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ABSTRACT

A rigorous stochastic theory of the neutron and photon induced multiplicities has been devel oped.

1. INTRODUCTION

Nuclear material safeguards efforts necessitate the use of non-destructive methods to determine the
attributes of fissile materials and to perform non-destructive assay of spent nuclear fuels. Extensive
work has been donein this field of applications using multiplicity measurements (1-7). Inthis
technique a detector event initiates an inspection time interval of length t,. During the inspection
time, t,, the number of counts including the trigger following the trigger isrecorded. After
background correction for accidentals, which are obtained from random triggering of the inspection
interval, the neutron multiplicities are used to obtain the moments which are related to the *°Pu-
effective mass.

This paper deals with a proposal for the incorporation of neutron and photon multiplicity active and

passive measurements in Nuclear Materials Identification System s (NMIS). We consider a sample

of, V, (cm®), containing an effective 2*°Pu-effective mass was with an average fission rate, Fs

aé:;sz;s 2 The sample isinterrogated by the neutrons and photons from an external Cf-252 source
-SEC g

of, strength S,, 8‘%9 The theoretical basis for thiswork is provided by the results of a
e %]

general stochastic transport theory of the neutron and photon coupled fields. (8)
2. THEORETICAL BACKGROUND

Let, Py (to), be the probability that upon insertion of a neutron and photon source at time O, there
will be N-correlated counts registered during the inspection timeinterval, t,. This multiplet
probability is obtained by registering, the number of times that N-counts (including the triggering



event) were measured during a block of duration, t,, and then normalizing to the number of blocks.
In terms of the Py-probabilities, one defines the source probability generating function [SP G F],
Gs(Z,to):

G=4 Z"P. - @

that in turn is the basis for the calculation of the gth factorial moment.

=N(N-1..(N- (q-1)):aaL%1 (2.2)
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Inview of (2.1) and (2.2), one easily obtains the relation below between the factorial moments and
the Py-multiplet probabilities, that is the basis for our theoretical interpretation of multiplicity
measurements

M.=da (§)P, - 2.3)

n=q

The SPG function is given by (8)

G.=(z.t,)=exp{E.+ EJ (2.4)
with

E=4 & e.Q. fr.c) .t (25)

E~& & e.Q, fr.c)f..c -1 (2.6)

where we introduced the operators
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-I-s,ck_0 E Cs,c (V) ) TSCQ_O E QS,C (E) (27)
Qs:mm\% gitodr Q =S ot ¢rd(r - 7) - (2.8)



The neutron and photon kernel probability functions, Gx and Gg, respectively are determined by
non-linear differential integral equations (8). The neutron and photon transport moments, n; and

’ , are given in terms of the kernel probability functions above by
P,
GO ‘G, 9
n,= Cikj . p,= ?T—Gf: (2.9)
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and satisfy linear transport equations. For instance the first and second moments (g = 1, 2) satisfy
the coupled neutron-photon transport equations

M"\, =S :M"\/,=G, (2.10)
where we define the following matrices and vectors
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and introduced the operators
L= v g W.N+3, -0, +0 0" (213)
L*gz- 1/c%-\?\/ﬂ+m- o*sg (2.14)
O'=0odEdW/4p{m. §_ X% QC(E')%IN a, v Qu(EN+ (2.15)
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Where the dlastic scattering, inelastic scattering, and fission adjoint operators Q”_, Q",, ad Q"
respectively are given by



O =odvdWI& (F.v)f.(Fv. v, W)+&_ (FLv) . (2.16)

O’ =0 dWIA,, (V) F , (F v v )] 2.17)

O, =odvdW/4p V4 _(f,v) ¢ (v) (2.18)
The gamma scattering adjoint operator O+5g , isgiven by:

O, =0dE dW[ T (EWIE'W) +IT_ ¢ (EWEOW)] (2.19)

and for plastic scintillation detectors the adjoint sourcesin (2.12) are

S.=e,U, ) &s: S,=e,Utt ) +m,) (2.20)

$n=QT+zenU0(tm o)éSD H.: Sg:zegU(t,t O Ho (2.21)
with

Q.=Q,+Q,: Q =2mna,, Hylw*tad: vme X 1) (2.22)
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where, Hno, Hgo, Hin, Iins Ir, |e, @nd X are spectral weighted factors (8) and the following moments
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The transport equation (2.11) for the first moments, nI and p: are driven by the neutron-photon

detector. These moments are in fact the adjoint neutron and photon importances and can be
interpreted as the detector field-of-view, whereas the governing equations for the higher transport

moments, n; and p; are driven by the weighted capture inelastic and fission reaction rates.
3. ACTIVE AND PASSIVE MULTIPLICITY MEASUREMENTS
This section is devoted to the development of analytical expressions for the first and second

moments, M and Mo, of the multiplet distributions. In afirst step equations (2.3) and (2.4) are used
for g=1 and 2. This step yields the M; and M, moments as functions of the system physical

properties and the adjoint moments ), , p: n, . and p; These moments are then expressed in

the single-mode approximations as a function of the fundamental eigen mode (- ; : g:) ,i.e,

naY=T.OF.@:m =T.OF.®: p,=Z.(0) g, ®:;
p,=Z.10g,® (3.1

that satisfies the coupled transport equations

MV =g.CV.: /)T g: g =¢V - (3.2)

where, a,, is the fundamental eigenvalue (sec™).

The model amplitudes are determined by inserting equation (3.1) into equations (2.11) and forming
theinner product between this result and the vector \\/ . Upon insertion of this result into the

expressions for the moments and integration over the system volume and over the inspection time,
t o, One obtains the results

M./t =M+ M m, (sec) (3.3)
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SYMBOLS

dr = space volume element
dv dW = speed and angular volume dlement
dE dW= energy and angular volume element

Ly = (I!, V, W, t ) for neutrons

@y = (I!, E, W, t ) for photons

¢ = speed of light
gqp = Probability for the emission of j-neutron and g-photons per fission event in the fudl.
&g, &jq = Probability for the emission of j-neutrons and g-photons per fission event in the spontaneous Cf-252 sources.

M. My M =average number of photons, from capture, indastic and fission eventsin the fud.
g , g N = probability for the emission of g-photons per capture (inelastic) events.

o g
C (v), C (V) =normalized fission spectrum (spontaneous Cf-252 sources)

S Cc

QS (E), QC (E) = normalized photon spectrum (spontaneous and CF-252 sources)
Se S Sie, Sk Sine 'S¢ = neutron cross sections

1
Sq (I, V) = neutron scattering cross section in the detector material

I I I
rTS(I’ LE),Ir (r, E), rTT (r, E) =photon cross sections
a

I I

n 5 (r,E), rTSD (r , E) = photon absorption and scattering cross section in the detector
al

[ [ [
f S(I’ ,V, W|V' , W) : f N (r,v, W|V' , W) : f SD(I’ ,V, W|V' , W) = neutron scattering probability
r function for elastic and inelastic processes in the sample, and scattering in the detector material.
g(r, E, \7’\/| E' \fV) ; gD (E, \7’\/| E' \f\/) = photon scattering probability function for the sample and detector
€n, & = neutron and photon detector efficiencies

U, (t | to) = square box window function of length t,,.
M e = theratio of the actual mass of fissile material in the sample to a reference mass.



