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A radiation conversion and radiation transport model applicable to gadolinium-exposure
neutron imaging is formulated. The resultant linedr optical density representatinn is found
to be in goecd agreement with experiment. Tho distinet conversion-clectron contriYutions
thus identificd confirm the supposition abouuhc dominant mode of image formatioa in

ar———— PR Y
b bl o
PR3

gadolinfum-cxposure neutron imagmg. i

INTRODUCTION

: The Increasing availability of intense neutron sources
: has contributed to a broad interest in experimental neu-
tron radiography. 1~ Recently, studies have been re-
ported whizl, elucidate the mathematical-geometrical de-
seription of the optical image. *** These studies suggest
that a need exists for a model of the tominant radiation
: conversion and transport processes which contribute to
) the optical filin density. Hereln we formulate and test a
simplified radiation conversion and radiaticn transport
model specifically relevant to gadolinium-expozire neu~

tron radiography.

The experimental arrangement of the neutron radic-
graphic system considsred is schematically reépresented
a1 Fig, 1. Neutrons are assamed to pass largely unat-
tenuated through the film emulsion and aluminum foil
and thereupon become strongly attenuated ip the. gado-
linjum conversion foil, The neutron-mucleus absorpticn
process in the converter foil thereupon produces a
source of cnnversion radiation which subsequently leads
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to film blackening, The discussion on the type of radia-
tior which eventually leads to the optical density in the
film is deferred to the end of this paper.

RADIATION TRANSPORT MODEL

Wa consider the energy-dependent neutron-mecleus in-
teraction density at the point P in the converter, If we
designate this quantity by Flx,), then, in this one-di-
mensional representation, e may write

Flx,)=f,;" B(E) ¢ (E,x,)dE

= [, 2(E) ¢ (E,x)exp| - E(E) {x, ~x }]dE

=Z¢ (v)exp{ - (= x)l. 1)

In this expression we use % as the appropriately energy=-
averaged macroscopic absorption cross section for neu-
trons in gadolinium foll and ¢ (x,) represents the scalar
neutron flux on the x, plane,

To obtain an expression for the production density of
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FIG. 1. Geometric and material arrangement used for neutron
radiographic imaging.

convession radiation, desigrated by R(x,), we assume

that this quantity is directly proportional to the neutron-
nucleus interaction density:

R(x)=Y,Flx)=Y,Spl)expl - Sl -2l @)

In this equation we introduce the subscript “j” to empha-
size that distinct conversion radiation energy groups
may be produced, Thus, Y, is equal to the yield frac-
tion of the jth radiation energy group produced in this
conversion process,

The radiation flux at ¥, which contributes to the optical
density in the %ilm emulsion, defined by J (%3}, will de-
pend upon the transport kernel for the speciﬂc radiadion
energy group in question. If we symbolically define this
positive dimensionless function by K, L ey =% —x), we
may combine this Kernel with the rad!aﬁon production
density rate by an integration over the gadolinium thick-
ness to yield an expression for the radiation flux at x,:

J,(Xz)=j;:’ Y, Solx)expl=Zlx; - x))IK, (x,~%,~2,) dx,

=Y, Sq‘:(x!)f"exp[-z(x‘ =2 )IK, (2%, xy)dx,,
%
3)

In this expression it {5 necessary to emphasize the lim-
ited range of permissible integration of the trausport
kernel for the jth radiation energy group; for this reasen
we specify the lower limit of integration by x,.

In the present analysis "ve assume that the kernel for
our radiation transport model can be adequately approx-
{mated-by a positive definite linear relationship of the
form

K, (X,"x{’x‘;)
=1 = o/ Rae Yox = x| 11~ (ppe/ Ry Moy =3)],(4)

where Rg, , and R,,, are \he ranges in gadolinium and
aluminum, respectively, in onits of mass per area; the
densities of gadolinium and aluminum are represented by
Pog and pyy.

If the radiation groupe can be considered to be contained
in a relatively narrow energy range, then we may use
the common model that the range, when expressed in

units of mass per arez, is independent of the material,
Hence we write
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Upon gubstitution of Eq. (5) into Eq. (4) and subsequent-
ly into Eq, (3) we obtain an explicit expression for the
radiation flux at x;:

Jy(xa)=Y, 2¢(x,) [ expl~ Slx, - x,)]

% (R; °Pm(§’; =x;) )(R, -pu(;;: -x;) ) a5

= [Y, ¢(x,) exp(- ng)/'R:][ﬂ; - Pn(fz -xl)]

X {(R, ~ Paqx;)[exp(zxx) - eXp(EX,)]

+ pga€xp(Zxy)(xy = 1/2) = pgexp(Zx,)x, =1/ 3}
()

This expression for the radiation flux at x; may be sym-
bolically written as

J,(xz)='- Y, [¢(x,)/R§]G(E,x;,x,,po,,)[R, “I’Al(’l =-x)], (M

where G(2, %,,%,,pq,) 18 a function of the gadolinium
converter only. Since the radiation flux at x; wiil sub~
se;uently impinge on the film emuision then-~assuming
that film Dlackening occurs in the linear exposure
range=-the resultant optical density will be proportional
to the radiation flux, Therefore, the experimentalily
measured optical density resulting {~om the jth radia~

ticu energy group, designated by D,, can be represented
hy

D] = G;YJ[¢‘;:)/R3]G(E:"1:’; ’ Pod)[R) - PAx(xz "xl)L (8)
where ¢, is the emulsion response parameter.,

From Eq. (8) it is evident that, for a given neutron ra-
diographic imaging system, the optical density D, for
the jth radiation energy group will decrease linearly
with increasing aluminum thichness, If there are several
such energy groups, then the resultant optical deasity
constitutes the summation effect of such linear contri-
butions, Thus, the individual radiation energy groups
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TABLE 1. Range and optical density contribution Rearranging Eq, (10) ylelds an explieit expression for _j:é‘
of conversfon radiation, o .
Radiation Conversion Relative contribu-  Optical density the parameter 5,1;. o1 . ;f
encrgy radlatfon  tion to optical contribution 6Y, = D}{l [t ~e=)/a,l}t. (13) §
group  range, R density, D, (normalized to z
) (m g/cm’f (arbitrary s cal - 100%) Herein we have normalized the optical film density to 3
1 5.5 D) =Di/ ¢(X‘). 3
.5£0,3 0,59910,025 71.8% 3
2 1642 0.1620, 020 18.4% The calculations leading to the results enumerated in E
3 32:8 0,073£0, 016 8.8% Table 1 have provided both D/ and R,; the values used 3
N —— & =
for ¥ and p,, were 1400 cm™ and 7,83 g/cm®, Using k|
these parameters, we have calculated the parameter =
should be experimentally discernable if they are suifi- ¢,Y,, sec Table IL, §

EXPERIMENTAL RADIATION IMAGING

To test the validity of the analysis leading to Eq. (8), we
conducted a series of neutron radiographic experiments
using the imaging system schematically represented in
Fig. ‘1. The converter consisted of a 25-u-thick high~
purity gadolinfum foil. Alumimum foils were assembled
to vary in thickness from 2 to 56 mg/cm?, A nevtron
flux of ~5%10® /em?/sec was extracted from the
McMaster University Nuclear Reactor through a 2,5-
cm-diam vertical access tube,

Optical film density is not an-ideal indicator of radiation
energy group exposure, To eircumvent some of the po-
tential problems, we undertook several precautionary
steps. The éffects of developer conditions were mini-
mized by batch development. From preceding exposure
calibration measurements, it was possible to select ir-
radiation times which ensured that the resulting film
blackening would fall within a narrow.y defined range.
The ratios of times required to obtain the came film
blackening as that required for a standard was taken a3
a relative measure of optical film density. The useful-
ness of this latter step rests on the assumption that
“reciprocity failure” does not exist for the image for-
mation process; this has been found to be generally ap-
propriate for neutron radiography.®

The experimental results from the neutron radiographic
measurements are shown in Fig, 2. & is graphically
evident that the relative optical density is resolvable in~
to three distinct linear components. By the methods of
least squares, we have calculated the effective ranges,
Ry, of these three radiatisn energy groups together with
their relative intensities at x,, These results are sum.
marized in Table I,

Equation (8) can be reduced to yield information on the
product of the emulsion performance parameter and the
conversion radiation yield given by ¢ %,, For this cileu-
lation we specify zero auunimmm thickness and impose a
lower limit of integration by setting

x=x=R/poy. ) 9
Equetion (8) now reduces to
D= ¥, plny)ft ={(t ~e~)/e,]}y o
where
a,=R,T/paq (11)
with R; satisfying
S ley = x)pg s 12)

DISCUS3!OM AND CONCLUSION

The system and procedures used in this investigatio
are typical of those used in direct-2xposure neutrca _a-
diography when gadolinium is used as the converter me-
dium, The experimental results, therefore, provide ev-
idence concerning the radiation transport and radiation
recording process which characterize such ~adiographic
techniques.

R is, however, informative to compare our experimen-
tai result obtained from this work with a result from a
recent beta-spectroscopy study which employed gudolin~
*xn exposed to a neutron beam, ¥ From this investiga-
..on by Felgl and Rauch it is also clear that three con-
vecsion-electron groups dominatre the radiation spec~
trum. We have extracted the intensities of the lowest
two energy groups for the several gadolinium-foil thick~
nesses and find that their ratio varies from 6.0t0 8.0
with an average of 6.8, ! The most appropriate data
from wur work corresponding to this ratio are given by
the performance-yield pavameters, Table I

6Y,/6Y,=1.1, (14)

The agreemeut between these indevendent results sug-
gests.that the emulsion performance parameter, ¢,

may not be strongly energy dependent for the range of
energies involved and that the convarsion electrons rep-
resent the domirant form of radiation which contriiutes
o fiim blackening in gadolinium-exposure neutron
radicgraphy.

Based on the conclusion that the conversion electrons
represent the dominant radiation in this neutron radio-
graphic process, one can use the experimentaily mea~
sured radiation ranges, Table I, to calculate the ener-
gies of the electron groups, We have evaiuated these
encrgies using the Katz-Penfold'® empirical correlation
and find that the energles, in order of decreasing opti-

TABLE U. Performance-yield parameter for each converston
radiation cnergy group.

ﬁﬁ!u!m cnergy group l’cr!ormancc-)mls

n parameter, ¢,Y;
(normalized to 100-3;)

1 83.2%

2 11. 3’.’6

3 5 ©

b S R R
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cal density contribution, ar.- give~ by 64, 135, and
190 keV.

Finally, we point out that the design of improved imaging
devices for gadolinfum-expos' ' re neutron radiography
should be guided by the experimental results found § 1
this investigation, The parameters which appear to be of
greatest importance are the various contributions to up-
tical deusity of the several radiation energy groups,
f.e., 11.8%, 19,4%, and 8.8%, together with their
corresponding ranges given by 5,5, 18, and 32 mg/cm®,

ACKNOWLEDGMENTS

The authors would like to thank T.J. Kennett for useful
discussions nn the subject, Part of this work was sup-
ported by the Defence Research Board of Canada.

's. Berger, Netutron Radiography (Elsevier, New York, 1965},

—
—
aESERIO

£18 [ AR
i Exfi 5.3 S8

e o

Do el ans
DTN TE I R

, .
FRay e 2 FRTES
YALLC G oo

Bt Rafil 2 TN
1

—

J. Appl. Thys.. Vaol. 43, No. 1. July 1972

~w— ———— —_—

o . LARMS AND G.R. NCRMAN

s »

%3, P, Barton, Trans, Am. Nucl, Soc. 10, 443 (1967).

3M. R, Hawkesworth anc¢ 2, Walker, J. Mater, Sci. 4, €17
(1969),

{M. Brown and P, B, Parks, Am. J, Roentgenol, 106, 18%
(1969),

SW.L. ¥hitterore, J.E. Larsen, and J. R, Shoptaugh, Ma-
terials Ev luation 24, 93 (1971).

‘W, L. Parker, P, A, Summers, andJ.A. Ray, Trans. Am.
Nucl, 3o¢, 14, 530 (1971).

IM.J. Flynn (private communication).

*p. 1. Garside and A.A. Harmsa, 3. Appl. Phys. 42, 5161
1911),

M. h. Hawkesworti, J. Scl. instr. 2(2), 673 (1967,

193, Feigl and H. Rauch, Nucl, Instr, Methods 61, 349 {1968,

Hiigh resolution studies by L.V. Groshev, A.M. Demidov,
V.A. Ivanov, V.N, Lutseako, and V.1, Pelekhov [Izv. Akad,
Nauk, SSSR, Sev. Fiz. 26, 1118 (1962)] also indicate three
dominant peaks ner the energies found in this study, These
results suggest that the intensity ratio could be larger.

2], Katz and A,S. Penfold, Rev. Mod. Phys. 24, 28 (1952).

e e < AR SR IR




