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-Hirq’éki Akagi and Richard L. Lehman
- Lawtence Radiation Laboratory

' iUniversity of California Y
Berkeley, California )
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I o - Abstract

The validity of the nuclear track e€mulsion technique for fast-neutron
df)s'imetry' is examined in the exf:os'ure of a human phantom to PuBe neutrons. -
Semiautométic track séamiing and high-speed data analysis obviate the major

disadvantages of emulsion dosimetry, and allow the absolute differential
proton track energy spectrum, ‘a*"t-ﬁ;arious locations in the phantom to be ob-
N “ o : A
tained without a senous cost in tlme.‘ From thls are calculated the total ab-

fratees .

sorbed local tissue dose due to proton recoils and the local thermal neutron

)

intensity during ir xadiatlon.

-iii~



-1 UCRL-9967 Rev.

NEUTRON DOSIMETRY IN AND AAROUND' HUMAN PHANTOMS
BY USE OF NUCLEAR TRACK EMULSION
" Studies with P'Iut'onium-'Berylliu'm Neutrons
Hiroaki Akagi and Richard L. Lehman
Lawrence Radiation Laboratory
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L INTQQDUCTICN
Nuclear track emulsion has been ;vxdely used for detectlon and meas~
' urement since the beginning of neutron research. However. health physxcxsts
have not until- now shown- much mterest in this tool, whxch is probably the
» best single neutrtm ‘dosimeter. The reason for this lack of mterest is
sifriple track scannmg and analysxs reqmre a great deal of time. Now sémi—
automa.txc scannmg ‘of emulsxons and data analye1s by electromc computer |
have partly overcome this d1ffxculty. But the quest-xor_x arises — '"How good
is this tool for analyzing and evaluating tissue dose from h_eut‘ron”eicpos.;xre ?'}'4
In an attempt to answer this question. nuclea-r. tréck 4emu.ls‘io.n Wés

~ exposed in and around human phantoms to 'variéus.léir*ds of neutr_éns. In this
A'report we present dé.té obtained frorr_x exposure to plutonium-beryllium neu-
trons. These data inélude fhe absolute diffe;-ential-energy- spectra, average
energy, and emulsi;on dose of vproton. tracks at various depths m the phantom.

From this the tissue dose is calculated.
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' .in."liigh. éohtaiﬁihg 80 g of pl_utoninin. The total emission rate wag 5.89 X 10

center of the phantom. A L
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II. EXPERIMENTAL METHOD

The nuclear emulsions (llford L.4 and Kodak NTA) were exposed by the
PuBe source, in a w00den room, 4m X Sm X 3m high, in  and around the human
phantom, details of which are shown in Figs. ] and 2. Tracks in the deve‘loped

emulsions were scanned and analyzed.

Neutron .source

‘LRL source PuBe #593 was used. It is a cylinder, 1.30 in. o.d. X 3.69
| 6

: n/sec‘. :

Nuclear emulsions

Ilford L.4 600-m1cron ermulsions were cut mto four pieces (25 X 19 mm
A

or 1 X 3/4 in.) from an original piece (’l x 3 in. ). and each was wrapped with
ol

black paper and black tape. 'Each e{nulsxon wasg sealed in a 20 -mil polyvinyl

packet with Kodak NTA type’film. Each packet was so oriented that the

emulsions were exposed normal to the source, which was 50 cm from the

Phantom

The human phantbm was a right elliptical cylinder. 20 X 36 ¢m by 60 em

~high made of 0.65-cm polyethylene (Figs. 1 and 2) and filled w1th tissue~

equwalent flmd. It stood on a suppor.t 76 cm above the ﬁoor. Six polyvinyl

* Tissue ~equivalent fluid:

HZO.' : 75 1b;
uréa, 9.46 1b;
‘sucrose, 24.7 1b;

cresol, +1.05 1b.
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packets of films (C 1 through C-5, and C-9) were kept during the exposure on
the mid -honzontal plane of the phan;orn with a thm plastic plate. F1gure 2

shows the loca.tions of these packets.

: Déveloping and fixing

After tﬁe exposure of 87 hours and 20 minutes, the L.4 films were

- opened in a darkroom and were measured for thickﬁiﬁéiés and lateral extent.

_ - : N : ' - %
They were then developed and fixed by a modified cold-cycle process in

which the solutions were kept at 5°C. To reduce thickness shrinkage, the

processed emulsions were soaked in a concentrated solution of wood rosin

in ethanol (35 g per 100 ml) for 24 hr. Emulsion history charts (Fig. 3) were

~ kept for each film. The thickness and latéral extent of the processed films '
" were remeasured and the shrmkage factors £, and fz were calculated for

* each emulsion. Prior to scanmng. fxlms were mounted on I X 3 in. micro-

slides with clear e‘poxy cemént.

The- NTA films were developéd according to the usual method.

* : ' - :
A modified cold-cycle process:
. 45 min  water {presoak)
90 min developer: Na,SO4, 3.6 g; Nay520s,. 0.5 g;
10% KBr solution, 4.4 ml; Amidol, 1.6 g;
Hzo. 500 ml

45 min  stop bath: HAc, 1 ml; H,0, 500 m1'

i8 hr | fix: Na 5,03, 150 g; NaZSZOS‘ 11.2 g; HZO. 500 ml .
4 hr water (dilution and washing)
3 hr EtOH (to dry): graduai dilution to 100% EtOH

24 hr rosin {soak)

2hr  air (to dry between silk) -
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Scanning
- The llford films were scanned by use of the three-axis digitized micro-

scope and appa’ratus iri Figs. 4 and 5. The date, the relative humidity at the

~ time of scanmng, the emulsxon number, .and the end ~point coordmates of two

[P '
«f i ,f b

tracks were recorded on each punched card. The microscope was fitted with’
a 65X oil-immersion objective and 10X wxde-£xerli‘ﬂ 'éyepie-‘ces. It required 5 hr

to scan 900 tracks.
. ?' . .
" The emulsions were exposed 80 tha.t each contained 105 to 106 proton :

)

- ti-acl;:;g. We obtained a 900-track sample from each by taking a m1croscop1c

#yandom walk" through an emulsion. seeking out the track ending nearest to

the énd point of the previous track- This techniciuc alxlows rapid scé.nning.

but introduces a sampling bias against short tracks, a correction for this bias
is made later, however. Only tracks that had both end points within the emul-
sion were recorded i.e., the hydrogen in the emulsion served as an internal

radiator, and was the sole source of accepted. proth recoils.

Analysis of tracks in nuclear emulsions

’

The punched cards were analyzed by an IBM- 650 Computer w1th a

, special computer program called "RECOIL I." This program 1a desxgned to

' calculate the proton recoil energy spectrum in nuclear emulsmn exposed to

neutrons. The following conditions appl§ to "RECOIL L."
a. The emulsion migst be of 625 microns nominal initial thickness.
b. The emulsion must be of "'standard" compﬂosition, i.‘e.:.. deﬁ_sity = 3.8
at 50% relative humidity and 20°C. |
c. The input tracks s.canned must be a random sample of the tracks
present in the emulsion, or a suitable cori‘ection must be made.

d. The exposure must be roughly isotfopic.-



L

S -5. e UCRL-9967 Rev.

The input to RECOIL I consists of iectangular coordinates (:'c1 ' ARIT 3}:2 Y, zz) .

for the beginning and end points of a track measured in the emulsion. For

each track a correct length in microns is computed,

. .l
=6 ax? v 8] Ayz + fz Az )2

.where f»is the .lengt'h‘ of the track, fi is the correction factor £or the lateral

'(x,y) shrmkage. and fz is a correctlon contaimng the th1ckness (z) shrmkage

ﬁ

‘factor. The Ax -~ i.e., (x - xz) - and Ay -~ i, @, (yl - yz) -~ are in units
!

4

"~ of microns, but Az is in units of 0 60 m:c"ron. Therefore the correction £,

| is the product of 0.60 x the 2 shrinkage féctor. The program compares the

computed length'withla rangei-éﬁefgy table for prc;tons in nuclear emulsion

(Fig. 6), and the track is sorted into one of 85 energy intervals. Several

'hundred tracks thus generate the poxnts of a raw proton-recoil energy spec-

‘trumo.

"RECOIL I corrects the raw proton spectrum by a function based on

geofnetry’. This function gives the probability tl"iat a tra.ck of; a giveh Iength '

. which originates in the emulsion Wi-ll end in the emulsiou. Usmg 625 p. for

the emulsion t}uckness at exposure, and assummg an infinite lateral extent.
fqr the emulsion (although the actual size is as small as a Z.O ~cm squa;e).
we find this function for isotropic; exposure is

. 625 - 0.5¢2. . .
P= —r5E fo? f ,<.625 microns,

and’ |

P= -?—;—2- ‘ for £ > 625 microns.

These equations are derived in the,Appen'dix,A as well as those for "face-

. normal' exposure. The exposure of the experimental emulsions in and

around the phantorn was somewhere between the face-normal and isotropi'c‘
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cases; but since Fig. 7 reveals that the corf_ection is very nearly the same,
we ‘'used the isotropic correction. ° Yo

L
Each point on the spectrum is also corrected by its energy interval.

4

RECOIL I thus computes 85 proton-recoal spectrum points SEE

(

“‘ilg for each point. 'where AN i‘é the number of tracks in energy .

and the Astand-

ard deviation

interval AE and P is the geometry correcnon. In addition, the track density’

in the L.4 films was mdependently theasured by counting the number of tracks

- | (m depth) from 6 to 28 fields of view. The volume per field was 3.34 >< 10 -5

3
Cm‘ ¢
' “The number of tracks in depth per field of view for NTA was measured

“by fhé standard method. The field was 0.00060 cm2 when 450X magnification

was used.

IiI. RESULTS

The proton‘-recoil energy speetra in and around the human phantom, as -

- ‘¢computed from tra.cks scanned in llford L.4 emulsions C-1 through C-5 and

C-9, are given in Table l. The values shown‘ are normalxzed to give

N 10,000. The normahzation allows d1rect compansoh of the spectra.

g2
cha."nnel '_by channel. 'I'hese values. converted to nge the absolute differential
proton track spectra found in the emulsions, are_plot_ted in Figs. 8 through

,;;edm»ea%h:ﬁz@t ire*the proton recdil energy spectrum of the.. .

e el

80—g PuBe source as recorded in emulsmns C-9 and C-14 exposed in air at
50 cm. The neutron spectrum to whxch the phantom was 'exposed is gwen in
- Fig. 13 and is based on analysis of 10.000_ tracks in emulsion C~l4. In each
,ce.se the actual data points are given; but the line through the points has been |
corrected for the sampling bias by the. empxncally determmed factor

f—044E°23, where E = 0.4 to 0.66 MeV. -
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There is no samphng correction for tracks of energy greater than 0.66 MeV.

and it is aseumed that the proton spectra are constant below 0. 4 MeV. The.

: samplmg ocorrectlon t'actor is based on analyszs of proton recozl spectra ob-

' tamed from emulsions exposed to monoenergetxc neutrons of energy 0.5 to

5 MeV. The assumptmn that. the proton spectra are constant below 0 4 MeV
seems Justxfled by the extensive measurements by de Pangher on the PuBe
12) ’

which ;:ule out a large number of low-energy neutrons.

Table 2 lists the proton track data obtained from the Iford em.ulsio.ns.i'

T These include the aireequivélent neutron expoaure at the point of interest in

 the phantom, and the % of the tracks lost in the reglon 0 to 0.66 MeV byzsam-

pling mefﬁcxency- and bias. The meaaured track dens1t1es are corrected for

' this to yield the corrected track denszty per unit exposure. average proton

energy with and without the n,p track component. and percent n.p tracks.

' From this the hsted dose mformatxon is obtained.

The Kodak NTA response to the neutron irradiation at varioﬁs depths

- in the phantom is presented in Fig. 14, which also contains for comparison

“the relative Ilford emulsion response.

Average energy and absorbed dose of proton recoils in the emulsions

' at various depths in the phantom were found as follows. To obtain the average

S g o AN AN
f th t 1s (Fig. 15 lculated Y ——— * E AE/Z ——— -+ AE
energy of the proton recoi s( ig ) we calculate BAE / PAE

for the Ilford films C 1'to C-5, and" C~9 The energy absorbed in the emulsion

from proton recoils at various phantom depths is the product of the measured

absolute }track'c‘!ensity and the average energy per track.
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IV. DISCUSSION

The estimate of biological damage from ionizing radiation is usu-

ally based on the knowledge of the amount of energy imparted to the tissue

and by what means, and on the energy distribution of the particles involved.

Thé'major partA of the dose delivered by fast neutrons to tissue arises from

hyarogen 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-recoil energy distribution at various 'deptha. within

~the body. Therefore, a suitable tissue neutron dosimeter is one that does

not influence the local neutron distribution. Further, it must record exactly
the recoil evénts»in: space,"'é.nd it must be of small size. It is also desirable
that the doéhﬁete; be cont'inuously.sensiti,\;e. that it have a.low gé.m'ma
sensxti\uty. that ma.ny sxmultaneous measurements can be made. that the
time between exposure and analysxe be convement and that a permanent
record be made. It is clear that'nuclear track emulsion is superior to otfxer
dosimeters in these respee’ts. |

Used as descnbed in thm paper. nuclear emulsxon is an absolute fast-

neutron dosimeter whxch also yxelds the local dxfferennal proton tlssue dose

Neutron-dose mforrnatmn can also be obtamed by measurements with varxous
£

metal fo115. scmt:llators. a.nd gas- -filled proport:onal counters. . The major

advantage of all these detectors is the rapzd availabzl:ty of thear mformatmn

during or immedmtely following the irradiation, whereas 600-;.; emulszon

‘requires several days for development and acanning before yielding the dose

-information. The major disadvantages of scintillators and proportioné.l

counters are their size, and their dependence on attached electronic apparatus.
The latter makes them considerably less versatile than foils and emulsion;

and their size without question alters the local fast-neutron distribution and
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- ‘makes it difficult to take measurements inside 2 human-sized phentom.
A Metal foils are basically neutron flux meters, and obtaining preciae dose
. infermatioe from foil's is difficult, even when they have been ealibfetea by
the very vne\'xtx';on soutce whose tissue dose §a being measured.
.Table 3 gives the basic data concerning the effect of the pre.eenc':‘e of

i
track emulsxon on the local neutron dlstrxbutlon in tmsue. The table re-

, !
'veals that for fast neutrons the tota.l macroecopu: cross sections of tissue
.and emulsion are neatly the: same. Therefore the presence of emulsion is
not expected to perturb the lécal fast-neutron spectra at various depths in

tissue. . o S s

When ~fa.sit neutrons impinge on the human body,' large numbers of

" thermal 'neutrens‘ere produced as the fast neutrons lose enex-gyAthrough _
‘Amu.ltiple collisions.: »This is why the effect of a dosimeter on the local
thei-mal-neutrbn density must also be considered. The ratxo of the macro-
scopxc absorption cross section for thermal neutroxxs in emulsxon and in

_ 'tisaue is about 30/1. However.v this does not appear to be unporta.nt when -
Athe mean-square diffusion distance (as the crow flies) of thermal neutrons is
cempe.red to the emelsion thickness. Thise 'distance' is about 16 <:m2 in

- tissue and 1 crriZ in emulsion; the emulsion thickness is 0. 060 cm. This

means that the average net dlstance thab 'a neutron travels from the time

1,’:!’1 N

‘when it is produced until the tu'ne when xt is captured is about 1 ¢cm in
Aemulsion and 4 ¢cm in txssue. Therefore the thermal neutron denmty in the
" emulsion is not expected to differ from that in nearby txssue.

1. Interpretata-on,oi the track dens:tyadxstnbutxona

- - - \

The major feature of these track spectra, as revealed in F:gs. 8-12,

is that from about 0.8 to Z 5 MeV the track density decreases exponent:ally.

a
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-0.7E -0.9E

bemg proportional to e . Beyond 3 MeV, it is proporti-onal’ to e .
Thxs track-density dlatnbutmn is what one theoretically expects for a FPuBe

"neutron exposure of emulsion in air®. Proton recoil tracks from the

) o . ' . _
thermal N_M(n. p)C 4 reaction, and from secondary neutron collisions with

‘ hydfogen nuclei, are superimpoéed on the basic distribution. The n, p tracks

are monoenergetxc at 0.60 MeV and.are quxte promment in the track’ spectra

of emulslons C-2, C-3, and C- 4 Tbe secondary-collision tracks are largely

‘ . below 1. 5 MeV and are evident in the track spéctra C-1to C-4. The track
f‘densxty spectrum of C-5 shows the bas:c pattern with a relatxvely small

| thermal-neutron N (n. p)C peak and only a slight secondary-neutron

collision}sh'iit. The findxng that the same di'stribution obtains at various

"depths indicatés that the maj’qr features of the neutron spectrum are present

even deep in the phantom.

. Below 0 5 MeV the efﬁciency of nuclear emulsion drops rapidly, ngmg
the erroneous pxcture that the number of tracks falls. The track densities

are expected to be about the aame from 0.5 to 0 MeV as they are at 0.5. MeV. '

>

The. e ;fjeé’ have been corrected for this and for samplmg b1as. as dxscussed
in the prevxous section.

2. Separatxon of the thermal N (n, p)Cl-4 track éompo}xent.—.‘ and

estimation of the thermal neutron intensities. _

For determining proton-recoil emuision dose there i8 no need to sé.pa-_
rate the component due to n,p tracks, but it is important that this be done for

calculating tissue dose.

5.

' *The expected tra.ck-denmty dmtnbutxon was calculated from unpublished

. data on the PuBe neutron: spectrum obtamed by Lehman.
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percent of the’ tracks in the 0 54 to' -0.66-MeV mterval of the C- 9 d1str1butlon

Nt

“11- o . UCRL-9967 Rev-

The thermal n,p track contribution was estimated by s‘ubtrécting the

_-’n_ .
e

(in whlch we assume there are no n.p tracks) from the percent in the same-

‘region in emulaions C-1 through C-~ 5

percent of thermal-neutron n,p tracks = A, - {1 - A)) k, ‘ (1)

where A, is the percent of tracks in the O. 54- to w.éé MeV region for the.

- 'emulsion under consideratlon and Kk is A/(l - A) for emulslon C-9. Table 4

gives the result.

" 3. Interpretation of total L.4 track density and total NTA response

v8 depth in phantom

The major feature of the plots in Fxg. 14 is the exponentzal attenuation

of neutrons with depth. with an attenuanon half thickness of 7. 0 cm. This

attenuatxon is for all fast neutrons present in the phantom that are detectable

by nuclear track emulsion. Superxmpoaed on this basxc response is the

response due-to thermalaneutron N : (n.p)‘C tracks. It is’ thxs thermal-

neutron response that dxstorts the basic 7.0 cm attenuatmn in the L.4 plot,

causing the extended hump in the center of the curve. The following brlef
explanation is an attempt to clarify this.
The NTA response to neutron exposure. in tracks/ﬁeld may be

fep:esented by the equation
NTA response = a.n&l + bnf.. : _ ' o . {2)
Similarly, the L.4 response, in trackg/cm3, may be rept'esented by

1.4 response = cnth + dnf_'.v '. . - ' (3)

In these equations, the coefficients a and b have the dimensions of

tracks/fi_eld per unit thermal neutron (nth) or fast neutron (nf) per cmz.

»
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The thermal n, p track contribution was estimated by subtracting the

_percent of the tracks in the 0.54- to -.66-Mev interval of the C-9 distribution

'(in which we assume there are no n, p tracks) from the percent in the same

region in emulsions c-1 through C-5:°
percent of thermal-neutron n, p tracks =
A -(1-A)K, E SR ¢

where A, is the percent of tracks in the 0.54- to -0.66-Mev regmn for the

i

Temulsmn under consideration and k is A/(1-A) for emulswn C-9. Table 4

gives the result.

3. Interpretation of total L.4 track dens1ty and total NTA response

- vs depth in phantom

t

The major feature of the plots in Fig. 14 is the exponential attenuation

of neutrons with depth, with an attenuatieh half thickness of 7.0 -cm. This

"attenuation is for all fast neutrons ‘present in the phantom that are detectable

by nuclear track emulsion. Superimpo'sed on this basic response is the

response due to thet’tnal-neu.tr.on Nl4(ix. f»)CM tx_-acks. It is this thermal-

neutron response that distorts the bas‘ic 7.0 cm'attenuation in the L. 4 plot,

,, -

- causing the extended hump in the center of. the curve. The followmg brief

explanation is an attempt to clanfy this,

The NTA response to neutron expoaure. in tracks/fxeld may be
represented by the equation .
| NTA response = anth_ + b'nf. | o IR (2)

Sirriilarly. the L. 4 response, in tracka/cm'3_, may be represented by

L.4 resp‘onee ='en 2?4 anf. ST o3

~In these equations, the coefﬁcients a and b have the dimensions of

. #*

tracks /ffield per unit thermal neutron (n ) or fast neutron (n ) per cmz.‘
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The coefficients ¢ .and‘d have the dimensions tracksycms per uoit thermal-
~ or fast-neutron exfxosure. The difference in shape between the curves in

: Fig 14 arises because c/d =3 a/b»for PuBe neutrons, that'i. the relative

response of L. 4 to thermal neutrons. is roughly three tunes that of NTA,

-~ The reason that these ratjos dxffer is that the N'I‘A response includes tracks -
(3)

which originate in adjacent hydrd_genous radiator material, whereas the .

| L.4 response does not. (Only fracks'that begin and end within the L.4

emulsion are scanned.) R
: i

4. Calculation of tissue dose vs depth in the phantom "

' To obtain the tissue thermal-neutron n, p track dose. the L. 4 dose is
‘ .'multiplied by 0.406, the ratio 'olf the nitrogen atomie density in tissue to thatv'
vvi'n L.4 emulsionQ The result is 'olotted in fig. 17 where.ghe n, p tissue dose
calculated ‘here is shown to agsee with the relative thermal neutron density ‘
| measured by indium foil activation. To obtain the fast heutron‘ proton tx;ack
dose, the 1.4 dose is multi'pl.-ied by 1.86. the ratio»of the atomic density of
: hydrogen in tissue to that in L. 4 emulsion.. -
Fig. 16 gives the absolute dxfferentxai proton txssue dose in txssue-

equivalent liquid at various depths in the phantom. These curves were
obtamed from the basxc track data in, Tabls 1 by computmg the points

FAE

4 6, the fa.ctor giving the relative n,p response in emulsmn as compared with

Qi LN . Then the area under the n,p tra.ck peak at 0. 60 MeV was reduced by '

txssue. and the points below 0. 66 MeV were corrected as described earlier.
'I‘he plotted curves are the smooth lmes through the cslculated points El::, AAEN .
The curves are normalized so that the total area under each curve equals the

total dose, obtained from the product of the track density in t1ssue by the

average proton energy in txssue. The error (in %) at any given energy on
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w;;.,;,:.a: " these curvés ié'roughly fhat of the proton t:aék spectra at the éé.me ene'rgy
‘ givén in,Table 1, | | J o
| The dxﬂerentxal dose values listed in Table 5 were obtained by finding
the fractxonal areas under the dose curves in Fig. 36. It should be stressed
that the dose distributions obtained here are the avera;'ges‘ioz- about 200
- millirad total exposﬁre. Shorter eprsurés give trgck-by-track quantﬁm
' diatributi‘ons §vhic}; appfoximate those afxo(rm here only if the exposures are

. .  roughly as great as those used in this work.

5. Comparieon of phantom proton dose with a predicted dose

In Handbook 63( ) the tis sue proton dose is calculated by assumihg

'expoaux'e of an mfmite 30~-cm-~thick tmsue-equxvalent slab to monoenergetic
":.‘ neutrona of various energxes. 'I‘able 6 compares the data for 2.5- and 5.0« .
MeV‘ neutrona with our pbantom data ior PuBe neutrons. Two things are
evident ~ the ﬁrat is that at all depthe our values are roughly ?./3 the 5.0~
Me’\[ values in Handbook 63. The secpnd ie.»that. the proton. dose attenuatxon

wAith depth shéws a half-thickness value of 10 cm for the pha.ntom exposed
to PuB‘e'ne'ut-rons. compared with 5.5 cm and 8.5 cm for the slab expoéed to
A 2.5~ and 5.0-MeV nveu_trons.ﬂ '

‘A large part 'oi the discrepancy betweén our values ';md the val;xes of
Handbook 63 for the abeolute magnitude of the proton dose lies in the fact
that Handbook 63 uses a value of 2.50 MeV for the average fxrst-colhsxon
‘energy transfer between a 5.0-MeV neutron and a hydrogen nucleus. We

found that the average energy “of the recoil tracks in the C-1 to C-5 spectra

G

{excluding thermal n, p tracks) varied béetween 1.21 andAI.57 MeY at the

different dépths. compared with Al.60 MeV in emulsion C;9:. which was exposed
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in air. The valﬁeS‘at the 0~cm, 5-cm, 10-cm, and 15-cm depths are much

. ;Q{.ver than 1.60 MeV; this is evidence for a significant tra'ck contribution from ‘

second-collision neutroné. The average proton track energy at the ba.ck sur-

face of the phantom (C:= 5);115. A, .57 MeV a surprisingly low value,

since very
few tracks here arise from secondary -neutron colhsmn. This reveals that

although there may be some hardemng of primary neutron spectrum. ma.ny

‘ low—energy neutrons are present‘

V. SUMMARY

- Nuclear track emulsion was evaluated as a neutron doslmeter in the
oo expoeure of a human pha.ntom to neutrons from a plutonium-beryllium source.
Emulsion pleces were located at various poextxons in and around the phantom.

'The following baaxc informatxon referring to each iocation was obtained by

scanning 2-cm squares of 600-u Ilford L.4 emulsion with a semxautomatic

three-axis digitized microscope:
1. The abeolute differential proton-recoﬂ energy spectrum.
2. The average track energy

From these data, the fqllowing dose .infor-ma't.i_on<may,,-.b§'c_a1culated:

1. The absolute differential local absorbed dose from proton traéks. in

tissue.

-

2. The local thermal neutron N14(n. p)’CM dose in tissue. ° 4

The thermal neutron denaity a.nd fast neutron flux
In add 1tion.

in tissue.
the proton recoil spectium reveals general information about the

. it
local £ast-neutron energy spectrums. #

In thictexperiment the total roton dose to tigsue in the phantom varied -
perime; al'p P

from 3.1 X i0-9 rad at the front ‘sixrfacé' to a low of 0.63 X 10-9 rad at the
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o ! N - -
back surface per unit exposure'to PuBe neutrons. Although large numbers of

14(n. p)C}é tracks were observed inside the phantom, ‘their c.ontri'but‘io‘n to

the total dose in no case exceeded 2%.

Acknowledgments
The authors wish to thank Mr. James C. Hodges for the design, con-
struction, and maintenance of the three-axis digitized microscope;
Mr. Arthuf W. Barnes for the design of the microscope uelectronic?s;

Mr. John R. Meneghett1 for making the phantom. Mr. John H. Wood and

Miss Betty J. Lofstrand for processmg the L.4 emulsions. Miss Olga M. Fekula

:Ior scanning the L. 4 emulsaons' Miss Dorothy A. Hadley and Miss Josephme

A. Camp for scanning the NT’A £11m, Mr. Carl Quong for preparmg the

computer program: and Mr. H. Wade Patterson and Dr. Roger W. ‘Wallace

" for their continuous support.



T l16e " UCRL-9967 Rev.

“

Footnotes and References

#Woz;k done under the auspices of t-hé u.s. 'Atomic Energy CommiséiOn.

' i'. W H. Barkas. et al al. R The§ Range-Energy Reiation in Emulsion, Part II
Umverszty of Cal.ifornia.. Law'rence Radiation Laboratory Report UCRL.-
3769. April 15. 1957 (unpublished)

2. J. dé Pangher, A Reprodumbie Precwmn Polyethylene Long Counter
for Measuring Fast Neutrou Flux (preaented at Washmgton meeting of
Am. Phys. Soc., April 24l27, 1961) N .

o 3 _ R L Lehman. "Energy Response and Physical Propertxes oi NTA

. Personnel Neutron Dosimeter Nuclear Track Film, " Lawrence Radiation _

B Laboratory Report UCRL-9513, Jan. 13, 1961 (unpublished). |

4.. Handbook 63. "Protection Agamst Neutron Radxatxon up to 30 Mxllion

Electron Volts. AL U. S. Dept. of Commerce, National Bureau of

Standards, Nov. 22, 1957.



I v

-17- UCRL-9967 Rev.

am -

_ ‘ A;E’PENﬁ;X
, . .'(Richard L. "Lehman)
The ErQSability that a Tx:é.c-k of_‘C.}i\'ren Length tha_t Crigi@tes
ini .ébe Emg.lsidn Will Also End in the Ernulsion
Two cases are. considered. face-norrﬁal exposure and isotropic e:;- )

posure. In both cases it is couvement to first consider the situation when

the track length £ exceeds the emulsion th:ckness T, as in Fig. 18.

Assume the emu.lsion has infinite lateral extent, and that the probab:lxty of -

a neutron-proton collision does not vary within the emulsion. Consider a

\

- grgck of 41eng‘th ‘£ originating at an arbitrary depth T - x in the emulsion.
' There is cylindrica.‘l sym'meti'y about a line normal to the emulsion surfaces

through the track origin.

A -Case 1. Face-Normal Exposur;e

Only tracks of this length that enter the solid angle about conical angle

¢ end in the emulsion. In this case, the probabihty that a track will enter ‘

N‘any solid angle is not constant. but is given by

[N
S

3
{1
212

where Q = 27 8in ¢. Therefore

dn _doe)
‘dP='Nf; 211'.(" ) ) . (Z)

(where the quantity in parenthesis may be considered a We,ightihg function);

P_(x):S" t 2 qe=X% | | B
: . 2w R ' '
and P= }—2-%5:1-2 : : : (4)
2 0 ¢4 392 -

To obtain P for I < T, one divides the thxck.ness of the emulsion into

two pxecea. 4 and T-{.
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For the fractxon é. the probability is -;-.' as-ngiven by Eq. (4), where

T

- 1“? | - 5).

g = "T"™, For the fraction I the probability is unity. Therefore
P<T)=37 +

Case 2. IsotrOpm Exposure

" Only tracks of this length that enter the solid angle of cone ¢ end in

' theremulsiOn.v In this case,

N v
o - -
___3n qe ° constant, : : : (6)
. ’ d . 9 ] - . ¢ . o ‘
and dP = 'Nx: ,‘::2“ 4(1) ¢ _'5' ' y - ' (7)

Case 1), 3 : . Tl
P= So . e SO C Tm _ o (8)
where  %:coa(d' - 0)and{fE icos b, 9)
kL Tex T .. - R |
P S Y ISy YRl Y| independent. ?f X. | : | (10)

As in Case 1, to obtain P (¢ < T), the probability for the fraction %“is L.
and that for the fraction 1%-!- is unity. Therefore

PU<T) ookt Tpt-1-%. oy
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Table 1. Energy spectrum of proton recoils in emulsions.

Chan- Energy

nel (Kev) C-1 S.D. C-2 S.D._C-3 _S.D. C-4 $.D. _C-5 8. D.  C-9 S.D.
' 1 30 v ae .. e .. .. . ‘e .
2 120 . 8 8 . o . o e . . .
3 224 . . 10 10 10 10 . 11 11 11 1
T4 0 315 87 33 45 22 59 26 20 14 36 18 25 18
L1 396 390 74 18l 44 258 56 166 43 87 36 180 50
6 468 273 64 383 72 273 63 240 54 237 61 287 . 66
7 535 506 ¢« 91 575 92 434 82 453 77 136 48 325 ¢ 73
) 8 600 726 112: 1155 134 . .1049 131 904 111 595 104 517 94
‘ 9 665 397 85 1173 138 1215 144 1244 133 697 115 342 78
- 10 722 604 107 1158 140 1378 157 1106 129 650 13 fe77 113
11 777 582 ° 106 754 115 700 114 739 107 608 111 561 104
12 857 454 68 474 66 517 70 560 67 580 78 574! 76
. 13 959 499 73 431 64 403 64 387 57 510 75 381 64
. 14 1057 468 . 72 362 60. 296 56 291 51 395 68 355 63
.« 15 1149 416 69 365 62 318 59 320 54 458 74 " 460 73
, 16 1232 400 70 318 59 276 56 250 49 507 80 375 67
. 17 1320 479 78 296 58 215 51 390 62 395 72" 541 82
! 18 1403 498 81 213 50 261 57 291 - 55 479 81 327 65
R 19 1484 433 77 293 60 244 56 268 54 240 58 297 63
‘ 20 1560 366 72 204 51 201 52 257 54 324 69 379 73
21 1635 321 68 132 42 166 48 173 45 274 65 349 71
. 22 1719 291 54 172 - 40 257 50 263 46 294 56 310 56
23 1825 199 46 171 40 179 42 175 38 296 57 293 55
24 1919 221 43 141 32 109 29 169 33 274 48 245 45
25 2050 235 45 181 38 239 44 145 32 191 42 260 47
26 2189 183 37 119 28 125 29 145 29 214 40 160 34
27 2330 182 37 103 27 101 27 192 34 182 38 181 37.
28 2500 127 26 70 19 110 24 118 23 150 29 198 33
2 2700 100 23 62 17 75 19 75 18 110~ 25 194 32,
30 2909 85 22 87 21 43 15 63 17 142 - 29 147 29
' 31 3100 94 24 64 18 89 - 22 84 20 166 32 164. 31
32 3300 65 19 49 15 77 20 73 18 84 22 172 30
33 3500 Co62 19 46 15 27 12 62 17 112 26 106 24
34 3700 - 48 17 22 11 34 14 43 14 82 23 126 28
35 3890 34 14 31 13 60" 18 50 15 72 21 34 14
35 4090 42 16 32 13- 51 17 52 16 87 23 60 19
37 4294 11 '8 30 12 26 12 26 11 46 16 66 19
38 4489 . . 6 6 .10 7 27 12 41 14 48 17 51 17
39 4690 18 11 22 11 .. . 39 14 19 1 31 14
o . . 40 4900 17 10 5 5 5 5 23 10 54 18 57 - 18
e 41 5110 30 13 11 8 11 8 5 5 25 12 .29 13
P ) 42 5310 B .. 11 8 e 15 9 26 13 44 17
i, 43 5300 13 9 .. . 6 6 10 7 20 1 7 7
P 44 5689 13 9 [ 6 13 9 5 5 7 7 13 9
45 ' 588C 6 6 23 12 6 6 . .. 7 7 6 6
46 6079 13- 9 [ 6 . . ‘e .. 7 7 13 9
47 6280 .. P 6 [ 6 3 15 9 13 9 .. ..
48 6 5 6 6 .. .. .. . .o . 20 12 13 9-
49 67y .. ve 3 3 . . 3 3 4 4 7 5
350 7190 .. . 3 3 3 3 3 3 .. . 7 5
51 7609 . . e . .. . 4 4 4 4
52 8000 .. .. .. e 4 4 .. 8 3 4 4
53 846 .. ‘e . . .. .. .. .. 4 4 .. ..
. : 54 T 880J . .. 4 4 4 4 .. . .. . .
R " * 55 9200 - . . .. 4 4 .. . .. % ..
56 9600 . .. . 4 4 .. .. 7 5 .. . ..
57 100¢: ve 4 4 14 8 .. . 5 5 5 5
58 10400 .- . . . 42 14 16 B . . 15 9
R C 59 10806 . e o .. e . . 6 6
L " 60 11200 . . . . . . . 12 9 .

et e e e = S s e e
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Table 2. Proton track data from Iford emulsions exposed to FPuBe neutrons. : .

Dose lost due to tracks
lost 0-0.66 Mev (%) - 9
1

Thermal n,p: dose (%) .5

——
— ——

___Emulsion
-1 c-2 - C-3 c-4. C-5 C-9

Air-equxvalent neutron

exposure (n cm”™ S : . :

X 10- ) . ‘ 9-5 7-3 5-9 409 4-0 5-9

' Measured track densify’ : C _

(tracks ecm=~3 x 10-6)" 6.0 3.65 2.1 1.05 0.43.  2.85
Tracks lost 0-0. 66 ' , ' o '

Mev (%) o - 31 . 31 3L 27 26 24
Correct track dens1ty , ; :

(tracks cm~3 x 10°6) 7.9 4.8 '2.85°  1.33 0.54 3.55
Correct density per '

unit exposure (tracks } o ‘

cm~3 per n cm=~?) 0.083 0.0655 0.0485 0.027 0.0135 0.060
Average proton track o o

energy (Mev) 1.23 1.1t 117 1.25 1.55 1.60
Average proton track

energy excludmg

thermal n; p tracks . :

(Mev) : 1.26 1.21 1.25 1.34 - 1.57 1.60
Thermal n.p: tracks A - : o .

(%) 3 16 13 12 . 3. 0

- Emulsion prgton dose
(ergs cm™” per n ‘
cm=2 x 107) ' 1.6 1.15 0.91 0.54 0.33 1.55
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" ; - Table 4. Estimation of the n, p track compothent in Ilford films. o
A ’ B % thermal - % thermal .
i K= u,p tracks neutrons present
- c-9 0.08¢  0.092 0 0
C-1 0.119 3.8 19
c-2 0.222 150 54
.C-3 0.203 13¢ o 4_9
C-4 0.189 11.5 44
C-5 0.113 3.1 17 .
- . L
Reae - 1 . i" - o . .
;- e e (@)e.s "
PR 1 = : (%) = %on,p .
P S I ., n 1+ (%)5.5 - tracks =

®Based on d/c ratio in Eq. (3) of 6.5/1.

bl?LS% by direct count on differential track count.

, c,l 3.3% b& direct}cdunt on differential track count. -

o

-
e ——a—

i

mate— ——
e o
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Table 5. Proton tissue dose from irradiation by FuBe neutrons.

Depth in phantom (cm) 0 5 o 10 15 20
‘Total rad dose (X 107)
per n cm~2 exposure 3.1 2.4 1.8 i.1 , "0.63

: Dose,fﬁf-’nﬁ;ﬂd)l;z~by protons
of energy interval

(in Mev): '
0 - 0.5 5.7 e 6 5 4
0.5- 1.0 = 14 9 19 w7 1S
S 10- 15 .18 16.0 145 . 14 14
L 1.5- 2.0 1s 125 13 125 135
2.0 - 2.5 B SO X 1 105 11
. 2.5- 3.0 8.6 & - . 8.5 88 . -9 9.3
S 30- 35 TO0 73 . 15 7.8 8.7
3.5- 4.0  ss - 55 61 68 81
40- 5.0 - 16, 23, - 1.8 9.4 1L
5.0~ 6.0 L 44 4.1 - 3.3 4.4 5.1 °
60- 7.0, LB 2.3 18 23 2.3
q0-105° L4 1.5 1.2 13 1.7
Av. proton energy . IR R ,
- (Mev) . - 125 1.8 L.a23 132 157
n,p tracks (%) 0.8 4.0 32 30 - . 0.5
n,p dose (%) 04 20 1.6 1.4 0.2
oo
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" Table 6. Comparison of measured tissue proton dose in phanfbm with
Handbook 63 calculated dose for an infinite 30-cm-thick slab of tissue.

Tissue proton dose (rad per n/cx;iz X’lo*g)

ST Phantom, = HB 63, . HB 63,

Depth : o PuBe ‘ 2.5-Mev = -~ . 5.0-Mev

{cm) . neutrons neutrons . ‘neutrons
oL 0 N W | 3.7 . 4.8
- S X .28 4.1
o 10 18 1.4 | 2.6
‘15 | S VS U 0.65 I W

20 1 0.3 .31 1

b'r\



e et mobhirms wnpa® ae r ) P 4 M e R b e g L madnw A 4 e s 4 ooyt sy o i S ey T sraagpas s Sl i ooz s o i3 oo ot ol Lt s pmg st e e amomi o  ma o v el

UCRL-~-9967 Rev.
' FIGURE CAPTIONS

| Fig. l. Positions of phantom and source.
Fig. 2. ‘Positions of source, phéntom. and packets during exposure (as.'
o ,viewéd from above).
| Fig. 3. Chart used for recording emulsion history.
Fig. 4. Three-axis digitized microscope with supporting electronic equip-
: meﬁt. | -
Fig.' 5. Three«a_xis digitized microscope used in. this experiment.
Fig. 6. Range-energy relation for pfotons in standard nuclear emulsion
and in waf:er after Barkas, et al. (Ref. 1). | .
e Fig. 7. Plot of geometric correction factors for isotropic, and. for face-
- normal exposure of 625-u emulsion.
Fig. 8. Energy distribution of recoil protons from PuBe sourée: Emulsion
C-1, at front surface of phantom.
Fig. 9. 'Energy distribution of recoil protons from PuBe source: Emulsion
C-2, 5.65 cm deep in phantom.
Fig. 10. Energy distribution of recoil protons from PuBe source:
~ " " Emulsion C-3, 10.65 cm deep in phantom.
| Fig. 11. Enei-gy distribution of recoil protons from PuBe source: Emulsion
c-4, ,15,65 cm deep in phantom.
Fig. 12. Energy distribution of recoil proto?xs from PuBe source: Emulsion
C-5, 21 cm deep in phantom (on the back surface).
Fig. 13. An 80~-g PuBe neutron source spectrum, obtained from nuclear
emulsion.
Fig. 14. Numbers of tracks in Kodak NTA emulsion (30u) é.t various depths

in the phantom, and the relative track density in L.4 emulsions.
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FIGURE CAPTIONS (Continued)

Fig. 15. Average energy of recoil protons in nuclear emulsion at various

- depths in the phantom.,g experimental data. —— same data with thermal
n,p tracks omitted.
Fig. 16. Absolute differential proton tissue dose at various depths in the

phantom.

- Fig. 17. Tissue dose by protons from thermal-neutron-induced N14'(n,p)C;14

o protonvs in phantom exposed to PuBe neutron source. estimated from
" measurements (this experiment)s - ~--thermal-neutron density in phantom,,
" measured by indium foil activation with same exposure conditions (relative '

numbers only, to allow comparison of curve shapes}.

Fig. 18. Cross section of a piece of nuclear emulsion of thickness T.

© et
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) l x ?

| |

| z

i ' %

PuBe source | |

¥———50cm 60cm [

| |

| ]

, ‘ |

30.6lcm

f i . i

| E

E

£‘

|

| 76Ccm |

| |

_, |

: N
i p  Floor

j ca 30 cm

e i

' - Ground .

' Fig. 1. MU-25269 's
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EMULSION HISTORY CHART

Emulsion # @ = / Type 1-#]66}/5&9/ Batch code & -255/

Date Manufactured g- 9-&/ Date of arrival at UCLRL g-38-g/
Storage: Location 7 Al cm Dates g-23-4/ to B3 ¥

Location 2, 0 Dates_z—zy-;/ to ¥~/ _4/
Loocation 72 _Dates 9-g>zs /fiay to P2~ Mz’ E&ﬁ
*

Exposure: Location R)J/e o4 Type of exposure

Durationggy #-/-¢/too I Distance from source 29,4 cow .
Orientation Y wes & p s ol

Scattering conditions < s L e e,
. Diagram & _

Developmeni: Procedure ff,,
' Personnel

Location_2/dg «7 ek hfp 7 Dates g-7-g7 to P57

Comments_4b /) derwloped ZrousbouZ”.

Mounting: 1 X 3 glass slide "/ Epoxy cement .~ Date 7-/2-¢/ Personf¢y
Comments - /(-3 :
Scaﬁning: Scanner.o',M. Fravept No. of tracks 432g Dates #-27-¢f =
) Scanner No. of tracks Dates to
Location of data cards Emulsxon code no. 30/ ({10.970 f20.660
_ _ Comments Eqsy 7o scap S.9 470 274» (@rg. ;710 Yrolils 2nn Sopits D
Analysis: Program Becorn T Tracks used 43 g Dategogw/Person P2l
‘Program Preosy ZP Tracks used 43g° Date /-232.¢2 Person £44
Program : Tracks used . Date Person

Comme"w/r_ (-2%-62 .

Shrinkage: Thickness before presoak - micrometer (inches)

Date g-§-6/ RH $86 2 .02L4  .025% .02€3 .0262 .0246€ Av 0.025% in.

¢} Thickness after development - before mounting - micrometer

Date 9-/z-¢/ RH_go%, .0233 .02%0 .0332 .023¢ .023# Av 0.023$ in.

Thickness after mounting - microscope

Date RH Average wX.393=0.0 in.
Lateral Distortion: Dimensions before presoak - 64th inch scale .
Date -$~¢ / Sol/b4 S/ 64 69/64. 69164 AvS7.2/64
el Dimensions after development - before mounting,
Date 9-/7-4) S$/1/64 S3/64 66 /64 66 /64 Av S7 /64
Dimensions after mounting ' ,
Date

$2.2 L 258
Subsequent Measurer-nents: j::—. -—;:g;"" = 0_77’ f,_-=0:5d0 x .33'3. = bl

Z 0 s .fé;'s oIV IN

Fig. 3. ‘ MU-26968
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