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EEUTRQE MOHITCRING BY MEANS OF WUCLEAR TRACK FILmM (NTA)
| $upplemenfary Report

J. 8. Cheka

Introduction

Preliminary studies of ihe use of particle or nuclear track
emulsion for monitoring of plant personnel for neutron expoéure have
already besh reporteﬁlo Study ofiemu]sion éharacteristics and responses
was contirued, and calibration methods were analyzed.

Since nucléar track emuisions are a father recent development,
and have been in ihe process of imrrovement, response has lacked uniformity,
The expezcted response has been recslculated onkthe basis of a recent analy-
¢is by the Eastman Lébaratorieso |

The fading of the latent image, as it affects monitoring work,’
was invéstigatedo Effects of different developers, and of different
development techniques, on latent image stability were also tested.

| The flux of fast neutrons in the “fas£ cart® was mapped by
menns of(bmth Vistoreén r-meter measurements and films. Some £ilms were
crogs-calibrated with neutrons from a Po - Be séurce against a flux of

fission neutrons in the "fast cart®,

Emulsion Sensitivityv:

During the period of several years that nuclear track emulsionsf
have been used at this site, sensitivities have been found to vary over
a wide range. The variation ranged from (3001:£.0909) x 107 nth/track in

batoh ANAXISE3R4LST to (hod d 0.44) x 10% nyy/track in batch AUKIZII07243,



a factor of 6.8, for thermal neutroné; and from (1.92 £ 0.31) x 104
nf/track in batch #N4x158284453 to (R.61 :E. 0.25) x 103 nf/track in
batch #N43181107243, a factor of 7 L, for fast neutrons.

While some‘of this change was obviously due to differences
it is possible that a part of it could be accounted for by a change in
the constituents (especially N and E content) of the emulsion itself.
The more reécent NTA ﬁype emulsicns have been more uniform, énd approximate
the moet sensitive of the emulsion batches tested. In ordef to estimate
effzciency, the theoretical exnectandv was recalculated on the basis of
the most recent emulsionuanalysis available., This was obtained from
Js Spencaz of Bastman Kodak Company. This analyseis showas a silver halids
euntanﬁ:of 82 4 ¢ which is pwobabiy;as high aa:it is practical to go.
Consequently, any fuithar modifications will probably be minor ones, The

analysis appears in Table I below.

Table I
Composition of Eastman NTA and NTB Emulsions

} - 2.7% Moisture
Emulsion (502 RY ~ 21%)

_ , Atomic Ratio : ‘ Atomie Ratio
_Element % Gomposition Element/Silver % Composition Element/Silver
Ag AN 1.00 45,8 1,00
I 1,49 0,027 | 145 o027
,‘? Br * 33.9 0.97 3.0 0.97
2; ¢ - 9u4T 1.62 8,26 W
i B 1175 2,68 143 S
S 3.06 0.50 2.9 0.50
o. 480 0.69 7,02 1,03

Specific gravity of the emulsion is given as 3.8 @ 24%,



In calculating the expectancy of tracks due to thermal neutrons
by the NIA(nﬁp)Clé ieaction, only the nitrogen content of the emulsion
is significant. It is, therefore, simpler to use the portion of the analysis

given for dry emulsion. Nitrogen stom density is then given hy:

Dy Sp. gr. x N ratic x Avopadrol!s No. x thickness x area
‘ Atomic welght of nitrogen

TRy

or, numerically;

3.8 x 3,06 x 10“2 x 6,02 x 10°° x Lox 1072 x 1
14

§8

Dy

2,00 x 1007 ¥ atoms/cn™

g

Proton density due to le*(n,,p)ﬂl4 is given by:
Py = Dy x Tay X nﬁt

where Py 1s the proton &ensity sought,
Dy is the nitrogen atom density found above,
OEN is the capturé crosg-section of nitrogeg for thermal‘
#eutronss and |

n is the thermal neutron exposure for one week's tolerance.

Humerically:

19

Pz 2.00 x 310'7 x 1.7 x 107°% x 6.5 x 10°

, 2
2.21 x 10% protons (of 0,62 Mev)/cu .

[ 3]

There is a corrsction required to compenesate for protons which
form near each surface and eaeapé from the emulsion without having been

recorded. This is not the same for all emulsions. Range in nuclear particle



emplsions of a 0062 Eev vroton iS‘approximately g p which conprises 6 tp'ﬁ
silver grains., In the least semsitive emulsions over 904 of tracks noted

sre of Euﬁ 3 to 4 gréins and_have,a length of approximately 4 B It is
reasonable Lo assume that these grains are senéitized at the end of the
range where the lonization densitykis higher, Where the complete range

gives a 6 to & grain track the firét half of the ypath produces 4 recognizable
track of 3 grains, Cbnsequently, the layer of probable loss is reducedo.f
Logges ‘range fromv5_t9’1Q%D Making these corrections, expected track densi-
ties range from 2.10 to 1.99 x 104 track/en*.

From the sensitivity figures given above, 3.01 x 105 ny,/track
give 2,16 x 203 tr/bm for a week's tolerance exposure, an efficiency of
10.5¢% and 4.4 X 104 ch/track give 1.48 x 104 tr/cm for the same exposuré,
an efficiency of 7?%03 7

The expectgﬁqy pf erecqil‘proton traﬂks from fastkgeutrons
requires arsimilar bu? more intriecate ealculatiéno ?he flux comprising a
week's t@lerance of 001O'rep3 is estimated from a Victoreen r-meter reading,
the fission neutron energy spectrumA, and conversion factors of numbers of
neutronsvper rep gt_va?ious energiés given by caécu Gamertsfeider5q »H—atom
density can be taken from Table I, but the variable scatter cross»sectionvy
of hydrogen for different emergies of fast neutrons must be considered.

The measurement of fast neutron fluxes in the "fastycart“l was done
by means of Victorsen r-meters with 100 r chambers, the discharge of the meters
being meaéured in arbitrary n-units, The n-unit was estimated by Aebersold
and Anslcﬁé to be greater than 2,0 rep, and umembers of the Biclogy Divisioﬁ
have been using the conversion factof of 1 neu = 2.5 rep. A previocus estiméte
of the number of fast néutrons per rep was madel én the bagis of the assumpiion

that one rep of one Mev neutrons would be fairly representative of 1 rep of



fas@ ﬁeutrqns of fission enargiéso The conversion was made on the basis of
caleulations of-GaQertsfelﬂerﬁ on the logs of energy in tissue of fast
neutrénso vThe’new?numeriaal value of the rep was derived by taking anl
arbitrg:y number of neuirons whose energies are distributed according to
the f’i‘ggs:‘mmzs;pe(:_tj:'umzﬁ9 dividing ;he fraction of the total in each energy
increment,”sayrQﬂl ﬁevg_by_the nﬁmbgr’of neutfans per rep éorresponding;
to each ingrgmepﬁp aﬁd_calaglatihg the number‘of rep represented by this
flux. 1T};is ea}gulatimn gives 1 rer = DJ.ds X 108 nf/cmz or 1 n-unit
= 8,52 % 1Qg“gf/§m?o

gonditions of exposure necessitate further corrections. R, E.
Zirkleianq J. R. Reper have estimated! that the residual gamma ray contami-
nation accounts fmrl(12 i:é) g of the rwmeter‘readings, so:that only
(88‘i:6) ¢ of each readlnﬁ measures n-units of neutron fluxc Making this
adjustment; a reading of 1 division indicates {7.50 ﬁi 0, 51) X 10 nf/cm .

Since the detection of fast neutroms by means of emulslon depends
on track formatlvn by recoil protons from hydrogen, the malculatlcn of
expecﬁeﬁ‘trackmdensity'rggnires an enalysis of this reaction., & track, ﬁor
be reqognizab1¢5 musi have at least‘three silver grains. The length of sUﬂh
a track is about 3 V; ' This would require & pr§tmn,of energy greater thah
0.25 Mev, since the storping power of NTA emulsion is about 1700 times that
of airgﬁ |

The namber of protons of any energy formed in the emulsion depends
on the H-atom densltv of the @malslons and on the scabtler cross»qection of

hydrogen for neutrons., The H-alom density can be caleulated as follows:

SrgAgro x Heatom raiio x Avogadrols Ho, x thickness x area
atomic welght of H :

DH =



Kumericallys

3.8 x 1,17 % 10°2 x 6,02 x 1070 x 4 x 1072 x 1

1

o

%

1;07 X 1020 Hwatom/cm2

for dry eﬁulsiono The value for 2,7 HyO content (Table 1) would be more
representativg q?xaverggg conditions for personnel exposure ai this location.
H-atom dénsity is 264 grester than far dry emulsion, or 1.35 x 1020 H—atsms/cmzo

The proton density is ‘then determined by the following relqtmona
R G ™ n/ aseet e g

PH = DHKO"%H}CX}

- where Py is the proton density due to H recoils,
Dy is the H-atom density found -above,
G%H i5 the scatter cross-section for hydrogen, and

1 is the fast neutron flwx,

As o7y is a“funqtinnjof neutron eﬁergy, a goodiapproximation can be reached
by taking increments bfeanergyy as above, apd calculating Hmétom collisions
for the fractlon of total flux in each energy 1ncrement9 and totalllngg
These aperations give a total of 1, 67 X 104 collls1ons/cm for one week“a
tolerance exposure3 ef 341 % 107 neuirons of fission energy ‘distribution
dlsnountlng thoae of snergy 1ess than Q. 25’Mevo» Howeverg since only those
protons are counted wh1ch produme recognlzable iracks, i.e., those having
energy greater than C.25 Hev, the probabllltv of a rroten formed by any

collision being above this mlnimum energy was calculated by the formula:



where P repressnis rroton% of energy greater thaﬁ 0,25 Mev,
C is the nuber of collisions, and

E, i the snergy {(in Mev) of the incident neutrons.

After making this correction, 1.15 x 1@4 protons/ﬁmz of sufficﬁent
ensrgy to generatle ; cogrizable +rauma are lefta Meking & further correct-
ion ofiﬁ to 10Z2 farfprmtgmg formed near the aurfaca of the emulsion and
dzrectcd outward, the final figuré for track expecitancy is frcm 1.04 to
1.09 x 10% twacks/an’, |
From the previously mentioned experimental valuss for sensitmvxty,
at 1b§2’x 104 nffﬁyagkﬁ one Wﬁek35 Yolerance expo&ure of 3.41 = 107
neu&rcns/hmz pr@dun@é 1,78 x 1@3 ﬁr&aka/&mgy or 16 to 179 of the expected
value, and st 2,61 x{ o7 mf/tza % the zame eprsura produces 1.31 x 104

)

. En]
tracks/en, or 120 to 1267 of the expected dsmsity. The latter figures

show that at lesast soms of the *wdrkl recorded are prodused by protons
> I

formed outside of the emul
The tracks sre counbed widsr 5 microacope al approximately 900x
magpilication, usiog oil immersion and dark field fllumination. 4 90x

apochromatic objective is used with 10x compensating sye pileces. The field

dianeters of the mi

' at present are 0.16 mm, giving areas of

0 x 1074 a/E1e0d or 500 fielis/ons. Since the depth of foous is only
apffoxiﬁately 4 @ and the ﬁhi&kma&s of the developed emulsion iz approxi-
mately 20 m, the smulsion is read in depth by racking the cbjective up
and dOWﬁo |

The {ilms #re 0 cegumﬂ and dried in a rack such that they dry

Slightly concave on the smulsion zide, I they are placed on a glass sliée on
the micfasc«p& stage with a dyop of immersion oil interrosed; manipulations

van e agcomplished without other msans of holding, After scearndng, the
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films are cleaned with xylene and tissue papper, and st@red; The glass
slide does not require removal from the stage except whén cleaning is

necessary.

Latent Image Instability

In 1946 Yagoda? describéd the fading of latent images in alpha:
emulsions in terms of densitometef readings. An investigatisn was made
to evaluate the conséquence of this phenomennnion personnel mohitoring
methods, In no case is the photogiaphic density readable fof tolerance
doses. The basic postulate for the use of nualear emulsions for the
evaluation of neutron exposures at telerance levels was the assumytlon
that a track eount aftnr expogure for 8 reasonable 1ength of time would
be a measure of the integrated dose for the per;oda Since the_traék densi~
ties for some of the éarlier batch§s of emulsion were less than»one tra¢k’
per field of vision on a misroscope at 900x maénificaﬁion:fo: éne week'sg
tolerance exposure, and the statisﬂieal error with such a count rate was
high, there was a tendency to increase the time a2 film is u.sédo However,
if the fading is rapid, there would oceur a timé at which eqﬁilibrium is
reached, assuming a uﬁifcrmArate of exposure, and track density would no
lcngér increase. Mbrécver, if exposure is not uniferm, a large dose during
the early portion of the exposure rerjod would show no greater track density
than = small dose during the lattcr portien, |

The tests oonslsted of exposing roups of films to the sane flux‘of
fast neutrons producing about 30 tracks/field, devaloplng cne ~specimen of’
the group immediately, and others after various berlods of dglayc The fading

or “"decay" of the latent image after any time t was caleulated from:

F. = Do - Dt
t o
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where Fy is the fading at time %,
D, is original track density, and
Dy is track demsity on film developed aftef delay of
. . time 4 af ter eXposure.
The decay rate of réamgnizahle tracks was found net to be uvniform in most
cases, bul Incressed after a week or more, finélly apyrcximating an
exponentiial rate. It was also found that decay raies in different emylsion
batghes~&iffered3 and that the less sensitive films, which also had shorter
tracks“in terms of number of grains, showed decay which sooner approache&
an expoﬁential rate.
It seemed reasonable toyass&me that the individuai grains,
originally sensitized to forr s latent image, Eecome undeve}opable at

random with a unifcorm half-1

fe. If that condition cbtains, then a lopger
track mey lose a larger percentage of its graihﬁ before becoming unidenti-
fiable as a track., W. 8. Sﬁyder (ses Appendix’A} calewlated the probable

rate of'disappearanﬂé of tracks, éssuming the ébove canditiQn and that less

than three consecubtive developable grains remaining constitutes the loss

of a track. Track disappearsnce rate is then expressed by

2 o
&, = 1 Anw1.+ qpénag + qp Anyj fern > 2

where n 18 the number of grains orlgih&lly activated in artrack;
4 is the probability of the loss of a track of n grains,
r is the prob&bility of an activated grain remaining
activatedﬁ and |

g is the probability of an activated grain not remaining

activated,
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 Specific values were calculated and tabulated for 4, with
n 3. :?igure I shows values for &, e 3, 7, 12, and 20. In this
figure the time axis is divided into arbitrary units such that, at the
end of the unit, 0.9 of $he activated grains found at the begirning are
g8till developable,

The validity of this theory was tested by ascertaining track
length distributian& in terms of number of grains for varioﬁs emulsions
and under varicus condiilons of development, caleulailng the weighled
averagefdecay rate using values iﬁﬁiﬁated by the table menticned ébayeg
ahd nermalizing the time units. Su@h cwrves gave good fits for several
sets of'experimental:éatau

Increase @f develmpment’time over thati re@ommended by the
manufacturer, while not affecting track densiity on immediate development;
decreased the decay fate of recognizable trackéo Longer aeﬁelopment alsq
tended ﬁo increase chemical fog, %nd to preducé dichroic fog. The two
Jatter éffectsy whicﬁ interfere with track counting when excessive, were
the 1imiting factmrs'in determiniﬁg the development time.

| DuPont Liqﬁid X-ray developer was ﬁried instead of the recommended
Eastman D-19. This is a more Vigéroua developéry and brought out 10 teo 20%
nore trécka afﬁer ne delay, The in@rease in chemical fog was notieeablsg
but notiﬁroublesmmeo Decay rate of the latentkimagerwas also decreased.
The results of tests on emulsions:mf batehes N£x17328016473; and ‘
N4x181107551 with D-19 and DuPont X-ray developer, expressed in ter@s of:

days ofidel&y at which halfl of tracks were lost, appear in Table IT.
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Table IT

"Half-Life? of Latent Imapes in NTA Emulsions

Development Type of Developer ’Halfwlife in days for Film

Time (min) | M7 32806073 R ETIoTER
4 D19 12 14
5 D-19 16 | 17
6 D19 ; 23 20
3 DuPont 15 15
& DuPont 23 ; 20
5 DuPonmt 38 ; 23

Figures II -~ VII sghow ra*p* of loss of tracks in emusli@n
#NAX391107591 af'ter exposure to approximately Ouﬁ newnits of fast neutrons.,

Study o@ iy axperimental data revealsad several interesting
details, First, the set sitivity of emulsion FNAIB8II07551 is almoat dmuble
that of emulsion #NAX1733806§VBQ Then the shapes of the loss curves indicate
the greéﬁer prepondefance of longer tracks in emulﬁiom N4x181107551,A Aléo,
the disaprearance raie of the grains is grester in ihe more sansitive |
emulsioﬁb Finally, it is very apparent that the percent prébable error
inereasés enormously as the traek'count decreases, This 1atter Qharacteristic
is one of the greateét disadvantages of this method of monitoring,

Freom thess ﬁatc it is obvicus that the }Obs of developability of
the grains of the latent image is net absolute, but a matber of degree. A&
longer develepment + Jimeg or a atrnngvr ﬁ@Ve}“Flrg agent brings out & grsatar
number of grains. Thig effect iz greater than apparent from the track count;
for examp199 for ﬁmuiéimm Nhs7 E?QJ£473 déV@lOpcd in D=19 for four and six
minutes, the number of tracks greater than *@ven graing in Jength was 16w
and 35% respscitively, at un dei&yoi It was alscined@d that tbe proportion

of long tracks dr@pped considerably in the case of ds) ayed develnpmﬂnt
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The ex&ct mechanism ef the photographic effect ig not too well
knownd- It is known that development of the silver halide grains begins
at»diéerete center39 which have been designated as sensitivity specks.
These #eem to contain agéregatioﬁs of reduced silver atoms., It is-thought
that eiectronsﬂ freed by the pho%eeleatmi@ effect of light, migrate to
Athese centers where they reduce silver atoms. The agpregates grow sccord-
ing to the light exposure, and developabllity depends on the size of the
aggregateb It is also not clemr why a true photopraphic image is Tery
stable conpared to one formed by’a highly ionizing Fartieleg such as an
alpha particle or proion. Nebleﬁte menﬁionalo that smaller grained
emulsions show regression of the latent image more¢ rapidly then those of
coarseﬁ grain, Nuclgar track emulsions have aigrain size of 0.2 to 0.4 B,
while standard photograrhic emulsions have a grain distribuﬁicn‘ranging i
from 0,1 to 1 or 2 B, Furtber than this, Demers suggestsll that with the
dense ionization due to the passage of the ionizing particle through a
silver halide grain, although a large munber of electrons is released &1§ng
with positive ions, ihe strong positive charge present in the rath prevents
migration of many of!the eleetr@mé to the sensitiviiy centers before rscémw
bination., The positively charged core, consisting of large ions,‘would
disperse leas quickly than electrons, and WOulé act in competition with tﬁe

g suggests further that

sensitivity centers in capturing electrons. Yagode
hydrogen peroxide, formed in the moisiure of the emulsion by particles
having high specific ionization, could diffuse into the silver halide grains

and, in time, resclve the silver aggregates thoﬁght to constitute the latent

imsge.



15

Galibratioms

Calibration of films by the method @utlined above has an appréci»
able uncertainty. The Tictoreen r-meters used to mscertain np flux(did not
give reproducible resultso Thiskcandition‘was feund beth in the lack of
agreement among several meters used simultaneously, and in the variatzon
of the'relation between the measured flux and the power 1evel of the reactor°
A precaution in expﬁsure techniqﬁﬂ was also necessary to accommodate the
geometry pf the secphdary source (uranium slugs) relative to ithe exposure
comp&rﬁment of the aérto

When it was fownd that Victoreen r-meter readings, taken at the
same point at the same time, varied, one r-meter was sent by the Biology
Division to Berkeleyﬂ 4o be calibrated againat the meter originally used
by Aebersold, Ib was recognized that this did mot give an absclute measire
of neutren flux, butiit WAS hoped'that even this arbitrary unit would
suprly a basis of compsrability for biclogical experimsnts &i the various
sites, iA ”correatioh factor® was applied, andiscme half dozen 100 roentgen
rwmeters were cross-calibrated wiﬁh this “stanéard“ and individual correction
factors:were determined. These ranged from -3 to +19%.

It was usually found that, after a period of disusé9 the meters%
read high on the firsi run, Subaequent runs gave results in,agreementlwiih
sach ethér9 but sometimas as much as 40% lower fhan.the first exposure, It
was further noted thatl in the courée of time the meter readiﬁgs relgﬁive to
each other changed; that is, the correction faciors were not constant,
8ince at least some of the meters change in their response to fast neutrens,
it appeews that any r-meter, des :Lg,mated as a “stamdard*’, is unre'llableo

| A record of the factor n-u/Xwh of reartﬂr enerygy nated since 1946

by this writer and some members of ‘the Biology Division revesls that the



1€

ratio has fluctuated widely. Table II1 shows part of the recordc This

is not centimuous because the twmnel was not used continuously.

Taﬁie III

N-Units/Keh of Reactor Bnergy in the "Fast Cart?

Date
Febru&rf 1946
January;1947
March 1947
April 1947

ﬁ:m
0. 040

0,0402
0.0366

0,036 ~ 0,0337

Sertember 3, 1947 | 2 0.0474
November 20, 1947 @ | 0.0528
Nevembef 26, 1947 : i 505488
December 17, 1947 | 0.0530
January 19, 1948 | 0.0558

September 16, 1949 ' | 0.047

Information from Operations indieates:t,at changes in fuel
1oading‘of the reactor were inauffieient to account for these fluctuationég
It mighﬁ be presumed, then, that the discrepancies are 1argely due to
changes in.rwmeter response, This is further indieated by a'recent experi~
ment of members of the Bioclogy Division*? where a larger number of n-unitse
was required for a certain biolegié effect than in 1946, Since the ratio
of n-~units to reaoter’energy has been hiph in the last few years, it may be
that the‘nf flux per indicated n-umit has decreased.,

An experiment was also run to map the neutron flux distribution
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on the floor of the "fast cart?. This was done both with Victoreen
rmmetgrs and with fiimso Figure ?III iz s diagram showing ﬁhe averaged
corrected readings of a series of exposures wiﬁh the chambers in the
positiohs shown, Figure IX is a diagram showing track dan«L ties in
tracks/field at the positions shown, It appears, from the diagrunms, that
only thé center of the cart has a uniform flux field., The effect is
accentuated with the r-meter ft&alnﬁsj probably becausz of & the seaondaxy:
gemma radiation (at different geeﬁet&y) to which the films do not respond,
4t any fatey this condition entails the premauiion that all exposures be
made infthe center of the cari fof reproduaiblé resulis,

| Since the calibration methud baged on r-neter re&dlngo leaves
much to be desired, several 1rrad1atlonb of films were made with Po Bek
neutranéo The source strength in‘nf/aurie is given by the supplier, and‘
the Po decay rate is knmwn so that source strengtl at any subsequent tlme
can be easily caleulated. The volume of the source is small encugh to
arproximate a point source at a reasonable geometry.

k The exposures were made bn a light alﬁmipun.ra@k with a 15 em
radins, :The source was placed in the center, and the whole placed atop
a rod in the middle of a recm to minimize backscatter. The exposure was

calculated by the formula:

g X t

2

1% &
L

. 2 . '
where 1 is the number of neutrons/cm® for the exposure,
s 18 the source strength in neutrons/éea
t is the exposure in seconds, and

r is the distance of the £film from the source
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The expected track densi%y was caloulated in the manner pre-

viously outlined; using the Po - Be neutron spectrum reported by Demersl3

.
The measﬁreﬁ track densgily was abopt four times as high as was expected.

This was due to the effect of recoil protons formed in the paper wrapper

of the film packet being recorded in the emulsibn and was much greater than
that from the exposufe to fission neutrons, The average enefgy of the
fission;spectrum is ghout one-thifd that of the Po - Be speétrumn Moreover,
approximately 774 of Po - Beameutfons are abové 4 HMev, and only approximately
57 of fiasion neutrons fall ia this category. iIf one assumes the stoppiﬁg

cL . N 2
power of paper for protons to ba squivalent to that of air, the Z3 mg/ om

of paper covering the film is equivalent to the range of

a 3,8 Mev proton.
Consequently, all protons;%; 4 Mev normal to the surface of the £ilm will
penetrate to the emulsion even if produced at the outer surfaceu |

An experiment to measurse this offect was performed; Four films:
wers ex?osed at 15 c@ from the Po - Be source with surfaces normal to the
flux, & was in the standarﬂ ﬁ;aéper (23 mg/cmzj with the emulsion faeing
the source, B with the standard wrapper and 1 mm of cadmium interposed
between the wrapper and the emuléimn; C bare with emulsion %toward the source,
and D bare with emulsion away from the source. The exposure was 3.15 % 108
nf/cng The expected track demsity, calewlated as above, was €.27 % 104

tr/c-m2 or 12,5 tr/field. Enourh fields were counted to include 1000 tracks,

The track densities cbserved appear in Table IV below:

Table IV
Film Bxposure to Po - Be Neubtrons
Film /2 | Remarks
A 39.4 £ 3.0 ‘ standard packet
B 13,1 £ 1.6 , 1 wm cadmium shield
c 10.3 4 1.7 bare emulsion :
D 43.6 4 2.4 n flux through cellulose

acetate
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The mumber of firacks per field obsefved in the emulsion of
films B and C are in the range of the ezpecte& value which, themselvesgi
have unceritainty depending on water content of the enulsion, The tracki
densiﬁy resulting from sxXposure éf film D, through approximately 35 mg/amz
of cellulose acztate £ilm base, is in the same range as that in f£ilm A
thfougﬁ 23 mg/cm2 of paper. |

A later experiment gave vomparison between the aﬁove,batch of:
f£ilm {30 P emulsien) and a new béﬁ@h {40 P emulsion). The 40 P emulsion
wag 227 more sensiiive than the 30 {*s rather than 33% as might have been
expectedo HOWeverﬂ’the differences in track denszities betwsen wrapped
and unwrapped enmulsions were id@ﬁtiaalg implying that the variation in
emulsién sensitivity may be a matter of proton production rather than
recording efficisncy.

Track densities, equivélent to that'produaed by one week's
toleraﬁce SXPOBUTE ﬁo fission neutrons, as d@termineﬁAby salibration ini
the “fést carth, were oblained by exposure to 1,52 X 107 n/cm2 of Po ~ Be
neutrons of packets of both bateh #42245475666 (30 B) and #42301044C6
(40 B)., 1If this éqﬁivalence stiil obtains on specimens of other batches,
calibrations can be:beth aimplified and made ﬁore reliablekby the use of
& Po - Be source inéteaﬁ ef the feaatarg It shou}d be noted that 2°2>x 1077
n/cmz,frather than iQSQ x 107 n/am?, is the tolerance walue for neutrens of

the Po -Be spectrum,

Collateral Studieg:

Comparisens were made belween neutron response of Eastman's NTA
P
emulsion, batch #M4ixZ0O2733491, and that of several other nuclear emulsions.

The latter group comprised Eastman's NIB coating #353, 448, and Tlfordis .



nuclesr research emulsions B, and Cs. A1l of these test emulsions were
on glass plates. Each of the test emulsions showed greater sensitivity
and latent imege stability than this batch of NTA films, Results of

response tests appsar in Tabls V.

Table V

Comparative Neutron Response of Nuclear Emulsiong

Emulsion Tr/cmgwgu, . Emulsion Thickness (F)  Tr/exC-mu B
: (x 10™7) {x 10=3)
I1ford B 4,624 0,26 ~ 52 £.89 4+ 0,50
I1ford Cp 3.53 4 0,18 | 24 10.56 £ 0.75

1
_p;»
L2

Eastman NTA

O

,98 L15 4,94 £ 0,38

Bt

1.92 &0
Eastman NIBx  2.79 4 0.5 15 | 18,60 £ 3,40

*Results for the NTB emulsion are not strietly comparable
because it was exposed at a different time. The response
is subject to fluctuation with moisture content, and there

is an uncertainty in the stability of the “n-unmith,

The NIB enulsion was the rnost sensiﬁive of those ﬁestedy besidgs
which,‘the tracks were long and there was not much more f@gﬁthan in NTA.
Both of the Ilford emulsions shoﬁe& good sensitivity, bul were coarser
grained than the Eastman emulsioﬁso Development took longer and there
was considerable fop even with unexposed platéso The coarseness of the
silver‘grains and the prevalence:of fog interfered somewhaf with dark-

field misroscopy. Latent image stability was good in all three of the

experitental emulsions, only sbout 20§ of tracks being lost in 35 days

20
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in each. The NTA filmsy meanwhile, showed EQ% loss in 18 daysa

A batch ef RTB emulsioh on £ilm ba@king instead of glass was
ordered for furtherztestingo These tests showed that this emulsion on |
film did not reproduce the results obtained with glass plaiesy either
with réspect to sensitivity or to latent image stability, The results
were very much in 1ine with these shown by NTA films, |

Because of this differénce in respgﬁae of the same esmulsion
on glaés and on plaétic ba@kinggiand also because of greater facility in
manipuiation of glass than flexible films during microseopic scrutiny, a
change to glass backing was considered. Because the neutron monitoring
film is;placed in the badges with the eray’film used to monitor personnel
for gamma eXposure, ihe effect of the presence of such glass on the gamma
response of x-ray film was measured. The glass in the badge increased
open Wiﬁdow readings by approximately 4% and decreased shieid readings by
about 8%, where percént gain or léss wAs determined by the difference in
roentgeﬁs of expesure in a given instance, and’the reentgens reguired to‘
produce;the same densitometer reading in a standard badge. Since relatiﬁely
few of ﬁhe personnelion the plant:area require neutron monitering, it was not
thought that twe compl.ete gamma £ilm calibratitgns were ja.xs’t{if’iedu

In the course of several exposures tQi?C - Be neutrons, it was i
neted that the respanse in neutrons/track varieé by as much as 157 in
specimens from the same batch exp@éed at different times., The best respoﬁse
occurred‘during exposure periods of highest avefage absolute humidity.
}‘Jiec-:esl’!‘L siates that ali gelatins abéorb or give up watler untii an equilibrium
condition with the circumambient atmmspheric moisture is attained. The
equilibrium value is not the same for all gelatin, bul depends on the pH
of the sol just before drying. Conseguently, a reliable correction factor
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could not be ascertained even if atmospheric humidity wsre not very Variéble.

Thess emulaions are more sensitive té the eenditién of the develeper
solutién than are X-ray or phmt@gfaphie emulsiénso Depletion of the salﬁticn
by,use,:or oxidation by exposure ﬁm air causes a much greatér 1oss of effi-
zéncy of development than would be expectad frém observation of these effects
on x-ray films, The‘irregularitiéﬁ in apparenﬁ fading, seen in figures 1I-VIX,
are probably dus to these effects. Test developer sclution batches were
mixed and stored in half full botiles for periods of 4 to 16 days. A4 group
of NTA films was theﬁ exposed wiformly and spécimens developed in the
vericusly aged solutions., The results were VE:y erratic, showing losses up
to 429 bub evidenoing no direct correlation between efficieﬁay of developw
ment and age of the sclutien. Itiis evident, hcwever9 that fer consistency,
freshlytmixeﬂ develﬁper must be ussd,

Occasionally it is necesasry to exposs several films to the samé
number af neutrons fa: rurpeses of comparison, éinee shaolute exposures are
difficult to evaluete, The flux distribnticn 0@ the flser of the fast cart
having béen mapyped, iﬁ was desired:to determine whether greater unifermity
could beiaahieved by piling up the films or by making a horizontal distri}
bution. Fifteen films of bateh #Néx202?33491 Wére piled up and teped in
position for exposure, They were irradiated with about 0.5 n-u. Track
density readings showed a slight rise on the sezsond £ilm and then a gradual
fall off, The sixth film had &p@réximateiy 90% of the aensity of the first,
the 9th appraximately 79%, and the 15th approximately 707. It appears, then,
that the 110 mg/ o of each £ilm causes sufficient scatter when piled up to
disturb results signifieamtlyj and exposure can be made more unifornm by
spreadiné the f£ilms o?er the uniform central section of the éxpmsure cartg

An exposurse of a ztask of O £ilms to 1.8 x 10@ nf/cm2 of Po - Be
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neutroﬁs showed similar effects, but not as accentuated, The maximum value
occurred in the third f£ilm and amounted to aprrczimately +34, and the 9th
film had 93% of the track density of the first. It was noted, however,
that all of these values were 8,7 to 18¢ greater than track density on a

single film of the same type exposed to the same total flux,

Discussion:

The use of rmuclear track emulsions as a method of monitoring
personnél for neutron exposure 1s‘not as sat¢sfaﬂtory s methods available
for monitoring for other types of radiation exposureo The problem could
be gimplified for thérmal ﬁeutrons by the 1cading of the emulsion with
1ithium or boroen, Both of these elements have high capture cross-section
for thermal neutronsy and the captures result in an alpha and a triton and
in an slpha partleleg regpectlvelyo The tracks of each are more easily
discernible than those of protons,; such as arelformed by capture by nitrogenc
Hawever; since the use of the (ngp) reaction of the nitrogen in the gelatin
permits the indication of thermal heutron tolerﬁnce with the same range of
track density as is produced by hydrogen recoils by a fast neutron tolerance
dose, and since a heaﬁier conecentration of alphé tracks would tend to
obscure the less prominemt rroton tracks due to H-recoils, loaded emulsimﬁs
would nnﬁ be advantageous in a location such aaythis where there is as mu¢h
likelihood of exposure to fast neutrons as toc thermals, or some combination
of the two, ’

~ The lack of reprodueibility of emulsion sensitivitj, as shown bj
the approximate factor of 7 betweeﬁ least and mést sensitive specimens tested
is a major drawback. ?This is someﬁhat mitigated by the factithat recent

fluctuations have been much less, and have tended to the more sensitive Tange,



24,

A greater:cause for ccﬂcern is the low sensitiviiy of these
emulsiénso Since the method consists of counting of random events, there
is always a statistical uncertainty which tends to be large for a small
total number of events. |

Table VI shows some reyresentative experimental data, The
probable error shown is calculateé according 4o Bessells fobmulag

P.E. = 0675 |/ S (Y
no-1
where & i3 the deviation of any rea&ing from the mean, and

u is the mmber of readings (fields) taken.

Table ¥I

Track COuntlng Data with Probable Errors

Film No.  Fields cOumed Tracks/field P, B. % P. B.
1 25  4bud - 4206 £ 5.6
2 40 24,0 -tz dee
3 50 11.6 C xl4 0 diza
4 24 ~1.00 £0.67  én,
5 2% 0.3 %043 4ma.

The first three sets of fiauzes above feyresenf the magnltudes
encountered in calibratloreo The latier figures are in the range of mani-
toring readingso Let us assume, for turposes of demanstration9 that #1
represents a8 cal ibra*lcn reading m*s say 1,2 dkvzslonsy and #3 represents
the bsckground norreﬂblon for irradiation during the run intc and out of the

exposure end of the tummel. Then, (46¢4,ﬁ; doé) {(11.6 £ 1.4) = 32.82% 2,95
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rerresents the diffefenceg due toitha measured‘exnosureo Aasumlrg the
r-neter readings to have an nneertatnty-of 108 éfluctuatlon in n-u/Kwh

values indicate 11?}9 and applying the correction factor C.882£0,06 n-u

= 1 division, the exposure is (1, P:i:(”’ 1) x (0.88£0,06) or 1,06 % 0,13

n-u, Then one n-u is indicated by 34.8 £ 2,95 = 32,8 & .89 t/f, or
1.06 £ 0,13

1 rep = 13,14+ 1.96 +/? or 0.1 ;er = 1 week's tolerance = 1.3140,196
t/F. If one further sssumes that #4 represents‘a Pield reading and wishes

to evaluate it in terms of wesk's tolerancej one geis 1, oo.f.o €7 = 0.76£0,51
’ 131 40,156

week’s tolerance. This is a mueh larper uncertainty than is desirable.

The above waluss were caloulated on tolerance values published

in 19483° The recent trend is to revisse these downward {umnuhlis wed), Such

a move will csuse smaller numbers of tracks to represent tolersnce values,
with the resultant increase in uwncertainty. The use of an insensitive bateb
of‘films has the same:result gven at the pressnt tclerance valueso

C A& slight 1mprovemant CHD bc attained by using a thiCker emulslona
There is a rractical 1imit to this since an emulsion thicker than 50 P
reguires épeaial teeﬁnique& in pfoeéssing9 and so does not lend itsell well

to routine monitoring cperations.

Conﬁlwmiggg

Nuclear track emulsions are s fair rethod of monitoring personnel
for neutron exposure, both in the thermal and ®fasth ranges of gnergies.
They do not supply an aﬁcurate measure of exposure at tolerance ranges, but
become more accwrate as exposure iy$reaaewv Thej do, however, indicate
exposures in this range within a factor of two, The grestest virtue of the

method is that nothing better has yel heen suggested.
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APPENDIX A
By W, S Snyder

Lgt p be the pﬁebability that an activated silver halide particle
will remain developable after an assigned lapse of time, and let g = 1-p,
vefine a "track“ to consist of n activated particles equally spa.t:ed along
a straight line. Let A, be the probability that after the assigned lapse of
time no gréup of 3 consecutive particles of the original track remain acti-

vated, Evidently,
by = Ay = Ay = 1 | (1)
For n 2 2, we have the recuwsion ﬁwmula s

b, = 9.1 qun,é P A g (2)

To see this let {Plg Py, ocoeuos Pn} n> 2 be atrack of n
particles occurring :"m’this order, The tracf«: ﬁ’lg Py, u““é Pn} can fail
to retain‘three consecublive activated particles after the assigned time
interval in one and only one of the following three wayss

L Py is deactivated and the subirack {st Ps; ooa:.,a, Pn} does
not retain three consecut ive a@tiva:toed particles, The probability of this
occurring is qhy 7. ’

2, Py remains activated, PZ is deactivated and the subtrack
{P.}_g Phé coouss Pn} does not retéin three tonsecutive actixfated particles.
The probability for this alternative is gph, 5.

3., P and Pg remain zanf:e’&:1:x4ratet:i‘9 P3 is deactivated a.nd the subtrack

{Ph 5 cesoas P} does not retain three consecutive activated particles,

The probablllty of this alternatlve is gp An«,Bo
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The probability that the chain g?ﬁj)00°oog Pn;} does not retain

three consecutive activated particles is then (2},

Ay = ghn-1 4+ QPAn-2 + gp2hn—g

since (1), (2), and (3} are mutually exclusive alternatives and exhaust the
possibilities for this 6ccurrence°

The unique solution of (2) and (1) is given by,
A, = Aan + BpA +¢f‘n : (3)
Wre re o, B; Y, are roots of the cubic,
y3*qy?”qpywquf:0 (1)
and A; B, C, are determined by,

A+ B%C (5]

§
st

Mo+ BR 4G = 1
ho? + B+ or?

113
| o

The cubic (4) has, for 0 € p & 1, one real root, which we hence-—
forth denote by ¢, and two complex roots, hereafter denoted by B and ¥, If

we put B :& peiP and § = ﬁelﬁg ﬁhen (3) becomes,

Ay = Aol {L +2P (ﬁ)ﬂ Coa(ﬂ£~:+¢)} (6)
A fu ' 7 ‘

The quantities occurring in (6} may be conveniently studied by

making use of the transformation,

y z PP z T | (7)
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Then (4} becomes,
W+ W o+ -1 = O : (8)
and if we use A to denote one of the complex cube roots of 1, then
W o= 1/3 ,{}m«r}?@; - 1} (9)
with i B ‘\%27r+? +%2?r+ 72 4 32
and | £ = \/271-4» 7 —V(Z’!r < 7)2 + 32
gives the three roots of (&), ‘
% | 2 . - . 3 . . .
We have /11 2 2 By =pq = W where Wy is the real
| (a} B H T
root of (8). Evidently p < 1 so thét for large n, A == aa”, But
lim 3 = 1 so that the damping effect [2Y? is relatively small for p
p?l a ' a ~
close to 1 unless n is very large., For example, whenp = °‘9,;3;7_. = o
Moreover,
p2 = AOF a4+ W (10)
6 3 2 '
e 3W+8W5+16w/++18w + 16W + 8d + 3

and thus, O < P < 1lwithlim P = 1,
‘ A : p*l A

Whenp = 3/h, W = 1 andP = .3
S A :

Thus A, /2 Actr;1 with a high’degree of approximation except when P



is very close to l and n is small, The error will be less than 1% if p < .15

for all n, and the values of n when ’éhe error becomes 1% or less are tabulated

below,
) n
02 1
o3 1
ol 2
o b
b 5

k)



