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NEUTRON bOStTRY IN AND AROUND HUMAN PHANTOMS 
BY USE OF NUCLEAR TRACK EMULSION 

Hiroaki Akagl and Richard Z. Lehman 

Lawrence Radiation Laboratory 	: 
Univeratty of California,  

Berkeley, California 

November 30, 1961 

Abstract 

The power of nuclear track research emulsion as a Last neutxon 

dosimeter is examined in the expoauxe of a human phantom to ruBe 

neutrons. Semiautomatic track scanning and high" speed data analysis 

obviate the major disadvantages of thi dosimeter, and allowthe 

following basic information to be obtained withOut a aerious cost in 

time: the relative proton recoil energy 3pectrum, the absolute 

differential proton track density spectrum, and the average proton recoil 

energy at various locations in the phantom. From this are calculated 

the total absorbed local tie sue dose due is proton recoils, the .loàal 

thermal neutron intensity, and that portion of the tissue dose due to 

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

StadIs with Plxtonium.Beryllturn Neutrons 

Hiroa.kI Akagi and B.tchard L. Lehman 

Lawrence Radiation; Laboratory 
• 	S. 	 University of California 

Berkeley, California 

November 30, 1961 

I. INTRODUCTION 

Nuclear track emulsion has been widely used for detection and 

measurement since the beginning of neutron research. However, health 

physicists have notuntil now shown much interest in this tool, which is 

• 	 probably the best single neutron dosimeter. The reason for this lack of 

interest is ainiple track sc imiing and analysts require a great deal of H 

time, Now semiautomatic scanning of emulsions and data analysts by 

electronic computer have partly overcome this difficulty. But the ques. 

tiort arisos... "How good is this tool for analyzing tissue dose £rozr3 

neutron cxpoaure?' 	 - 

In an attempt to anewor this question, nuclear track emulsion was 

exposed in and around human phantoms to various kinds of neutrons. In 

this report we present data obtained from exposure to plutonium.beryrnum 

neutrons. These data Include the proton recoil energy distribution, absolute 

differential track density, and emulsion dose at various depths in the 

phantom. From this the tiaue dose is calculated. 

• U0 EXPERIMENTAL METHOD 	* 

The nuclear emulsions (Ilford L4 and Kodak NTA) were exposed 

by the Pe source, in a wooden room, 4 X Sm X 3m high. in and 
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around the human phantom, . dctaLlr, of which are shown in:t Figs. 1 and 2 

Tracks in the developed emulsions were scanned and analyzed. 

Neutron source 

L1L source PBe 1593 was used. It is a cylinder, 1.30 in. o. ci. 

X 3.69 in. high, containing 80 g of plutonium. The total emission rate: was 

5.89 X 106n/sec. 

Nuclear emulsions 

Ilford L. 4 600-micron emulsions were cut into fotr pieces 

(27X2.5 mmorlx3/4in.)fromanoriginaLpiece(1x3iu.) and 

each was wrapped with black paper and black tape. Each ernulsibn was 

sealed in a ZO-mil polyvinyl packet with Kodak NTA type film. Each 

packet was so oriented that the emuistons were expoeednozznal to the 

source, . which was 50 cm from the center of the phantom.. 

Phantom  

The human phantom was a right elliptical cyclinder, 20 *36 cm by 

60 cm high made of 0.65-cm polyethylene ( FIgs. 1 and 2) and filled with 

tissue-equivalent fluid. * It stood on a support 76cm above the £làor. 

Six polyvinyl packets of films (C-I through 6-5, and 6-9) were kept during 

the exposure on the mid-horizontal plane of the phantom with a thin plastic 

plate. Figure 2 shows the locations of t1eee packets. 

*Tissue.equivalent fluid: 

• . 	20' 	75 ib; 	 .. 	•. 

urea, 	 9.46lb; 

sucrose, 	. 24.71b; 	
., 	 ., 	 .. 

cresol, 	: 	405 lb. .. 	 . 	 ., 
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Developing and: fixing 	V 	 V 

• 	 V 	
After the exposure of 87 hours and 20 minutes, the . 4 films were 

opened in a 4a*oom and were measured for thickness and lateral extent, 

V 	
They were then developed and £Lxed.by arnodified coldicycle procesa* 

V  in which the isolutlons were kept at 50C1 To reduce. thicknesa shrinkage, 

the processed emulsions were soaked  in a concentrated solution of wood 

rosinin ethanol (35 .g per100 ml) for 24 hr. Extmulaion history charts 

(Fig. 3) were kept for each film. : The thickness and lateral extent of the 	V 

• 	 processed films were remeasuredan.d the shrinkage factors fj and f, V 

V 	 were calculated' foreach emulsion.: Prior to ècaz.ntng. ilms were 

V 

 mounted OD 1 )< 3 LU.. znicz'oslidea Jith clear epoxy,  cemnt 	•• 
• V 

ThVNTA filn8were developed according toVthe uaal metho& 

Scannlng 

V,-T. he flford films were scanned by use of the three'axie digitized 
V 

V 	 microscope and apparatus in Fige. 4 and 5.. The Vt,i the relative 

humidity at the time of ocannlng, theemu1sion number, and the ond.po[nt 

process: 	
V 	

•V 	 ••• 	. 	. 	. 

45 rain water (presoak) 
90mm 	IV  developer: Na2 SO3, 3.61.; NaS2O51O.'Sg.; V•V 

1016 .KBràolutlon, 44 ml; 	ido1, 1.6g.; 
.H20,SOOth.t 	V 	 . 

45 min 	Isto12 bath; HAc, 1 mxii; E20, 500 ml 	V 	
V 

18hz 	Lix: Na2S203 , 1509.; X1a2S2O5 , U.Zg.; H200  500 ml 

• 	4 hr 	water (dilution and washing) 

• 	V 	3 hr 	EtOR (to dry): gradual dilution to 100%EtOH 	
V 

•24hr V V 	 rosin (sàak) V 	 . 	 • 	
V 

2hz 	aIr (to dry between silk)  

V 	

••VV••• 	
'. 	 'V 	• 	,. 	 V 
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coordinates of two tracks were recorded on each punched card. The 

microscope was fitted with a 65X oil-immersion objective and lOX wide-

field eyepieces. It required 6to 7 luto scan 1200 tracks. 

To obtain an unbiased sample of the tracks in an emulsion, we 

took a "random walk" through the emulsion, seeking out the track ending 

nearest to the end point of .  the, previous track. Only tracks which had. 

both end points within.thé emulsion were fecorded. 

Analysis of tracks in nuclear emulsions 

The punched cards were analyzed by an X5M-I50 Computer with a 

special computez program called "RECOIL I". This program is designed 

to calculate the proton recoil energy spectrum in nuclear emulsion cx-

posed to neutrons. The following conditions apply to "RECOIL I". 

The emulsion must be of 625 microns nominal initial thickness, 

The emulsion must be of "standard" compositi4n, i. c., 

density 3.8 at 5016 relative humidity and 200C. 

The input racks scanned must be a random sample of the tracks 

present in the emulsion. 

There is no condition on the isotropy or angle of exposure. The input 

to RECOIL I consists of rectangular coordinates (x y 1  z 1 , x2  y2  12 ) for 

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

eachtrack a correct length in microns Is computed, 

I = ( 112 AX 2 + £12AY + I 2 AZ2 ) 1/2  . 	S  

where I is the length of the tra.ck, £ j  is the correction factor for the 

lateral (x. y) shrinkage,, and i is a correction containing the thickness 

(z) shrinkage factor. . The Ax i.e., (x1 . x2) and' Ayi.e., (y r .. y2 ) are 
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in units of mlcrns, but I z is in units of 0. 60niicr64. Therefore the 

coriection f ia the product of 0, 60 )< the Glirinkage factor 0  The 

X og. azii coxtp..i.re s the corputed length with a range-energy table for 

protons in nuclear euxon, .tncl the track is sorted into one of 85 

energy intervals, Several bundzed tracks thus generate the points of a 

raw proton-ecotl energy spectrum 0  

RECOIL I corrects the raw proton spectrum by a function based 

on geometry. This function gives the probability that a track of a given 

length which oziginats in the einuLiion will end in the emuliion. Using 

625 t for thc emulsion thickness at exposure, and assurruig an infinite 

late.l extent for tne mlion (althoughthe actual size Is as small as 

a 2. 0-cm square), we find this function Is 

P 625 - 0.5 	for 1 ( 625 microns, 
625 

and 

P 	 for £ >625 nicrons 0  

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

RECOIL I thus computes 85 proton-recil pectrixn pointd 	and the 

standard deviation 	for each point, where 	is the number of 

tracke in energy interval E and P is the geometry correction. In additions  

the track dcnsxty In the L. 4 films was independently neasured by counting 

the number of tracks (in depth) in from 6 to 28 fieldo of view. The 

volume per field was 3. 34 X l0crn 3. 

The nuirber of track 	epth per field of Mew.f6r NTA was 

measured by the standard method, The f i old was 0.00060 cm2  when 

450)' magnificatIon was uoed. 
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M. RESULTS 

The proton-recoil 'spectra in and around the human phantom, as 

computed from tracks scanned In Ufoz'd L4 emulsions C-i through C-S 

and C-9, are given in Table 1. The values shown are -' normalized 
PAE 

to give _AN - = • 000. The normalization allowà direct coxnparis&i.of 
PAE 

the spectra, channel bychannel, and these values are plotted Lu 

FIgs 6 through 11.  

The same data are plotted in Fig. U to show the absolute track 

density. In this figure the points are first normalized to give 

AN = 1.00 (i.e., the area under thst vs E curve is 1. 00 in each 
P 	 •0 	 PAE 

case.) Then the points are fortified by the absolute track: density (Fig. 13) 

in the emulsion which gave rise to them, and are corrected by the inverse 

square to a true distance of 50 cm from the neutron source. 

The K6dak ITA response to the neutron irradiation at 

various depths in the phantom is presented in Fig. 14. 

Average energy and absorbed dose of proton recoils in the 

emulotons at various depths in the phantom were found as follows. To 

obtain the average energy of the proton recoils (Fig. 15) we calculated' 

E 	 AE for the flford films C-i to C'5. 

and C-9. The energy absorbed in the emulsion from proton recoils 

• (Fig. 16) at various phantom deptha is the product of the measured 

absolute track density and the average energy per track. 
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IV. ,  DISCUSSION 

The estimate, of biological damage from ionizing radiation is 

usually based on the knowledge of the amount of energy imparted, to 
w 

the tissue and by what means, and on the energy distributtoü of the 

particles involved. The major part of the dose delivered by fast neutrons 

to tissue arises from hydrogen nuclei 'recoiling from elastic colliaion 

with the neutrons. Inorder to understand the biological effects of 

neutrons in humans It La necessary to know the detai.led proton-recoil 

energy distribution at various depths 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 

events in space, and it mu8t be of small size. It is also desirable that 

the dosimeter be continuously sensitive, that It have a low gamma 

sensitivity, that many simultaneous measurements can be made, that. 

the time between exposure and aitalysia be convenient, and that a per.' 

rnanent record be made. It is clear that nuclear track emulsion is superior 

to other dosimeters in these respects. 

Table 2 give a the basic data concerning the effect of the presence 

track emulsion on the local neutron distribution in tissue. . The table 

reveals that for Last neutrons the total macroscopic cross sections 

of tissue and emulsion are nearly the same. Therefore the presence 

of emulsion Is not expected to perturb the locaL fast-neutron spectra at 

various depths in tisue,  

When fast üeutrona impinge on the human body, large numbers 

of thermal neutina are produced as the Last neutrons lose energy 

through multiple coUlsions. This is why the effect of a dosimeter 

on the local thermal-neutron density must also be conóiderêd.. The 

I 
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ratio of the macroscopic absorption Iciois section for thermal 

neutrons in emulsion and in tissue is about 30/1.. Howevàr, this 

does not appear to be important when the mean-square diffusion 

distance (as the crow fUss) of thermal neutrons 18 compared to the 

emulsion thickness. 'This "distance" is about 16 cm 2  in tissue and 

1 cm2  in emulsion; the emuisthathickneas is 0.060 cm. This insane' 

that the average net distance that a neiitron taveli from the time 

when it is produced until the time wl2eni.t is captured is about 1 cm 

in emulsion and cii2 in tissue. Theràfore the thermal neutron 

denaity in the emulsion is not expected to differ from that in nearby 

tissue 

1. 'Interpretation of the track denaity dlstributona. 

The major feature of these track spectra, as revealed in Fig. 13 

is that from about 0.8 Mev to higher energies the track density decreases 

exponcntia.11y In "this region thc,track density follows the relation 
dM 

 c .0. 836 E for all depths. This track-density distribution is 
dE, 
exactly what one theoretically expects for a PuBe neutron exposure of 

emulsion in air* The finding that,the earns distribution obtainè at 

various depth in emulsion indicates that the major features  of the 

neutron spectrum are present even deep in the phantom Proton 

recoil tracks from the thermal N 14(n,p)C14  reaction, and from 

seèondary neutron:coUigione with hydrogen nue)e1 are superimposed 

on the basic distrLbutiona. The no p tracks are monoenergetic at 0.60 

Mev and are quite prominent 'In the track spectra Of emnuletoni C-2 1  

*The expectàd track-density distribution was calculated from unpublished 

data on the PuBeneutron spectrum obtained by Lchn&n. 
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C-3, and C-4. The econdary-coULslon tracks dre'largely below 
I 	 I 

1. 5 2ev and are ev1den in the track spectra C-i to C-4 The track 

donuity,  spectrum 	- of C shows the 	 pattern with a re1tivcly 

axnall therxnat-neution N(n, p)C peak and 4rtuaUy no secondary-

neution colliolori peak. 

elow 0 5 'Mev, the efficiency of nuclear, emulsion drops 

rapidly, giving the ei roneous picture that the number of track s 

falls. The track densities are expected to be about the same from 

0. 5 to 0 Mev.asjhey are at 0. Mev 

Soparation of the thermal N' 4(n p)C 14  tiack component, 

and estimation of the thermal neutron intensities. 

For determining proton-recoil emulsion dose there Is no need to 

sepaz ate the component due to ii, p tracks, but it is important that this 

be done for calculating tissue dose. 

The the rmal n, p track contribut%on was estimated by ,  subtracting 

the percent of the tracks in the 0. 5. to.l. O-Mev interval of the C-9 

distrabutio (in which we assume there are no n p tracks) from the 

percent in the same region in ernutsiono C-i through C-S 

percent of thermal-neutron n p tracks 

A1  -(1-A1),  

where Lu the percent of trac1s n the 045.. to .140-Mev region for 

the emulsion under considerttori and It Is A/(1-A) for emulsion C-91 

Table 3 gIves the recu.tt. 

Into p.etatIon of total L. 4 track density and total NTA roponoe 

vs depth in phantoxi 

The major feature of the plots in Figs. 14 and 15 is the exponential 
1 	1 

attenuation of neutrons with depth with an"attenuation half thicknoaø of 
1 	 1 
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6.5 m. This attenuation m xor all fast neutrons present In the phantom 

that are detectable by nuclear trxck emulsion. Superimposed on this 

basic eesponse is the response due to thermal-neutron N(n, p)C tracks 

It is this thermal-neutron. response that distorts the basic 6.5 cm 

attenuation in the Li. 4 plot. The following brief ecplanation is an 

attempt to clarify this. 

The NTA response to neutron exposure, Lfl tracks/tleld b  may 

be represented by the equation 

	

,...: 	 .: . 	 -. 

	

th 	f TA response an + bn. 	 (a) 
Similarly, the Li. 4 response, in tracks/cm 3, xnay be represented by 

	

L.4 response 	thf 	
(3) 

In these equations the coefficients a and 4b have the dimensions of 

tracks/field per unit thomal neutron (nth)  or fast neutron (n5 per cm2. 

The coefficients c and d have the thrnensions tracks/cm3  per unit 

thermal- or Last-neutron eposure, The difference in shape between 

Figs. 14 and 15 arises because c/d 3 a/b or PuBe neutrons, that 

is. the relative response of L4 to thermal neutràna is 	three 

times that of NTA, The roasn that these ratios differ is that the 

NTA response includes tr 	wMheiginate in adjacent bydrogènous 

radiator material, 2 whereas the L,. 4 response does not. (Only tracks 

that begin and end within the Li. 4 emulsion are scanned.) 

4. Calculation of tissue dose vs. depth in the pbantom 

Table 4 gives the absorbed proton recoil energy per cm 3  in 

L. 4 and in tissue-equivalent liquid at various depths in the phantom. To 

obtain the tissue thermal -neutron n 1  p trakdose b  the L4 dose is multiplied 

by 0406. the ratio of the nitrogen atomic density in tissue to that in 

• 	- 	 . 	
- • 	 - 	 • 

4 	 r 	' 
• 	.. 	• 	 4 * 	4%' 	•.. 	 . 

• 	 - 	

..4 • 	 .' 	 -• 

	

4 	 4 

'I 
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L. 4 emulsion (The result is plotted in Fig. 16 where the n.p tissue 

dose calculated here is compared with the relative thermal neutron 

density measured by indium foil activation.) To obtain the £at neutron 

proton track dose, the L. 4 dose is multiplied by. 1. 86, the ratio of the 

atomic density of hydrogen in tissue to that in L. 4 emulsions  In no case 

does the tissue thermal n, p qack dose exceed 3% of the total tissue proton 

dose. 	 - 

From the calculation of the track distribution in emulsion exposed 

in air to Pul3e neutrons, mentioned in Section 1, 24% of the proton 

tracks are expected to have energy between 0 and 0.50 Mev. Nuclear 
* 	. 	- 	( 

.• 
emulsion does not detect these tracks. However, since they contribute 

only about 4%of the absorbed tissue dose, the data in tius report are 

not corrected for them, 

• 	5. Coxnparion of phantozrtproton dose with a predicted dose . 

In Handbook 	the tissue proton dose is calculated by assuming 

exposure of an infinite 30-cm-thick tissue-equivalent sl'tb to mono-

energetic neutrons of,varioua .energiea. 'Table 5 compares the data 

for 2. 5 and 5 • 0 -Mev neutrons with our phantom data for PuBe neutrons. 

Two things are evident--the Liret Is that at alldepths our values are 

roughly 1/2 the S. 0-Mev values in Handbook 63. The second is that 

the proton dose attenuation with depth shows a half -thickness value of 

10 cm for the phantom exposed to PuBe neutrons (Fig. 17), but 5.5 cm 

and 8.5 cm for the slab exposed to 2.5- and 5. O-Mev neutrons, 

A large part of the disrpancy betweenour valuea and the values 

of Handbook 63 for the absolute magnitude of theproton dose lies in 

the fact that Handbook 63 uses a value  of 2.50Mev for the average . 

first-collision energy transfer between a 54-Mev neutron anda 
J 	I 

: 
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hydrogen nuclous. We found that the average energy of the recoil 

tracks in the C-i to C-5 spectra (oc1uding thermal n p tracks) variod 

bitv,ocn 1.42 and 1. 76 Mev at the different depths, compared with 

1.61 icv in emulsion C-9, which was exposed in air. The values at 

the 0-cm and 5-cm depths are much lowor.than 1.51 Mcv; this to 

evidence for a significant track contribution from second-collision 

neutrons. 

At 10 cm depth the average recoil proton energy is 1.60 Mcv 

almost eactly the samo as that in emulsion oxpocod in free air. This 

may be the result of the oecond-colliaión portion compensating for the 

lowencrgy neutron component which is selectively filtered out by 

10 cm of tissue. The average proton track cnory at the back ourface 

of the phantom (C-5) is 1.16 cv.arnirpricingly low value, since 

very few tracks hore arise from secondary-neutron collision. This 

reveals that clt}zough there is some hardening of primary neutron 

spectrum, many low-energy acutrono are present. 
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V. SUMMARY 

The powcr of nuclear track eniuloion aa . neutron dosimeter was 

ovzLiz.tcu in epQLie of a- Aiurnan phantom to nc utronc3 from a plutonium-

xryllitun zoi.rcc. .mulion piecei3 were located at various positions 

in aid arounJ the phantom. The foUowlng basic information referring 

to each location was obtaine4 by Qcanning 2-cm squares of 600C Ilford 

L. 4 emulsion with a 8erniait6matic three -axis digitized microscope: 

The relcthvc thfforentiaj proton-recoil energy spectrum.  

The absolute diffcrential.tracIc-donity energy ditr1bution 

3 The average track energy. 

From these data. the foilowing dose lnfox'ination may be calculated. 

The total absolute pFoton recoiltrack absozbed dosein tlsouo. 

The thermal neutrop1(n, p)C dose in tie cue. 

The theirnal neutron dontty sid fast neutron flux In tissue. 

In addition, the prOton recoil apoctru.m reveals orzor4 information 

about the local last-neutron energy spectrum. 
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Table 1. Energy spectrum of proton recoils in emulsions. 

Energy  
Channel (Mev) C-i S.D. 	, C-2 SD. C-3 SD. ' 	C-4 S.D. C-5 SD. C-9 S.D. 

1 0.0  
2 0.030 . . 

3 0.120 16 16 17 17 	. . 1 	18 18 17 17 
4 0.225 82 41 . 57 32 103. '46 29 20 21 21 40 28 
5 0.316 528 112 221 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 . 0.665 768 163 999 179 1188 203 	' 1184 171 552 142 619 145 
11 0.723 438 126 876 171 767 167 696 134 577 .149 575 143 
12 0.805 536 101 	, 442 8R 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 1(Q, 
17 1.282 487 109 225 71 ' 	 97 48., 362 79 411 102 ' 504 
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 73 234 , 78 
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 74. 260 72' 
24 1.911 142 ' 	 47 175 50 111 4.1 201 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 48 
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 78 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 ' • 	 11 11 	' 49 20 	- 86 .32 80 30 
35 3.90 	• 44 22 . 	 10 10 .77 . 29 . 	 46 '19 11 . 	 11 32 18 
36 4.10 46 23 10 10 11 11 40 18 ' 	 60 , 	 27 45 22 
37 	' 4.29 • 10 10 9 9 21 15 , 	 7 • 	 7 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 ii 12 12 
46 6.10 12 12 11 11 13 13 
47 6. 36 ' . • • 	 . 12 12 25 15 • 

48 6.50 ' ' , 26 18 12 ,12 
49 6.80  
50 7.20 	• • 

51 7.60 . 

52 8.00 • 6 6 ' 7 7 
53 8.40 • . 7 7 

• 	 54 8.80 • ' 6 6 7 7 
55 9.20 .7 ' 	 7 
56 9.60 ' 	 7 7 . 11 7 ' 
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• 	 21. 	 UCRL-9967 

LEGENDS 

Fig. 1. Positions of phantom and source. :  

Fig. 2. Positions of sourcó, phantom, and packets during exposure 

(as viewed from above). 

Fig. 3. Chart used for recording emulsion history. 

Fig. 4. Three -aids digitized microscope with supporting electronic 

equipment., 

Fig. 5. Three-axis digitized microscope used in this experiment. 

• 	 Fig. 6. Energy distribution of recoil protons from PuBs aorce: 

Emulsion c-i, at front surface of phantom. 

Fig. 7. Energy distribution of recoil protons from PuBe source: 

Emulsion C-2. 5.65 cm deep in phantom. 

Fig. 8. Energy distribution of recoil, protons from PuBs source: 

Emulsion C-3, 10.65 cm deep in phantom. 

Fig. 9, Energy distribution of recoil protons from PuBs source: 

Emulsion C.4, 15.65 cm deep in phantom. 

Fig. 10. Energy distribution of recoil protons from PuBe source: 

Emulsion (4, 21 cm deep in phantom (on the back surface). 

FIg. 11. Energy diatributicin of recoil protons from PuBs source: 

EmulsionC-9, 50 cm (in air) from source. 

Fig. 12. Track density distributions, at various positions in and around 

phantom, of recoil protons from neutrOn Irradiation by PuB. 

• 	 source,, normalized to 50 cm from source. 

Fig. 13. Numbers of tracks' in Ilford L.4 emulsion (600) at various 

• 	 depths in the phantom. 	 • 

Mr 
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Fig. 14. Numbera of tracks in Kodak NTA emulsion (301L) at various 

depthn in the phantom. 

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

• 	 various depths in the phantom, 

experimental data points 

• 	 - data points calculated by omitting thermal n. p tracks 

• 	control in air 	 . 

Fig. 16. Tissue dose by protons from the rmal -neutron-induced N(n, p)C, 

in phantom exposed to PuBe neutron source. 

estimated from measurements (this experiment) 

thermalmneutrondensity In phantom measured by 

indium foil activation with same exposure conditions 

• 

	

	(relative numbers oaly, to allow comparison of curve 

shapes). 

Fig. 17.. Proton-recoil energy absorbed per cm 3  of Ilfoz'd L.4 emulsion 

at various depths in the phantom. 
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EMULSION HISTORY CHART 

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 
Diagram 

Development: 	Procedure 
Personnel 
Location Dates to 
Comments 

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_____ _____ fz  
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 - micometer 
Date 	RH 	.01 	.01 	.01 	.01 	.01 Av 0.01 	in. 

Thickness after mounting - microscope 
Date 	RH________ Average 	pi X .393 = 0.0 	in. 

Lateral Dist.Ørtion: 	Dimensions before presoak - 64th inch scale 
Date 	/64 	/64 	/64 	/64 	Av /64 

Dimensions after development - before mounting 
Date 	/64 	/64 	/64 	/64 	Av /64 

Dimensions after mounting 
Date 

Subsequent Measurements: 

MU -25 249 
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Fig. 4 
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