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ABSTRACT 

Nuclear track emulsion was exposed in and around human phantoms 

. to pulsed U-235 fission neutrons at the outdoor, burst site of the Sandia Pulsed 

Reactor Facility at Albuquerque, New Mexico. The phantoms were located at 

distances from 10 to 200 m from the reactor. Tracks inthe developed emul-

sions were scanned in order to obtain the local differential proton track energy 

spectr.a at 10 locations in and around the phantoms. From this was calculated 

the local absolute differential tissue dose$· the local thermal n, p tissue dose, 

and the local fast-neutron energy spectrum. The maximum and minimum 

tissue proton doses in rads per 10 18 fissions were .found to be 330 and 33 at 

10m, 45 and 5.9 at 25 mp 2.6 and 0.46 at 100m, and 0.58 and 0.076 at ZOOm. 
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* NEUTRON DOSIMETRY NEAR A BARE PULSED REACTOR 

Richard L. Lehman, Hiroaki Akagi, and Olga M, Fekula 

Lawrence Radiation Laboratory 
University of CCI.lifornia 
Berkeley~ California 

July 15~ 1963 

· I. INTRO DU C TIO N 

The validity of nuclear track emulsion for fast-neutron dosimetry 

·has been examined in the case of plutonium-beryllium neutrons. (1) It was 

found that the absolute differential proton track energy spectrum could be 

obtained at various locations in and around human phantoms without a serious 

cost in time by use of a semiautomatic microscope and an electronic computer; 

This preliminary work was an attempt to answer the question: "How good is 

nuclear emulsion technique for analyzing and _evaluating tissue dose from 

neutrons?" The present work is a second step in the attempt to answer this 

question. 

Nuclear track emulsion in and ar\(>und human phantoms was exposed 

to pulsed U-235 fission neutrons at the outdoor burst site of the SandiaPulsed 

Reactor Facility (SPRF). The phantoms were placed at distances of 10, 25, 

50r 100, and 200 m from the reactor. Tracks in the developed emulsions 

were scanned and analyzed in order to obtain the local differential proton 

tissue dose. 
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II. EXPERIMENTAL METHOD-

The Reactor 

The SPRF has been described by 0' Brien~ (2
) The reactor is a bare 

metal or alloy assembly constructed in 1960. It was patterned after the 

Godiva reactors,at Los Alamos and is basically a copy of Godiva IL(
3

) The _ 

SPR neutron emi~sion is isotropic, (4 ) and the neutron spectrum is expected 

to be the same as that reported for Godiva I, which contains, a somewhat 

higher percentage of low-energy neutrons than a pure U-235 fission spectrum.(S) 

The reactor assembly was mounted on a rubber-tired trailer frame 

that held the reactor head 2 m above the ground. · For at least 800 m in all 

directions from the. outdoor burst site the terrain was flat. The nearest struc-

tur.e was the control-room building, 730 m distant from the burst site. 

· Overatwo-dayperiod, October 16 and 17, 1961, therewere six 

separate bursts, each between the limits of 0,3 crnd 2,0X 10 16 fissions. The 

duration of the bursts was about 501J.sec. The temperature in the reactor 

metal rose by 108° C during a 2.0X 10
16 

fission burst. 

The Phantom 

The three human phantoms were identical right elliptical cylinders 

29 by 36 em by 60 em high made of 0.65-cm polyethylene, and filled with 

water. During the reactor purst they stood atop their wooden packing crates 

92 em above the ground; at distances between 10 and 200m ,from the reactor. 

The Nuclear Emulsions v 

Ilford L4 600 iJ. emulsions were cut into four pieces l by 3/4 in. from 

an original piece l by 3 in., and each was wrapped with black paper and black 

tape. Each emulsion was sealed in a 20-mil polyvinyl packet with Kodak NTA 

type film. Five such packets were held normal to the source direction by use 

of fine copper wire inside the water -filled phantom at the midcenter plane. 
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Also five packets were placed around the outside of the phantom at the mid­

center plane with cellulose tape. The orientation of the film packets may 

be seen in Fig. 1. The developing, fixing, and mounting procedures have 

been described previously, as has the semiautomatic track scanning and the 

analysis by electronic computer. ( 1 ) The Ilford films used here were man­

ufactured 20 September, 1961 and were developed 1 November, 1961. 

The Burst Exposure 

The exposure routine may be seen in Table 1. Altogether 70 film 

packets were exposed in groups of 10 each in and around the phantoms. The 

film packets C-40 to C-59 were idi:mtical to the others, with the exception 

that the L.4 and NTA films were wrapped together by use of a single layer of 

0~25-mm cadmium sheet. 

III. RESULTS 

, Ilford emulsions 

The proton recoil energy spectra in and around the human phantoms 

as computed from tracks scanned in the Ilford L.4 emulsions are presented 

in Tables 2 through 7. (The emulsions listed on each table follow the order 

shown in Fig. 1.) The V-alues listed in the tables are m/Pl£, normalized 

to give L:(m/Pl£) = 10 000. In this ,61\T is the number of tracks in energy 

interval l£, and P is a geometry correction factor: the probability that a 

track of the given energy which originates in the emulsion will end in the 

emulsion. The normalization allows direct comparison of the spectra, chan­

nel by channel. 

The values in Tables. 2 through 7 have not been corrected for the 

sampling inefficiency for short tracks. Such corrections must be made in 

order to obtain useful dose information. It has been found( 1) that the 
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empirically determined factor_~= 0. 44E~ 2 • 3 cor;rects ~hannels 5 through 9. 

The track spectrum in the 0- to 0.~0-MeV region was, estimated by plotting 

the tabulated values, and, then e~rapolating from the points of channels 13 

and 14 through the corrected points of channels 5 and 6 •. An example of this 

procedure may be ·seen iri Fig. 2. · The theoretical proton recoil spectrum 

N (E) in Fig. 3 was a useful guide for this extrapolation.. It is a plot of 
p . ' . 

:•!' 

N (E)= p .. 

E 

J 
00 

N (E) a(E) 
n 

E 
dE, 

where Nn(E) is.the equation for the pure U-235 fission neutron spectrum, 

sinh (ZE) l/Z e .:.E. Figure 3 also shows the theoretical proton recoil dose 

spectrum D (E) = E • N (E) in a hydrogenous detector that does_ not perturb p p 

the local neutron spectrum. 

Table 8 lists. the proton track data obtained .from the Ilford emulsions. 

The measured track density was determined independently by a direct count · 

of all track endpoints in depth within a _standard field of view. This number 

was then halved •. Approximately 500 tracks or 50 fields-of view per ernul.;; 

sion were scanned, depending upon track density. The correct average pro-

ton track energy and the perc~nt thermal n,p tracks were obtained directly 

from a plot( e. g., Fig. 2) of the _corrected proton 1;rack spectrum. The ernul-

sion proton dose is the product of the correct track density and the correct 

average proton energy. The product of the percent thermal n,p tracks, the 

correct track density, and the energy of·the· .ri,p tracks (0.60 MeV) gave 

the thermal n,p emulsion dose. The proton recoil emulsion dose is the 

difference between tre total proton and the • n,p dose~ 

The background t::t,"ack spectrum .in the· L.4 emulsions is given in 

Fig. 4. For comparison•the theoretical proton spectrum of Fig. 3 is 

/ 

'\ 
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superimposed upon it. The background spectrum was scanned from two 

films, D-55 and D-58~ that accompanied the experimental films at all times 

except during the actual bursts. Two "spikes" distort the recoil proton dis­

tribution, one at 0.6 to 0.7 MeV, and the other at 1.2to 1.5 MeV. The 

0.6-MeV spike consists of nuclear protons from the N
14

(n,p)C 
14 

reaction. 

The 1.3-MeV peak does not consist of protons, but rather of alpha-particle 

tracks of energy 5 to 6 MeV that are scanned as proton tracks. In nuclear 

emulsion, the range of a 5.5-MeV alpha particle equals that of a 1.3-MeV 

proton. We have previously observed that the alpha-track background of 

. nuclear emulsions increases with time between manufacture and development. 

Therefore, it probably arises from contamination of the emulsion with minute 

quantities of alpha emitters during manufacture. No correction has been 

made for the background track density because the energy spectrum was sim­

ilar. to that in the experimental films, and the background track density was 

only 1.9X10
4 

t/cm3 or approximately 1o/o of the total track density in the 

experimental emulsions. 

NTA emulsions 

The total neutron response of the NTA films may be seen in Fig. 5. 

The field of view in these films was 0.00060 em 
2 

when 450 X magnification 

was used. 

In addition, the net optical density of the NTA films was measured 

by a densitometer. The relative film densities are presented in Fig. 6. 

For comparison, the equivalent density from given exposures of control 

films to radium gamma rays in air is given.· These exposures should be 

regarded as the "upper limit" of the total X-ray and gamma exposures (see 

Sec. 4). 
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IV. DISCUSSION · 

The properties of nuclear track emulsion that make it particularly 

suitable for neutron dosimetry may be briefly listed: . (a) It does not perturb 

the local neutron spectrum,. (b) it records the recoil events in space, (c) it. 

is continuously s~nsitive, (d) it has a low gamma sensitivity, (e) it requires 
a 

no. attached electrbhic apparatus, (f) many simultaneo·us measurements can 
0 

be taken, and (g) it makes a permanent record. The major disadvantages 

of~his dosimeter are '(a) the time delay of .several days between exposure, 

scanning and analysis; and (h) the restricted range of sensitivity: 0.40 to 

20 MeV. 
0 

Used as described in this paper, nuclear emulsion is a fast-neutron 

dosimeter that yields the absolute differential proton tissue-dose. In-addi-

-tion the general form of the local fast-neutron spectrum may be obtained. 

I. Average energy of the proton track spectra 

The average energy of the corrected track spectra remained re-

markably constant at 0. 77 to 0.80 MeV at the various distances. At 10 and 

25om the high average energy at _the front surface was balanced by a low 

average energy at the back surface. But at 100 and 200m, the ave'i-age was 

very close to 0. 78 MeV aLall positions in and around the phantom. This re-

fleets an isotropic exposure at the greater distances -and a remarkably con-

stant local fast-neutron spectrum. The average proton-recoil energy in the 

cadmium-covered films was about 0.85 MeV, precisely the value computed 

theoretically from the curve of Fig. 3. 

2. Calculation of the absolute total neutron dose in tissue 

In each case, the proton recoil emulsion dose {in Table. 8) is in-

creased by 1.86, the ratio of the atomic density of hydrogen in tissue to that 

.• 
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m L.4 emulsion~ To this is added·:0.406 times the thermal n,p .emulsion· 

dose. The sum is the total proton tissue dose presented in Table.~. The 

-factor 0.406 is the ratio of the nitrogen atomic density in. tissue to that in 

L.4. emulsion. 

3. The absolute differential proton tissue dose 

Three operations on the plots of the emulsion proton spectra were 

carried out in order to obtain the differential tissue dose: .(a) The area of 

the thermal n,p peak at 0.6 MeV was reduced by a factor of 4.6, (e. g., 

1.86/0.406), (b) each point was multiplied by E, its. abscissa value, and 

(c) the entire area under.the curve was normalized to equal the total proton 

tissue dose. Selected examples are presented in Figs, 7 through 11. For 

comparison, the theoretical dose curve from Fig. 3 is superimposed upon 

·each of these. figures. 

'rhe fractional areas of certain energy intervals under these curves 

have been .measured numerically. This .more detailed information is pres-

ented in Table 10 for certain of the Ilford films. 

4, Estimate of the local fast-neutron spectrum 

The .local fast-neutron spectra may be obtained as follows: . A 

smooth curve is drawn through the corrected points of the pr.oton ·recoil 

spectrum (Fig. 2). ·At the desired energies E.; the slope of the smooth 
1 

curve. is measured or calculated, The product of the slop'e and E/C:r(Ei ), 

where u(EJ is the cross section for elastic collision of neutrons of energy 

E. with hydrogen nuclei, gives one point of the neutron spectrum. A local 
1 

neutron·spectrum inside the phantom at 200m is given in Fig. 2. 

5. The neutron dose from the NTA response 

It has been found in.NTA dosimeter film that the fast-neutron dose 

in rems from a mock-fission neutrons source may be obtained by use of the 
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factor 6. 7 .. tracks/field per rem. (b) In this an RBE of 10 is assumed; i.e,, 

1 rad = 10 rems, Table 9 shows the NTA tissue-doses a:hd the ratio of these 

doses to the respective Ilford L04 film doses, The: agreement is generally 

within IO% at 10 .and 25m, but at the greater distances; the Nl'A response 

drops to about 70% of the Ilford response, This may be e~plained by the 

more isotropic neutron exposure at the greater dist<mces. Thus. relatively 

more neutrons enter the phantom from the back and e;ides. ~nd thereby mis.s 

the plastic radiator in the NTA _film that wa_s carefully oriented- for fac_e~ 

normal exposure, (6 .)_ 

6. The estimate- of the maximum local· X and gamma:"' ray exposure 

A comparisort of Figs. 5 and 6 reveals that whereas the neutron 

dose inside the phantom is less than that on the outside. front, the gamma 

dose is always greater inside than out. This_may be due to a dose buildup, 

to n,y reactions in the phantom water and in the emulsion, or to beta emis-

sian from the activated silv-er and bromine in the emulsion. Because it is 

impossible to separate these effects, arid because the local photon energy 

spectrum is --unknown, the precise total gamma e,xposure cannot be found 

from these data. However, since radium gamma rays give the least dark-

ening of photographic film per roentgen exposure, the comparison of the 

experimental NTAfilms with calibration NTA films exposed to radium rays 

in air gives the maximum local gamma exposures. These are presented in 

.. 

Table 9. When it is scaled down to 10 16fissitins., the gamma exposure at 200 '-.' 

m from a -U -23 5 bomb is estimated as one ~quarter of our maximum value. (7 ) 

7. Attenuation of neutron and gamma:. dose by air 

The SPRF measurements were taken at an elevation of 5000 ft where 
. -

the air pressure was 0. BZ.atrn; Figure 5 reveals that the fast-neutron atten-

uation in air is exponential in the first 200 m · with A. = 225 m. This may be 
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compared with X.= 210m for U-235 bomb neutrons at distances greater than 

200 m. (B) The gamma exposure data of Fig. 6 give no evidence of an atten­

··. uation i:b. air for the· first 200 m. For much greater distances ·X. equals 

approximately 400 m for U-235-bom:b ga·mma ray attenuation at 0.85 atm.( 9 ) 

V. SUMMARY 

Nuclear. track emulsion has been tested as a fast-neutron dosimeter 

by exposure of a human phantom to fission ne;utrons .from a bare pulsed re-

actor. It was found that 600 -jJ.-thick Ilford L.4 emulsion 2 em on an edge 

yielded the absolute differential proton energy spectrum above 0.40 MeV and 

the average proton-track energy. From this the absolute differential local 

absorbed proton tissue dose, the local tissue thermal n,p dose, and the local 

fast-neutron energy spectrum at various positions in and around the phantoms 

were calcul\lted. 

The maximum and minimum total proton tissue doses around the 

phantom in rads per 10 18 fissions were found to be 330 and 33 at 10m, 45 

and 5. 9 at 25 m, 2. 6 and 0. 46 at 100 m, and 0. 58 and 0. 076 at-.200 m. Inde-

pendent estimates of the "local proton tissue doses by use of NTA film gen­

erally agreed with these values. 

The upper limits for the total local gamma exposures were obtained 

by a densitometer study of the 68 NTA films. 

Graphs and tables of the local absolute differential proton tissue 

dose have been prepared for five locations in and around the phantoms at each 

of the five distances 10, 2 5, 50, 100, and 200 m from .the reactor. 

In addition to the reduced intensity attributable to the inverse square 

distance, the proton dose from neutrons was found to fall off exponetially be­

tween 10 and 200m in air at 0. 82 atm with'( = 225m. However, there was 
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no evidence for an attenuation in air of the gamma rays over these distances. 

A method is given to ~stimat~ the local fast-neutron energy spectrum. " 

It is based on the slope of ·a sm.ooth curve drawn through the cqrrected points 

of the proton recoil track energy spectrum that is measured in nuclear ernul.:. 

sion. 

't; 

0 
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Table 1. Bur~t.;.exposure data 

Burst Time· Date No. of ·Phantom Distance ·Film· 
No. (Oct. 1961) · Fiss~gs No. from packets 

a 

X 10 reactor 
(m) 

1 1539 16 o. 31 1 10 - D-26 to D-30, 
D-1 to D.-4, D~7 

2 0845 17 1.48 1 . ·25 n:..36 to D-40, 
D-31 to D-35 

3 1006 17 
' 

1.86 1 25 C-45 to C -49, 
C-40 to C-44 

4 1150 17 1.86 1 50 D-41 to D-45, 
D-46 to D-50 

5 1340 17 1.87 1 50 D-41 to D-45, 
D-46 to D-50 

6 1550 ·17. L97 1 50 C-50 to C-54> 
C-55 to C-57, 
C-59, C-5.8 

All six - =- 9.35 2 100 D~21,.to D-25, 
D-9 to D-11, 
D-13, D-:-14 

All six 9.35 3 200 D-5, D-6p D-8, 
D-12 D-20 D-16 ' - . ' ' 
D-15, U-17 to D..., 19 

a In the same order as in Fig. 1. 
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Table- 2. Energy spe·ctra of protons in L.4 emulsions (10m) 

.. Channel Energy D-26 D-27 D-28 D-29 D-30 D-1 D-2 D-3 · D-4 D-7 
No. (MeV) 

0.030 
2 0.120 
3 0.225 72 36 
4 0.315 46 84 50 275 56 20 
5 0.395 129 728 56 237'; 150 19 44 
6 0.47 197 409 457- 465 286 10 167 121 
7 0.535 242 661 460 863 588 251 282 573 
8 0.600 513 1050 278 766 840 1086 1331 1048 
9 0.665 502 1035 617 1292 .1039 1484 1673 1928 

10 0.72 455 796 797 965: 1188 1741 1749 1956 
11 o. 78 504 950 664 497 .. 751 1208 977 960 
12 0.86 581 528 793 551 663 601 667 483 
13 0.96 571 430 577 398 602 376 384 305 
14 1.06 661 432 560 380 491 261 315 160 
15 1.15 364 429 372 472 426 293 .236 460 
16 1.23 856 328 366 517 382 365 305 155 
17 1.32. 539 362 432 237 284 2:53 317 161 
18 1.40 341 243 343 335 307 . 263 144 230 
19 1.48' 452 137 . 517 231 304 226 149 216 
20 1."56 602 190 425 264 165 245 244 315 
21 1.64 487 123 293 124 236 244 137 186 
22 I. 72 242 254 323 171 190 228 126 160 
23 1.83 351 159 148 179 189 196 181 84 
24 1. 92 289 152 264 112 133 104 64 26 
25 2.05 258 117 245 119 180 134 137 139 
26 2.19 190 62 176 87 112 68 46 82 
27 2.33 141 90 122 116 95 51 107 48 
28 2.50 92 28 166 103 55 59 61 35 
29 2. 70 107 44 63 27 71 49 58 33 
30 2.91 63 29 68 29 36 30 9 45 
31 3.10 55 10 71 10 58 35 28 9 
32 3.30 70 18 76 64 24 25 17 
33 3.50 21 34 29 20 11 9 
34 3. 70 11 36 1,0 . 16 20 9 10 
35 3.89 11 46 10 8 
36 4.09 22 10 16 8 9 
37 4.29 10 9 ll 10 
38 4.49 12 12 
39 4.69 12 6 4 
40 4.90 12 8 
41 5.11 8 
42 5.31 6 
43 5.50 26 
44 5.69 12 
45 5.88 13 6 
46 6.08 12 11 
47 6.28 6 
48 6.49 

\ol 49 6. 79 
50 7.19 

~ 
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Table 3. Energy spectra of p,otons in L.4 emulsions (25 m) 

Channel ·Energy D-36 D-37 D-38 D-39. D-40 D-31 D-32 D-33 D-34 D-35 
No. (MeV) 

1 0.030 
2 0,120 6 
3 0,225 20 17 17 41 13 
4 0,315 24 46 260 101 88 108 46 
5 0.395 70 137 179 403 Z3 277 101 60 44 24 
6 0.47 254 238 390 927 466 399 394 225 48 106 
7 0.535 274 288 780 473 608 755 732 657 208 315 
8 0.600 348 373 730 1113 840 1165 1749 1328 990 909 
9 0.665 726 602 762 1395 1140 1703 1644 2146 1982 1486 

10 0,72 475 667 832 851 13i4 1357 1937 1893 2102 1224 
11 o. 78 586 762 785 657 849 948 842 974 834 851 
12 0,86 542 912 668 569 622 590 336 425 611 690 
13 0.96 659 605 605 530 ' 465 443 200 303 304 298 
14 1.06 654 459 512 377 325 358 193 228 266 430 
15 1.15 504 476 467 372 412 215 284 236 368 385 
16 1.23 550 524 379 391 256 281 158 241 193 298 
17 1.32 656 471 348 203 388 186 182 109 301 442 
18 1.40 352 283 193 127 361 160 228 114 84 437 
19 1.48 522 505 224. 218 329 209 196 143 86 214 
20 1.56 520 498 233 136 91 118 61 79 292 272 

. 21 1.64 513 401 321 117 189 103 105 117 255 332 
22 I. 72 270 276 221 97 326 103 87 100 176 247 
23 1.83 282 268 193 203 136 94 30 72 134 166 
24 1.92 247 241 196 106 106 111 59 102 91 129 
25 2,05 233 171 144 70 155 61 101 75 97 122 
26 2.19 147 143 161 118 95 61 85 72 81 115 
27 2,33 114 104 125 73 61 54 44 47 60 53 
28 2.50 120 162 91 62 54 21 32. 51 79 58 
29 2. 70 106 72 67 25 26 27 33 58 92 
30 2, 91 76 44 73 46 55 11 33 32 36 40 
31 3.10 49 69 54 19 76 19 17 22 19 52 
32 3.30 54 53 40 35 3 8 3 52 57 
33 3.50 19 55 21 18 4 24 10 36 30 
34 3. 70 20 24 66 10 10 8 7 19 11 
35 3.89 10 9 19 7 18 10 
36 4.09 20 12 22 10 4 10 42 
37 4.29 9 11 20 9 4 3 18 10 
38 4.49 11 11 9 4 10 
39 4.69 10 4 11 
40 4.90 9 
41 5. 11 23 9 10 
42 5.31 4 4 11 
43 5.50 
44 5,67 13 
45 5.88 
46 6,08 
47 6.28 
48 6.49 ~· 
49 6. 79 
50 7.19 
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Table 4. Energy spectra of protons in L.4 emulsions (25 m, Cadmium) 

'• Channel Energy C-45 C-46 ·C-47 .. C-48 C-49 . ,C-40 C-41 · C-42 C-43 C-44 
No. ·(MeV) 

1 0.030 
2 0.120 
3 0.225 20 17 18 17 8 
4 0;315 69 302 206 101 59 
5 0.395 181 270 231 226 244 
6 0.47 366 564 603 466 386 
7 0.535 515 846 460 688 364 
8 0.600 385 923 716 896 536 
9 0.665 536 701 1196 614 617 

10 0.72 665 550 907 825 766 
II o. 78 ' 901 755 772 786 773 
12 0.86 '694 654 502 654 603 
13 0.96 651 757 546 654 524 
14 1.06 455 451 425 505 603 
15 1.15 622 505 440 505 606 
16 1.23 473 393 443 236 425 
17 1.32 515 388 502 450 482 
18 1.40 414 234 391 255 334 
19 1.48 452 285 269 351 388 
20 1.56 340 160 280 320 303 
21 1.64 406 260 217 260 302 
22 I. 72 205 309 83 228 336 
23 1.83 97 255 104 221 217 
24 1. 92 259 66 ·1zz 226 215 
25 2.05 178 70 115 141 159 
26 2.19 109 47 73 83 198 
27 2.33 127 86 63 37 163 
28 2.50 61 54 82 36 79 
29 '2. 70 88 42 52 26 50 
30 z. 91 42 47 37 36 
31 3.10 22 10 49 38 75 
32 3.30 30 9 18 44 21 
33 3.50 10 27 4 
34 3. 70 11 10 10 10 29 
35 3.89 11 19 5 
36 4.09 22 10 14 
37 4.29 9 9 4 
38 4.49 9 
39 4.69 11 10 5 
40 4.90 10 9 
41 5.11 10 
42 5.31 12 5 
43 5.50 11 
44 5.67 11 
45 5.88 
46 6.08 
47 6.28 10 

'•' 48 6.49 
49 6. 79 3 
50 7.19 

·~ 
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Table 5. Ener·gy ~pectra of protons in L.4 emulsions (50 m,. Cadmium)· r..· 

Channel Ene-rgy C-50. "C-51. C-52 c-·53 C-54 C-55 C-56 · D-48 c~59 C-58 
No. (MeV) 

1 0.0300 
2 0.1200 
3 0.225 18 19 7 
4 0.315 188 156 25 
5 0.395 305 200 56 
6 0.47 766 299 163 
7 0.535 606 732 385 
8 0.600 728 837 1362 
9 0.665 791 . -647 ,2005 

10 0.72 668 778 1817 
11 o. 78 . ;.851 488 981 .. 
12 0.86 ·681 706 537 
13 0.96 609 667 265 
14 1.06 ,. :338 560 255 
15 1. 15 : .,565 559 210 
16 1.23 :327 457 204 
17 . 1.32 234 272 195 
18 1.40 265 588 212 
19 1.48 274. 437 128 
20 1. 56 238 228 161 
21 1.64 393 i3l 128 
22 1.72 305 216 108 
23 1.83 195 113 141 
24 l. 92 193 338 127 
25 2.05 . 103 109 76 
26 2;19 99 39 89 
27 2.33 51 . 95 82 
28 2.50 28 99 70 
29 2. 70 18 56 25 
30 2. 91 38 10 38 
31 3.10 40 11 16 
32 3.30 18 "'\ 29 25 
33 3.50 20 4 
34 3. 70 20 43 4 
35 3.89 15 
36 4.09 32 8 
37 4.29 4 
38 4.49 10 12 
39 4.69 4 
40 4.90 
41 5.11 10 
42 5.31 
43 5.50 
44 5.69 
45 5.88 
46 6.08 
47 6.28 
48 6.49 
49 6. 79 
50 7.19 

.. - • .. 
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Table 6. Energy spectra of protons in.L.4 emulsions (100m) .• 
Channel: Energy D-21 · D-22 D-23 ·n-24 D-25 D-9 D-10 D-11 · D-13 D-14 

No. (MeV) 

1 0.030 
2 0.120 
3 0.225 34 19 7 
4 0.315 159 108 176 . 25 23 35 
5 0.395 69 334 413 89 197 92 79 116 
6 0.47 . 251 678 423 194 263 160 150 162 127 129 
7 0.535 433 731 940 340 772 335 216 492 523 500 
8 0~6000 975 995 815 719 1199 938 1001 1389 1540 1500 
9 0.665 1018 1038 850 1502 1962 1708 1643 2027 2337 2057 

10 o. 72 1314 995 626 996 1368 1536 2030 1753 2575 1830 
11 o. 78 676 652 780 p50 857 1170 1382 1048 838 793 
12 0.86 771 614 405 501 621 562 485 475 295 395 

. 13 0.96 616 526 408 527 402 457 316 280 104 253 
14 1.06 536 481 661 464 263 361 314 308 171 341 
15 1.15 345 369 383 591 255 183 191 275 129 196 
16 1.23 362 330 381 486 325 281 342 221 152 289 
17 1.32 335 303 308 323 179 267 292 182 123 215 
18 1.40 218 336 275 273 227 261 195 173 73 89 
19 1.48 292 151 236 390 149 296 67 127 94 138 
20 1.56 210 113 246 68 133 187 210 195 79 240 
21 1.64 169 47 229 140 115 145 145 91 122 174 
22 1. 72 233 241 70 225 111 160 150 114 98 120 
23 1.83 157 201 256 185 83 153 87 112 102 107 
24 1. 92 217 236 .. 186 118 52 114 163 51 68 112 
2:5 2.05 159 69 137 195 :55 144 86 7.1 36 . 118 
26 2.19 121 70 191 164 35 82 73 73 61 100 
27 2.33 151 .·. 61 146 85 84 65 88 52 32 64 
28 2.50 119 53 115 71 17 73 46 59 54 66 
29 2. 70 61 34 64 25 59 - 78 30 29 9 
30 2. 91 19 9 30 27 9 34 19 21 16 39 
31 3.10 39 19 72 28 9 43 39 15 8 50 
32 3.30 18 17 38 35 17 18 9 17 15 18 
33 3.50 9 45 10 36 18 22 '9 7 16 19 
34 3.70 10 32 10 20 10 15 8 
35 3.89 9 30 37 9 8 38 4 19 
36 4.09 10 10 10 9 16 10 4 8 
37 4.29 9 29 4 9 3 8 
38 4.49 19 10 8 4 8 
39 4.69. 10 21 19 4 10 10 
40 4.90 10 9 
41 5. 11 20 4 7 
42 5.31 10 33 4 8 
43 5.50 23 
44 5.69 ll 
45 5.88 
46 6.08 11 
47 6.28 
48 6.49 
49 6.79 
so 7.19 

"' 
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Table 7. Energy spectra of protons in L.4 emulsions (200 m) 

Channel Energy D-5 D-6 D-8 D-12 D-20 D-16 D-15 D-17 D-18 D-19 
No. (MeV) 

1 0.030 
2 0.120 
3 0.225 18 18 34 14 
4 0.315 62 42 39 .·. 73 22 17 58 
5 0.395 69 190 263 327 24 93 93 
6 0.47 251 516 429 312 212 132 25 233 93 90 
7 0.535 514 667 462 552 257 284 293 317 225 195 
8 0.600 803 1030 1088 1220 1118 1147 734 . 1192 1295 824 
9 0.665 1556 1536 1164 2122 1546 2032 2180 2090 .2594 1909 

10 0.72 1064 1125 1098 1304 1682 1644 2033 1554 2106 2474 
11 o. 78 1095 761 703 799 1188 1132 1205 1235 1425 2025 
12 0.86 586 516 667 431 583 677 495 582 448 572 
13 0.96 546 416 418 312 520 320 243 313 195 f90 
14 1.06 185 398 245 246 351 321 255 201 187 149 
15 1.15 249 472 309 255 343 325 302 217 177 172 
16 1.23 503 289 363 303 212 334 377 163 278 90 
17 1.32 314 236 31.8 186 177 304 185 211 58 188 
18 1.40 370 223 124 270 161 211 i29 228 100 98 
19 1.48 247 231 341 299 237 127 221 199 83 101 
20 1. 56 281 192 244 -249 296 161 92 104 129 210 
21 1.64 338 124 298 129 102 137 214 156 89 109 
22 I. 72 100 171 221 148 176 61 164 94 77 90 
23 1.83 226 179 132 77 128 98 188 91 32 63 
24 1, 92 122 140 245 60 158 82 80 110 38 85 
25 2.05 144 118 68 102 91 93 156 82 0 104 
26 2.19 61 100 115 43 89 59 .84 54 78 54 
27 2.33 50 52 95 56 66 30 62 66 58 34 
28 2.50 82 66 78 40 87 33 54 37 17 57 
29 2. 70 26 63 41 31 28 28 26 46 64 39 
30 2. 91 28 10 62 8 59 30 28 19 17 25 
31 3.10 10 60 65 9 21 8· 38 47 9 18 
32 3.30 18 - 18 59 9 18 26 14 25 8 
33 3.50 19 9 17 0 11 37 53 9 8 
34 3. 70 10 9 9 11 12 20 20 9 
35 3.89 27 10 4 19 27 0 
36 4.09 10 38 10 8 0 
37 4.29 26 4 9 7 17 
38 4.49 -54 4 12 18 
39 4.69 10 10 4 10 8 9 
40 4.90 9 4 0 9 
41 5. 1 1 9 0 0 
42 5.31 10 8 0 19 
43 5.50 4 
44 5.69 11 4 
45 5.88 4 10 
46 6.08 
47 6.28 
48 6.49 4 10 
49 6. 79 5 5 5 
50 7.19 2 
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Table 8. Proton track data from L.4 emulsions exposed to SPR bursts 

Distance Emulsion Neutron Measured Tracks Correct Correct Correct Emulsion Thermal Thermal Proton 
(m) No. exposure track lost track density per average proton n,p n,p recoil 

·~ fiss_\'t,ns densi\y 0-0.66 densi\y fissio9' proton dose tracks emulsion emulsion 
(XIO .J . . [t/cm MeV("/~ {tfcll!.6 .· (XIO ) -track (ergs/cm

3
- ("/~ dose dose 

(XI0- 6 )] .. (XIO · )] . ener_gy · · fis •fgn ·· [ergs/cm 3 ~ · [ergs/cm
3

-
. '(MeV) (XIO ) fiss\'t,n (;;·o"l\~\] (XIO )] 

D-26 0.312 18. 7a 45 34.0 10.9 1.03 179.6 I. 03 1.1 179.0 
D-27 0,312 21.0 52 42.5 13.7 0,80 171,0 11.8 13.2 158.0 
D-28 0.312 16.0 48 31.0 9.4 0.80 120,0 0 0 120.0 
D-29 0.312 3. 75 54 8.2 2,6 o. 72 30.0 10.0 . 2.5 27.5 

10 D-30 0,312 2.5b 47 4. 7 I. 50 o. 79 18,5 10.0 1,4 17.1 
D-1 0,312 b 
D-2 0,312 
D-3 0.312 9.0 37 14.3 4.6 0.87 64,0 25.1 II. I 52.7 
D-4 0.312 3.8a 40 6.3 2,0 0,80 26.0 28.0 5.4 20.5 
D-7 0.312 8.8 46 16,3 5,2 0,67 56,0 18.5 9.3 46.3 

D-36 1.47 13.2 40 22,0 1.50 1,00 24,0 2,3 0.33 23.7 
D-37 1.47 13,5 34 20.5 1,40 1,08 24.0 6.3 0,84 23.1 
D-38 1.47 13.3 37 21.0 1,43 0.80 18.9 6,0 0,80 18,3 
D-39 1.47 2,4 50 4,8 0.325 o. 70 3,65 11.0 0,35 3,30 

25 D-40 1.47 I. 95 50 3.9 0,27 0,83 3. 50 13.4 0,47 3.05 
D-31 1.47 16,0 so 32,0 2,18 o. 74 25,0 22,5 5.60 19.4 
D-32 1.47 8.8 52 . 18.3 I. 25 0,66 13.1 26,0 3.20 10.0 
D-33 1,47 5.6 48 10.8 o. 735 0. 71 8.35 31,0 2,60 5. 75 
D-34 1.47 2,4 51 4.9 0,335 o. 73 3.90 17.0 0,60 3.30 
D-35 1,47 4.9a 47 9.3 0,63 o. 75 7.6 14.0 0,84 6. 70 

C-45 1,86 17,0 44 30.4 I. 63 0.92 24,0 2.0 0,31 23.7 
C-46 1.86 14.6 51 30,0 1,60 o. 74 18.9 7,1 1,10 17,8 

25 C-47c I. 86 
C-48 1.86 2.8 47 5.3 0,29 0.80 3, 7 12,6 0,35 3.3 
C-49 1.86 2,35 51 4.8 0,26 o. 79 3.2 4,2 0,10 3.1 
C-44c 1.86 4,0 43 7.0 0,38 0,94 5,6 0 ·o 5,6 

5cf J 
D-48 3, 74 3.3 38 5.3 0,14 0,80 1,82 38,0 0,52 1,3 
C-51 I. 98 5.2 44 9.3 0,47 0,84 6,3 0 0 6.3 
C-56 I. 98 2.1. 44 3, 7 0,19 0,87 2, 7 6. 7 0,18 2.5 

D-21 9.4 5.45 48 10.5 0,11 0,82 1,46 8,0 0,082 1.40 
D-22 9.4 6,35 51 12.9 0,14 o. 72 1.59 9.1 0.12 !.50 

i. 
D-23 9.4 4.60 49 9.2 0,100 0,84 1.32 7.3 0,07 1.25 
D-24 9.4· l.6:i 44 2.9 0,031_ 0,83 0,41 13.5 0,04 0.37 

J D-25 9.4 2,25 52 4. 7 0,0505 0.68 0,54 27.5 0,15 0.39 
100 I D-9 9.4 4, 7 44 8,4 0,089 0,80 1.14 21.8 0,19 0,96 

D-10 9.4 3.3 48 6.3 0,068 o. 74 0,80 18,8 0.12 0.68 

l 
D-11 9.4 2,4 43 4,2 0,0445 o. 77 0.55 35,0 0.19 0.36 
D-13 9.4 1. 75 38,5 2,8 0,030 0. 78 0.38 44,0 0.17 0.21 
D-14 9.4 1.9 47 3.6 0,038. o. 72 0,44 15,0 0,055 0.39 

'""( 

n-5 9.4 1.44 43 2.52 0,268 0.81 0,35 12,3 0.042 0,302 
D-6 Q,4 1.47 42 2,53 0,027 0,80 0.34 18.5 0,048 0,300 
D-8 9.4 1.06 47 2,00 0,0215 0,80 0,27 11.8 0,030 0.245 
D-12 9.4 o. 70 33 1.05 0,011 o. 75 0,13 13.6 0,015 0,120 
D-20 9.4 0,40 47 o. 755 0,0080 o. 77 0.10 15.4 0,012 0,087 
D-16 9.4 1.07 41 1,82 0.0189 o. 77 0,235 37,0 0.068 0.170 
D-15 9.4 o. 71 37 1.13 0,0120 o. 78 0,15 20.0 0,023 0.130 
D-17 9.4 0.38 40 0,63 0,0067 0,80 0,086 28,0 0,018 0,068 
D-18 9.4 0.31 32 0,455 0,0049 o. 766 0,059. 50.0 0,023 0.036 
D-19 9.4 0.62 27 0.85 0,0090 . o. 79 0,11 41.2 0,036 0,079 

a Estimate from NTA film 

b Film opaque from gamma rays 

c C-40 to C-43, C-47 not scanned 

d Only those listed were scanned 
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Table 9. Proton tissue dose from irradiation-by SPR bursts 

Distance Emulsion Proton-recoil N(n,p)C Total proton o/aN(n,p)C N~~s~~~f;~ ~~ld- Tissue dosea . NTAdoseest. 
e!pi~s~~~it~~.-ti'~~ rays

1 
(m) No. [ rad~/r:::i::(~el 0 1 ~] { ra:~~::i::txei 0 I~] ( rad~;i:~~o:~~~ 01 ~1 dose [re~:j~s~~~Tx~olf;] Ratlo llford dose 

[roentgens/fission(/! 0 ~1 

D-26 332 0,45 333 (0) 230 34.6 1.04 1.5 
D-27 295 5.0 300 2 210 31.0 1,05 1.4 
D-28 220 (0) 220 (0) 160 23.9 1,07 0.9 
D-29 51 1.0 52 2 33 4.9 0.94 0.5 

10 0-30 b 32 0.6 33 2 21 3.1 0.94 0.4 
D-1 b(llO est.") '165 25.0 2.6 
D-2 (ISO est,) 110 16.7 2.7 
D-3 98.5 4.5 103 63 9.55 0.94 2.0 
D-4 38 2_0 40 27 4,05. 1,01 1,25 
D-7 86,7 3_8 90.5 75 11.3 1.25 2.10 

D-36 44,3 0.1 44,4 35 5.25 1.19 0,20 
D-37 43.3 0.3 43.6 1.0 32 4.8 1.10 0.18 
D-38 Jl 0.4 31,4 1.0 24 3.58 1,13· 0,12 
D-39 6_15 0,14 6.3 2.0 4.1 0.6 0.94 0,09 

25 D-40 5,65 0.19 5,85 2.0 3.3 0.48 0.83 0,07 
D-31 37,0 2.2 . 39.0 5.5 (24) ( 3.58) ( 0.98) (0,33 est,) 
D-32 18,7 1.3 20,0 6.5 16.0 2.4 1.19 0,35 
D-33 10,7 1.0 -11.7 8.5 9.4 1,43 1,19 0, 27 
D-34 6.2 0.3 6.5 4.5 4.1 0.6 0,92 0,17 
D-35 12.6 0.3 12.9 2.5 8.9 1.3 1.01 0.29 

C-45 44,3 0.1 44.4 (0) 29.0 ·4,30 0})6 0,25 
C-46 33,4 0.4 33.9 I 27,0 4,05 1.19 0,27 

25 C-47 c (25 est.) 19.0 2,85 0,18 
C-48 6.2 0,14 6.4 3.8 0,60 0.93 0,10 
C-49 5.9 0,04 5.9 3.2 0,50 0.81 0,07 

C-40 (28 est,) 22,0 3,30 1,19 0.37 
C-41 (18 est,) 12,0 1,80 0.99 0.37 

25 C-42 ( 9.0 est,) 6.9 1.01 1.12 0,25 

t C-43 ( 5,0 est.) 3.5 0,53 !.05 0.17 
C-44 10.6 10.6 7.9 1.19 1.12 0.29 

D-41 (13 est.) 7.0 1,07 0,052 
D-42 (13 est.) 7.0 1,07 0,052 
0-43 ( 8.8 est.) 4.8 o. 72 0,043 
D-44 ( 1, 7 est.) 0.95 0,14 0,026 

so D-45 ( 1.6 est.) 0,85 0,13 . 0,025 
D-46 ( 9.6est.) 5.3 o. 79 0,092 
D-47 ( 6,6est,) 3.6 0,54 0.096 
D-48 2.43' 0,21 2,64 1.4 0.22 0.81 0,070 
D-49 1,45 est,) 0,82 0.12 0,050 
D-50 3,2est.) 1.8 0,27 0,075 

C-"50 ( 13 est,) 7.0 0,11 0,065 
C-51 11,7 11,7 6.5 0.95 0.81 0,065 
C-52 c ( 7,8 est.) 4.5 0.66 0,053 
C-53 ( 1.6 est,) 0.91 0,13 0,038 

50' C-54 ( 1,6est.) 0.88 0,13 .0,039 
C-55 ( 8.6est,) 4. 7 o. 7 0.096 
C-56 4,65 0,07 •• 7 1.5 3.0 0.45 0.94 0,092 
C-57 2.4 0,01 2.4 0 1.3 o. 19 0.80 0,064 
C-59 'C 4,4est.) 0,78 0,12 0,048 
C-58 2. 7 est,) 1.5 0.23 0,065 

D-21 2.6 0,03 2.6 I 1,30 0.19 0, 74 0,017 
D-22 2, 75 0,05 2.8 2 1,40 0,20 o. 73· 0,015 

i 
D-23 2.3 0,03 2.3 1.5 1,20 0,18 o. 77 0,012 

I. D-24 0.69 0,02 o. 71 . 3 0,29 0,042 0.60 0.0075 

100 '. D-25 o. 73 0,06 o. 79 . 5 0,25 0,037 0,48 0,007 
D-9 1. 79 0,08 . 1,87 4 1,20 0_18 0.95 0,027 

i 
D-10 1,27 0,05 1.32 4 o. 70 0.11 0.81 0.023 
D-11 0,67 0,076 o. 75 10 0,41 0.06 0,80 0,019 
D-13 0.39 0,07 0,46 14.5 0.22 0,033 0, 73 0,014 
D-14 o. 73 0,02 0, 75 2.5 0,41 0.06 0,80 0,02 

D-5 0.56 0.016 .0.576 3 0,26 0.039 o. 70 0,0032 
D-6 0,55 0,02 0,57. 3 0.28 0.042 0, 74 0,0032 
D-8 0,46 0,01 0,47 1.5 0,21 0,031 0.66 0,0032 
D-12 0,22 0,006 0.23 2.5 0,061 0,009 0.39 0,0024 

. 200' D-20 0,16 0,005 0,17 3 0,054 0.008 0,49 0,0024 
D-16 0,435 0,028 0.46 6 0,18 0,026 0,60 0,0056 
D-15 0,24 0,009 0.25 3.5 0,09 0.013 0,53 0,0053 
D-17 0,125 0,007 0.135 5 0,059 0.009 0,66 0,0035 
D-18 0.067 0,0093 0,076 12 0,042 0,006 o. 79 0,0031 
D-19 0.15 0.014 0,16 9 0,09 0,013 0.83 0,0043 

a Based on 6. 7 tracks per field per rem for mock-fission neutron S~?urce in air. 

b Estimated: too dark to scan · 

c Not scanned 



Table 10. Proton tissue dose from irradiation by pulsed-reactor neutrons 

Dose (o/o) by protons of energy· interval (in MeV): 
Distance Emulsion 0 - 0.5 0.5 - 1.0 1.0- 1.5 1.5 - 2.0 2.0 - 2.5 2.5 - 3.0 3.0 - 4.0 4.0 - 5.0 

(m) 

!0 f D-26 9.5 15.5 23.0 2G.O 11.5 7.5 9.0 3.0 
D-3 16.5 25.0 17.5 14.0 9.0 5.5 7.0 3.0 
D-4 17.0 27.5 19.0 13.5 8.5 5.5 8.0 1.0 
D-30 18.0 26.5 20.0 14.0 9.0 5.5 5.5 1. 5 

"i 
D-36 12.0 18.5 21.5 18.0 12.0 8.0 7.5 2.0 
D-31 18.5 31.5 18.0 12.0 8.5 s.o 4.5 1. 5 
D-33 17.0 30.0 16.0 11.0 9.0 6.5 6.5 2.5 
D-34 17.0 28.0 15.0 11.5 9.0 7.0 9.0 3.0 
D-40 18.0 24.0 18.0 13.5 9.5 6.5 7.0 2.5 

C-51 18.5 26.0 20.5 14.0 8.5 s.o 5.0 1.5 
so I C-56 15.0 25.0 21.0 15.0 9.5 6.5 6.0 1.5 

D-48 14.0 29.0 15.0 13.0 10-.0 6.5 7.5 3.0 

D-21 17.0 25.0 18.0 13.5 10.0 7.0 6.5 2.0 
D-9 16.0 26.5 15.5 15.0 9.5 6.0 7.0 3.0 

100 D-11 17.5 30.0 18.0 12.0 8.0 s.o 5.5_ 2.5 
D-13 16.0 27.5 15.5 13.0 9.5 6.5 7.0 3.5 
D-25 21.5 39.0 15.5 9.0 5.0 3.0 3.5 2.0 

D-5 18.5 27.0 20.0 14.5 9.0 s.o 4.0 1. 5 
; D-16 15.5 30.0 18.0 13.0 8.0 s.o 6.0 2.5 

zoo l D-17 16.0 27.5 14.5 12..0 8.5 6.0 8.0 5.0 
D-18 19.0 37.5 15.0 9.0 6.0 4.5 6.0 3.0 
D-20 17.5 28.0 17.0 13.5 10.0 6.5 5.5 1. 5 

5.0 - 7.0 

1.0 
2.5 

0 
0 

0.5 
0.5 
1.5 
o.s 
1.0 

1.0 
o.s 
2.0 

1.0 
1.5 
1.5 
1. 5 
1. 5 

o.s 
2.0 
2.5 

0 
0.5 

( 

Total dose 
1 

(rads/fission(X10 ~l 

335 
105 
40 
33· 

44.5 
39.0 
ll.5 
6.5 
5.85 

ll.5 
4.7 
2.65 

2.6 
1.85 
o. 75 
0.46 
o. 79 

0.575 
0.46 
0.135 
0.076 
0.17 

I 
N -I 

c:::: 
() 
~ 
~ 
I -0 

"' 0 
-..1 
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FIGURE CAPTIONS 

Fig. 1. Cross section ofphall:tom at center plane, showing orientation of 

the 1 0 film packets. 

Fig. 2. 

Fig. 3. 

Proton spectrum from Ilford film D.,.16 and derived spectra. 

Proton recoil ahd proton recoil dose spectra based upon the pure 

U-235 fission neutron spectrum. 

Fig. 4. Backgrmirtd track distribution in Ilford films. 

Fig. 5. Response of NTA films. 

Fig. 6. Relative optical density of NTA films. 

Fig. 7. Absolute differential tissue dose at 10m. 

Fig. 8. Absolute differentia] tis sue dos·e at 25m. 

Fig. 9. Absolute differential tis sue dose at 50 m. 

Fig. 10. Absolute differential tissue dose at 100m. 

Fig, ll. Absolute· differential ti'ssue dose at 200m. 
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This report was prep~red as a~ 'ccount of Govern~ent 
sponsored work. Neither the Unit~d States, rtqr th~ Com~ 

m1ss1on, nor apy person actinJ on behalf o~ ~he Commission: 

A. Makes any wa·rranty or represel).tation, expressed or 
implied, with respect tp the accura~y. complet;eness, 
or usefulness of the info~mation cont;aiped in this 
report, or that the use of any informati~n, appa­
ratus, method, or process disclosed in this r~port 
may not infringe privately owned ~ights; or 

B. Assumes any liabilities with respect to the use qf, 
or ~or da~ages resulting from th~ ~se of aqy infor~ 
mation, apparatus, method, or Process disilo~ed in 
this report. 

As qsed in the abqve, ~pers6n acting 0 n behalf of the 
Commission" incltides any employee or qon~ractQr of the Com­
mission, or employee of sqch contractor, io the e~tent that 
sqch employee or contractor of the Commi~sion, or employee 
of such contractor prepares, disseminates, or provi~es access 
to, any information pursuant; t;o his employm~nt or ~ont;ract 
wit;h the Gommissiqn, or his employment with such contractor. 
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