the total re- .

coil track di str1but1on

- *Work eupported by NASA Ames. Research Center, Moffett Field,
Califernia and U. S. Atom1c Energy Comm1ssxon

+ Permanent address: Physms Department University of San Franc1sco,
San Francmco, Cahforma 94117.
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1 IN"I"ROD'.UCTION-. |
The B1osatell1te m fhght launched from Cape Kennedy on June

28, 1969, placed a 6- k1logram Macaca nemestrlna pr1mate in a nearly
ZOO-nautrcal-_mlle c1rcular -equatorlal orblt w1th mchnat_mn of 33.5“’ .

‘ The{ 40bije'.ct}iv\e ‘wast'to‘ ‘study the e.ffectsn of.the‘:space en\'r.iﬂronment on .
some of the ba31c blolog1ca1 processes ) Present in the Space en-
v1rolnment is a complex m1xture of 1on121ng radlatlons Of part1cular
1nterest 1_8 the hea,vy-vpartrcle component, because of the po.ssible hlghs
LET _ef__t'ect”s. '6:; 11v1ng o'rgianisms_.’

| 'A'-'special det‘ector:pa'cket consisti-ngf‘of.pla'stic nuclear track de-

'tectors and nuclear photograph1c emulsmns Was utilized to measure

the }ugh LET component of partlculate radlatmn vThe packet 'was in-
corporated mto the headrest of the ammal-restrammg couch so as to

be located in the prox1rn1ty of the an1mal's bram A packet 1dent1ca1
to the ‘one flown served as a ground control Because of their t1ssue

_ equl‘ralence, plast1c detectors were used to measure the proton-. :

1nduced 1ne1ast1c rec011 dens1t1es and charge d1str1but1ons In thlS

.‘ pa.per the results are presented and compared with the calcula.ted pre-

' _d1_ct10ns._

2. DESCRIPTION OF THE EXPERIMENT ~
A detecto.r packet of about 120 cm2 area was used It cons1sted
'of two types of plastlc detector s--Lexan (polycarbonate) and Trlafol
,TN (cellulose trlacetate)——and two types of nuclear emulsmns--llford
G.5 and GZ _ 'l‘he sa‘-ndw1ch_ arrangement of layers is 'shown 1n.Tab1ev

AL T'he Lexan:and Triafol plastics had a nominal thickness _of 10 mils, ;



&

«3-

and the emulsions were nominally 100 microns thick.

The flight time was 8.5 days rather than the plannéd time of 30

days. ‘The flight was terminaﬁed early because of the physiological de-

»t’e'rioration'exper'ien‘ced by. the animal during the first 7 days.
'Afte,r. ‘the' flight, the Lexnn detectors were first.given a ‘standard
uv ti'eatrnent(z) of 10-~20-40 hours from sides 1-2-1, respectively, and

etched for 4 hours in 70.4°C, 6.25 N NaOH with 0.5% Benax. From

~each surface a 10-p,-thic_k layer was removed, giving an average bulk

~ etch rate, Vd = 2.50 p per hour.

The Triafol, which was not given a uv treatment, was etched for

52.8 hOur’s at 50.0°C in a solution compoe-ed of 6.25 N VN.aOH (75%) and

a '412% NaClO solution (25%). A thickness of = 62 p was removed from

‘ each surface, giving VG = 1.7 p/hour'i

Nuclear emulsmns were developed by use of techmques described
by Ilford ( ) The G.2 emulsmns were deve10ped in the standard way,
whereas the G.5 emulsions were purposely severely underdeveloped in
order to reduce the high background density of proton tracks.

Both sets of detectors were scanned by means of an optical micro-
scope under 100 X magnification. All measurements were made vunder

(4)

600 X magn1f1cat1on

3. MEASUREMENTS

" Track selection criteria

To f_acili_tate the computation of the recoil track densities, PR and

the »chargeé, Z, of track-producing particles from the mea'surementsf_.

. in the plas(‘:ivc detectors, several simplifying conditions were imposed



avs Selectmn cr1ter1a
o 1 | The track produc1ng part1c1e traJector1es must.be completely
contauled w1th1n the plastlc prlor to etching. Some bulk etch1ng must
’ vtake place before the track etchlng begins. |
2. Tracks must be completely etched out. Tracks haVin‘g sharb
'_\'{ertices -(underetched) were not 1nc1uded o
:' ‘3.' The etched tracks must undercut the 'plastlc surface that 1s,
‘ there must be some port1on of the track whxch can only be v1ewed
| .through the plast1c above it. | o
| These three cr1ter1a are 111ustrated in F1gs 1 and 2 Fig'u.r,e 1
- shows the various poasxble part1c1e tra_]ectones T.rajectory (a) is-.'
‘the only acceptable one. TraJectory (b) does not meet criterior 1. CAl-
though (c) appears to meet the requ1rements, in reahty 1t falls cr1te-
rion 3. The etched track w111 be ‘similar to track (d) in F1g 2. 'Tra.-
.Jectory (d) fa1ls both cr1ter1a 1 and 3. Obvmusly_ traJe_ctory (e) »can
' produ-ce no track at all w1th the amount Of'etch shown It is po;ss.ible"
' for elther (a) or (b) to not meet crltermn 2 if the track etch rate, VT,
is suff1c1ent1y small. Also shown in the f1gure are L , the part1cle ,
.tra_]ectory length and B, the thlckness of the .sur,face layer remoyed
. through bulk etch - ) | . o |
In F1g 2 are shown the various poss1b1e types of etched tracks
_The dxp.angle;- 6, and cone angle, 6, are shown in (a), wh1ch,1s’lthe_
' only acceptabletrack Track (b) falls cr1ter10n 2. Track ("c).fa‘il's
| 'cr1ter10n 3 because 5 > (w/2 -.9). Track (d) results from a traJectory
_ of type (c) or (d) in F1g 4 and fails criterion 3. Track (e) falls both

crtterla 2 and 3 s

-
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It can .l;e seen that criteria 2 amél 3 can be applied by rnerelly 1n-—
spéctirxlg.‘.tjl‘xe tféck. If the thi.ckness of material removed throuvgh bulk
etch, B,. is greatér thanvthe longest pcjassible frajecto.fy, criterion 14
is. met 'by'a_ll.vftrécks;' "Otherwise the particle track must be compietely

measured to determine if criterion 4 is met.

Etch rate calibration

The rélationship between the'track etch rate, VT:»’ and the par-
| _ ticles' LE__T(E-) was established uéing Hilac accelerated particles.. (see
Figs. 3 and‘4). The Lexan calibration was taken to be the previously
ineva.sur'éd‘ relationship

' VT = 196(1JE1)?',3$ uw/hour. v '_ (1)
~In Triafol the calibratién was obtained by sucéessively etéhing 16O'and
2ONe -tx“acks." The expevrimental'vpoints are shown in Fig. 4 and can be

fitted by the _exbfessi'on v
Vo = 30.4('14}?._".[‘)1‘54 w/ hour. o (2)

LET is given in MeV/p.

Scanning and measurement

- _. In Lexan 21.7 cm? v.vasv scanned by scahner A a\ndv‘S..39‘cm2 of fhis
area waé a.lsc) scanned by scanner B. This was done at 100X magnifi-
caiti_on. Sca@er A scanned with‘horizontal continuous motion, whéreas ,
B scanned with vertical stepwiée motion. ‘Ox>1.t.:he l.aa;si’s ofvét'ipulati'ng‘
| only c_i'i_teribn 3, a total of.88vtrack were found. In Triafol '7..96 crn2

was scanned at 100X with vertical stepwise motion"b'y scanner B. Both -
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selectlon cr1ter1a ZIand 3 were employed and 20 tracks were found
Cr1ter1on 1 was met because of the large value of B. |

. The values of the cone angles, 0 the track etch rate, VT' the
: depth of the top of the track and the track length L, were measured
and computed In Lexan the value of VT 1nc1udes the- correctmn for
uv attenuatlon w1th depth For those tracks meetxng cr1ter1a 1 and 2
‘1t is poss1ble to state that L = L . |

' Of the 88 tracks found in Lexan, 4 falled to meet cr1ter1on 1 alone,

>1~0" falled to meet cr1ter10n 2 alone, and 9 fa1led to meet both cr1ter1a
| and 2 Thus the number of tracks ava1lab1e for track den51ty and

charge measurement was 65

_ Determ1nat1on of rec01l atomlc number, Z

All tracks sat1sfy1ng the selectmn cr1ter1a are plotted in Figs. | 5'__
and 6 On the se VT vs L- plots, curves co»rrespondmg to the' various
pOSSIble reco11 types are also included. The 1dent1ty of each recoil
can be determ1ned by compar1son'of the pomts with the curves. (Only
one 1sotope for each element is plotted since curves of the other pos-

: 81ble ,1soto_pe_s lle very close together.) Element Be was not included
o : b-ecause'_'the jpr_obahility of its 'produvction is extremely small.
o '-The'cur:ves of V'l‘ vs L : shown in'Figs. 5 and 6 Were based on
'the‘ etch-rate ‘calibrations glven in equatlons (1) and (2) and the range-l v

‘ LET relat10nsh1ps for Lexan and Trlafol In these plots it 1s assumed'

,that the average etch rate measured is the etch rate at the average re-

_s1dua1 range, f{ : S1nce cr1ter1a 1 and -_.have been satisfied, Lo =L,

and thus R = 4/2 L, ,_'1/2 L. .

L
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The accuracy of the determination of the recoil atomic number
Qaries »cvo.neiderably over:the region of Figs. 5 ehd 6. Those points
along‘t‘:he tob edge of Fig. 5 have been measured‘, end lie somewhere _
above the phlot'tedivalues but because of the lerge experirr;e;ntal uncer-
--ta1nty they may be as 11ght as boron For event:s Wﬁich result in Qery
short tracks with large values of VT’ the exper1menta1 uncertamfy in
charge determmatmn is large Thus, there is no real d1scr1m1nat1on
w1th1n the B- C N group. However, certalnly those events in the
B- C N group can be separated from the Li group - A large group of
L pomts__;s-emdent in Fig. 5. In Fig. 6 there are also three points

ascribed to He.

Scanning efficiency

'.'To_'vconvert the measﬁfed'tfack .fluen'ces m ’;racks/cmz_ into real-
| is_tie',' ijective fluence ;ialueb, the sca’nping effic-ie_ncy must .be detet-
mined. The efficiencies'ef scahnera A.and‘ B were determined from

the portmn of the Lexan sheet scanned by both scanners. These effi-

c1enc1es are given in Table 2 as a functlon of the track length

Measured recoil densities

"The recoil denéitie s, pg» are gi‘y_e_n by.

'_4 - - : B
PR ~ Lo(i - 8in286)’ for Ly <' cosB ' -3

and
. ‘ K g : -
(B - L sinf) [cos 6 -(1/2) sin® -(1/2)3/1;0].’

PR

o B
for Ly eor @)



. e . |
=>'<.the corrected recoil fluence,
= the thickness removed through the bulk etch,
the traJectory length and

<b°r' woa

‘the track cone angle.

Forrﬁuia‘é'w) and (4) take mto account the effectwe reg1strat1on volume '

a.nd the fractlon of tracks that are not included by v1rtue of the ‘selec-

' :tlon cr1ter1a " The ._as.sumptmns behmd ‘these 'f_ormulae are: (1) that

both t_he-.reco;l tra'j'éctofy_directidn and the detector sensitivity are-iso-

) t"r'op"‘ic," and : (il) that the etch time is sufficient to 'completely.etch out
a track of length L that etches for the full etch time.

For Lexan, formula (4) was apphed to groups of tracks with sim-
ilar values of L and . The few tracks with L0 < 40 p were excluded
vto‘ ma_'ke the comparison With :the c‘alcu—lated results m‘eaningful'(see.f .
' sect'io'n 4) Also, the scanmng efflc1enc1es are not known for L < 10 p
For Trlafol formula (3) was apphed to each track 1nd1v1dually

Table 3 glves the measured values of PR for each ion or group of
-ions Here N is the number of tracks a.nd the uncerta1nt1es given are

those ar1s1ng from counting statistics alone

'Integral LET sgectrum v

The 1ntegral LET Spectrum

d*N(LET > LET , L >10y)
‘ daae

.- the number of partlcles cm 2 sr v-'i w1th LET > LET and L > 10 u, is

"shown '1n'F1g 7 The absc1ssa var1ab1e is LET in MeV/p transferred
to electrons w1th rec01l energxes < 350 eV. The mtegral LET Spec-‘

"’trum 1s obtamed from




- d N(LET >LET L >104) L - '
; - P -
dAdT 0i™i (5).

= 1
4
LETi >LI'3T0

by 'sﬁrnming over individual tracks for Triafol and groups of tracks
having similar values of L and V, for Lexan. L ; is the length (dis-
tance from the interaction point to the stoppmg point of the recoil) of

the track or the average length for the group of tracks. The quant1ty

p is the dens1ty (1n part1cles/cm ) represented by the track or group

of tracks, and LET is the value of LET corresponding to the average

value of YT i

area, the area norrﬁal to the beam direction The differential dQ is

The d1ffer_ent1a1 of area, dA, is the element of pro;ected

the elem_ent'o.f solid angle. Equation (5) assumes an 1sotr0p1c dlStl‘l—

_‘b‘ution of recoil trajectories.

'F.o: LET < LETC the etched tracks have 6 >n/4. Since § > 8 is
n_eceséary‘fox" registration, these tracks will not be undercut and will

be rejected by selection _cfiterion 3.

Observation in nuclear emulsions and plastics

Exarriihati_on of the nuclear emulsions revealed a high background

" of tracks.due to singly charged and multicharged particles. Locations

of the tracks due to the primary heavy particles were noted. ' An ex-

ample of the heaviest track observed in emulsion appears in the center

‘of Fig. 8. Attempts were made to trace these into the adjacent layef'sk

of plastic detector. No co.r_reSpon'ding tracks were found in the plastic.
After the sensitizing uv treatment, the sehsitivity of Lexan is such

that the following particie types can be detected: Z = 6withE< 6 MeV/a_rnu,
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= 26 w1th E < 250 MeV/amu, >37 withsz 2.5 GeV/amu The

Tnafol detector 18 somewhat more sens1t1ve than the sensitized Le)ran
Tracks due to pr1mary h1gh Z partlcles were not observed in elther
detector These observatmns are cons1stent w1th the hxgh geomag-
: »netlc" cutoff for th1s pa-rtlcular orb1t and the relatively small value of
the area t1me factor achleved | | | E

Nuclear emuls1ons were exarruned for the recoil tracks observed
in plast1cs Although undoubtedly present, it was not possible to dis-
_ tlngulsh them from the very h1gh density of background gra1ns present

or from the numerous tracks of singly charged partlcvles (see Fig. 8).

: Observatmns 1n the nose cone alunnmzed Mylar

>

A layer of alurn1n1zed Mylar located d1rectly beh1nd the heat sh1e1d »

- of the spacecraft was also exammed for tracks.. This mater1a1 formed
‘ f'_an mtegral part of the spacecraft Belng nearly 1 mz in area, 1t was
large enough to record the passage of rare, prunary, very- hlgh z
partlcles. Unfortunately this material was found unsuitable for par-

ticle dete ction.

4. CALCULATIONS -

Est1mat10n .of,t'he expected recoil density
In :p‘rinciple; it is posstble to 'calculate the number of nuclear r.e-
coils per un1t volume, w1th length greater than a certaln dlstance ‘The
:physlcal quant1t1es necessary for such a calculatmn are o |
(1) the fluence (no /cm ) of 1nc1dent part1c1es travers1ng the plastlc,

(1i3 the cross sect1ons for productmn of the nuclear reco1ls and

©
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(iii) an'estima’te of the fractional number of each type of recoil that

produces tracks long enough to be detected.

The equat_ion.for the recoil density (no./cm3) with track lengths

greatef than some distance Lo is

Pr{> L) = =3 “cg[% %c Fic ‘>Lo)]m dE
o : o ’ - d3N :
Yt Pox S [Ei %ox Fiox ¥ Lo)] JAdEat 9F

- Here
No = Avogadro's number (rholecules/mole), -
p = density of the "plastic’(g/c'r‘n3),

AT = '.svp;cefligh't duration (sec),

M = molecular weight of the plastic (g/mole),

n_ = _nur’nber of cé.‘rbon atdms per mol’ecple,'
ndi ‘_=‘.r'1umbe..r of oxygen atoms per molecule,
ai; = cross section for production of the jjh type of recoil on
| _carbon '(crrvle),' |
Ciox érbss section of production .of the _1_th type of recoil on
- oxygen (cmz).
Flc (> Lo) = fract1c;n of recoils of the ith type whlch go at 1east
a distance L from carbon 1nteract10n,
Fio.x.'(s Lo) = fraction of recoils of the ith type which go at le_asf ‘

~a distance L from an oxygen 1nteract1on, -and
d3N/dAdEdt = differential energy spectrum of the part1cles pro-

ducmg recoils (no. /cm2 MeV-sec).
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“:'i‘he only'_t‘\‘avo pbs'sibilities for the sou‘rce of particles prodncing,-the
recoils are protons from the trapped radiation belts and the galactic |
or'otons. No 's‘olabr-parvtic'le e\}ente .occurred_during the flight. ‘-The fol-
16win'g:;:a1£xi1aLti’{>n is for trapped protons only. |

The trappé’d-'-proton environment was estimated as follows. The av-
eragedally k"s.bectrutn' 'was ca.lculate'd' by us1ng the Boeing-de\./'elope.d’ in-
»tegration-:ﬁroér'am,_ivhich vin"te.gratee the spectrurn'over the B and L
é‘pé"‘cﬁ‘e" tr".a"ver:sed by the vehicle trajectory. In one day, all inh:o'mobgene-

‘i‘ties -are' approximately averaged out and the daily spectrum can then be
multlphed by the number of days the fhght lasted to obtain the average
time:- 1ntegrated energy spectrum. This spectrum must then be degraded
by-.the sh‘1e1d1ng of the spacecraft itself. Since a sh1e1d1ng distribution
was not known for the pomtmn of the plastic-emulsion packet, it was de-
c1ded to calculate the recoil density assuming three d1fferent th1cknes— :
’ s’e's of sphe'rlcal 8pacecraft shleldlng' 2, 5, and 10 g/cmz' of aluminum.
“The true denS1ty undoubtedly hes somewhere within this rage. 'I"'he de-
: graded spectra were calculated with the Boeing shleldlng code. (6) N
The cross sections for recoil production were obtained from th'e'.‘
| "Monte Carlo codes deve10ped by Oak R1dge Natxonal Laboratory (7 )
Three e.ner.gﬂ,les of incident protons were used: 50, 100, and 200 MeV
The results give the production cross sections for recoils of different
‘ tYpe's'frorn nucle_ar interactions of protons of the above e‘ner_gies ‘on v
carbonand oxygen.. Also, the average energy of each type of_r_ecoil-."-‘. '
- ‘\‘;vas'.o.btained at each energy. The e‘nevrgy épectra of the rec'oils; how-

éi;ér : 'were not obtained It was declded to use the shape of the a- pa.r-

. :”tlcle spectrum and renormalue it so that the average rec011 energYwaS |

&




-13-

6btaihed for'fhe first moment of ‘the distribution. These renormalized
spectra wér’e’_ then integrated to give the fractional number of recoils

" with energies greater than a .given' energy per nucleon, for the various
recoii types. 'Fr‘orn a range energy code developed for these plastics.s4)
‘the Fi‘c_‘and- .Fio'x (>10 p) were determinéd by reading the values of the
integral épectra for that energy per nucleon corresponding to a range of
10 p.

The”vglues of cross sections F-ic and Fiox are given for the various
‘recoil tyi)es, proton energies, and"l.)lastic constituents in Téble 4. The
average daily spectra at the three energies.,‘ shielding thickhesses, and
the integfand's [in equation (6)] for ‘each‘vshielding thickness, .energy,
and plastic constituent are also shown in Table 4. |

The qaicqlation was madé for _Lexan." .The values used for the quan-
tities in eqﬁation (6) w'ere:

p =.1-.;17 vg/cm3, -

: M =254 g/mole (the molecular fovkrmula. C16H-14'O_3 wés used),

T =8.25 days, | |

=16,
~and S

Pox” 2
| The ’integrénds in Tablé 5 were used to deterrhine a rough depen;'
B d.ev“r‘lce on é.ner‘gy‘.v' Sin‘cev‘there were oﬁly three energy p{)ints, the de-.b.
pgndéﬁc’e of the integrands could be ’-onl'y crudély estimated, and the r_é— A
~ sulting 'inté‘gral can be cpnsidered only a rough’.appfoximatiOn. vTh.e re-

sults are-'giVén in Table 6 for the three shield'ingg thicknesses. Becaﬁsé
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of the crudeness of the calculation, only one significant figure is given.

5. CONCLUSION'

Companson of measured and calculated results

B By use of equatlon (6), Lexan parameters, and the parameters
= 1.24., M =72, 'n’c = 3, and no = 2 for Triafol, it is found that-the,

c’alculated'_value s of recoil density given in Table 6 alsco.hold for Tria-

fb_i':.v"z‘Bé'Eaiuse of the large uncertainties involved it can be: said that the

Ca‘lcu_la,t'ed results in Table 6 agree with the measured Triafol results,

but"are'f'sliightl’y"in’diSagreement with the measured ‘Lexan results.

- The predicted and measured recoil charge distributions are in excellent

agree}neht. ‘\'{/ithin‘-‘ekperimerital error. They are given in Table 7.
.‘T‘he LET spectrum given in Fig. 7 is only an approximation of the
o ti?ue‘-;s'pect'r‘uin. ' This is because each LET value given is not the value
‘ at a single point on the recoil track but is the effective value of LET,
T"

W}‘iic’h.“'is the’ measurable quantity. Thus, ‘although the maximum value

the value 'hecessai‘y to produce the average preferential etch rate, V

of LET achleved by a mtrogen ion at its Bragg peak is 1 1 MeV/p., no
.tracks are 'shown with effectlve LET values this high because all track:
B segments' were at least 10 p long. -

=T6 ensure the health and safety of the astfonauts it is imp’oftant._te

| possess as complete a picture of the radiation environment as p0851b1e

: 'Although many prev1ous measurements have been performed this work»

__“represents the f1rst measurement of the h1gh LET nuclear rec011 com-
.' '_ponent 1nduced through 1nelast1c proton scatterlng in a sohd t1ssue- . ..

' equlvaLent mate-rlal These measurements are poss1b1e only because
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of the'unique properties of plastic'n.ucl'ear‘track detectors: (i) the abil-
ity to "record only heavily ioniaing particles while' being unaffected by
.large'b"ackg'r'odnds of rn'or'e. lightly'iohizi.ng radiations, and (ii) havi.ng a
response With a stro‘ng dependence on ionization rate, thus permitting
charge 1dent1f1cat1on of very short track segments |

It ahould be noted that the sensxtlvxty of plastic nuclear track detec-
tors used in -the se measurements is such that they are heavily biased
agamst part1c1es as 11ght as 4He However. the cross section for 4He
productlon is relatlvely hlgh and it is expected that the recoil track
dens1ty fo.r 4He, p( He), is at least comparable ‘to if not higher than the
measured p(Li +B+C +Ni Al.so, due to the nature of .the detectors, the

v measured p (L > 10 p.) represents only the high-energy tail of the total
- ‘rvec011 track dens1t.yf It is expected that p (Lo> 1.0 u)>p (L0> 10 p).

- This is _'illus_trated in Table 4, where for many types of recoils F. .
Fio << 1. In fact, thos‘:e recoil tYpes with the 's‘rr'xall'est‘values of .Fic’
and Fio'werev selectively eliminated from Table 4 because they did 'net
contribute signiﬁcantly to pR_(L > 10 p). Consequently the measured"

recoi_I density, Z>2 L > 10 p) = 3 rec01ls cm3 day 1, may be

| . PR (2
only a small fraction of the total. It should also be’ pomted out that the
integral LET reco11 spectrum, shown in F1g 7, is similar to the

'. 1ntegra1 spectra of prunary hlgh Z partlcles as. obtalned on the lunar

(8)

Apollo missions. Further measurements of this type'ut1hz1ng‘pres-
ently available improved-sensitivity nuclear track detectors are needed

_ to properly assess the biological implications of nuclear recoils.
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Arrangement of detectors in the stack

La’zjér No.

W

4}

10
11

L e T S e

Triafol

Triafol

-Triafol

Triafol
Lexan
G.5
—Lexgn
G.2
Lexan
G.5

Lexan

—

Dete ctor o v Layer No.

12

13

14

15

16

17

48
19

20

21

22

Detector

G2
Lexan
G.5

Lexan

G.2

- Lexan

G.5

Léxé.n
G.2

Lexan

- LLexan




'Wa_v

1000-12.3 5. - 0.348° . 0.445
12.3-203 0 c. 0.364 . 0.574

20.3:34:0p - - 0.320 - 4.000




‘ ' Table 3. Récoil densities (tracks/cm3)
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. Lexan

’Triafbl

PR (Lo > 10 p)

PR (L, > 9w

"B+C+N

" Li+B+C+N

31

17

48

. 9,2+7%x10

" 44.6+1.8%x 10

3

2.420.5%10°

3 .

6.2+1.9%x10

3

12 £ 9% 10

- 2.6+£1.3%x10

3.6+1.4% 10

3

3 .

.
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. Table 4. Tabulation of crose sections {;r various recoil types,
50 MeV 1"00‘ wev 200 Mev
Carbon Oxygen Carbon Oxygen Cardon Oxygen
Ien ic Flc olc Flc oinx Flox aic yiox cic Fic ulc P‘c .ni'ox ylo: UXo:Fiox alc Flc uioxrtox qtc 'l; oicpic
PANY £2104) L2)oud {mh) L2300 (>10u) . . -
5 15.89 0.275 5.193 1.02 0.2 0.204 11.61 0.26 3.019 3.24 0.5 1.62 9.29 0.3 2,787 .07 0.8 1535
10 52.50 0.032 1.68 5.11 0.08 0.409 36.53 0.018 8.622 s o0.145 | o.866 28. 80 o006 | o113 501 0.215, L 722
1 22.30 22.61 T .
10, 6.50 4.03 ‘ 2.94 '
e 74.02 107" 0.007 1.02 0.085 0.087 49.56 1074 0.005 3.58 0.155 0.555 47.08 1074 0.008 1.88 0:13 0.244
- IRESURTRN REV 0.003 76.04 o.0155| 1.179- | 17.19 1074 0.002 59.50 0.0255 | 1.s517 8.21 107d 0.008 4633 | 0.0 2.261
g 21.82 0.028 - 0.611 | 12.28 0.0077 | 0.095 6.65 0.02 0.133
14, 75 s x 107l 0 06 1 70'.2.4 107 1 0007 54.56 0.06145 6,079
soM : 6.885 2,551 3. 648 L 66 2.>9.1s 5.974
«1mb = 10727l T ) S

—Fz-



Table 5... The averagé daily proton spectra at three energies and. shielding thicknesses.

Proton energy: 50 MeV Proton energy: - 100 MeV ’ Prptonv energy: 200 MeV
|shielding | Diff. Energy Diff. Energy | Diff. Energy =
-xngskg_esg,_ Spectrum Integrands Spectrum Integrands Spectrum Integrands
glem, Al {in equation (6) ] [in equation. (6)] [in equation (6}]
- ‘_ - 2 - . - .
!ho./_cm,z‘_MeV- Carbon Oxygen no./cn?- MeV- "Carbon Oxygen “°'/c"‘f MeV._ Carbon Oxygen
L _ — - -d. —— RN - _day g - -
day no. recoils no. recoils ay. no. recoils no. recoils no. recoils no fecols
day-MeV-carbon (day-MeV-oxygen day-MeV-cerbon | day-MeV-oxygen day-MeV.carbon day-MeV-oxygen
e leus - _nucleus nucleus - nucleus oucleus _l_»__'_‘____m
2 1.0493 7.2244 2.6768 5.9331 2.164 ) 2.765 '1.,.8069 5.2867 1.079
x 10" x 10723 x 10723 x 10 x 10723 x 10723 x 10 x 10724 x 10723
5.8606 4.035 T1.495 4.1976 1.531 1.956 . 1-5123 4.407 9.033
- - - : - 10”24 . -24
s x 10° x107 23 x 107%3 x 10° x 10723 x 10723 x 10 x 10 x 107%%
2:9281 2.016 7.470 2.6044 9.5 .. 1.20w 1'1513 3.357 6.879
. - - Co - : -24 ’ ~24
19 x 10 x 10723 x 1072 x 10° x 10723 x 10724 x 10 x 10 x 10
Lo .
Ny . -

-97-
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':vTable 6. C_alcul'a’ced PR (L > 10 p).
S'hielding Carbon Integrals Oxf'gen Integrals Recoil
Thickness Number of coils Number of coils’ density
T, _ . - _ p(L>103)
g/cm” Al day-carbon nucleus day-oxygen nucleus
- : ’ . no./cm3
2 6 x 10721 s x 10721 3 x 10°
5 4 x 10721 3.7 x 10721 2 x 10°
10 2.6 x 10721 2.5 x 10721 1 x 10°

-Sz;



Values o’f‘
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Table 7

pp (L >10 ) for (B+C+N)

0 .

Pr(L >10 ) for (Li+B+C+N)

Lexan

TTN

. Predicted

Measured

1 0.265

0.207+£0.068

0.393

0.419 £0.300

bl
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FIGURE CAPTIONS

Fig. 1. Different possible types of recoil-particle trajectories.

Fig. 2. Different possible types of etched particle tracks.

Fig. 3. Photomicrographs of 10-MeV/nucleon heavy-ion tracks in
Lexan. The detectors were first sensitized with a uv treat-
ment and then etched for 2.0 hr at 70.4°C in 6.25 N NaOH with
0.5% Benax.

Fig. 4. Track etch rate calibration in Triafol TN.

Fig. 5. Recoil identification in Lexan.

Fig. 6. Recoil identification in Triafol TN.

Fig. 7. Integral LET spectrum for tracks of LOZ 10 p.

Fig. 8. Photomicrograph of a section of G.5 emulsion. Track at
center, probably of a fast iron particle, is of the heaviest type
found in emulsion. No corresponding tracks were found in
plastics. Tracks of recoils could not be distinguished from the

very high density of background grains and other tracks present.
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L EGAL NOTICE

This report was prepared as. an account of work sponsored by the

‘United States Government. Neither the United States nor the United

States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents

that its use would not infringe privately owned rights.
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