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:A radiation conversion and radiation transport model applicable to gadolinium-expobure
neutron Imaging is formulattd. The resultant lineir optical density representation is found
to be in good agreement withexperiment. The distinct conversion-electron contr.!-•tions
thus identified confirm the supposition aboutthe dominant mode of image formatioj in
gadolinium-e.posure neutron Imaging-. I

INTRODUCTION to film blackening. The discussion on the type of radia-
tior. which eventually leads to the optical density in the

The increasing avallabillity of intense neutron sources
has contributed to a broad interest in experimental neu- film is deferred to the end of this pper.

trcz radiography. 1-5 Recently, studies have been re-
ported wbl'% elucidate the mathematical-geometrical de- RADIATION TRANSPORT MODEL
scription of the optical image, 6.4 These studies suggest We consider the energy-dependent neutron-nucleus in-
that a need exists for a model of the dominant radiation teractlon density at the point P in the converter. If we
conversion and transport processes which contribute to deiignate this quantity by F(x,), then, in this one-di-
the optical film density. Herein we formulate and test a mensional representation, -Ye may write
simplified radiation conversion and radiation transport
model specifically relevant to gadolinium-expozire neu- F(x,)= (E)0(E,xd)dE
"tron radiography.

The experimental arrangement of the neutron radio- =
graphic system considered is schematically represented E4, (r1)exgp -Z (ij--xi)]. (1)
mi Fig. I. Neutrons are assamed to pass largely-unat- In this expression we use 1; as the appropriately energy-
tenuated through the film emulsion and aluminum foil averaged macroscopic absorption cross section for neu-
and thereupon become strongly attenuated in the gado- trons in gadolinium foil and 0 (r,) represents the scalar
linium conversion foil. The neutron-nucleus absorptin neutron flux on the x, plane.
process in the converter foil thereupon produces a
source of conversion radiation which subsequently leads To obtain an expression for the productien density of
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GADOLINIUM ALUMINUM .-ILM
CONVERTER FOIL FOL EMULSION Rod, = u,,=R,. (5)

/ FOIL Upon aubstitution of Eq. (5) into Eq. (4) and subsequent-I / ly into Eq. (3) we obtain an explicit expression for the
* -.I NETRONradilation flux at x.:.' ". "BEAM

,Ejj )=y fO,vexp[_(x _x)]
"". .x R, )

Xo xi x, x2 X3 XR

(Y, C:)exp(-S •,)iR•](R, - pAI@ -C2x1)]

x {(R, - p0o=x)[exp(zx1 ) - exp(.x,)]
FIG. 1. Geometric and material arrangement used for neutron

radiographic imaging. + Podexp(z•x)(xt - I/E) -- paexp(Ex,)(,r, - l/.)}.

(6)

This expression for the radiation fLux at x2 may be sym-
conversion radiation, designated by R(v,), we ab6me bolically written as
that this quantity Is directly proportional to the neutron- Jj~i)= Yj [45(x)/RIjG(Z,xf,x,,Pod)[Rj -PAI(X2 -x 1 )], (7)
nucleus Interaction density:

R,(xj)=YF(x,)= Y0(•z,)exp[ - E.(xj-xi)]. (2) where G(zXl,Xj,pod) iS a function of the gadolinium
converter only. Since the radiation flux at x2 will sub-In this equation we introduce the subscript "j" to empha- se.;uently tmpinge on the film emulsion then-assuming

size that distinct conversion radiation energy groups that film Ulackening occurs in the linear exposure
may be produced. Thus, Y1 Is equal to the yield frac- range-the resultant optical density will be proportional
tion of the jth radiation energy group produced in this to the radiation flux. Therefore, the experimentally
conversion process. measured optical density resulting f*om the jth radia-

ttda energy group, designated by/D,, can be represented
The radiation flux at xp which contributes to the optical ge
density in the film emulsion, defined by J,(x2), will de-
pend upon the transport kernel for the specific radladon Dj =EjYj[ (r)/Rj]G(E,x1 ,x,,poýjRd)[RjpA_(• -x1 )], (8)
energy group in question. If we symbolically define this where ec is the emulsion response parameter.
positive dimensionless function by Kj (vx'xx, 2 ), we
may combine this kernel with the radiation production From Eq. (8) it Is evident that, for a given neutron ra-
density rate by an Integration over the gadolinium thick- diographic imaging system, the optical density D, for
ness to yield an expression for the radiation flux at x2 : the jth radiation energy group will decrease linearly

with increasing alumiman thicL'-ess. If there are several

Jj(x))= fz Yj h(x,)exp[-E(r.-x.)]K.(Xr-Xr-X2)dxI such energy groups, then the resultant optical densityIli J*constitutes the summation effect of such linear contri-

=lY 20)fh"exp[-E(xi -xI)IKj(r 1 xjx2 )dxj. butions. Thus, the individual radiation energy groups

1 (3)
In this expression it is necessary to emphasize the lim- 1o
ited range of permissib!e integration of the transport
kernel for the jth radiation energy group; for this reason
we specify the lower limit of integration by x,. 08 * EXPERWNTAL OATA

In the present analysis -me assume that the kernel for 0O - LEASI-SOUARES FIT
our radiation transport model can be adequately approx- 5 06
imated-by a positivo definite linear relationship of the
form

K1 (qX-x"XX 2 ) 004 0z
= 1- (p 0 4/R,,)(x1 - r)I I - (PA1/RAt,,) (X-x,)I,(4) ,"oF j 03 BACKGO

wheve R., and Rt, are the ranges in gadolinium and 02
aiuminan, respectively, in ,,nits of mass per area; the
densities of gadolinium and aluminum are represented by
Pod and p,. 0!

0 10 2G 30 40 50 60
If the radiation groups can be considered to be contained - AUW*JM FOIL TI4INESS (mg/cm2 l
in a relatively narrow energy range, then we may use
the common model that the range, when expressed in
units of mass per area, Is independent of -the material. FIG. 2. Relative optical film densfty as a funcilon of
Hence we write aluminum thickness.
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TABLE I. Range and optical density contribution Rearranging Eq. (10) yields an explicit expression for
of conversion radiation. the parameter c1Ys:

Radiation Conversion Relative contribu- Optical density
energy radatlion tion to optical contribution ejY =D11{I -[(0 - e ) (13) -2
group range, R density, Dj (normalized to

(j) (mg/cm4l (arbitrary scale) 100%) Herein we have normalized the optical film density to

1 5.5±0.3 0. 599:k0. 025 71.8%D=D/(x)
2 18*2 0.162:10. 020 19.4% The calculations leading to the results enumerated in
3 32*8 0. 07-3 0. 016 8.6% Table I have provided both Dj and R the values used

for 2; and Pod were 1400 cm-f and 7. 80 g/cme. Using
these parameters, we have calculated the parameter

should be experimentally disceruiable if they are suffi- -Aj see Table II.
ciently distinct.

EXPERIMENTAL RADIATION IMAGING DISCUS•.ON AND CONCLUSION
The system and procedures used in this investigatio i

To test the validity of the analysis leading to Eq. (8), we are typical of those used in direct-Bxposure neutren -a-
condnradiographic experiments diography when gwiolinium. is used as the converter me-
using the imaging system schematically represented In dium. The experimental results, therefore, provide ev-Fig. -1. The converter consisted of a 25-#.,thick high- idence concerning the radiation transport and radiation i
pority gadoliniumi foil. Alimrh.uim foils were assembled recording process which characterize such .'adiographlc
to vary in thickness from 2 to 50 mg/cm2 . A neutron techniqes.
flux of -5X106 /cmO/sec was extracted from the
McMaster University Nuclear Reactor through a 2.5- It Is, however, informative to compare our experimen-

cm-diam vertical access tube. tal result obtained from this work with a result from a
recent beta-spectroscopy study whi•h employed gi=dolin-

Optical film density is not an-Ideal indicator of radiation ea7 ",a exposed to a neutron beam. "o From thifs investIga-
energy group exposure. To circumvent some of the po- on by Fe~gl and Ranch it Is also clear that three con-
I tential problems, we undertook several precautionary version-electron groups domioait the radiation spec-
steps. The effects of developer conditions were mini- tram. We have extracted the intensities of the lowest

Fmized by batch development. From preceding exposure two energy groups for the several gadollnitum-foil thick-
calibration measurements, it was possible to select ir- nesses and find that their ratio varies from 6.0 to 8.0
radiat'on times which ensured that the resulting film with an f t ..t the mat approp datoblackening Vdud fall within a narrowiy defined range. with an averitge of 6. 8. 11 The most appropriate data

from our work corresponding to this ratio are given by
The ratios of times required to obtain the vame film the performance-yield parametersTable U:
blackening as that required for a standard-was taken as
a relative measure of optical film denity. The useful- cY 1/(Y 2==I. 1. (14)
ness of this latter step rests on the assnmption that
"reciprocity failure" does not exist for the image for- The agreemett between these Indeoendent results sug-

mation process; this has been found to be generally ap- gests~that the emulsion performance parameter, e,
propriate for neutron ?adiograpby.' may not be strongly energy dependent for the range of

energies Involved and that the conversion electrons rep-
The experimental results from the neutron radiographic resent the domirant form of radiation which contritutes
measurements are shown in Fig. 2. YC Is graphically to film blackening In gadolinlun-exposure neutron
evident that the relative optical density is resolvable in- radiography.
to three distinct linear components. By the methods of
leas, squares, we have calculated the effective ranges.
R,, of-these three radiatio energy groups together wih Based on the conclusion that the conversion electrons
their relative intensities at x 3. These results are sm. represent the dominant radiation in this neutron radio-

marizedin Table L graphic process, one can use the experimentally mea-
sured radiation ranges, Table I, to calculate the ener-

Equation (8) can be reduced to yield information on the gies of the electron groups. We 'have evaluated these
product of the emulsion performance parameter and the energies using the Katz-Penfold" empirical correlation
conversion radiation yield given by cY,. For this calcu.- and find that the energies, in order of decreasing opti-
lation we specify zero armdnmi thickness and impose a
lower limit of integration by setting

Equnion (8) now reduces to TABLE 11. Performance-yield parameter for each conversion't10' radiation energy group.
D, = fji0(xj)il -4(1 -l Radlatlo6 energy group Performance-yield

where Qi) parameter. c1 Y1
(normalized to 10Q )

with R. satisfying 3
(12)
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