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NEUTRON DOSIMFTRY IN AND AROUND HUMAN PHANTOMS
? BY USE 01" NUGLEAR TRACK EMULSION o

eroaki Akagi and Richard L“. ‘Lehman gr
| - Lavifence Radiation Laboratory

\* . . University of California

Berkeley, California
~ November 30, 1961
- Abstract B

The power of nuclear track re search?{rnuleion as a fast neutron
dosimeter is examined iﬁ the expoaﬁrebf a human phaixt&m to PuBe
neutrons., Semxautomatic track sca:ming a.nd hxghnepeed data ana.lyais
obvxate the major dzsadvantages of thia dosxmeter. and allow the
£ollowing basic information to be obta.ined thhout ta. serzous cost in
~ time: the relative proton recoil energy s:pectrum. the'absolute
differential proton track de#a_ity spectrum, and the a.veré,ge proton re_cdil
energy at various locationé in the phantom, Frbm this are 'calcuiated
the total absorbed local tisaue dose duev is proton recoils, 'the local ‘
thermal neutron intensity, and that portioﬁ of the tissue: d_ose due to

thermal N(n,p)C tracks,
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NEUTRON DOSIMETRY IN AND AROUND I-IUMAN PHANTOMS
BY USE OF NUCLEAR TRACK EMULSION ,

Studiés mth Plutonium- ryllium Neutrona -,-'._,

‘Hiroak; Akagi a.nd Richard— L, Lehman |

- Liawrence Radiation Laboratory
University of California
Berkelev. California

) Novgmber 30, 1961

"1, INTRODUCTION

Nuclear track emulsion has been widely used for detection and
. measurement since the beginning of neutron research.. ‘Howeve'r. health
physicists have not until now shown nmch interest in this tool; which is' .
 probably the beat single neutron dosimetar. The reason £or this lack of .
interest is simple. track scanning and analyuia require a great deal of
time, Now semiautomatic scanning of emulsions and data analysis by
clectronic computer have partly overcome this difficulty. ‘But the ques-
tion arises-—- "How good is this tool for a.na.lyzing tissue dose from: .
neutron exposure?" ' IR
| In an atternpt to answer this question, nuclear track emulsion was
exposed in and around human phanton'.;xs to various kinds of neut:ons". In
v thi§ repoﬁ we present data obtii‘ned from exposure to plutoniumeberyllium
neutrona:, These data include the proton recoil anergy distribution, absolute
differential track 'den_‘aity. -and emulsion dose at various depths in the
pha.ntom'. From this the‘ tizsue dose is calculated;’ |

n, EXPERIMENTAL METHOD
The nuclear ernulsions (Nfoxd L.4 and Kodak NTA) were exposed

by the PuBe source, in a wooden room, 4 X 5m X 3m high, in and
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around the human phantom. - details of which are shown in’ Fige. 1 and 2
Tracks in the developed emulsions were scannecl and analyzed

Neutron source

LRL source Pqﬁe #593 was uéedw It is a cylinder, 1.30 in. o.d.
X 3.69 in. high, ccntaming 80 g of plutonium. The total émission rate. was
5,89 X 10%/scc. |

Nuclear emul sions

Ilford L..4 600-micron emulsions were cut 1nto four pieces
(27x2. 5 mm or 1 X 3/4 in.) from an original piece (1X 3 in.), and
each was wrapped with black paper and &ack tape. Each emulsibn was
sealed in a ZOQmil polyﬁny_l packet with Kodak NTA type ﬁlm. | Each . -
packef was s0 6¥ie.nted that thé emulsions i_#em exposed normal to the
"source, which was 50 cnd from ;he centér of the phanto_n.n.v. S :7.
Phantom ‘ | _ A

The human ph;anton; was a right elliptical cyclinder, 20 % 36 cm by
60 cm high made of 0. 65 -czﬁ polyethylens ( Figs. 1 and 2) and filled with
tissue-equivalent ﬂﬁid. %. It stood on a support 76 cm abové the ﬁbor.

Six polyvinyl packets of ‘ﬂlmsi {C~1 through C-5, a.nd C-9) were kept during
| the exposure on the mid-horizontal plane of the pha.ntom with a thin- pla.stic

plate.‘ Figure 2 shows the locations of these packets. R

~ *Tissue-equivalent fluid:

H,0, 751l |
‘urea, 9.46 1b; o
¢ sucrose, - 24.71b;

) 01‘3801. -7, ‘ 1.05 lpo.
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Developmg and fixing - .. .. oo L
- After the exposure of 87 hours and 20: mmutes, the Lis 4 films were
opened in a daﬂsroom a.nd were meaeured for thickneas and latex'al extent,
They were then developed and £xxed by a: modxt’zed cold-cycle process#
in which the’ aolutions were kept at 5°Cﬁ To reduce thickne g8 shrinkage,
the processed emulsions were soaked ina concentrated eolution of wood
rosin, i.n etha.nol (35 g per 100 ml) for 24 hr. Ernhulsion history charts -
(Fig.’ 3) were kept for each film, . The thickneu and latera.l extent of the
‘procesaed films ‘were remeasured and the shrinkage factors tl. and f
were calculated for each emuleion. Prior to scmning ﬁlms were -'
mounted on 1 )< 3 in. microsudes with clea\r epoxy cement.

":The' NTA iums were develc)ped a.ccoxding to the usual method.

Sc’anni‘ng;, ' N _ A ‘
:‘The Nford fﬂma were sca.nned by use of the three-axis digitized

‘\,.1. ‘ Lot B
- .. . ' SO ‘4

microscope and apparatua in Figs. 4 and 5.. The date, the relative * -

hu.midity at the’ time of ecanning, thercmulaion nu‘mb'er.“ and the end.point

*A modiﬂed cold-cycle proceos. o

. 45 min _" "water (presoak) .. o
90 ‘min -develoger. Na2803. 3,683 Naz 5. 0;53- L
vl e e . -~‘.'-A +10% KBr solution, 4.4 m.l: Amidol. 1¢6g.z

HZO 500 ml

45 min  stop bath: HAe, 1 ml; H,0, 500 ml
o lsnr T i Na. s 03. 150 g. ;- Nezs °5' u.zm H,0, 500 ml

4hr water (duution and washing) - :
- 3 hr EtOH (to‘dryj): gradual dilution to 100% EtOH

24hr - rosin (soak) . o
‘Zhr  air (foi_irybetweeaaﬂk) L R "

"y
.
oy

’
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coordmates of two tracks were recorded on each punched card. The
microscope was £itted with a 65)( oil -1mmersion objective and 10X wide-
field eyepieces. It required 6 to 7 hr to scan 1200 tracks,

To obtailn an unbiased sample of the tx?acko in an emulsion, we
took a “random walk" through the emoleiox;. seeking out the track ending _ "
nearest to the end point of the previous t'ra.clf. Only tracks which had
both end points within the eraulsion wero fecorded.

Analysis of tracks in nuclear emulsions

<

The punched cards were analyzed by an IBM-‘\SO Computer with a
special computer program called "R.ECOIL I" “This program is designed
to calculate the proton recoil ene rgy spe,ctrum in nuclear emulsion ex-
posed to neutrons,  The following conditions apply to "RECOIL I'.'

v o a. The emulaion must be of 625 microns nominal initial thickness,
| b, The emulsion must be of "standard" composition. ie.,
density = 3.8 at 50 % relative humidity and 20°C, |

c¢. The input tracks scanned must be a random sample of the 'tracks ,

' present in the emulsion. | |
There is no condit'ionon the isotropy or angle of exposure. The input 4
to RECOIL I consiats of rectangular coordinates (xl Yy %0 X5 7, 2) for
the beginning and end points of a track measured in the emulsion. For

each track a correct length in microns is computed.

2

+ flz Ay,zl + fz"fAz?‘)l/ 2

2= (flz Ax
‘where £ is the leugth of the tré.ok. ‘1 is the correction factor for the
lateral (x, y) ahrinkage, and f ia a correction containing the thickness

(z) ahrmkage factor. The Ax i, e, (x - :zz) and Ay f.e., (y'l 72) are
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o m um;.s c;f mi;:ro:‘u” but Az zs ‘i umts of 0. 60 micron. '. Tne;efore the
COI‘L\.ChOn f ig thp product oF 0 69 )( the z ahrmkage factor. -The '

pr og. awn COfIlpdreﬂ the computed length with a range-energy t;able for | ‘ '
protonb in nuclear emulmon ), e..ml tixe track is sorted znto one of 85

‘.

'ene:g,y mte*vala, Several hundred tracks thus generate the pomta ofa

‘€

. raw proton-:ecoxl encrgy spectrum.

RECOIL I correcta the mw proton Spectrum by a functzon based
on geometry. : This functwn gzves the probabﬂ;ty that a trac}c of a. given s
lenmth V/thh omgma.te" in the emuluion wdl end m the emul smn. Usina :

l,>~

' 625 K. fo:- tlw emul.;ion t}ncknese at exposure. and asaummn an mfm1te -

late a.l ertent for tne emulswn (although‘the a.ctual suze is a.s small as _': .

a 2 0 cm squa.re), we flnd this function ia - ,- T

= 6?5 -G 52
1625,

i for'd >625 microns, -
. x,,..ch pomt on the spactru"n 15 also corrected by its onergy mterval ‘

,A .
MLOI 1 thus computes 85 proton-recoxl spectrum pomts Pi and the

NET,

_ gtavxdard deviation - for each point, where AN 18 the number of
' o PAR. @) g - o
'tracko in energy mterva.l AE and P is the geometry correctwn. In addztmn.

.. the track dens lt'y in the L 4 fxlma was mdependently maasured by ccuntina y

' thc number of tracks (m depth) m from 6 to 28 fxeldc of v;ew. The L ,

. volume per ﬁeld was 3 34 X, 10 scmB. '; L

'I'he number of tracks J.mdepth per fzeld of view for NTA wac

mcaqured by the standard ,method The £1e1d was O,. 00060 c:mz when

45 0)’ ma.fs’nxfzcation was uaed SRR
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‘Il RESULTS

The proton-recoil spectra in and around the human phantom. as
computed from tracks scanned in Rford L. 4 emulsions C-1 through C-S
and C-9, are given in Table 1. The values shown ue% normalized

AN
to give Z
& PAE

= 1.000.  ‘The normalization allows direct comparison of
thc spectra, chazmel by channel. and these values are plotted in
Figs., 6 through 11, . | ‘

| The same data are plotted in Fig.' lZ to show the absolute track
density, In this £1gure the points are first normalized to give .

2-—‘%?- = 1,00 (i.e. ,» the area uuder thg —~——— AN

case.) Then the points are fortified by the abgolute track deasity (Fig. 13)

va E curve ia 1. 00 in each

in the emulsion which gave rise to them, and é.re corrected by the inverse
square to a true distance of 50 cm from the nelutron source, |

‘I‘he Kodak NTA reaponse to the neutron irradiation at
vvarmus depths in the phantom is presented in Fig. 14.

Average energy and absorbed dose of proton recoﬂe in the
emulgions at va.riéus depths in the phaufom were found as follows, To

obta.in the average energy of the proton recoils {Fig. 15) we calculated’

ZAN .

E . | " y - ( .' |
PAE AE/E AE for the lliford films C 1to C-5,

PAE
and b—9 The energy absorbed in the emulsion from protnn tecous

A{Fig. 16) at various phantoxn depthn ia th.o prodnct of the measured

absolute track density anci tha average energy par track
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IV, DISCUSSION

The eetima.te of bxological da.mago from ionizing radiation is
usually based on the knowledge of the amount of energy 1mpa.rted to
the tissue and by what means, and on the energy distribution of the
particles involved The major part of the dose delivered by fast neutrona
to tissue arises from hydrogen nuclei- recoiling from elastic collision
with the neutrons. In order to understand the biological effects of
neutrons’ in humans it is necessary to know the detailed proton-recoxl '
energy distributzon at varicus deptha within the body, Therefore.
suitable tissue neutron dosimeter is one tha.t does not influence the
local. neutron dzstribution. Further. it must record exa.ctly the recoil
events in space, and it must be of -small size, It is also desira.ble that
the dosimeter be contimxouely aensitive. that it have a low gamma
sensztwity. that many simultaneous measurements can be made, that.

the time between exposure and analyaia be 'conven.ient. and that a per-

manent record be made, 1t ie clear that nuclear tra,ck emulsion is superior

to other dosimeters in these respects. ) .

Table 2 givea the basic data concernimg the effect of the presence -
traca exr-ulsion oa the local neutron distribution in tiaaue. The table
reveals that for £ast neutrons the total mecroscopxc cross sections
of tissue and emulsion are nearly the same, Therefors the presence
of emulsion is not expected to pertur'b the local fast-neutron spectra at
various depths in tissue, |

'-When faat.z'x_eutrons impinge on the human body. lerge numbei-sv
of thermal neutrons are produced es 'the fast neutrons lose energy'
. through multiple collisions. This is wﬁy the effect of a qloaiineter
on the 1ocai theimal-neutron deneity" must also. be. considered. The

.".
L

——— L
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ratio of the macroscopic ab'sovrption cross section for tbermd
neutrons in émulsion and in tissue is about 30/1. However, this
does not appearto be important when the mean-square diffusion
‘distance {as the crévg flies) of thermal neutrons is compa.'r?ed-to the
emulsion thickness, 'This "diéta‘xncef“ié about 16 cm? in tissue and A
1 em? in e,rhulsioﬁ; the emulsibz';'thickné-sa is 0,060 cm, This means’
that the average net distance that a ﬁégtmn t_zga.vél'a from the time
Wﬁén it ia“ produced until the time when'it is c#ptured is about 1 ¢m
in emul s‘io_'nv é.ndf{c»é;: in tiasue. "'_Ther‘efox-"e the thermal neutron .
density m the erhul's.idnrisj not expecteﬁ to differ from that in nearby
tsswe, 0 L g R

1. 'Interpretation of the tfa.c‘k dehaity distributiona.-

~ The major fea.ture of theae tra.ck spectra. as reveaaled in Fig. 13,
iz that from a.bout 0. 8 Mev to higher energies the track density dccreaaea

exponentially, In this region the track density follows the relation v
aN_ ce -0.836 E-

dE
.actly what one theoretxcally expects for a PuBe neutron exposure of

for all depths, This track -densxty distribution is

’ jemulsion in air* The finding that the same distribution obtains a.t
various depth in emulsion indicates that the maaor £ea.tures of the
neutron apcctrum are present even decep in the pha.ntom. Proton '
recoil tracks from the thermal Nm(n.p)c. reaction, and irom
'aééoﬁdary neutron collisions with 'hydzjbgeﬁ nucl‘ei._ are superimposed’
on tﬁe basice dist_ributiona. The n, p tracks 'are %nonoenergeuc af 0. 60
Mev and é,re“qui'ie promiﬁent in the track -Ispectra of emuisiona' Ca2,

)

“The expected track-density distribution wase calculated from unpublished
data on the PuBe neutron spectrum obtained by Lehman..

o



~ neutron col‘wion peak. )
."0 5 ‘to 0 Iv‘ev as they are at 0 5 Mev.

©and eat:.mc.tion of t.he thermal neutron intensities. ."f‘

separate the component due to n. p tracks.;

be done for calculatmg tissue dose.

_'-"Table 3 giVes the reau}.t. ey

: ‘ ttenuatwn of neutrons with depth with .an attenuation\half thic.cnose of

e UC.R..L'-99;67Y :

C-3, a.nd C 4. 'J.‘he secondar.y-collision tra.cms are largely below

L5 Mev and are evident in the track spectra C 1 to C-4; The track
0; 806 I3

R

acnmty spectrum oi 0.5 shows the e pattern w1th a relativcly

.. small thermal-neutron 1\(:1, p)C peak and Virmauy no secondary-

' Below 0 5 Mev, the efﬁmency of nuclear emulsion drops

rapxdly, giving the erroneous pxcture t.hat the number of tracks

K .
..f\ S, T

ia.lls‘ Thc track densxties a.re expected to be about the same from

42..- Scpar tion of the thprmal N (n, p) C track component. '

AT

. L

For determimng proton-recou emul sion doz:e there is no need to

but 1t 15 important that this

,.l

Al\

The thermal n,p tracl' contribution was eatima.ted by subtractmg

. the percent of the tracks m the 0 5~ towl 0 Mev interval of the C-9
'distnbution (m whxch we assume there are no n. p tra.cks) from the

o percent in the same region m emulsions C l through C-S' o

‘h_

‘ ‘“* 1) 1“' R

- _f(llv

where Ai is the percent of tracl:s m tha 04 5 to -1. -Mev regxon for -

" the emulszon under consideration a.nd k is A/(I-A) for emulaion C-9, S

‘!..

3 Inthxpz etation of total L.4 track denszty and total NTA response :

vs depth in pha.ntom. o z il ! ’f-;s{’. : 77,:’:?; I ‘}"Q' "

[ e, Y

The major feature oi the plots 1n S‘ige. 14 andlv 15 ia t.he exponential




attcmpt to clanfy th:s.

ucm. 9%7 o

6 5 cm, 'I‘ms a’ctenuatmn is, xor all fast neutrons present in the pha.ntom

that aro detectable by nuclear tz'a.ck emuls:.on._ Supenmposed on thm

’ 'ba sic response m the rebponse dua to thcrmal-ncutron N(n, p)C tra.c}*s.. .

,.

o

It is *hl.s ther*ngl -neutron responae t.hat distorts t:he baeic 6‘5 cm

' a,ttenuatlon in the ] .Lu plot The followmg brief explanahon is a.u

‘- f

NTA ¥ e SPonse a.r;ﬁ’.1 + bnf ' (2)

cnth ¥ dnf ‘ ‘ L) .'

)

Similaz 1y. the La‘!: response, in tracka/cm3 may be represented by

.':' S .«‘n ~~

L 4 respon.ae

o
y . ~.,‘ PRRR, ~‘

.AIn these equations, the coeffxczents a and b have the dxmensions of

‘ iracl\s/ fxeld per umt thermal neutrcn (n ) or fa.st neutron (n ) per cmZ. '

‘l‘he coefﬁczents c and d havc the chmensions tracks/cm3 per unit
thermal or fa.st-neutron e:.posure; The dszerence in shape between
i 1gs. 14 and 15 arises beca.u se c/d & 3 a/b for PuBe neutrons. that -
is, the rela.tiw= re,spcmse of .4.4 to thermal neutrona is roughly three

tirnes that cf NTA, The reason that these ratios dift'er is tha* the

hEN
\

NTA response 1nc1ud<°s tracxc“ﬁ“‘whiehvar;gmate in adjacent hydrogenous

racha.tor matenal 2 whereas the I.u4 reaponse does not. (Only tracks

' that begin and end vn.thm the L 4 emulsum are scanned. ) .

'.,-4; Calcu.!.ation of t1ssue dose vs. depth m the phantom

'I‘able 4 gwes the absorbed proton recoﬂ energy per cm3 in -

u,‘\

L.4 and-m tis uu,e-equivalent liquid at varioua depths in the phantom. To.' ,‘

obtain the tigsue tnermal -neutron n.p track dose. the L.é dose is multiplied

RIS ¢

e A .

by 0. 406 the ra.tio of the nitrogen a.tomic density i.n tlseue to tha.t in
. '.‘ V- “‘ " .' N .-‘w*:' L.
; St e

e X
AT X
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L.4 emulszon. (The reeult is plotted in Fig. 16 Where the n, p tieaue o .
dose calculated here ie compered with the relative therma.l neutron
density measurcd by indmm foil actzvetion.) 'I'o obtain the faat neutron -
proton track dose, the L 4 dose ie multiplied by 1. 86. the ratxo of the
~atomic densﬂ:y of hydrogen in tissue to thet in L 4 emulsxon. _ ' In no case

does the tissue thermal n, p t%a.ck dose exceed 3%of the total tissue proton

Co . < . o ---‘,.; ﬂ T e
dcee v . T »v e e TR
. > . e, 2 A P L - P ‘. - s PR
. . O R o . - R . o v s

] | :).‘ i

From the calculatwn of the track dwtribution in emuleion exposed '

&

in air to PuBe neutrone. mentioned in Section 1. 24% of the proton

tracks are expected to have energy between 0 a.nd O 50 Mev. Nuclear

emulsion doee not detect these trecke. Howe\rez'. smce they contribute

only about 4% of the absorbed tiseue dose. the data in tlne report are

‘;. ‘»‘.." N . .-’n\ ', :
P RN & "; ,,‘_5_

'not corrected for them. e E

L :.A»“’i—a....a oo

Comparieen of phantem proton dose thh a predicted dose :

In Handbook 63( 3) the t:ssue proton doae is calculated by assuming
e:.poeure of an mﬁmte 30-cm-thick tiseue-eqmvalent sleb to mono-
energetxc neutrons of various energies. Table 5 comparee the date

' £or 2. 5- ‘and 5. O-Mev neutrons with our phantom data for PuBe neutrone.
- Two thinge are evident--the firat is that at a.ll depths our values' are .
'roughly 1/2 the 5. 0- Mev valuee in Handbook 63 'I‘he second is that

the proton dose attenuation wzth depth showe a hali«thickneee value of

10 em for the phantom exposed to PuBe neutrons (Fig. 17). but 5 5 cm .

. and 8 5 cm for the slab expoeed to 2 5- a.nd 5 O-Mev neutrona. P _
- Alarge part of the discrepancy between our va.lues and the valuee .
Oy

- of Handbook 63 for the a.beolute magmtude of the proton doee liee in Lo
the fact that Handbook 63 uses a Velue of 2 50 Mev for the aVerage :

A

f1rst-collzs;on energy transfer between a 5 O-Mev neutron end a

b
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hydrogen nucleus, Ve found that the 'o§e:zxée energy of tl-;e recofl
tracks in the C-1 to C-5- apeotfa (excluding thermal ti. p tracks) v;riod
between 1, 42 and 1,76 Mev a.t the .dificr‘ent déioths. compared with
1,61 ifev in emulsion C-9, which wa.a ez.posed ;ln air. The values a“‘ |
the 0-cm and 5-cm deptha are much lower than 1. Sl Mev. thin 19
evidence for a signifxcant track contribution £rom aecond-colusioa
acutrons, o v e _ .

At 10¢em depth the averaue recoil proi:on energy is 1. 60 Mcv»-“
almo.,t ez:act:ly the same as i:hc?: in emulsion oxpooed in froo air. This

may be the aeault of the second-coniaﬁon portion compensatmg for the

s low~energy acutron component wh.ich is aelectively filtered cut by

10 cm of tissue, The a,vorage proton trm:k energy a!: the back aurfc..ce
~of the phantom (C 5) ie 1. JQ.Mov--a surprisin,ly low valuo. aince
vcry few tracks he:e .;.rise from secondary-noutron collision, - 'I‘his
reveals that although there is aome ha.rd'-ning of pfimary noutron .

opoctrum. many low-energy neutrono am present.
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Tne powesr o‘f nuclca; trac S ernulozon ats a nuutrcn dosimeter was

cv;.la.f.,teu in e*:posa.*e of a human phantom to nc-utrons from a plutoniu:n-

ocrylhum sour cc. mmulsion pieces were locaecd at varzous positions ’

cinand a ound i,hc phantcm. The following ba..nc informatzon referrmg

to each’ locauon was obtained by aca.nning z-cm oquares of 600—p. Ilford

' " L.4 emuluxon wzth a aemiautomatic three-axia digitizod rrucroscope:

:

 1.‘ 'I‘hc relatwe d.tffcxantia.l proton-recoﬂ energy Spcctrumv

2. The absolute dif crential track-densxty energy distribntion‘

t

3. The avcrage tra,ck energy. - N ,
From t.hcse data, the £onowing duae information may be calculated

1. The total absolute proton reco:l tra.ck abaoxbed dose in tiaeue.

| 'I‘he thermql neutrOnAN(n. p)_gd'oae in tiasua. N A.,

The thermal neutron denaity and fa.at neutron ﬂux 1n tmaue. K

In addztxon. the proton recoil spectrum reveale general information

. about the local fa.st~ncutr0n energy Bpe(.trum.»
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Table 1. Energy spectrum of proton recoils in emulsions,
Energy | ° " - S o
Channel {Mev) c-1 §.D, ' C-2 S.D, C-3 S.D, C-4 S.D, C-5 5D, C-9 S.D,
1 0.0 i ’
2 0. 030 .
3 0.120 16 16 17 17 ¢ 18 18 17 17
4 0.225 82 41, - 57 32 103. 46 29 20 fo2l 21 40 28
5 0. 316 528 112 s 221 70 384 96 169 53 101 50 284 82
6 0. 396 323 93 547 116 ° 377 100 266 . 71 - 340 98 424 106
7 0.468 527 124 730 140 469 117 455 97 123 61 375 104
8 0.536 - 726 151 1341 197 1233 197 . 915 143 832 166 591 135
9 - 0.600 - 535 133 1327 202 1238 203 1395 181 @ 775 165 362 109
10 " 0.665 768 163 1999 ‘179 1188 203 1184 171 ' 552 ‘142 619 145
11 0. 723 . 438 126 876 171 767 167 L 696 134 ‘ 577 149 575 143
12 0. 805 536 101 442 88 613 108 541 85 585 108 623 108
13 0. 897 604 110 409 87 403 90 413 76 488 101° 476 97
14 - 0.998 487 101 313 78 254 73 314 68 355 86. 438 95
15 1,092 379 91 226 68 312 . 83 299 68 517 110 571 112
16 1,183 420 99 366 88 257 77 264 66 541 115 437 N
17 1,282 487 109 225 71 97 48 362 79 411 102 504 119
18 1,364 481 110 163 61 329 91 268 69 453 110 349 93
19 1,443 - 475 111 268 80 211 74 279 72 - 194 3 234 718
. 20 1,521 . 381 101 125 56 81 47 173 57 "430 111 456 110
.21 1.597 310 93 78 45 84 48 179 59 267 89 222 78
22 1,688 136 51 144 50 293 75 276 61 308 79 327 79
23 1,792 142 53 206 ' 62 162 57 172, 49 256 4. 260 72"
24 1,911 142 47 175 50 111 41 201 47 300 70 203 56
25 2,040 151 50 139 46 185 55 83 - 31 88 39 265 66
26 2,180 113 39 117 39 84 34 130 36 193 53 167 438
27 © 2,320 161 - . 48 81 33 29 . 20 . 155 40 185 53 158 47
28 2.490 95 . 31 49 22 64 26 97 27 168 43 126 36
29 2,700 91 30 , 37 18 71 26 64 21 85 30 170 41
30 2,900 . 65 26 .~ 101 31 54 24 54 20 103 34 . 129 37
31 © 3,100 79 30 63 25 79 30 .80 25 144 =~ 41 8 29
32 3,30 62 25" 38 19 83 29 73 23 77 29 92 30
33 3.50 32 18- 21 15 53 20 80 30 42 21
34 3.70 58 26 Y 11 11 49 20 . 86 .32 80 30,
35 3.90 44 22 10 10 277 29 46 19 11 . 11 32 18
36 4,10 46 23 10 10 11711 40 18 - 60 27 45 ‘22
37 4,29 10 10 9 9 21 15 707 22 15 21 14
38 . 4.50 10 10 33 19 39 17 46 23 32 18
39 - 4,70 11 11 42 18 25 17 11 11
40 4,90 11 11 23 13 23 . 16 21 15
41 5,10 34 19 ‘ 11, 11 8 . 8 12 12 33 19
42 5.30 11 11 ' 15 11 12 12 21 15
43 5.50 . : 26 18 12 12
44 5.70 11 11 12 12 , 9 9 13 13 .
45 5.90 11 11 12 12 ‘ ‘ 12 12
46 6,10 12 12 11 11 S 13 - 13
47 6. 30 T ~ 12 12 25 15 ¢
48 6.50 : o ‘ 26 18 12 a2
49 6. 80 ' ' ', :
50 7,20 : o ‘
51 7. 60 . '
52 8. 00 , 6 6 ' . 7 7 :
53 8,40 : 7 7
54 8. 80 : 6 6 7 7
55 92.20 Y A i )
56 9.60 . 7 ’ 11 7 ‘
e e e et At .
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LEGENDS

Fig. 1. Positions of phantom and source. |

Fig. . Poeit:.ons of source, pha.ntom. and packets dnring exposure
(as viewed from above),

F:.g. 3. Chart used for recording emulsion history,

F:g. 4 Three -akis digltized microscope with oupporting electronic
equipment, R - |

Fig. 5. Threeaxis digitized microscope used in this experiment.

'}?igl'., 6. 'Ehergy distribution of recoil protona from PuBe source:

; E’ﬁdsion C-l. at front surface of phaixtom.
Fzg. 7. Energy distribution of recoil protons from PuBo source:
- Emulsion C-2, 5,65 em deep in phantom. A
Fig. 8. Energy distribution of recoil protons from PuBe source:
| Einulaion C-3, 10,65 cm deep in ph&ntom‘. ' |
Fig. 9. Energy distribunon of recoil protona from PuBe source: |
o Emu.leion C-4, 15.65 ¢m deep in pha.ntom.
Fig. 10. Energy distribution of recoil protons from PuBe source:
.. Emulsion C~5. 2lcm deep in phantom (on the back surface),

Fig. 11. Energy diatribution of recoil protona from PuBe source: |
Emulsion C-9. 50 cm (in air) from source,

Fig. 12. Track denaity dietributions. at various poaiﬁona in and around
phantom. of recoil protons from neutron irradiation by PuBo
eource. normalized to 50 cm from source. _ ' , _

Fig. 13. Numbera of tra.cks {n Nford L. 4 emul sion (600;:.) at varioua

' depths in the phantom. = B
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Fig. 14, Numbers of tracks in Koda.k NTA emulsion {30u) at various
deptha in the pha.ntom.
Fig,15. Average energy of tecon protons in nuclea.r emulsion a.t

various depths in the phantom. '

experimenta.l data points

data points calculated by omitting thermal n, p tracks
° _ control in air ‘

'E‘ig.}w.. Tiasue doae by protons from ‘thermal-neut.ron-iiduced N{x, p)C,

in pha.ntom exposed to PuBe neutron source,

"estimated from meaaurements (this experiment)

--—~- . thermal‘-neutroq'denaity in phantom, mea.eured by
- f ind.iur'n foil activation with same exposure eondltions
irelative numbe'ga only, to allow cemperison _pf curve
' shapes) . ' : )

of Ilford L. 4 emulaion

- at various deptha in the phantom. A

Fig. 17. _ Proton-recoﬂ energy absorbed per <:m3

-,
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+ EMULSION HISTORY CHART

UCRL-9967

Emulsion # Type ' ' Batch code
Date Manufactured ' ‘ _Date of arrival at UCLRL"
Storage: Location. ! Dates to
Location ’ - Dates to
Location Dates to
-Exposure: Location ' : ‘ Type of exposure
Duration ' " to Distance from source
Orientation _
Scattering conditions o
" Diagram
Development: Procedure
Personnel v :
Location Dates to
Comments ' o
Mounting: 1 X 3 glass slide ) . Epoxy cement Date Person
Comments ' :
Scanning: Scanner " No. of tracks Dates - to
‘Scanner . ' No. of tracks’ Dates to
| Location of data cards Emulsion code no. f1 f2
" Comments )
Analysis: ‘Program Tracks used Date Person
" Program Tracks used Date Person
Program Tracks used . Date Person
Comments .

Shrinkage: Thickness before presoak - micrometer (inches)
. Date RH .02 .02 .02 .02 - .02

Av 0.02  in.

Thickness after development - before mounting - micrometer

Date RH .01 .01 .01 « .01 .01 Av 0.01 in,
Thickness after!émounting - microscope '
Date RH Average pX.393=0.0 in,

Lateral Distortion: Dimensions before presoak - 64th inch scale
‘Date . /64 /64 /64 . /64 Av /64
Dimensions after development - before x;nount_ing _
Date /64 /64 /64 /64 Av_ /64 ’
Dimensions after mounting ‘ ’ L
:Date C

Subsequent Measurements:

MU-25249

. Fig. 3
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Fig. 4
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