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Recent lmprovomente in the speed of track scanning, 1u track sampling, 

· and. in the analysis olrandom track-energy dht:dbutlons have extended ttic . ' 

use ol nuclear track emulsion to include the mea.su.remeat of stray neutron 

apectra/ The value ot these improvements luu been tested in the measure• 

-riclni~y of the' Bevatron • 

·:_-' .. ·· · · · . · 0. 7 and 20 MeV waa a b:road peak in the region 0. 5 to 2 'JM4V followed by a 
i. ·. 

' .--[. 

.. ! . ' 

j .: • ; '·~ :· ... ' 

I 
) ;· . : t 

'<. ;, ,. 
¥• ~ 

l 

' r ...... 

amootb tOO-fold. drop in value betwoen the.i»ak and t2 MoV. Local 

departures ~rom this pattern. arhb:ag !:to~ the lnfluen.ce oi nearby smaller 

accele:oatora, were xn.tiaGured. 

· Those emulsions expoeed ia the d~reet stray field through the open 

0.21 :MJutron per accelerated pirotoo.. The values tor tho bettliir•shle!ded 

location• wcu•e betweo!l 0.028 and 0.066 neutron per accelerated proton. 

.The thermal neutron "source otr®l"'~thu wa" betwesn 0.3i &nd. 0.66 neutrom 

per accele:rateci p::oton at.>aU locations. At the bettex>•ah!elded locat!otte~ 

the thermal n.eut:ron !1\l!X was about iO tbn~o the fast MUtron !lux. 

., 
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' . 
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·.· li::·J;r,:z. ·.Introduction 

r · ·, 1 
' : •• • . The principal health hazard to workers in the vicinity of shielded 

/. 

1:,;: ':.: :. ·.· i. / , . hlgh-eurgy particle accelerators Ia from at ray last '""utrons of mean 

' , .. energy between 0. i and 2 MeV (t • 2.). Knowledge of the intensity and 

,· ... '. f : .. energy spectrum of these neutrons is important ln the evaluation o! ~~e 

.. 

I ··. . . . . . l 
lt .. ·.·. ··. - --~:. ,• 

1.· .. ·' r . ~ 
F ·~ . 
' I 
f. 

~ . . . 
.·; '' 

'·· 

. ,. 
. ; ~~· . 

j 

r 
. ' 

radiation.doae they produce. Various countlng,actlvatlon. and attenuation. 

measurements' have given precise values £or the intensity. but only rough 

ideas about the energy distribution of such stray neutrons (3-7). 

Until recently, the use of the most reliable instrument for measuring 

fast neutron apectra••nuclear track emulsion--has been restricted to 

.·. 
'• ' 

.. ':~~-

·' 

f .. neutron beams and point sources where the direction of incidence is known. , 

I 
I 
~ 
i 
I 
j • i 
l 

... 
Now,· however, improvements in the speed of proton track scanning, in · 

the track sample corrections,_ and in·; the analysis of random-track energy 

distributions have extended the use of nuclear track emulsion to include 
! ... ! . ' 
1' 

' 
'·' 

I 
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j .· 
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'' 

'.measurement of stray-neutron spectra (8-tO). This work testa the value 

of these improvements through determination of some energy spectra of 

stray neutrons,· by use of nuclear track emulsions exposed l~ the vicinity 

of the Bevatron. 

·xx. · E x·pe rime ntal Method 

.. ·.-; .. 

'1. 

The emulsions 

The nuclear track emulsion was from ll!ord Inc., Ilford Essex, England, 

:type L. 4, batch Z2147, manufactured on October 20, 1960~ lt was 

immediately shipped to Berkeley. California as 1 X 3-in. unmounted 
. ' 

pellicies, 600 ..._thick. The pelliclea were stored 4 montho, then cut into 

t X i-in. pieces (each of which was wrapped with a single !old o£ black paper 

: ;· 
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and a single .fold of black tape) •. The exposure period was .between 4 and 

iO weeks. They were developed on the day following the end of the exposure.'· .. · 

Emulsion historyc::harts (ii) were kept for ea~ piece • 

Their location during exposure 

Eight wrapped pieces of emulsion were taped to the inside of windows 
• 

or to the sides of desks in rooms of buildings that ·stand within a 260-m 

radius from the Bevatron. . The prec:ise locations and exposure periods are 

presented in Fig. i and in Table i. During the exposure period the Bevatron 

operated on a normal 24-hour daily schedule, and accelerated to high energy 
. . . t6 . 

about i.4 X tO protons per week. These protons struck internal targets 

at 82.99• in quadrant three and south end of west tangent tank. At the 

•ame time, the i84-inch synchrocyclotron was accelerating beams during 

approximately' SO% ot the exposure time.. More than 90o/o o! these beams 

were protons o£ several hundred_ MeV that WGre used in producing metions. 

· The Bevatron shielding 

The shieldina of the Bevatron consiste'd of a. i2-ft-thic:k cylindrical 

ring o£ concrete blocks lying just outside the magnet ring. Additional 

2-£t slabs of concrete covered the straight (tangent) tanka, which unite the 

lour curved quadrant sectiono. The top of the magnet ring was largely 

open and unshielded. ~ 

Emulsion processing 

The exposed unmounted t X i.-in. pieces ol emulsion were developed 

and fixed by a modified cold-cycle process (H.) •. The- processed emulsions 

were soaked for 24 h in a. concentrated solution of wood rosin in ethanol'. 
. . 

- This treatment reduced the av.oraga thickness ~h.rinka.ge to 21%. Prior to 

scanning~ the. emulslon pieceo were mounted on i X 3-1~. gbifls microslid~s 
by use of a clear epoxy cement. 

.J 

. ,.·. 
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Track samples were selected with the help of a microcoordinate readout 

.. microscope: that track wae measured ne'rt which lay with its end nearest 

I 
-T ,{ ',f' 

:·~_.·~:~~ ~-·-- -~: .. ;·'·l ;_-·?_j::;. 
L . . . .:· 
l .. ·'·,··· .. " '. ',, 
L -~·- . ·_ .• . , . -i 
t •. . i ·. 

the end point o! the track just previously selected and measured ( iO). 

(However, only those tracka.that had both end points within the emulsion 
i .... :. " 
i· 
l:· .: ;.· 

• 
. 1 . ;· . · volume were measured.) .. Thus track samples were selected along a . 

~, I . J 1 

' .. . ~ . . ~ . k::-~ 1 . '·" ·; . , <· ·,. . . microscopic "random walk" through the emulsion. 

r .. ~-: : .·.· .· .. 
The track density in 

r., . 
.\ • . ~ .J: ...... i. . . 

each emubion was measured independently by counting the tracks within a 
.. [ .. 

' :· 

known volume. The hyc:irogen atoms in the protein matrix of tho emulsion were 
/ . ' . . . 

"! 

'j ' :; '' 
:\ .. " . ( 

·t : 

1. 
•.i 

I .... ,. 
,. I 

~-. ' ... ' 

J the sole source of tracks from proton recoils. The only tracks measured. 
" ~ . ,;· ; ! ... 

i• ' ' .. . ~ .. 

• ~ .' f ' 

._. 1 

t • •• 

'·. 

' ~ -,.. ; 

were those of proton recoils. 

Analysis 
, 

A:A IBM-650 computer.· c:tirected by the program "aECOtL l" • computed 

· the length of each measured track a.nd tusigned it to one of 86 proton track··· 

length energy intervals (i i). Several thousand tracks generated the points 
i - . . • 

• I 
I , 
t 4 -.~ ~. 

.. I' 

,· 
·• j' 

···. 
. . _. .... ~ ~ .. '[ "' 

:. ' ... 
• 'I. 'i ~ ~: ,' 

,, ' ·i,· "j •.: -~~ • 

4".1 

. : ' i • ~ 

• i 
·~ . .. . ~ . ~ .... 
I 

' ( 

· of a raw proton energy distribution. This distribution was corrected by a 

factor (based on the geometric probability that a track o! a given energy will 

end outside the emulsion) that assumes an isotropic neutron exposure (9) • 
. . 

This was reasonable, since the factor is relatively insensitive to departures· 

!rom isotropic exposure. "' 

There ·1s a serious scanning bias a.galnst the very short tracks . 

· Corrections for this bias have. been derived from aruil.yses of track .. length 

distributions obtained by scanning from emulsions exposed to single .. energy 

neutrons (iO). In the figures corrected values are given as ti' s. 

Track-energy distributions corrected am above contain two peaks that 

distort the basic proton recoil spectrum. One, at 0.~0 MeV, arises from 

.) ' 
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the nuclear Nt4(n,p)Ct4 :reaction with thermal neutrons •. The other, 

at t.ZS MeV, is from a.-particle tracks that are the major component 1n 

the background track clenaity of the emulsions. Natural alpha emitters 
I . . 

1!'. 

"buUt into" th- emulsions during manufacture are .the source of these trackse 

The t.ZS...MeV peak van~ahes when the background track distribution is 

subtracted. The 0.60-MeV peak was bypasse4 by means of a smooth curve 

that joins the "anchor" point at 0.47 MeV with those at 0.86 and 0.96 MeV. 

At greater energies the curve was drawn in a monotonically decreasing 

form as the smoothest curve consistent with the statistical error of the 

points making up the traek~energy distribution. 

Points along the smooth curve (at 0. i -MeV intervals from 0.4 to i MeV, 

at O.Z•MeV intervals from t to 3 MeV. at 0.3-MeV intervals from 3 to 6 MeV. 

a.nd at 0.4-MeY intervals beyond 6 MeV) were used by a second computer 
. . -

program "RECOIL DD" to find. the points of the neutron spectrum. RECpiL DD 

determines these latter points by successively fitting a second-order polynomial 

curve to three adjacent input values, and differentiating the curve at the 
. . . \ z. 

point of interest •. For instance, i£ f(E) = a+ bE+ c.E is the polynomial 

curve based. on the input points at 0.4. 0.5. and 0.6 MeV. then t(O.S)[O.S/<7(0.5)] 

. is the relative value ol the neutron spectrum at 0.5 MeV, i1 0'(0.5) is the 

elastic-scattering cross section for hydrogen at 0.5 MeV • 

.. 
III .. Results 

f 
( ·. 

I ' 

The distributions of track-length energy in nuclear emulsions exposed 

for a number of weeks at eight loc~tione in the vicinity of the Bevatron are 

presented in Figs. Z through 9. The points are corrlilcted for the geometric 

probability of escape. and for short-track ·sampling bh1s (L\). The smooth 
. . . _) 

curve in each figure represents th~ basic recoU proton distribution after 

subtracting the background track distribution and after bypassing the 

• 

'• 
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thermal-neutron interaction peak at 0.6t MeV. The neutron-energy 
. . 

· · curve that was derived from the smooth proton-energy curve by the 
. ·"~ ·. . ' . 

:, ' ... 
' ·: · · RECOIL DD method is also given in each figure.·· ·.··· 

. . ~ .,. ' Background tra.ck ... energy distributions from unexposed emulsions 

.·. · rW,.y .be ru.ten:l in Figs. tO and ti. Their "li!etimes" were respectively 

· .. :._ ·\, _;(t' \: 
. ~' 

6 weeks and tO montha between manufacture and development. Comparison 

. ··~ ·; 

~~~: :::-.r . 

'·• 'I ".··· 
• I'. • .~ 

·. ·' . 

'-... · ... 

. . '~ . -~ .._.'":; : • . 

. ·.,· 
: . ~ ' 'I 

' . 

. . ' ' l . ' 
,. . . . ·;,..: ..... 

·' 

i 
.l > : .. .i 

-1 t·" 1 

,• -~ ..... ~ 

. I' 

' ' < • 

of the two reveals that the t.ZS-MeV peak :from alpba tracks grows at a. 

·rate· greater than the proton recoU .. track background (smooth lines). There 

was no evidence of a· .0.6..;MeV peak in the background emulsions • 

The raw· density of tracks and the denoity corrected for scanning bias 

· against the 5- to 8-~ tracks are presented in Table 2. (All densities are 

those in the preprocessed emulsion; they refer to tracks with length 5 J.L 

qr gr.eater.) The estimates o~ the densities of the corrected N(n. p)C 

track and the CL track are based on the areas A and B in the figures. The 
,., i. 

, . . . 'densities per proton accelerated by the Bevatron during the exposure period 
. i .l '; " . ~-, ·. \ 

; -~_) ~ are alao given . 
. i• 

,. The thermal neutron flux, and the .fast neutron (0. 7 to 2Q MeV) flux 
··; 

, ; I •. 

t2 . . ' ' . . 
per tO accelerated protons have been computed from the track densities. 

The latter is based on a (a) of. 3.3 barns for ~e elastic collision of the fast 

. \' . ' ' ' ' 2 
l 

J,'. '. 

neutrons with hydrogen.· These values, plus their product with 4wr (r is the 

l-' 

•. ' 
' . } i/ 

I 

,. 
·,' 

' ' ~: . . . . .... i ·: 
• '4 •: •• , .. ,;. 

.. i · .. 

'i. _ .... 

'. 

·. '· 

'· . 

slant distance !rom the emulsion'location to the center o£ the Bevatron) are 

presented in Table 3. 

Estimates of the expected tra.dt densities in soft tissue from !al.it and 

· iZ 
thermal neutrons, and tha derived thsue dose in iJ-l'&ds per iO accelerated 

proton:s; are given in Table 4 •. The values. pertain to the expected dose at 

··~ the location of the emuleiona' based on the measured track density and. 

energy distribution in the emulsio11.G (H.). 

) 
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IV/ Discussion 

Methods of analysis 

' • 4 

'·. 
\. 

Several methods that are indifierent to the direction of neutron 

exposure a.ro avallable for ·using proton recoil tracks in nuclear emulsion 

to meaaure fast neutron fiuxes and energy spectra (iZ). These methods 

. depend upon an accurate evaluation o£ the derivative oi the proton recoil 

energy spectrum at the points of inters st. Such· an evaluation requires a 

precisely determb1ed. track-length energy spectrum, and a suitable method 

for diUerentlatb:lg lt. : 

In practice. the best estimate of the proton-recoil spectrum is one 

based on a large random sample of tracks corrected !or the escape 

~robability, the aca~mlng bias, the N(n, p)C contribution, and the background. 

Further, if necessary, .the curve is bent to the theoretical requirement that 

it shall decrease in value monotonically with increasing energy. 

Finding a suitable method for diflerentiating the recoil spectrum has 

··· proven as difficult as obtaining the spectrum itself. Attempts to generate 

. ' 

. i 

analytical curves that closely !it recoU spectra. by use o£ various standard 

computer programs (including double precision matrix inversion), !ailed (i3) • 

. Roberta has used successfully the difference between successive equally 

spaced points (iZ). Although this method lu.t.a the advantage of giving a 
~ . 

direct estimate of the error in the neutron spectrum., it can lead to oscillations 

in the neutron spectrum which are not real, but rather arise from the 

statistical uncertainties in<.the values of the points ma.kmg up the proton 

-'· spectrum. . ! 

In ~io work th•re was no reason to expect any but smooth and continuous 

stray neutron spectra. The point of view was therefore taken that any curving 

in the derived neutron spectra. should refle.ct a local trend in the proton 

spectrum, not the random variations between adjacent points. For this' 

) 
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reason. the input pointe £or RECOIL. DD were taken from the smoothed. 

proton recoil spectra. 

';;-··. '· ;.· ·: :: Effect of s~chrocyclotron operation 

. 
FUm B-~t was located about 50 m from the relatively well .. shield.ed 

·.-'" . synchrocyclotron and at approximately the same elevation.. There is no 

·' ' ' .·.· . ,. 
evidence of a -track contribution greater than about 25% of the total in 
. ~ ~ '• 

~·· ~-~ ~' .. ' . '· ~· :. 

. this film (see Table 3). The neutron ~pectrum (Fig. 8) can be interpreted 1.... ' . 'f.... . ~--\.· ~ 

~::- '-;.:: •. :: ·:·~:··; :a~ a Bevatron· str._y neutron spectrum with a small superimposed peak . 
I'. . . I .J 

! ·, ;·; .. : . ; 
I • . . . . . 
I ' ·;· I . i ... : .. ~· . , .. ~ i ··r 
I ~ . . . ' ~ . . 
I, .. 

} ~ 

.

1_•·. :: 
I .. · ._: r 

. I 

· .. 

!rom tho aync:hroc:yclotron at 6 W...eV. There 1e no evidence that thh 

accelerator contributed a measurable fraction of the tracks in the other 

films, which were located well below 1t and at considerable distances from. it''·· 

the neutron fluxes and spectra 

i . ; · The emulsions located wh~re the direct stray-neutron field o£ the 
I. . .·. 
\ .. t, '• ; .. 

j,:_· ... : · , .1-.><:· . Bevatron :reached.tbem through the unehield3d roof (B-28, B-3t, and B ... 39) 

~~:. :··. , .. : :l . ·.; · · _ indicated the Bevatron stray fast neutron source strength to be 3 to 7 times 

as great as !or the.other·positlons. In April of t959, before the roofe of-

the straight '(tangent) sections were shielded. the last neutron source strength 

. ' 

was measured by uae of indium foils in paraffin spheres inside cadmium boxes and 

. '. 

;j . ~~::~:; ' .. ; 
·{~ ;·. 

:L.··.' .. · 1 · 
! •: .. 

:l:. ' ),'' 

. ,, 
' 

. . . 

and !ound to be· 1..8 neutron per a.ccelerat~d proton through the roo! of the 

. NE quadrant (19). The tenfold l6wer·value meaaured by the emulsions retlects 

the effect ~f. the partial roof shielding,- the fact that the indium foils measured 

intermediate-energy neutrons to which the ~mubions are insensitive, and 

anisotropic stray neutron emission stronger in the NE than in the SE o:z· SW 

directions (i5). 

Every emulsion measured a thermal neutron flux that indicated a u source J 

., 

strength" o! between 0.31 and 0.66 thermal neutron per accolerated proton • 
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The fast neutron flux from the emulsions not in line with th@ open roof o£ 

tho Bevatron was in each casG very close to O.i the thermal neutron flux • 

The emulsions located at a diata.nce from the Bevatron ring measured 

fasi-neutron opectra cennpoGed of a broad peak between 0. 5 and 2 MeV 

with a smooth drop of two orders of magnitude or more between 2 and i2 MeV. 

The spectra measured inside the buildb~g housing the Bevatron fall away 

rapidly beyond f. MeV.·· ~e surpriSing peak at ii MeV in fUm B-27 (Fig. 3) 

iS completely une~plained. The cla.ta leave no doub~ that it ia real, however. 

and it may reflect a contribution to the stray-neutron .field from the nearby 
' 

70-MeV linear accelerator, which injects protons into the Bevatron. 

There is no simple e.na.lydcal method for evaluating the local uncertainty 

~the neutron spect~a. If it is assumed that the stray neutron spectra are 

smooth and not composed. ot znany aha.rp pealts, then the local uncertainty 

. is roughly equal to tho atathtic:al uncertainty in the corresponding points 

ln the proton recoU distribution. Tbhl can be determined by allowing ~e 

proton spectrum points to vary randomly ~ithin their statistical uncertainty 
. . 

limits-then redr"'wing the smooth curve for differentiation several times • 

. , ·· · Past and future measurements 

•• j 

/" 

, r 

;• 

The value of im.pr~vem.ents in ocanning·and analysis of nuclear emulsions 

in the· spectrometry and dosimetry of lilh·ay neutrons has been tested in 

- measuring fields from ,_. plutoniw:n-beryllium ·source. from a bare pulsed 
. . . . / . 

reactor, and from the Bevatron (8~ H.) •. lt will be of interest to compare. 

the. spectra reported here with those derlv®d !rom emulsions exposed in the 

same locations, now that the recent total-roo£ shielding of the Bevatron ha.5 

been completed •. 

. ' 
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The lQcal last-neutron spectra at ya.rious locations in and around 

human phantoms exposed '10 to ZOO m from a bare pulsed reactor have 

been derived. and will be r~portsd soon. a.s also wiU so:me measurements • 

'~ . of Be(Cl, n)C spectra. 

-~· ;. . : . ~ i .. 
.. ;·"'· ,·, . V •. Summary and Cone lua l on a 
:·"'. ~i4 -~~-' . . . ... j • 

. • 1 1 . .;· ·;· Nuclear track emulsion has bean used to measure the stray fast-neutron 
• : / ~ ' ' t .' . ' 

: •• ·: -~ > i ,,· .. ,·< -~.- .· 
I < ..... ', • 

,,'\ : ·. ':' fluxes and spectra in the vlehuty of the Bcavatron. The recent improvements . 
''< •• . 

. . : .. ~ . .. . 

........... \ .. ' .. _.··. f ·: , .. · . .. in the speed. o~ track scanning, in .track eampllng, and ln the analysis ol 

random track-energy .distributions have made ouch measurements possible 
' /~ 

on a aemlroutine basis. 

The general form of the stray neutron spectra measured between 0. 7 

,•/ 

and 20 MeV at eight locations near the Bevatron was a. broad peak in the region 

O.S to 2 ,MeV ~oUowed by a smooth iOO-fold drop in value between the peak 
I . 
t.· t 

I ·,' 
l . ~· . ~ ,,{ 
! . ; . t• '. ~ ? 

i 
~ 
f' 
t 

and i2 MeV. Local departures from thia pattern, arising from the buluence 

of nearby smaller accelerators, were meacured. 

· Those emulsions exposed in the direct stray field through the open 

·.roof (SW quadrant) measured a fast-neutron source strength of O.i4 to O.Zt 

.· , .. neutron per 'accelerated proton. The values for the more shielded locations 

v·,:· ....• : ... c .• were between o.o2s l>nc! o.o66 neutron per accelerated protOn •. · The thermal 

J: ·. :. ' , , . neutron "source strength .. was mezuurad and found to be between 0.3t and 

1. ; . \: .. ·.· : . ' .•... 

t ~ )I. . . ~ . : :--; ~. ... 

; . . . ·I .. 
! ' '/ . t· :1:.·' ''' 

. l 

0.66 neutrons per accelerated proton at::allloe.a.tions. At the more shielded 

locations the thermal neutron !lux was about io times the fast neutron flu..x. 

J .. !• .• . : 
!I'·,. ~ T ••••• / •• ::. ~ •••• \. 

• ':.'; ·~ ', ' ; I ' 

,f,: ·',' ,.. . :I' 
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Film 
No. 

B-17 

B-ZZ 

B-25 

B-Z7 

B-28 

B-31. 

B-39 

B-40 

B-4i 

B-43 

\._. 

'' 

Dates o£ 
exposure 

(1961) 

2-8 to 3-8 

2-8 to .3-8 

2.-8 to 3··8 

Z-8 to 3-8 

3-14 to 4-i9 

Z-8 to 441.9 

Z-8 to 4-t9 

2-8 to 4-19 

... ·.-...: . . 
... . . J- . :·.· . ~ •• t ~ "' •• 

... _, 

- .-~ --~· ···-~ . 
. < ' 

~ .. 

. Table t.. Details oi fil~ exposure. 

Exposure Location 
per lifetime .. (Bldg. and 

(days) Room) 

· .. ' 

0/307~.· 
;. 

"· 1 "7"'. 

With respect to Bevatron center 

Slant Angular elev: Azimuth 

. Accelerator operation 

No. Accel. 184-inch 
Beva protons cyclotron · 

A 

' ,, 

dist. (deg) (deg) 
(m)· 

.··' 
, . (X to·fb) proton-beam­

• . on time 
(days) 

·' - ·--. -- .;.. 
·.• ,. ·• 

·~<-
., . ~ . . .,. ' .. ~·.' . .. 

•; o/44 .·· r . -., . .. : 

; 

28/i60 · 10-ZZi H.3 {0.8 
. ' 

· S4o.•w 5.77 iS 

2.8/t60 5·1-ICR . 32 0 Nso•E 5.77 . t5-
... 

Z8/i60 S.i-Mez 35 
. ' 

to.o s;o•w .. 5.77 '. iS 

2.8/160 50-2.39 iZO 8.7 sso•w • 5.77 ts 
., 

.. 36/52 51-Mez 35 10.0 s4o•w 6.73 i9 

. 70/'197 2.9-ZOi - i80 H .. 7 Sto•E i3.9 36 

. 70/1.97 80-CR 2.60 12.4 szs•E. i3.9 36 

70/i97 64-2.09 i76 t.O Nt3•w i3.9 36 

.· ..... 

.. 

t 
~ 
N 
l 

c: 
0 
~ 
t" • ..... ..... 
""' N 
N 
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< · Table 2. Track scanning detaUs • 

434 

288. 

-
0~008' 

.. 

0.008 ' . . 0.004 

2493. · o~i65 , ·. · ~ o.i9 '0.105 

4066 , ... 2.i 

. ,•' 371.5 

. 40i7 
. .,.). 

. 3853 

4040 

3938 

5.6 ,. 

.. 0.35 

, 
9.0 

'0.245 

0~175 

0.325 

',; 

2 .• 7' i.6 . 

7.25 
., 5. 7' 

. 0.41.5 0.31 

i 1..0 9.9 

0.295 O.i6 

0.205 0.13 

0.39 0.25 

' 
Refers to tracks 5 1.1 in length or greater.: 

• • ~ ;j. .' 

r· 

c ' ' ' 

. 
' -~·-

/ 

., . 
. . 

·• .. ·. 
,. 

.. 
0.004. 

0.067 . 0.019 

1..1. 0.012 . 

1.5 0~015 ' • 

0.088 O.Oi7 

1.1. . . (.0.005) 

0.115 0.018 

0.060 0.016 

0.1.4 0.01.3 

.. ', 

,•' 

. ,·. 
··,I 

. . 

'' 

.,· 
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1.82 

28 

99 

5.4 

i47 

1.15 

0.95 

1..80 

.. 

1. iS 

i9 

26 

1.5 

'1.6.5 

0.83 

0.43 

1.00 

,.\' "• 

.. 

. · .. 

i, 

. .) 
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Table 3. Neutron tlu.x estimates . 
. 

·• 12 . 2 
Based on Flux eer 10 Beva-protons Source Strcnsth { 4,.r. X Flux} 
Film No. (n cm-2) Thermal Fast a 

... · Tliermal Fast a (n/Beva p) (n/Beva p) 

B-25 200 i7 0.31 0.028 

B-27 '3250 260 0.40 0.034 

B-28 4450• 930 0.66 
., 

O.i4 
.' .-

· B-31 260. so 0.45 O.i6 

. B•39 2800 .i380 0.42. O.Zi 

·B-40 140 ii 0.56 0.044 

•' 
B-41 75 9 0.60 . 0.076 

B·43 170 i7 0.65 0.066 

a. Refers to: 0. 7- to ZO-MeV ne~trons only--based .on (a}= 3.3 barns. 
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Table 4:. Tissue dose estimates. a 

Density o£ dose per :1oi2 Bev~-protona 
·Proton N(n, p)C Ave. E· Proton. N(n.p}C Total % ·Based on 

·'·Film No. recoil · density proton recoils (!J.rad) (J.Lrad) n, p dose 

" 

density.· · (em -3) recoils · (J.Lr;;td) 
(cm-3) (MeV) ' . 

B-2.5 3.4 '0.47 '1.75 .. 0.095 

·' 
B-2.7 52• 7.7 i. 75 L45 

B-28 ··iSS 1.0.5 1.30 3.8 
, .. i 

B-31 to 0.6f .. i.75 0.2.8 

B-39 2._70 6.7 1..30 5.5 

B-40 2.i 0.34 1..60 0.054 

B·4i i.8 O.i75 1.75 . 0.050 
. 
B-43 3.4 0.41 i.45 0.079 

0.0045 

0.075 

0.10 

0.006 

0.065 

0.003 

O.OOiS 

0.004 

0.10 

i.S 

. . 3.9 

0.29 

' 5.6 

0.057 

0.052 

0.083 

4 

5 

2.5 

2.0 

i.2 

5 

3 

5 

a. Refers to the dose at the exposure localtion of the emulsions, from 

proton tracks with energy between 0 •. 47 and i6 MeV. 
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Fig.ure Ca.ptiono 

Fig. i. Emulsion exposure locations. Hill Area, Lawrence Radiation 

Laboratory • 

. 
Fig. 2. · Track-length energy distribution from emulsion B·ZS, exposed 

28 days on a desk in Bldg. 70, Room 22.t, i13 m £rom the Bevatron. 

A: ·peak !~om nuclear n, p protons; B: peak from alpha particles; 

c, smoothed recoU proton spectrum c:or:rected for background trC;Lcks 

and n, p protons; D: neutron spectrum derived !rom C. · · 

0: output of. RECOIL I; A: points corrected .for scanning bias against 

short tracks. 

Fig. 3. Track-length energy distribution !rom emulsion B-27, exposed 
.-
28 days. on a desk in the Bevatron Injector control room, 32 m from 

the. center of the Bevatron. 

A: peak from iAuclear n, p protons; B: peak from alpha particles; 
. . 

C: smoothed recoil proto~ spectrum. corrected for background track~ 

and n, p protons; D: neutron spectru~ derived from C •. 

e: output of RECOIL I; A: points corrected for scanning bias against 

short tracks. 

Fig. 4. Track-length energy distribution from emulsion B-28, exposed 

28 days on a window in the Bevatron mezzanine, 35 m from the center 

of the Bevatron. 

A: peak from nuclear n, p protons; B: peak from alpha particles; 

C: smoothed rec.oil proton spectrum corrected for background tracks 

a~d n, p protonti; b: neutron sp~ctrum derived from C.· 

0: output of RECOIL I; 6: pointe corrected for scanning bias against 

short tracks. 
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Fig .. 5 • Track-length &D.ergy distribution from emulsion B-3i, exposed 

. ·· .. •. . 28. days on a window in Bldg. 50, .Room 239; i20 m from the Bevatron • 

A: .peak.!rom nuclear n, p protons: B: peak from alpha particles;, 

.. . C: smoothed recoil proton spectrum corrected for backg,.ound tracks 
,' •• • ' • • ' • • • r • • 

· and n, p protons; .D: neutron spectrum derived from C. 
' ' . . ... 

8: outp~ _of ~C?IL I'. ,A; points cor:rec~ed for scranning bias against 

short tracks. .: ... , ' ,_ ... : . . 1 ' 

Fig.- 6. ·Track-length energy. distribution !rom emulsion B~39, exposed 

36 days on a w.indow in the Bevatron 1.ne~zanine, 35m from the center 

of the Bevatron. · 

A: peak f.ro,m nuclear nt p protons; B: peak from alpha .particles: 
... 

C: omoo~ecl recoil proton spectrum corrected for background tracks 

and· n, p protonsl D: neutron spectrum derived from C. 

'·, · e: output of RECOIL,!; A: points correct~d ~or &canning bia.s. against 

short tracks • 
/ 

Fig. 7. Track-length energy distribution from emulsion B~40, exposed 
. . . . 

70 days. on a window in Bldg. 29. Room 20i, i80 m ·from the Bevatron. 

A: peak from nuclear n, p protons; . B: peak from alpha particles; 

C: smoothe,d recoil proton spect:;-um corrected _lor background tracks 

and n, p protons; D: ~eutron spectrum derived from C •. 

G: · o~tput of R~COIL I;. A: points corrected for scanning b~as against 

short tracks. 

Fig. 8. Track-length energy dieiti·ibution from emulsion B-41, exposed 

7~ days on a desk in·the Bld.g. 80 control room, .260m .from the Bevatron. 

A: peak from nuclear n, p protons; B: peak £rom alpha particles; 

C: smoothed recoil proton spectrum corrected for background tracks 

and n, p protonaJ D: neutron apectrum derived from C. · 

0: output o£ RECOIL l; A: . points corrected for scanning bias .against 

short tracks. 
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Fig. 9• Track-length energy distribution from emulsion B-43i exposed. 

70 days on a window in Bldg. 64, Room 209, i76 m from the Bevatron• ., . 
. . 

A: peak from nuclear n.p ·protons; B: peak from aipha ~articles; 

C: smootlied recoil proton spectrum corrected !or background tracks 

and n• p protons: n: neutron spectrum derived £rom c~ 
~ 

G: output. of REC9IL I'; A: points corrected for scanning bl.aa against 

sho~t tracks~ .. 
. . 

.. Fig~ iO. Background tra.ck:.length ene1·gy dbtribu~ion: from unexposed 

. . ~ 

. . . 

em~sio~ B:,.zz~ Developed 6 weeks a!ter manufacture~ 

B: peak f'l"om alpha particles. 

Fig• .. i i. Background track-length energy distribution from unexposed 

em,ulsion B-i7. Developed 10 months after manufacture. 
; . 

· Bt · peak !rom alpha particles • 
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This report was prepared as an 9ccount of Government 
sponsored work. Neither the United States, nor the Com~ 
mission, nor any person acting on behalf of the Commission: 

,A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa­
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor­
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behalf of the 
Commission 11 i~cludes any employee or contractor of the Com­
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to; any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor. 






