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ABSTRACT

NTA films worn on a human phantom were exposed to several
neutron sources (average energies raﬁged from 0.7 MeV to 4.4 MeV)
and to stray neutrons of the Bevatron. Responses of NTA ‘films were
obtained in terms of proton track density per mrem, a convenient
expresSién for dose €quivalent evaluation in personnel neutron mon-
itoring. The responsés obtained were 3.9 t/cmz -mrem for 252Cf
fission neutrons, 9.2 t/cmz- mrem for PuBe neutrons, aﬂd 11.9 t/cmz-
rﬁrem for Bevatron neutrons.

Detectable limit of dose equivalent in pefsonnel neutron ménitoring
with NTA films was statistically discussed. Consequently, it was
found that fhe detectable limit of Bevatron neutrons is 150 mrem when

scanning 25 microscopic fields if a statistical error of 20%is accept-

able.
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INTRODUCTION

As an application of nuclear track vervnulsions to the'fieid of héalth
physics, personnel neutron mon1tor1ng based on proton track countmg in
" nuclear emu1s1ons has been performed The nuclear emulsmns, wh1ch
have been w1de1y used for personnel neutron mon1tor1ng, are the spec1a1
-~ fine - gramed fllms, Kodak Personnel Neutron Mon1tor1ng F11m Type A
(NTA) Several investigations of NTA f11m responses to fast neutrons
have been reported (1, 2) |

However, in most practical cases of neutron mon1tor1ng, the
’ neutrons to be measured are usually not monoenergetic but distributed
in a wide energy'range;' Moreoirer,' the dire_ction of neutron v'invcidence-
on the human body'is not fixed; and during the éxposure 'period, the
human bodyhas been a'cti.ng as both"l’a reﬂecto'rl and a shield on incident
neutrons..' ',;T'nen, a queStiOn arises - "How can the eIXposﬁure'pdose be |
eual'uated‘fr'Om the prot'o‘n traek density observed in the NTA film worn
on the human body ? " |

"To ansWer the question, neutron exposures. to NTA film paokets on
a human _phantom and in free air. were made using several kinds of
neutron so_urces and Bevatron neutrons. Then, the relation between _
the dose e.quivalent .e:'cposure and the. proton track density in the film
was studied with various average energles of neutrons. In addition,
the stat1st1ca1 error in proton track counting is d1scussed Based on
this discussion, the detectable 11rn1t of dose equlvalent in personnel

neutron monltormg with NTA f11ms was determmed
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EXPERIMENTAL PROCEDURE

Neutron sources

For the neutron exposure to NTA films, we used several neutron

sources which emit neutrons of different average energies: '238PuF,

252Cf, 252 238PuBe, and a 'co‘mbination of 252Cf

and 238PuBe. Bevatron neutrons were also used as typical accelera-

Cf with lead shield,

tor neutrons. The neutron sources used are listed in Table 1 with

average neutron energies and neutron flux densities at 1 m. The

252Cf and 238PuBe were

neutron flux densities at 1 m fromthe sources
calculated from their source strengths. For the other sources, the
neutron flu;:, density was measured By a moderated BF3 counter. * The
average enei'gy of neutrons emittéd from the source was measured

by the moderated BF, counter and a polyethylene lined proportional

3
Hk

counter. In the case of the exposure at the Bevatron, the neutron

flux density did not remain constant ‘during the exposure period;

therefore, the neutron fluence exposure was measured instead of

neutron flux density.

% BF3 proportional counter utilizes a 6.3-cm-thick paraffin modera-
tor, and hés a flat response.to neutrons of energies up to 20 MeV.
*% This is a cylindrical proportional counter lined with 0.32 cm of
polyethyléne. Thé counter is filled with a mixture of 96% Ar and 4%

CO, to a pressure of 1 atm. Sensitivity of the counter is essentially

2

proporfional to the energy flux density of neutrons. The counter will

be called "PE counter' throughout this paper.



- Phantom

An e111pt1cal polyethylene cyl1nder filled with t1ssue equ1va1ent -
fluid was used as a human phantom. 'Dimensions of the cylmder are
20 cm X 36’ cm in cross sect1on, 60 cm in helght, and,0.65 cm in
wall' thickness _ The comp081t1on of the fluid was. close to that of

. human t1ssue and is l1sted in Table 2.

Fast neutron e:gpos_ure |

Fast neutron exposure to NTA l'_iblms was _made in"open air to reduce

the frac't'i.on ‘éf scat_tered neutrons . The phantom and the neutron ‘source

we're set up as shown 1n F;ig.. l, and the‘phantom Wa.s rotated at 1 rpm

An NTA.ffi'_lm packet worn on the ~su_rf‘ace of the phantom was eXposed _

to the neutron source, Whlch ‘was f1xed at 100 cm fro.m the center.of: :

_ the phantom | By rotatmg the phantom, the exposure cond1t1on was |
made s1m1lar to that in practlce For Acomparlson, _:neutron e:;posures
to NTA f11m packets rotated or fixed .in free air' were also ‘made in the
same 'manner' To study the effect of the human body as a reflector
or a sh1e1d of incident neutrons, NTA film packets worn on the flxed
phantom were exposed to neutrons with several dr_rections of incidence. j

The‘e_xposure time Was chosen so that the neutron ,ﬂuence'exposure

-was hetWeen 3 X 106 n/cmz and 108 n/cmz. This assured that the '
proton track dens1ty m the fllm could be eas1ly counted w1th a stat1st1c
error of less than 10% or the tracks counted without the errors that
m1ght be caused by havmg too many tracks in the m1croscope field.

_ In the case of the combination of 252C:f and 2.38PuBe, the exposure -

time for each source was chosen as the rat1o of the neutron fluence

given by-zssz to that given by 2‘38PuBe which would be 2(combination I)

or 0.. 5 (cornbination II).
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Neutron exposure at the Bevatron

The exposure of NTA films to accelerator neutrons was made in
the stray néutron field outside the thick concrete shield of the Bevatran.
BotthTA filmvpackets -- on the rotating phantom and in free air - -
were set up at 100 cm above the EPB roof shielding of the Bevatron. The
moderated BF3 counter and the PE counter wére also set up at 50 cm
from the film packets and the phantom. During the neutron exposure,
all pulses from the counters were i_nteg‘rated.. After the exposure,
counts from the B]E‘3 counter were converted to neutron fluence; those
from the PE counter were converted to energy fluence.

The methods of neutvron measurement with a moderated BF3
counter and a PE counter have been limited to neutron energies below
20 MeV. At high-energyaccelerators, however; the contribution to
.dos'e equivalent by neutrons of energ& greater than 20 MeV is substantial.
In this‘ experiment, therefore, an attémpt was fnade to estimate the
neutron fluence of energy greater than 20 MeV received by the NTA
f11m packets during the exposure. The method used was the following:
The flux vde’nsity of stray neutrons of energy greater thén 20 MeV was
measured by carbon detectors* at the EPB roof of the Bevatron. At the
same time, the flux density and the energy flux density of the neutrons of
lower energy were measured by the moderated BF3 counter and the PE
counter, respectively. The ratios of the neutron density obtained by -

carbon detectors, $(C), to that obtained by the BF, counter, ¢(BF3),

3

are listed in Table 3 with average neutron energies E. On the assump-

tion that the relation between the average energy E and the ratio

*This is a 1720-gm plastic scintillator. Neutrons of energies greater

than 20.4 MeV interact with *“C nuclei in the plastic scintillator to

%roduce 11c by the (n, 2n) reaction. The plastic scintillator is used
oth for target material and for 11¢c detecting medium.
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r= c];(C)/cb‘(BF ) remained as that shown in Table 3. d'ur‘ing the'long
exposure perlod the neutron ﬂuence, d (C), of energies greater than

20 MeV was calculated for the NTA film from the followmg expressmn
S ®(C) = ®(BF,) Xr(E) (1)
where cb(BF ) is the neutron fluence obtained by the moderated BF3 .
counter, -and r(E) is the rat1o 4,)(C.)/¢(BF3) corresponding to the average
energy f:' _obt'ained at“. the neutron eXposure.t'o’the f1lm The rralue’of
r(E) was obtained by .interpoll"ating the data li'sted':in Table 3. ~The bn_eutron
and the est1rnated neutron

fluence obtamed by the BF counter, cb(BF

3 3)9

ﬂuence, (C), of energy greater than 20 MeV for Bevatron runs I and II

are llsted in Table 4.

Slow neutron exposure

In order to study the response of NTA films to slow neutrons, wh1ch
produce energet1c protons in the emulsmn by the 4N(n, p) C react1on,
a slow neutron egcposure in a concrete cave was made. The slow neutron
flux in a ca\'r‘ity:in concrete containing a fast neutron source is‘quite'
un1form throughout the cav1ty, and is used for the cahbratmn of slow
neutron detectors. (4) A concrete cube havmg a 60 cm X60 cm X 60 cm .
cavity and_ 30~cm thick walls was used for the creat1on of the slow
neutron field. An NTA film packet and the neutron source 238_PuBe :
were set up in th'e cav’ity as shown in Fig 2. To reduce the incidence.
of prlmary fast neutrons on the film, a 5 cm d1am X 57 cm Luc1te Pipe
f111ed w1th water was placed between the fﬂm and the source. ' The flux
' dens1ty of slow neutrons behind the water shleldmg was measured by the =
activation of indium fo1ls w1th and w1thout cadmlum cover. Thve neutron v
vﬂu.x denslty below the Cd cutoff energy (0.5 eV) wasv 3.05.X1‘03vn/‘cm2-.-sec.v

_Both NTA film packets, with and without cadm‘ium covers, were
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exposed to the mixture of slo:w and fast neutrons with identical exposure
times of 355 min. Subtracting the track density in the film covered with
cadmiumv from that in the film exposed without cadmium covér, we
obtained the track density in the film due to slow neutrons below the

Cd cutoff énergy.

Film processing and proton track counting

All the films exposed were stored in the air-conditioned low-
bac'kground cave to prevent fading of the latent image. ‘ Within one week
after each exposure, all exposed films were processed together with
the control films, following the procedure. es_tablished for persbnnel
radiation monitoring films at LBL.g

After complete drying, ‘each film was scanned under a microscope
with a total magnification of 430 and a 245 p X245 . field of view.
Random scanning was used in track counting: a microscope field was
selected at random by moving either the horizontal or vertical stage
adjustrrieﬁts of the miéroscope, and i)roton tracks were observed. This
procedure was continued until enough tracks had Been co‘unted tdgive
a standard deviation less than 10%. All straight tracks greater than 5,
which is the range of an 0.48-MeV proton in emulsion, (5) were
assumed to be proton tracks and were counted.

The results of the track counting were expressed as a track density

* (number oftracks per unit area of film), and the background track

1N

% Developing 3.25 min. Kodak X-ray Developer solution (20° C)
Washing 2 min. water (20° C) ’
Fixing 10 min. Kodak X-ray Fixer bath (20° C)
Washing 40 min. water
Drying. ” 60 min. at room temperature
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density obtamed in the control fﬂms subtracted. Flnally, the. results E
were expressed in track den81ty per mrem. - |
CONVERSION OF NEUTRON FLUENCE TO DOSE EQUIVALENT
In order to determme the response of NTA f11ms in terms of
track den31ty per rem, the ‘neutron fluence g1ven to the f11m durmg the
exposure perlod was converted to the correspondmg dose equlvalent
in rem. |
For monoenergetrc neutrons of enkergy E thedose equivalent rate
DER(E) is expressed as | ', v
| 'DER(E) = §(E)/g(E), @
where ¢(E) is the neutron flux. den81ty and g(E) is the flux to dose
equ1val_ent ._oonvers1on factor -The conversion factor g(E) has been
. expressed analyticeily,as a___functmn of neutron energy, (6) and is shown
~in Table 5. Flor:neutr(ons of wide'_spread energy. distribution, the dose
equival}entre'te DERcan be eicpreSSed by | »
| DER =¢/g, NG
where ¢ is the' total neutron flux density and E is the average conversion

factor g is g1ven by »

E E : :
max
= E dE/ [ E . dE, ‘ 4
8 f ( )- f HE) ) - € (4
min _ min .

'where ¢(E)dE is the energy d1str1but10n of the rieutrons, and E max and
Emm e.re approprlate energy lrm1ts. ‘
252

Cf fission neutron source

The energy dlstrlbutlon of flssmn neutrons from 252 Cf can be

(7)

fltted w1th a Maxwellla.n d1str1but10n, and is given by



-9-

1/2 E
$E)=KE  exp(-5), (5)
n
where K is a constant, E is energy of neutrons, and En is the
Maxwellian energy of the energy distribution and is equal to two-thirds
of the average energy E.
From equations (4) and (5), and the conversion factor given in
- Table 5, the average conversion factors for 252_Cf and 252Cf with

lead shield were calculated numerically.

238PuBe and238PuF neutron sources

The conversion factor g(E) is constant (= 7.2 n/cmz—sec/mrem/h)

(6)

for neutrbn energies between 1 MeV and 10 MeV. The energies of

most neutrons emitted from 238PuBe are distributed in this energy

range. Therefore, the conversion factor of 7.2 n./cmz-sec/mrem/h

23 ) .
can be used for 8PuBe neutrons without serious error. For neutrons

238

of PuF, the conversion factor g(E) which corresponds to the average

energy E of 238PuF neutrons was used.

Bevatron neutrons

For neutrons with a broad energy distribution such as high-energy
accelerator neutrons, the dose equivalent rate can be calculated from
the neutron flux densities obtained by two or three kinds of detector.

In the case ofa moderated BF, counter and a carbon detector, the

3
dose equivalent rate DER is given by(é)
[ ¢(BF,)
3, (o

DER (mrem/h) = 1.13 [ 50

(6)
where c]:(BF ) and ¢(C) are the neutron flux densities 1n n/cm -sec.

Integratmg Eq. (6) over time, the dose equivalent DE is
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' &(BF,) - |
DE(mrem) 1.43 A eE) |, . (7).

288)(104- - 1.08x10% |

"where Cb(BF ) and CD(C) are the neutron ﬂuences in: n/cm2 to wh1ch
the moderated BF3 counter and the carbon counter are sens1t1ve
From Eq. (7), ‘the dose equivalent of the neutron ex’posure at the
Belv"atroanas: estimated. The average conversion facto:rs used for the
- dose 'equ'iv'alent estimation in this experinlent are listed in Table 6.
o - RESULTS A

Divldihg'thenumb'er' of Abs'éfvéd' tra‘cks per rﬁlcroscope fleld by

both the dose equ1valent exposure and the area of the field

(6.0 X10 -4

cm ), we can express the response of NTA films in track
2

density per unit dose equlvalent (tracks/cm —mrem) Th1s is a

conven1ent expression for dose equlvalent evaluat1on in pe rsonnel :

neutron monitoring with NTA films. Tables 7 through 10 show the

responses obtained for various exposure cond1t1ons.,

, Cornparisou with Calculated Response

- The‘ resporlse obtained for NTA films positioued hothvi'n"free alr
(i:?ront-nornlal incidence) and on the phantom (phanto'm rotated) vare
plotted with average neutron energies 1n Fig. 3'.the ‘response of NTA
films calculated by Lehman( ) is also shown. The response has been
calculated for monoenerget1c neutrons with front-normal 1nc1dence,» |
and orig‘lnally expressed'in track units (tracks/cmz__ per 104n/cm ).
For comparisou with the experimeutal results, the calculated response
is normalized in the unit of track density per ’-mrern.' -Comparedv,with
' the calculated response to monoenergeticv neutrons v(c'ur‘ve III) the

experimental response to neutrons of broad energy distribution
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(curve I) shéws a quite low response in thé energy range below 3 MeV,
while it is close to curve III in the higher energy region. The reason
for this is és follows: When film is exposed to neutrons with a broad
energy distribution, only neutrons of energy greatér than 0.5 MeV can
contribute to the track dehsity (track length> 5 p ) in the film; the
other neutrons are wasted. On the other hand, feéardless of whether
their energies greater or lower than 0.5 MeV, all neutrons in the
energy spectrum contribute to the dose equivalent. Therefore, | the
response to a broad spectrum (curve I) becomes lower than the response
to rhonoenergetic neutrons (curve II) in the lower energy region where
the undetectable fraction of neutrons is large. In the higher energy
region, where the fraction is negligible, both curvés show the same

response.

Response of NTA Films Worn on the Phantom
The relation between the response of NTA films worn on the

252

phantorh én_d the direction of neutron incidence was obtained for Ct

238PuBe'neutron's; The relative responses (the response to front-

and
normal incidence in free air normalized to unity) are .plotted with .
incident angle in Fig. 4. In this case, the error in response due to

the change in source-to-film distance with incident angle was corrected
by the im?erse square law. .Figure. 5 shows the response of films worn
on the front and rear surfaces of the phanfom (curves I and II); the
resporise of films worn on the rotating phantom and in free air (film
rotating) are also shown (curves III and IV). 'i‘he differences in

‘response of curves IV and I and curves IV and II are due to the effects

of the phantom as a reflector and a shield (respectively) of the
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mc1dent neutrons In the case of curve III the eirposure COndit‘i'on is
surular to that of pract1ca1 personnel monltormg, so that the response
is con31de»red to be close to the real response of NTA fllms in practical
use. Comparing curve III with curve IV, we find that the ratio‘of the
responses of NTA fllms with and w1thout phantom is constant (0.7 £ 0.1)-
~ over the energy range examined (0.7 MeV to 4.4 MeV) For Bvevatron
neutrons,. the ratio is 0.78 (Run I) and 0.66 (Run»I_I).

Response to Slow Neutrons

The response of NTA films to siow neutrons below the Cd-
cutoff 'energy is shown in Table 10. The response'.of 2"6.5 : 5.4 tracks
‘tracks/'cmz.mrem shows goodag‘reement with Lehman's res:u_lt of
0 29 track unit (= 24.2 t:racks/cm2 mrem). | |

STATISTICAL CONSIDERATION OF TRACK COUNTING

Statlstlcal Error and Detectable Track Densfci

The number of proton tracks per unlt area of a film fluctuates
statlstmally with its locatlon_1n the ,f11m._ _In add1tron, proton tracks .
pr‘oduced bir jbackground radiations disturb the accurate determi_nation

. of the p_roton track density produced by the neutrons to ‘be measured.
Thus the detectable dens1ty of proton tracks in the f11m is 11m1ted
stat1st1ca11y by the number of mlcroscope fields scanned and the
background track density In this study, we discuss the relatiOn-
between the detectable limit of track dens1ty, background track -
‘density, and number of f1e1ds to be scanned |

Assummg that the net track dens1ty N has a standard deviation
o whichvdoes' not eXceedva certain fraction of the net track density

kN, N is expressed as
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Nz Lo | (8)
k
In this discussion, the detectable limit of track denéity N d with relative
standa.rd error k is defined to be the. minimum value of N which satisfies-
Eq. (8), and j.s
1

NdZKU‘ | (9)

According to the assumption that the distribution of track densities observed
in the film is the Poisson distribution, the standafd.- deviation of the net

track densit_y‘Nd is expressed as

_<Nk+ N, X N, )1/2 | | (10)
T F T,
where N-b is the background track density, and F and Fb are the

numbers of fields scanned for the sample film and for the control
film, respectively.

In routine track counting, the numbér of fieids to bé scanned per
film is u'sually limited so that traék counting for a large number of-
films.will be compléted within. a given time, and is much smaller than

that of the control film. Then, the standard deviation can be given by

N, N o |
+ 1
g ~ (—"‘—"—‘kF b) /2 . (11)
From Eqs. (9) and (11), Nd becomes
U SR .2 1/2
Ny =~ - [1+(1+_4k Nb) ] | (12)

From Eq.(12), it is obvious that the detectable limit of track density is
a function of acceptable standard error k, number of fields to be

scanned F, and background track density Nb'
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" The rélatidns bet'ween'Nd: and I>T,"are calculaterdbw'itnh‘va;r.ious; values‘
of k é,nd Ni)’ ’_.vand thg results are .shoyvn in Fig. 6. _.:‘Ir.f_the background
track density is below 0.1 t/f and staﬁdard err.or of 2_0% is acceptable
for the track counting, fhe detectablé limit.;of track density is 1 t/f K
for 25 fieldsk -scanned |

Detecta.ble Limit of Dose Equ1valent

The detectable 11m1t of dose equlvalent DEd w1th acceptable
standard error k is defmed to be the dose equ1va1ent correspondmg

to the ,dete_ctable limit of track dens1ty N ,, and is expressed as

d
B DE (mrem) = Nd(t/f) X - 12 X ! > (13)
' ' S(cm” /f) R(t/cm” mrem) ,

where AS’ is the area; of the microscope field, R is the response' of
NTA f.ilms, worn on the pha_ntdm for is‘otrop_ic' exposure, and Nd is
given by Eq (12). - F

As s_hoWﬁ in Figé. 3 and 53 the responée of NTA films to fast -
n.e.utr‘ons' varies with neutrpn eﬁergy. Therefdre, it is diffic_:ult to
: -divscusrv, genéfally ‘the detéct_#ﬁle dc.)"sevequivalent over fhe :wide ene.r>gy'

range. In this study, the detectable dose equivalent is discussed for

$pecia1 cases, i.e., fission neutrons from 252Cf source and Bevatron

neutrons.
: 252 < s o ‘
-For Cif fission neutrons and Bevatron neutrons, the detectable

limit of the dose equivalent is calculated using Eq. (13). In this ' *

v calculaltio’n, thé follov(fing-values. are used: R = 3.87 t/cmz— mrem for

252Cf fis:sion'neutrons, R=11.9 t/cmz— mrem (average of Run I and .

-4

Run II) fqzr Bevatron neutrons, N _= 0.05 t/f, and S = 6.0 X10 cmzv/i_:'. '

b

Figure 7 shows the detectable limit of the dose' equivalent as a function -
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of acceptable standard error. In personnel neutron monitoring, if 25

. fields are scanned and a statistical error of 20% is acceptable, the dose

equivalentsﬁ of 150 mrem for Bevatron neutrons and of 450 mrem for

fission neutrons of 252Cf are detectable.
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SUMMARY

'Response of NTA film packets were. eyxam'i.nedvfo'r (1) neutrons
from (@, n) ﬁ_éu;fon sources of 2>°PuF and’>CPuBe, (2) fission o
neutrons of 252Cf,v(3) stray neutrons of’Beyatron, a_nd (4) slow | D V N
neutrons b_ve.low the_ Cd—‘cut’o_ff energy, By rotating a vhurn'an phantom f
on wnich‘an N’I"A' film packet was worn, we have simulated the- e@osure
»situation found_ in practical neutron monitoring with NTA films. All
responses oyotai)ned were exlaressed in units of proton track density
. ‘Per mrem. The results Iare“s'u'mrnar;i.zved as follows:

(1) For average energy below 3 MeV, the response to neutrons
of broad energy d1str1but10n is qu1te low compared w1th that of mono-
energet1c neutrons.

(2) In.the case of isotropic exposure, the respo_nse of NTA fil-fns*

worn on the phantom was 3.9 t/cmz..mrem for 25_2_Cf"fission neutrons,

238

of 92 .t/cvrn-z-rnrem for. PuBe neutrons; band'~11.-9't'/cm2- mrern.for
Bevatron n'e'utrons. For slow neutrons below the'Cd—ontoff energy, the
response (without phantom) was 26.5 t/cmz- mrem:

(3) In'the ca'se of an isotropie exposure, the response of NTA
f11ms worn on the phantom was sllghtly low compared w1th the response
obtamed in free a1r, and the ratio of these responses was nea.rly :

constant (= 0 7+ 0.1) over the energy range exammed

The- relation between statistical error, number of microscope :
fields scann'ed, and detectable limit of proton track densiity was
'di_'s_en‘ssed; and the detectable limit of track density Was expresse_d by '
a simple function of acceptable standard errorl, number of fields to

be scanned, and background track density. Based on the detectable limit

of track density and the measured response of NTA films, the _detectable
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limit of dose equivalent in personnel neutron monitoring with NTA films

 was estimated for both Bevatron neutrons and fission neutrons.
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Table 1. Neutron sources

—
Average neutron Neutron flux
v S _ : energy (1) density at 1 m
Neutron source ' (MeV) (n/cm -.sec)
238puF #651 0.7 3.45X10 (2)
252 Cf #92570 | s
with 15 cm lead shield ' 1.0 1.03 X107 (2)
252, #92570 N | |
"Cf - : , o 3
with 5 cm lead sh1e1d , 1.4 1.73 X107 (2)
252 #92_570 | 1.8 1.88 X103 (3)
Combination of 2°2Cf - -
and 238 PuBe I 2.7 2.46 X410~ (3)
Combg.natioh of 252¢s -
and 238pyBe II : 3.5 2.46 X107 (3)
2_38131113«3 #632 | 4.4 6.47 X102 (3) -
‘Bevatron neutron I 3.3
Bevatron neutron II 4.2

(1) Average neutron energies were measured by PE and BF

counters calibrated with PuBe # 582.

(2) Obtained by the moderated BF3 counter.

(3) Calculéted from the source strength.

ER
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Table 2. Composition of tissue equivalent fluid

i e e e e e e e e — e — e — ]
. : ' v Weight
Chemicals , Formula : (kg)
Glycerol | CH,OHCHOHCH,,OH | 8.52
Urea NH,CONH, ,' 2.27
Sucrose C12H22011 2.13 _
Sodium chloride NaCl ' 0..04
Distilled water HéO  17.04

Total = 30.00
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Ta_,ble‘3. Neutron flux denS1t1es ¢(C) and ¢(BF )at the EPB roof
o shielding of the Bevatron. :

Average e_rier_gy-(i) ¢(BF 5(2) C9(C)(3) ot = _(C) .

(MeV) - | (n /crB2 - sec) (n/cmz-sec) ¢(BF3)

5.9 4.47%10%  5.50 X102 1.32 8
3.7 . 1.68x10°  1.46%10% 0.69

2.4 1,76 X10° 6.64 X10 0.37

1.8 ' | 1.53 X 102 4.26X10 0.18"

(1) Aveifa_.ge.neutron energies obtained by PE and BF, counters.
These energies are not true average energies of Bevatron neutrons
because of the low sensitivity of both counters to neutrons of
energy greater than 20 MeV

- (2) Neutron flux dens1ty obtamed by the moderated BF3 counter

(3) Neutron flux density obtamed by carbon detectors.

3
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Table 4. Neutron fluence given to NTA films _during the exposure
at the Bevatron.

— =Avera,ge energy (1) Cb(B}::3)(2) d(C) (3)
Run (MeV) ' (n(cmzt ' n/cm?
1 3.3 1.18 X10" 7.07x10°
I 4.2 : 7.32 ><10-6 . 6.22 X106

(1) Obtained by PE and moderated BF3 counters. .

(2) Neutron fluence obtained by the mcodera,'ced,BF3 counter. -

(3) Estimated neutron fluence of energy greater than 20 MeV.
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(6)

Table 5. Analytic expressions of conversion factor g(E)
Energy range . Conversion factor g(E)

(MeV) : : n/c:m2 - sec. ) *
: , mrem/h ‘

<1072 | 232 y - 2
' : ' . 3/4
10’2_ - 10° " 17.20E"

0 1 . | R

10 - 10 - 17.20 : .

. . 1/4

>10° ' B 128 E
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Table 6. Average conversion factors

Average neutron Average conversion factor g
energy E n cmz-vsec' n{cm2
Neutron Source (M.eV) mrem mrem
* Concrete cave - T
+238PuBe o slow neutron” 232 8.35X 105
I .
238Puf 0.7 9.4 8.38 ><'104
252¢f 4+ 15 cm Pb 1.0 o 9.8 3.53 X10%
252¢f 4 5 cm Pb 1.4 8.8 3.47x10%
252¢¢ | 1.8 8.2 2.95x10%
252¢5 4 238pype 1 2.7 7.8 2.82 X10%
25205 4 238pype 11 3.5 | 7.5 2.70 X104
238pyBe 4.4 72 2.59%x10®
Bevatron I 3.3 DE(mrem) =
. ' ®(BF,)
Bevatron -IT 4.2 1.13 3 4 t 2—(-91——4
, | 2.88 X10° 1.08 X10

* Neutrons below the Cd cutoff energy (0.5 eV)



~ Table 7

\ The respénse of NTA films worn on the phantom, isotr_opic' exposure (phantom rotated).

e

v asrmtermren

———

A&erage Neutron Dose . Net track 'Track density _
Neutron . -energy ﬂuence : ~equivalent - Tracks = density rz o
. gource (MeV) . (n/cm ). (mrem) = Field (t/f) '_'. (t/cm mrem) =
238pyp 0.7 2.36x10"  6.98x10° 9% /500  1.43 3.40  0.22
- 252 | - | |
Cf+ 15 cm Pb 1.0 5.36x107 . 1.52x10°  2%2/400  2.49 2,73 0.49
252¢5 4 5 cm Pb 1.4 2.49X10° = 7.86x10°  238/150 - 1.55 3304 0.22
252 1.8 1.43x107  3.83x10%  *87/200  0.89 3.87 % 0.30
25205 423855 2.7 1.39X107  4.94.X10° 304/200 1.46 © 4.92 + 0.30
252¢44 238puBe m 3.5 7.07%10°  2.64% 102 255/200 122 7.77 £ 0.30
238p.Be 4.4 3. 88><106 Y 5'0><1o2 263/300 0.83 9.23 % 0.62
Bevatron 3.3 1.18X 107 1, 20%103 35-2/40‘ 8.70 124 % 0.7
0.71X10 ' s - '»
Bevatron a2 7.32%400 % 9. 38><1o2 33 /50 - 6.56 11.74 0.7
S - 6. 2><106 ‘ a4 : :
>,'<¢‘(BF3)
#* @ (C) -

-,-92—"
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Table 8. The response of NTA films fixed in free air, front normal exposure.

Average  Neutron  Dose » Net track Track density
Neutron energy ﬂuence ~ equivalent Tracks density er DE
source (MeV) (n/cm )  (mrem) . Fields: (t/f) (t/pm2 mrem)
238p,p 0.7 2.36x10°  6.98x10% 195/ 492 4.57+ 0.35
252¢¢ 4 45 cm Pb 1.0 2.45x10"  6.93x10% 29 /100  2.03 4.87 = 0.36
252cf+ 5cmPb 1.4 2.49X10°  7.86x10% 260 /400  2.57 5.45 + 0.33
252¢¢ 1.8 1.67x10"  s5.67x10% 80/ 0 485 5.45 + 0.28
252¢£ +238%pyBe 1 2.7 2.09X107  7.41 X10% 769 Ja00 3T 8.53 + 0.34
252054 238pupe 1 3.5 1.04X107  3.87X10% 272 /100 2.69 11.6 % 0.7
238pyBe 4.4 5.715x10%  z.22x10% *6/ 182 13.7% 0.7
Bevatron I 3.3 1.18 x107% 1.20x10° 38/ 9.10 12.6 0.7

0.71 X 10 Tk |
6 2 385 |

Bevatron II 4.2 7.32 ><106* 9.38 X10 /50 7.60 13.5 % 0.7

: 6.22 £ 107 ** ‘ _
* @(BF,)

-Lz-



Iable 9. The response of NTA film in free air, isotr'op_ic exposure (film rotated)

“Average Neutron Dose. ' . Net track Track density
Neutron : © . energy fluencg : equlvalent . Tracks density - per bDE
squrce ' - (MeV) (n/cm (mrem) .- Field - - (t/f) o (_t_[cmz mrem)
238pyr 0.7 2.36_><1-0 | '6.9'8><'10 el loo 210 . 5.00%0.37 R
252¢¢ 4 15 cm Pb 1.0 2.45%107 6.93x10% 1, 188 4.51 £ 0.33
25204 4+ 5 cmPb 1.4 2.49%X10"  7.86 X10° _281/120 231 4.90 % 0.30
252 | S PR o S
et 1.8 4.35X107 4.59X10° 280 oo 135 4922030
252 .+ 1238puBe 1 2.7 2.09%X407 7.41 X10° 358 352 7.92 & 0.43
: , 100 |
25204, 238pBe I 3.5 1.04X107 3.87X10° 259/ 2.13 9.45 % 0.57
| - 120 |
238pyme | 4.4 4.66x10% 1.80x10° /200 4d0 . k30080
Bevatron I~ 3.3 - 148x40x 1.20%x40° %%, . 442 45.5% 1.0
| . S 0T X 10Tk I -
Bevatron II 4.2 7.32 X10% 9.38 X102 0 9.98  47.7+0.8
| ' 6.2 2 X 1063k - | |
#® (BF,)
= @ (C)
- A

~8Z--
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Table 10. Response of NTA films to slow neutrons

Track density

; Track due to slow Slow neutron Dose Track density
NTA film Tracks "density .  neutrons fluence equivalent - per DE
packet field* (t/f) (t/_f) (n/cmz)- : (mrem) . (t‘/]c)mz-mrem)

. 1349 )
without Cd /200 6.75
| 1.24 6.51 X10 " 77.9 26.5+ 5.4
: 1102
with Cd 500 5.51

X

The microscope field is 6.0 X410  cm

..:62-
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FIGURE CAPTIONS o S )

Arrangement of human phantom and neutron source. ' <

Slow neutron exposure in the cavity of coricrete cube.
o . . . B » . . . FA)
Response of NTA film as a function of average neutron energy.

R_espohse of NTA film worn on human phantom versus

direction of neutron incidence.

Response of NTA film worn on human phantom (front-normal,

back-normal, and isotropic e:::po'sure).

Detectable lifnit of track density as a function Qf number of

microscope fields scanned.
Detectable limit of dose equivalent as a function of acceptable

statistical error.
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_ | (I) Free air (front-normal incidence)
: (I) On phantom ( phantom rotated ) ]
’E‘ _ (II) Calculated response to monoenergetic |
© ‘neutrons (front -normal), Lehman (1)
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(I) On phantom (front surface)
E (I) On phantom (rear surface)
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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