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Abstract 

The validity of the nuclear track emulsion technique for fast-neutron 

dosimetry is examined in the exposure of a human phantom to PuBe neutrons. 

Semiautomatic track scanning and high-speed data analysis obviate the major 

disadvantages of emulsion dosimetry, and allow the absolute differential 

proton track energy spectruip atarious locations in the phantom to be ob- 
; 	 : 

• 	tamed without a serious cost In tirne. From this are calculated the total ab- 

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

• 	intensity during irradiion. 

!i 

-iii- 
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NEUTRON DOSIMETRY IN AND AROUND HUMAN PHANTOMS 

• 	: 	 BY USE OF NUCLEAR TRACK EMULSION 

Studies with Plutonium-Beryllium Neutrons 

Hiroáki Akagi and Richard L. Lehman 

Lawrence Radiation Laboratory 
- 	 University of California 

Berkeley, alifor'nia 

April 1962 

• 	: 	 ••. 	I. INTRODUCTION 

NcIear track emulsion has been widely used for detection and eas - 

urement since the beginning of neutron research. However, health physicists 

have not until.now shown'much interest in this tool, which is probably the 

best single neutron dosimeter. The reason for this lack of interest is 

simple: 'ack scanning and analysis requIre a great deal of time. Now semi-

automatic scanning øf emulsions and data analysis by electronic computer 	V 

have partly overcome this difficulty. But the question arises - "How good 

V 	 is this tool for analyzing and evaluating tissue dose from neutron exposure?" 	V 

In an attempt to answer 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-beryllium neu- 
V 	 • 	

• 	 V 

trons. • These data include the absolute differential energy spectra, average 

energy,and emulsion dose of proton tracks at various depths in the phantom.' 

• 	From this the tissue dose is calculated. 	 V 



-2- 	 UCRL-9967 Rev. 

II. EXPERIMENTAL METHOD 

The nuclear emulsions (Ilford 1..4 and Kodak NTA) were exposed by the 

PuBe source, in a wooden room, 4m)( 5m x 3m high, in and around the human 

phantom, details of.which are shown in Figs. 1 and Z. Tracks in the developed 

emulsions were scanned and analyzed. 

Neutron-source 

LRL source PuBe # 593 was used. It Is a cyllnde, 1.30 in. o. d. X 3.69 

in. high, containing 80 g of plutonium. The total emission rate was 5.89 x 1,0 6  

n/sec'. . 

Nuclear emulsions 

Ilford L.4 600-micron emulsionè were cut into four pieces (25 X 19 mm 
- 	,-1  

or I x 3/4 in.) from an origin'al piece (I X 3 in.). and each was wapped with 

black paper and black tape. 'Each emulsion was sealed in a 20-rnil polyvinyl 

packet 'with Kodak NTA typefjlm. Each packet was so oriented that the 

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

center ,  of the phantom. 

Phantom 

The human phantom was a right elliptical cylinder, 20)< 36 cm by 60 cm 

- high made of 0.65-cm polyet'hylene'(Figs. 1 and 2) and filled with tissue-

equivalent fluld.* It stood on a support 76 cm above the floor. Six polyvinyl 

• Tissue -equivalent fluid: 

ur4a, 9.46 lb; 
- 	sucrose, 24.7 lb; 

• 	- 	 cresol,- 1.05 lb. 

CI 
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packets of film8 (C-i through C5, and C-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 these packets. 

Developing and fixiug 

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

- opened in a darkroom and were measured for thic1d s and lateral extent. 

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 lateral extent of the processed films 

were rerneasured and the shrinkage factors f 1  and f2  were calculated for 

each emulsion. Prior to scanning. films were mounted on 1 x 3 in. micro- 

• 	slides with clear epoxy cemnt. 

The NTA films were developed according to the usual method. 

modified cold-cycle process: 

45 tnin. water (presoak) 

• 	
• 	 90 min 	developer: Na2SO3, 3.6 g; Na2S205, 0.5 g; 

10% KBr solution. 4.4 ml; Amidol. 1.6 g; 
- 	 1-1O. 500 ml 

45 min 	stp bath: HAc, 1 ml; H 20, 500 ml 

	

18 hr 	fix: Na 2 S2 O3 . 150 g; Na 2 S2 O5 , 11.2 g;  H20, 500 ml 

	

4, hr. 	water (dilution and washing) 

	

3 hr 	EtOH (to dry): gradual dilution to 1007o'EtOH. 

• • 	• 24'hr 	rosin (soak) 

• 	2 hr 	air (to dry between silk) • 
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• Scann ing  

The Ilford. films were scanned by use of the three-axis digitized micro-

scope and apparatus ir. Fig so 4 and 5. The date, the relative humidity at the 

• 	time of scanning, the emulsion nurnbe 1 and the end-pointoordinates of two 
;/•; 

tracks were recorded on each punched card. The microscope was fitted with 

• 	a 65x oil-Immersion objective and lOX wde-fie:rd eyepieces. It required 5 hr 

to scan 900 tracks. 

The emilslons were exposed so that each contained 10 5  to 106  proton 

tracks We obtained a 900-track aample from each by taking a microscopic 

• 

	

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

the. end point of the previous track. This technique allows rapid scanning. 

• 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 récordéd; i. e., the hydrogen in the emulsion served as an internal 

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

Analysis of tracks in nuclear emulsions 

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

special computer program called "RECOIL I." This program is designed to 

calculate the proton recoil energy spectrum in nuclear emulsion exposed to 

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

* 	 a. The emulsion must be of 625 microns nominal initial thickness. 

The emulsion must be of "standard" composition. i. e... density 3.8 

at 5016 relative humidity and 20CC. 

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

present in the emulsion, or a suitable correction must be made. 

The exposure must be roughly Isotropic. 
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The input to RECOIL I consists of rectangular coordinates (x 1  y 1  z 1 , x2 y2  z 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 	2 	2 	.2 	2 	2 
= (f 1  Ax + f Ay + 	Az  

where f. is the length of the track, f is the correction factor for the lateral 

(x,y) shrinkage, and f is a correction containing the thickness (z) shrinkage 

factor. The Ax -- i.e., (x 1  x2 ) -.- nd Ay -- i. e. (Yç -y2) -- are in units 

of microns, but Az 18 in units o 0.60 rmcTofl. Therefore the correction f 2  

is the product of 0.60)< the tz shrinkage fctor. The program compares the 

computed length with a range-energy table for protons in,nuclear emulsion 

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

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

truin. 	 . 	 . 

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 originates in the emulsion Will end in the emulsion. Using 625.i for 

the emulsion thickness at exposure, and assuming an infinite lateral extent 

for the emulsion (although the actual size isas small as a 2.0-cm square). 

we find this function for isotropic exposure is 

-. 625 - o•• 
for P < 65 microns, • 	. 	 . 	625 

and 	 . 

- 312 for P >625 microns. 
I 

These equations are derived in the Appendix, as well as those for "face- 

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

around the phantom was somewhere between the face-normal and isotropic 
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cases; but since Fig. 7 reveals that the correction is very nearly the same, 

we used the Isotropic correction. 

Is also ccrrected by its energy interval. Each point on the spectrum  

RECOiL I thus computes 85 protoi-recoil spectrum points AN  and the stand- 
PAE 

ard deviation =AN  for each poit, where AN t' the number of tracks in energy 
PAE 

interval AE and P is the geomtry correctiom in addition, the track density 

in the L.4 films was independently easured by counting the number of tracks 

(in depth) from- 6 to 28 fields of view. The volume per field was 3.34 x 

cm - . 

The number of tracks in depth per field of view for NTA was measured 

•by the standard method. The field was 0.00066 cm 2  when 450x magnification 

was used., 

- 	
Ill. RESULTS 

The proton-recoil energy spectra In and around the human phantom, as 

computed from tracks scanned in Ilford L.4 emulsions C-i through C-5 and 

C-9,are given in Table 1. The values shown are 	normalized to give 

PE = 10,000. The normalization allows direct ;cornparisoh of the spectra, 

channel .by channel. These values, convertOd to give the absolutel differential 

proton track spectra found in the emulsions, are plotted in Figs. 8 through 

fz, Sehr oged-on.ea -pLotis- the proton recoil energy spectrum of the 

80-.g PuBe source as recorded in emulsions C-9 and C-14 exposed in air at 

- 50 cm. The neutron spectrum to which the phantom was exposed is given in 

• 

	

	Fig. 13 and is based on analysis of 10.000 tracks In emulsion C-14. In each 

case the actual data points are given, but the line through - the points has been 

• 	corrected for the sampling bias by the. empirically determined factor 

2  f = 0.44 E' 3  , where' E = 0.4 to 0.66 MeV. 

,'- 	 -- 
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There is no sampling correction for tracks of energy greater than 0.66 MeV, 

• 	and it is assumed that the proton spectra are constant below. 0.4 MeV. The 

• •• 	sampling -correction factor is based on analysis of proton recofi spectra ob- 

tained from emulsions exposed to monoenergetic neutrons of energy 0.5 to 

5 MeV. The assumption that the proton spectra are constant below 0.4 MeV 

seems justified by the extensIve measurements by de,Pangher on the PuBe 

neutron spectrum, 
(2) 

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

Table 2 lIsts the proton track data obtained from the Ilford emulsions. 

These include the air-equivalent neutron exposure at the point of interest in 

the phantom, and the.% of the tracks lost in the region 0 to 0.66 MeV bys:átn-

pling inefficiency and bias. The measured track densities are corrected for 

this to yield the corrected track denity per unit exposure, average proton 

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

From this the listed dose information is obtained. 

The Kodak NTA response to the neutron Irradiation at various 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 

• 	energy of the proton recoils (Fig. 15) we calculated 	 • 	AE/E 

for the Uford films C-i to C-S, and C-9. The energy absorbed in the emulsion 

from proton recoils at various phantom depths 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 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. 

The major part of the dose delivered by fast neutrons 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-recoil energy distribution at various depths within 

the bo4y. 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 must be of small size. It Is also desirable 

that the dosimeter be continuously sensitive, that it have alow gamma. 

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

time between expoaureand analysis be convenient, and that a permanent 

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

dosimeters in these respects. 

Used as described in this paer, nuclear emulsion.is  an absolute' fast-

neutron dosimeter whichkiso yields the local differential proton tissue dose. 

Neutron-dose information can also be obtained by meaSurements with various 

metal foils, scintillators and gas-filled proportional counters. The major 

advantage of all these detectors is the' rapid availability of their information 

during or immediately following the irradiation, whereas 600- emulsion 

requires several days for development and scanning before yielding the dose 

information. The major disadvantages of scintillators and proportional 

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 a human-sized phantom. 

Metal foils are basically neutron flux meters, and obtaining precise dose 

information from foils is difficult, even when they have been calibrated by 

the very neutron soure whose tissue dose Is being measured. 

'Fable 3 gives ihe basic data concerning the effect of the presence of 

• 	track emulsion on the local neutron disribution in tissue. The table re- 

• 	veals that for fast neutrons the total maeroicopic cross sections of tissue 

• 	and emulsion are nearly thesárne.. Therefore the presence of emulsion is 

not expected to perturb the local fast-neutron spectra at various depths in 

• 	tissue. 

When fast neutrons impinge on the human body, large numbers of 

thermalrieutrons are produced.as.tbe fast ñeutróns lose energy through 

multiple collisions. This is why the effect of a dosimeter on the local 

thermal-neutron density must also be considered. The ratio of the macro- 

scopic absorption cross section for thermal neutrons in emulsion and in 

tissue is about 30/1. However, this does not appear to be important when 

the mean-square diffusion distance (as the crow flies) of thermal neutrons is 

compared to the emulsion thickness. This ' 1distancet' is about 16 cm 2  in 

tissue and 1 cm 2  In emulsion; the emulsion thickness is 0.060 cm. This 

means that the average net distance thata neutron travels from the time 

when it is produced until the tire'wheñ it is captured is about 1 cm in 

emulsion and 4 cm in tissue. Therefore the thermal neutron density in the 

emulsion is not expected to differ from that in nearby tissue. 

1. Interpretation.oI the track densitydistributions 

The major feature of these track spectra, as revealed in Figs. 8- 12, 

is that from about 0.8 to 2.5 MeV the track density decreases exponentially, 
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• -O.7E. 
i being proportional to e 	. Beyond 3 MeV, it s proportional to e - 0.9E  

This track-density distribution is what one theoretically expects for a PuBe 

: neUtron exposure of emulsion in a ir*. Proton recoil tracks from the 

thermal N 14(n, p)C 1  reaction and from secondary neutron collisions with 

hydrogen nuclei, are superimposed on the basic distribution. The n,p tracks 

are monoenergetic at 0.60 Me1 and. are quite prominent in the track spectra 

of emulsions C-Z, C-3, and G-4. The secondary-coUlsion tracks are largely 

below 1.5 MeV and are evident in the track spectra C-1 to C-4. The track 

.density spectrum of C-5 shows the basic pattern with a relatively small 

' the rmal- neutron N 
14 

 (n 	
14 

p)C peak and only a slight secondary-neutron 

collision shift. The finding that the same distribution obtains at various 

depths indicates that the major features of the neutron spectrum are present 

evendeep in the phantom. 

Below 0.5 MeV, the efficiency of nuclear emulaiøn drops rapidly, giving 

the erroneous picture that the number of tracks falls. The track densities 

• ' are 'expected to be about the same from 0.5 to 0 MeY as they are at 0.5MeV. 

The caryeV have been corrected for this and.for sampling bias, as discussed 

in the previous section. . • .. • . 

2. Separation of the thermal N14(n,2)C track component, and 

estimation of the thermal neutron intensities. 

For determining proton-recoil emulsion dose there is no need to sè.pa-

rate the component due to n.p tracks, but it is important that this be done.for 

calculating tissue dose. 

*The  expected track-den8ity distribution was calculted from unpublished 
data on the PuBe neutroIpectruri) obtained by Lehmazi. 
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• 	 The thermal n,p track contributi9n was estimated by subtracting the 

percent of the tracks in the 0.54- to -0.66-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-i throughC5: 

percent of thermal-neutron 'n,p tracks = A 1  - (1 - A1) k. 
	 (1) 

where A. is the percent of tracks in the. 0.54. to £6.-MeV region for the. 

emulsion under consideration and k is A/(i - A) for emulsion C-9. Table 4 

gives the result. 

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

vs depth.in phantom 

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

of neutrons with depth s  with an attenuation half thickness of 7.0 cm. This 

attenuation Is for all fast neutrons present in the phantom that are detectable 

by nuclear track emulsion. Superimposed on this basic response is the 

response due to thermal-neutrbn N14(nop)0C14 tracks. It is this thermal-

neutron response that distorts the basic 7.0 cm attenuation in the L.4 plot, 

causing the extended hump in the center of the curve. The fol1owng brief S . 

explanation is an attempt to clarify this. 	 • 

The NTA response to neutron exposure, in tracks/field may be 

represented by the equation 	0 

NTA response = an th + bn f. 	 • 	 • 	(2) 

Similarly, the L.4 response, in tracks/cm 3 , may be represented by 

L.4 response = cn + dn.. 	 - 	 ( ) 

• 

	

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

tracks/field per unit thermal neutron 
(t)  or fast neutron (n 1) per cm2. 
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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-i through C-5: 

percent of thermal-neutron n, p tracks 

A.  

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

emulsion under consideration and k is A/(l-A) for emulsion C-9. Table 4 

gives the result. 

3. Interpretation of total L. 4 track dens iy and total NTA response 

vs depth in phantom 

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

of neutrons with depth 1  with an áttenuat jon half thickness of .  7.0 cm. This 

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

by nuclear track emulsion. Superimposed on this basic response Is the 

response due to thermal-neutron N 14(n,p)C 14  tracks. It is this thermal-

neutron response that'distorts the basic 7.0 cm attenuation in the L. 4 plot, 

causing 'the extended hump in the center of the curve. 'The following brief 

explanation Is an attempt to clarify this. , 

The NTA re sponse to neutron exposure • In tracks/field, may be 

represented by the equation 	 ' 

th 	1 
• ' 	 NTA response = an + bn. 	 1, 	 (2) 

Similarly, the L. 4 respnse, in tracks/cm 3... may be represented by 

th 
L. 4 res$onse cn + dn1 . 	 . 	' 	 •(3) 

In these equations, the coefficients a and b have the dimensions .01 ' 

tracks/field per unit thermal neutron (th) or fast neutron (n 1) per cm 2  

I 
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The coefficients c andd have the dimensions tracks/cm 3  per unit thermal-

or Last-neutron exposure. The difference in shape between the curves in 

Fig. 14 arises because c/d 3 a/b for FuBe 'neutrons, that is, the relative 

response of .  L. 4 to thermal neutrons, I.e roughly three times that of NTA. 

• The reason that these ratios differ is thathe NTA response includes tracks 

whIch orinate In adjacent hyddgenoua radiator mate riál, 
(3) 

 whereas the 

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

emulsiOn are scanned!) 

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 of the nitrogen atomic density in tissue to that 

in L.4 emulsion. The result is plotted in Fig. 17 where.e n,p tisaue dose 

calculated here is shown to agree with the relative thermal neutron density 

measured by indium foil activation. To obtain the fast neutron proton track 

dose, the 'L4 dàse is multiplied by 1.86. the ratio of the atomic density of 

hydrogen In tissue to that in L, 4 emulsion.  

Fig 16 gives the absolute d3fferentlal proton tissue dose in tissue-

equivalent liquid at various depths in the phantom. These carves were 

obtained from the basic track data in, Tb1e, 1 by computing the points
1.  AN Then the area under the n,p track peak at 0 60 MeV was reduced by 

4.6., the factor giving the relative n, p response In emulsion as compared with 

tissue, and the points below 0.66 MeV were corrected as described earlier.. 

The plotted curves are the smotb lines through the calculated points' PAE  

The curves are normalized so that the total area under each curve equals the 

tøtal dose, obtained from the product of the track density in tissue by the 

average proton energy in tissue. The error (in %) at any given energy on 
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these curves as roughly that of the proton track spectra at the same energy 

given in.Tabie 1. 	: 

The differential dose values listed in Table 5 were obtained by finding 

the fractional areas under the dose curves In Fig. ,  16. It should be Stressed: 

that the dose distributions obtained here are the averages for about 200 

rnillirad total exposure. Shorter exposures give track-by-track quantum 

distributions which approximate those shown here only if the exposureè are 

roughly as great as those used in this work. 

5. Compar1on of phantom proton dose with a predicted dose. 

In Handbook 63 the tissue proton dose is calculated by assuming 

exposure of an infinite 30-cm-thick tissue -equivalent. slab to monoenergetic 

• 	neutrons of various energies. Table 6 compares the data for 2.5- and 5.0- 

MeV neutrons with our phantom data for PuBe neutrons Two things are 

evident - the first is that at all depths our values are roughly 2/3 the 5.0-

MeV values in Handbook 63. The second Is that the proton dose attenuation 

with depth shows a hall-thickness value of 10 cm for the phantom exposed 

to PuBe neutrons, compared with 5.5 cm and 8.5 cm 'for the slab exposed to 

2.5. and 5.0-MeV neutrons. 

A large part of the discrepancy between our values and the values of 

Handbook 63 for the absolute magnitude. of the proton dose lies In the fact 

that Handbook 63'uses a value of 250 MeV for the average first-collision 

'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-I to C-S spectra 

(excluding thermal n, p. tracks) varied between 1.21 and 1.57 MeY at the 

different depths, compared with 1.60 Me1T  in emulsion C-9, which was exposed 
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in air. The values -at the 0-em, 5-crn, lO-cm and 15-cm depths are much 

lower than 1.60 Mev, this is evidence for a significant track contribution from 

second-collision neutrons The average proton track energy at the back sur-

face of the phantom (C-5)iistt 57 MeV - a surprisingly low value, Since very 

few, tracks here arise from'secondary_neutron collision. This reveals that 

- although there may be some hardening of primary neutron spectrum, many 

lOW-energy neutrons are present. 

-. 	
V. SUMMARy 

Nuclear track emulsion was evaluated as a neutron dosimeter in the 

• • exposure of 'a human phantom to neutrons from a plutoniurn..bei.yiljum. source. 

Emulsion pieces were located at various positions in and around the phantom. 

The following basic Information referring to each location was obtained by 

• 	Scanning Z-cm squares of 600- Ilford L. 4 emulsion with a semiautomatic 

• 	three-axis digitized microscope: 

• I. The absolute differential proton-recoil energy spectrum. 

2. the average track energy. 

• 	From these data 1  the following dose information rtiay.be calculated: 

• 

	

	 l. The absolute differential local absorbed dose from proton tracks In 

tlSue. 

The local thermal neutron N 14 	14 

	

(n,p)C 	dose in
.. 

 tissue. 

The thermal neutron density and fast neutron flux in tssue 

In addition the proton recoil spe:ctèum evea1s general information about the 

local fast-neutron energy spectrum. 

In thi.experjmcnt the total proton dose to tissue in the phantom varied 

• 	 9 from 3.1 X  10 rad at the frontpurface to a low of 0.63 X 10 rad at the 
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back surface per unjt exposureto PuBe neutrons. Aithough large numbers of 

'4 
	14 

N(n,p)C tracks were observed inside the phantom, their contribution to 

the total dose in no case exceeded 2 1/o. 
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APPENDIX 

(Richard L. Lehman) 

The Probability that a Track of Given Length that Originates 

in the Emulsion Will Also End in the Ermils ion 

Two cases are considered; face-normal exposure and isotropic ex-

posure. In both cases it Is convenienl to first consider the situation when 

the track length f exceeds the emulsion thickness T., as in Fig. 18. 

Assume the emulsion has 'infinite lateral extent, and that the probability of 

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

track of length f originating at an arbitrary depth T - x in the emulsion. 

• 	There is cylindrical symmetry about a line normal to the emulsion surfaces 

• 	through the track origin. 

Case 1. Face-Normal Exposure 

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

• 	$ end in the emulsionz In this case, the probability that a track will enter 

any solid angle is not constant, but is given by 

dn N o 
(1) 

where 2 = Zir sin . Therefore 

dn dIfl'  dP - = - ) 	 (2) • 	 N0 	2irirj 

(where the quantity In parenthesis m#y be considered a weighting function); 

P (x) =T" - 	d2 = !., 	 (3) 

	

CT xZa 	i 2  
and 	P = 	— - 	—i, . 	 . 	 (4) 

'0  

• 	• 	To obtain P for ,. < T. one divides the thickness of the emulsion into 

two pieces, I and T-i. 	 .. 	 . 	. 
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For the fraction ij the probability Is - 	as given by Eq. (4), where 

tT". 	For the fraction 	the probability is unity.. 	Therefore 

• 	
" 
<)+ T- I 	-  

Case 2. 	Isotropic Exposure 

Only tracks of this length that enter the solid angle of cone 4) end in 

the emulsion. 	In this case, 	 . 

dn 
• 	 N 

= constant, 	 .  

• 	 d 	d2 
and 	dP   

• 	
(the quantity in parenthesis is a weighting function, corresponding to that in 

Case 1). 	 • 
Znx 	Zir 	'- 

dQ 
p = 	 + 	 •' 	.  

0 

'where' 	' 	coB (4)' - 0) and (; 
x) = 	,, .  

• 	 • 	• 	• 	
.x 	+ T-x 	= 

- 	independent of x. 	• 	.  

As in Case 1, to obtain P (1 < T), the probability for the fraction is 4. 
and that for the fraction 	1 Is unity. 	Therefore 	. 	• 	. • 

P U < T) 	-r 
+ T- 	

= I 
- ZT 
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Table 1 Energy spectrum of proton recoils in emulsions 

Chan- Energy 
nd 	(Key) 	C-1 S.D. C-2 	SD. C-3 	S.D. C-4 	S.D. C-S 	S.D. C-9 	S.D. 

	

I 30 	.. 	.. 	.. 	.. 
140 

3 224 .. .. 10 10 10 10 .. .. 11 11 ii 11 
4 315 87 33 45 22 69 26 20 14 26 18 28 18 
5 896 390 14 151 44 238 86 165 43 87 36 1130 50 6 468 273 64 383 72 273 63 240 54 Z37 61 287 66 
7 535 506 91 575 92 434 82 453 77 136 48 325 73 
8 600 726 112 1155 1.34. .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 129 650 113 -677 113 

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 
19 1484 433 77 293 60 244 56 268 54 240 58 297 63 
20 1560 366 72 204 51 201 82 257 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 1625 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 
29 2700 1.00 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 62 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 
36 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 11 31 14 
40 4900 17 10 .5 5 5 5 23 10 54 18 57 18 
41 5110 30 13 11 8 . 	 11 8 5 5 25 12 	. 29 13 
42 5310 - 	 .. . 	 . 11 8 .. .. . 	 15 9 26 13 44 17 
43 5500 13 9 .. .. 6 6 10 7 20 12 7 7 
44 569 13 .9 6 6 13 9 5 . 	 5 7 7 13 9 45 5883 6 6 23 12 6 6 . 	 . . 	.. 7 7 6 6 
46 6079 13 9 6 6 . 	 .. .. .. .. 7 7 13 9 47 628%) 6 6 6 6 - 15 9 13 9 48 64' 6 6 .. . . . 	 . . . . . .. 20 12 13 9 
49 6790 .. .. 3 3 .. .. 3 3 4 4 7 5 
50 7193 .. .. 3 3 3 3 3 3 .. .. 7 5 
51 760) . .. .. .. 	... .. .. .. 4 4 4 4 .  
52 8003 .. .. .. .. 4 4 . 	 . . 	 . 8 	- 6 4 4 53 843, .. .. .. .• .. .. . 	 . .. 4 4 . 
548833 .. .. 4 4 4 4 .. ... .. .. 
55 9200 .. .. .. 4 4 .. '.. .. .. 
56 9600. .. .. 4 4 .. .. 7 5 .. .. 
57 1003 1 .. 4 4 14 8 . 	 . .. 5 5 5 5 
58 10403 . .. .. .. 42 14 .16 - 	 B .. . 	 . 15 9 59 10800 .. . 	 . .. .. . 	 . .. . 	 . .. -6 6 .. 
60 11200 .. . 	 . .. .. .. .. . 	 . .. 12 9 . 	 . 
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Table.Z. 	Proton track data from Ilford emulsions exposed to PuBe neutrons. 

Emulsion 
• C-i "C-Z C-3 C-4. C-S C-9 

Air-equivalent neutron ' 

exposure (n cm 
X 10 -7 ) 9.5 7.3 5.9, 	. 4.9 4.0 59 

• 	 Measured track densi y  
• 	 (tracks cm 3  X'lO°)  6.0 3.65 2.1 1.05 0.43. 2.85 

• 	 . 	 Tracks lost 0-0.66 . 

• 	 . 	 Mev (%) 31 , 	 31 31 27 26 24 

Correct track density  
(tracks crn 3  < 10-6) 7.9 4.8 2.85' 1.33 0.54 3.55 

Correct density per 
unit exposure (tracks 

• 	 . . 	 ' 	 cm 3  per n crn 2) 0.083 0.0655 0.0485 0.027 0.0135 0.060 

Average protontrack 
energy (Mev) 1.23 1.11 1.17 1.25 1.55 1.60 

Average proton track 
energy excluding ' . • 

thermal i'p' tracks 	• 

(Mev) 	• 	 • . 	 • 1.26 1.21 1.25 1.34 	• 1.57 1.60 
Thermal n.p tracks • 	 • 

(%) 	 . 3 	•' 16 	• 13 12 	• 3. 0 
• 	

• Emulsion p9ton dose 
(ergs cm 	per n • 

crn 2 X 107) 	• 1.6 1.15 0.91: 	, 0.54 0.33 1.55 

Dose lost due to tracké ' 	 • 	 • ' 

lost 0-0.66 Mev (%). 	• 9':'. 	''9'" • 8.5 '  7 . 	 • 5 4.5 

• 	 Thermaln,pdose(%) 1.5 10 8 7 1 .0 
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4. 

Table 4. Estimation of the n,ptraëk compoflent in Il!rd films. 

	

A 	 % thermal 	% thermal. 

	

I 	k' 	zip track 	neutrons presenta 

C9 	0.084 	0.092 	• 0 	 0 
S 	

• 	• 	0.119 	 3.8 	• 	19 

c-z 	 . 	• 	15b • 	. 54 

C-3 	. 0.203 	
5 	

. 	 49 

C-4 	0.189 	. 	11.5 	 .44 

C5 	0.113 	5 	 3.1 • 	 17 	 • 

5. 	 ' ' 5 	a'? 

	

Based on d/c ratio in Eq. (3) of 6.5/I. 	. 
b. 

175% by direct cout on differential track count.- 

C13 3% by direct count on d1ferentia1 track count 
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• 	 Table 5. 	Proton tissue dose from irradiation by. PuBe neutrons. 

Depth inpbantotfl (cm) 	0 	5 	10 	 15 	 20 

TotaLrad dose (X io) 
ieer n cm 2  expoSure 	3.1 	2.4 	1.8 	1.1 	 0.63 

• 	. . 	Dos4%)byprotna 
• 	of energy interval 

(in Mev): 

0 	- 	0.5 	 5.7 	6 	 6 . 	5 	 . 	4 

- 	Lo 	14 	19 	19 	 17 	 11.5 

 14 
1.0 - 	1.5 	. 	18 	16.0 	14.5 	14 

1.5 	Z.0 	 15 	12.5. 	13 	 12.5 	• 	13.5 

2.0 - 	2.5 	• 	.11 	10 	11 	 10.5 	11 

• 	2.5 - 	3.0 	.. 	8.6 	•. 	. 	• 	8.8 	• 	9 	 9.3
8-5 

3.0- 	3.5 	 7.3 	.• 	. 	7.5 	7.8 	• 	8.7 

35- 	40 	 55 	55 	61 	68 	 8 1 

4.0- 	.5.0 	• 	• 	• 	7.6 	7.3. 	7.8 	9.4 	11. 

5.0 	6.0 	. 	4.4 	.. 	. 	4.11 	. 	3.3 	4.4 	 5.1 

• 	. 	
. 	6.0 - 	 • 	1.8 	2.3 	• 	1.8 	• 	2.3 	• 	2.3 

• 	7.0 - 	10.5 	• 	• 	1.4 1.5 	• 	1.2 	• 	1.3 	 1.7 

Av. proton energy 	• 	• 	• 	 - 
(Mev) 	 1.25 	1.18 	• 	1.23 	• 	1.32 	• . 	1.57 

n,p tracks (%) • 	 0.8 	• 	4.0 	3.2 	3.0 	• 	• 	0.5 

• 	• 	n,pdose(%) 	• 	 0.4 	• 	2.0 	1.6 • 	1.4 	 0.2 

•J; 	•• 
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Table 6. 	Comparison of measured tissue proton dose in phantom with 
I-Iandbook 63 calculated dose for an Infinite 30-cm-thick slab àí tissue. 

Tissue proton dose (rad per n/cm2 XlO+9) 

Phantom, 	 NB 63, HB 63, 
Depth PuBe 	 25-Mev 5.0-Mév 
(cm) neutrons 	 neutrons neutrons 

0 3.1 	 3.7 4.8 

• 	 S 2.4 	 2.8 4.1 

10 1.8 	 1.4 2.6 

:15 1..1 	 0.65 1.7 

20 0.63 	 0.31 1.1 

bi \ 
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FIGURE CAPTIONS 

Fig. I. Positions of phantom and source. 

Fig. 2. Positions of source, phantom, and packets during exposure (as 

viewed from above). 

Fig. 3. Chart used for recording emulsion history. 

Fig. 4. Three-axis digitized microscope with supporting electronic equip- 

- : 	
ment. 

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

Fig. 6. Range-energy relation for protons in standard nuclear emulsion 

and in water after Barkas, et al. (Ref. 1). 

H 	Fig. 7. Plot of geometric correction factors for isotropic, and for face- 

normal exposure of 625-ii. emulsion. 

• 	Fig. 8. Energy distribution of recoil protons from PuBe source: Emulsion 

C-i, 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. Ii. Energy distribution of recoil protons from PuBe source: Emulsion 

•C-4, 15.65 cm deep in phantom. 

Fig. 12. Energy distribution of recoil protons 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 (30) at various depths 

in thephantom, and the relative track density in L.4 emulsions. 



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

depths in the phantom. 	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 the rmal-neutron -induced N 14 (n.p)C 14  

protons in phantom exposed to PuBe neutron source. 	-'- estimated from 

measurements (this experiment). - - - 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. -"-4 

'4 
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EMULSION HISTORY CHART 

Emulsion # C - / 	 Type 	Batch code 

• 	Date Manufactured g-ç'-/ 	 Date of arria1 at UCLRL 

	

• 	 Storage: Location 2 Afogga 	 Dates 1-2r-/ 	to_____________________ 
Location 4jç 72 	 - Dates-27-/ 	to 7-1 -/ 
Location 	 - Dates 1Lc _JAVto_?-7 -i 

xposure: Location 	 Type of 
Duration,'', -J-/too 9-$--4/ Distance froip source_______________ 
Orientation _z _.iis  
Scattering conditions "/$7;/ 

• 	 Diagram 

Development; Procedure  
Per so,nnel B .  
Location ?/I 	 Dates 7..7_/ to_______________ 
Comments file/f 	

-'• 

	

• 	 Mounting: 1 X 3 glass slide i..- 	 Epoxy cement i..- 	Date -/Person 

H 	 Comments 	 2 

Scanning: Scanner 	f. -j'Lñ 	 No. of tracksgg 	Dates 9-27-6/0 

	

4 	 Scanner 	 No. of tracks 	 Dates 	to 
Location of data cards 	Emulsion code no. 3o/ fio.??o f2o.0 
CommentsE4sif ser S  

Analysis: Program Fcepl, z 	Tracks used43g 	 Datef-2../Person 
Programp- O,p 	Tracks usedq3f 	 1-,73-42  
Program 	 Tracks used 	 Date 	Person 
Comments  

	

I - 	
Shrinkage: Thickness before presoak - micrometer (inches) 

Date 7-.5-/ RH .SoZ .OZ 	.02.$ 	.o2) .024 .Z.024C Av0.02in. 

F c-i 1 Thickness after development - before mounting - micrometer 
Date .- /_RH OJ 	. 0i3 3 	. 02YO . 03 	.0234 . 0231 Av0.023cin. 

Thickness after mounting - microscope 	 - 
Date - 	RH 	Average 	>< .393 = 0.0in. 

Lateral Distortion: Dimensions before presoak - 64th inch scale 
Date 9-ç_, 	.ç,/64 	,.C-,'/64 	1/64. 	ff64 	AvS7.2/64 

Dimensions after development - before mounting. 
1 	Date.,q-J 	,//64 4j/64 	/64 	6/64 	Av.c7/ 64  

Dimensions after mounting 
Date______  

	

• 	 Subsequent Measurements:  
• A,7'_4c/ , _ 

MU-26968 Fig. 3. 

- 	-•- •--•-'!•---------- • 	•• 	 •.• 
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Fig. 4. 
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