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ABSTRACT

Reactor noise analyses are conventionally perforﬁed by using neutron
detectors to make direct observatiéns on the fluctuations in ﬁhe neutron
distribution within a reactor core. The purpose of this paper is to pre-
sent a theory for the interpretation of‘a noise experiment performed
instead by using a photon detector to measure the fluctuations in the
high energy radiation distribution from the reactor core. In practice
one whould choose to detect the high energy (EO 3’5 MeV) radiation, be-~
cause in many instances there is a negligible fraction of delayed photons
af these energies. The many groups of low energy delayed photons only
complicate an otherwise practical and direct interpretation of such an
experiment.

To deal theoretically with fluctuation phenomena a dedﬁctive approach
"is employed in which the Liouville equation is used to generate a coupleé
set of transport equations for the first and secqnd moments of the appro-
priate numbers (in fact densities) of particles and photons.that are ade-
quate to describe the entire system of interest. The type of system that
is considered here is one in which a phoﬁon detector (and its associated
discriminating, counting, and recording equipment) is placed outside a‘
. reactor core, It is likely that a photon detector may be positioned outside
the core proper, in conﬁrast to convéntional noise experiments in which

neutron detectors are usually placed in-core, because the mean free path
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of photons in the core is very much greater than that of neutrons in
the core.

Particular attention is devoted to the theoretical description of
the observables of an experiment. Tﬁo commonly used measures of fluctu-
ations are a variance and a power spectral density; 6ur analysis is
accordingly couched in these terms.- Applying consistent P-1 approxi-
mation procédures to the neutron distributions, the set of transpoft
equations is solved for the type éf system described above and spatielly
dependent expressions for the power spectral density of detected par-
ticles are obtained. Upon comparison with the corresponding expreésions
from a conventional neutron noise analysis, it is found that the same
neutron correlation information is obtainable in pfinciple by a photon

detecting noise analysis as by conventional techniques.

INTRODUCTION

Inithis paper we present a theoretical interpretation of & reactor
noise analysis based upon observations on the high energy radiation
distribution emitted from the reactor coré. Thié is in contrast to the
umore conventional means of performing reactor Qoise éxperiments in which
neutron detectors make observations directly upon the neutron distribu-
tions within the core. It will be shown that striking similarities
exist in the results obtained for these two approaches, In fact, that
information which can be obtained from studies of fluctuations and
correlations in the ﬁeutron distributions by observations dn the neutrons
themselves will be shown to be equally accessible, in principle, from
observations on fluctuations in the high energy photon distribution.

The class of systems that we consider in this paper are nuclear

reactor systems in which the radiation of interest is generated by fission
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and (n,y) interactions. It can be shown that photons prodﬁced by (n;y)>
interactions behave as prompt gammas accompanying fissidn events, In
the type of experiments that we discuss (those inwwhich the power spec-
tral density is measured for the charged particles arising'from detection
events) considerable convenience of interpretation is achieved by restrict-
ing attention to just the prompt radiation of the system. So far és the
delayed photons are concerned it is expected that only those delaye&
photons emitted in the time interval between iO-h seconds and 1 second
after a fission event would adversely affect the interpretation of a
measurement. Therefore those photons emitted in time intervals shorter
than ld-h seconds following a fission event are taken to behave as prompt.
Maiensghein et al.l indicgte that delayed gamma radiation arising from
the fission products in the time interval 1o“h seconds to 1 second after
fission is a negligible fraction of the total gamma energy emitted per
fission event., Of course very long-lived delayed photons present problems
also. However; Chapman et a1.2 show for the Bulk Shielding Reactor II
that the delayed gamma radiation with energies greater than 5 MeV is
considerably less than that arising promptly (within lO-h seconds) from
fission and (n,y) interactions, Thus.to achieve a practical, directly
interpretable experiment we hgve suggested that high energy (EO > 5 MeV)
prompt photons be observed.

It is recognized that present discriminating techniques (to allow
A the observation of only high énergy.photons) cannot avoid the adverse
effect caused by the pile-up of low energy photons, Furthermore, shield-
ing against these ioﬁ energy gémmas due to long lived fission product decay can
'be'achieved only at the expense of detector efficiency. It thefefore
appears that photon detecting noise experiments will be limited to cold,

clean reactor cores for the present as are neutron detecting noise experiments,
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It might then be asked, "Wﬁy conéider a photon-detecting noise expéri—
ment?" There are at least two good reasons for this consideration. First,
it may be possible to perform noise analyses with a photon detector placed
outside the reactor core proper., The fact that the mean free path of high
energy photons gn the core is much gréater than that of neutrons allows this
possibility. Thus the perturbing effect of a detector placed in-core,

such as is the‘case presently in neutron detecting noise expériments, may
be eliminated. This is especially desirsble in low power experiménts when
the total number of neutrons in the core is small. Also since a photon
detector is capable of effectively "seeing" an appreciable volume of the
reactor core, it may be possible‘fo‘smooth out or‘perhaps in some instan-
ces to remove spatially-dependent effects., Of course fhis would be a dis-
advantage if one is in fact trying to observe space-dependent effects,

We therefore retain spatial dependencé in the results we obtain so that
their importance may be assessed in given instances.

With these qualitative remarks in mind on the practical aspectsvof
the problem the remainder of this paper deals mainly with a more detailed
theoretical analysis of the problem of obtaining neutron correlation in- |
formation by the observation of fluctuations %n the high energy radiation
distribution from théJreactor cofe. Since a connection befween the theory
of fluctuations and their measurement is conveniently established through
| the variance of the particles arising from detection events or through the
power spectral density of their detection‘rates; this investigation pro-
ceeds from the apprépriate coupled set of balance equations for fhe relevant
pgrticle,and photon densities that describe the system to tge order that
the observations are performed. We obtain these equations by a deductive

quantum mechanical approach in which the joint probability density for the
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system satisfies the Liouville equation. The joint probability density
referred to above is one which describes the p}obgbility for all "particles"
i(this term is extended here to include photons as well as ocrdinary par-
ticles) of the system to be jointly distributed in phase space in a given
manner as a function of time. The set of transport equations is then re-
duced to a form consistent with the conditions imposed by the model of

the system we have discuss;d above.' Finally a solution for the power spec-

tral density of detected particles is obtained and analyzed in terms of

corresponding results from a conventional neutron detecting noise analysis.

DEDUCTION CF THE SET OF WORKING EQUATIONS

Té discuss appropriately fluctuations about a mean denéity (singlet
density) it is necessary to consider second order stochastic quantities
which we will refer to és doublet densities. - In the quantum férmalism
the singlet density, for instance, of a given type of "particle" is ex-
préssed'theoretically as the expectation value of the apéropriate-number
operator for that type of "particle". This is just the fifst moment of
the Joint probability density with the number oéerator. Doublet densities
are in turn just expectation values of second order monomials of appropriate
number operators. A méasure of the fluctuations of a given distribution
of particles or photons is obtained through a variance, where the variance
is defined as the difference between the doublet density of interest and
the product of the corresponding singlet densities, It can now be noted ‘
. that thé techniques which we employ to deduce thé appropriatg set of»trans-
port equations have been preéented in sufficient detail previously in appli-
cations to reactor éystemsB, neutral gasesh, and plasmass’6. Therefore we

will attempt here to present just the essence of the principles involved

and to abbreviate the calculational detail in light of the references given
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above that deal specifically with these details.

This computation is initiated by dividing the six dimensional phaée
space into hypercells of volume (2w)3. (This is Just coafse graiﬁing in
phase space,) Coﬁfiguration space is divided into non~overlapping cells
of volume L3 and X space into cells of volume ig%%i « Here K is the wave
vector associated with a momentum RK. The center éf & hypercell is loca-
ted by co-ordinates (X,K), and all "particles" (recall that ﬁhotons are
included in this set as well as ordinary particles) in the cell are lo-
cated by giving these co=-ordinates, It is noted £hat the hypercells are
of sufficient volume that the uncertainty principle is nﬁt violated.

The singlet densities for particles of kind "A" are defined by

1
(2n)3

and the doublet densities for particles of kinds "A" and "B" are defined

Tr oM(X, K, a)D(t), | (1)

FA(X, K, 8, t)

by
FSB(.)SalE’a; X',K',b,t) = -(»l—)—g Tr pM(X,K,2) oB(X'K'b)D(t) . (2)
2n :

The operators pA(zﬂg,a) are number opérators whose eigenvalues in a diagona~
iizing representation represent the possible numbers of particles of kind

"A" in the phase-space hypercell centered at the point (X,K). The lables
'"a" (and "b") specify the quantum numbérs necessary to complete the descrip-
tion of the particle's state. They designate such things as polarization,
spins, and internal states. All pérticles in a given phase cell are assigned
the coordinates of the center of the cell, their momenta being given by

P =1 K. Evidently these phase points are discreﬂely distributed. How-
ever, whenever appropriate, they will be assumed ﬁo be sufficiently dense

to be regarded as a continuum. The quéantity D is the density operator for

the systemn,
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The density operator is assumed to satisfy the Liouville equation
given by

aD(t)
ot

[D,H] , - (3)

Sy

where H is the Hamiltonian of the system. It is useful to write H as

H =y B, | | (%)
A o
In this case HA describes the kinetic energy of the "A"-type particle

(this is the contribution from the free photon field when "A" refers to
phofons), and V represents all other contributions to the energy of the
system,

The first step in the present derivation of a transport equation

is to display (generically)

F(t+1)-F(t) _ 3F [1+X 3°F/3t2 Jn 2 ()
T at 2 3F/3t Sttt Bt
for sufficiently small t and for densities which do not vary too rapidly
t/T ’

in time. For example, if F(t) ~ e s then the above approximation implies
the neglect of a series of terms, the largest of thch is 8(t/T) for %-< 1.
An obvious lower limit for 1 is interaction times; whicﬁ, in the case that
, wve will consider, will not likely exceed 10-10 seconds. It is to be noted
that this approximation (coarse-graining in time) is a necessity and not
merely a calculational trick, since it is meaningless to compare densities
at two instants closer together than an interaction time., It can then be -

3,7

shown that the equation for the singlet density of "A"-type particles

can be written as:

Kait) = —— ¥ [0}, (x.K,0)-02 (x,K,0)]

3 A 1A
— OVF =
[5g + X -2In (X, (2m)3 v Pnta

. (6)
+ terms off-diagonal in D(t) .

We have introduced Xé to represent the velocity of the. "A"-type particles.
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Note that xé = hgij when "A" applies to an ordinary particle, and my is

‘the mass of the particle. When "A" applies to photons, Xé zcQ and ¢ =

3 x 1019 cm/sec because the medium is non—dispersive for the radiation of
'interest. The direcﬁion vector for the photons is given by‘g, Tn[n stands
for the probability per unit time for a transition to occur between an
initial state designated by n and = final state designated by n'. The
summation over n and n' includes all initial and final states, Expressions
for Tn'n can be obtained by conventional perturbation techniques. Many
approximations are required to go from equations (1), (3), and (5) to
equation (6). All of these approximations have been displayed elsewhere
explicitly, some interpreted qualitatively, but few estimated quantitatively.
Many of these considerations have been dealt with specifically in refer-
ences 3, 6, T, which are directed more toward the actual development of

a transport theory. We therefore procéed at this point to writing the

generic doublet equation (neglecting terms proportional to off-diagonal

elements of D(t) henceforth) as:

3 A B AB . ;
[5g + ¥ T+w L' 1,7 (X,K,a34,K",bst) = '—'L‘é' 2, Toon(x)
‘ (2n)” nn! 1)

A B A B
(x)[pn,n,(_)g,_f_c_,a)pn,n'(zc_v,_IS',b)-pnn(zg,_fé,a)onn(_&v,_fgv,b)]Dnn(t) .

Note that the gradients which appear in the equations at this point are
symbolic and have the meaning of a finite difference in the density of
interest at two adjacent cells in configuration space, divided by the linear

dimension of the cells., They will take on the usual meaning of gradients

when we pass to the continuum for densely spaced points.
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SPECIALIZATION OF THE TRANSPORT EQUATIONS

Before finally specializing the set of working equations to_their
most useful form for our purposes, it may be helpfulkto further define
the model of thé system/with which we are dealing. Recall that a judi-~
cious choice of energy threshbld for observing prompt photons is EO > 5 MeV,
bécause only a small tail bf the distribution of delayed gemmas occurs
above 5 MeV in comparison with the number of prompt gammas in this energy
range, It is also reasonable to assume that only a very small fraction
of the photons in this high-energy range have previously undergone a
scattering interaction and maintained a final energy greater than 5 MeVg.
Also bremsstrahlung (mean energy of .5 MeV) is a negligible photon source
for EO > 5 MeV. For the sake of discussion it is assumed that a scintilla-
tor is used to detect photons, apd the photoelectrons that result from the
scintillations interacting with the photocathodé material are simply re-
corded gnd accumulate in time, Photofission is neglected, and photo?s are
assumed not to interact with other photons. The only photon interactions
that are considered to be relevant in this model are those events by which
a photon appears to be absorbed. Detection processes, photoelectric ab-
sorption, and pair production are the obvious photon absorbing interactions.
Photon scattering is also taken to behave as a means of absorption here,
because we assumed that a photon is removed from the energy range of interest
by aﬂscattering interaction. The emission of photons and particles by
neutron interactions is taken to be isotropic; and extraneous neufron and
photon sources are assumed to be isotropic and constant in time. Finally

we neglect delayed neutrons and delayed photons for expediency of calculation,
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In this system we are interested only in charged particles from de-
tection events, neutréns, and photons., All other,distributions‘in the
system are assumed to be known., To deduce the interaction terms on the
right hand side of the balance equations, it is well to restrict our
attention to the dominant interactions that affect the system. In the
present case the dominant processes are neutron’fission; capture, and
scattering; the production of gamma radiation by fission and (n,Y) events;
the absorption of gammas by the medium; and the detection process. Neu-

3,5

trons scattered by neutrons are neglected. It has also been found that

about all the information that is needed regarding transition probabilities
is their dependence upon occupation numbers., In.the present applicati5n

p is neglected compared to unity, because measurements on this system will
be insensitive to quantum statistical effects,

The final reduction of equations (6) and (7) is carried out in the .
same manner &s employed previously in the literature3’7. Upoﬁ performing
that task and passing to the continuum, where one assumes that the discrete
points in phase space are sufficiently closely spaced that they can be
treated as continuous, we can write out the set of working equations com-

pletely for this system, starting with the doublet density of detected par-

ticles, as

(g + 2 (kv 1) 1258 (X, K5 X7k 3t) =fd3.<--rD(.<v-><x>.

7
=4

!

n

(x) [QD(S_' v.,:é)fgﬂ'(z’ﬁv ] ;2(.1 ’..I.{.' ;t)‘\"}D(ﬁ' v.,&v )fSY '(2(_,_}9.).(.;5' ' ;t)](x) (8)

(x)E(t)+8(X-X") 8 (K-K" )fd3:<' 'rD(K")»?D(g"ﬁ)fI(z,s",t)H(t),

whereJr’D(Lc'->_}_{_)d3

K is the probability that s photon with wave vector k' will,
upon detection by a photoelectric detector, produce a photelectron with wave

vector KgdBK, and H(t) is the unit step function.
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The equation for the singlet density of detected particles is
written as:
3 h
(3 + 2
d
t m8

The equation for the cross doublet density of charged particles and photons

(X,K,t) = axtrr (.<")_;D(_.s'wg_)f*(x,x",t)ﬁ('r). (9)

is written:

]
T et Rpemr (12 (120050

(10)

+ 2R (KT (X e )-8 (22 )r (k2P (e" K)ET (X, k! t)H(L),

e _
and fYB (zjszf,ﬁ';t) is obtained by interchanging arguments, The quality

Gg(gf',gf)d k' is defined as the probability that a fission event induced

by a neutron at k'' will produce exactly Q photons, n of which have x'e d3K',

3y143

and T(X',x')d k' is the expected number of photons produced per second

3

in d7X' about X' and in d3K' about k' by extraneous photon sources.

The equation for the singlet density of photons is:

[-3-;; + CQ.‘.Y.*'ra(x)]fI(z(,,s_,t) =fd3k"rf(k")ff(_)_c_,g_",t)(x)

(11)
(x) 2 neH (k" 04T (K x)
Q,n
and the photon doublet equation is written as: -
[+ c(@ev+a' v )+r (k)4r (x) 1277 (X,kX' k' 5t)
it === = a a R
)
= f"(x,.e,t)r(x',.<')+1‘(x,,<)fY (X',z',t)+fd3k"r (k'')(x)
1h== == e R f
, , (12)
' v
(x) 30 n {Gg(i".ﬁfgy (5K 304000k e ) (K ,5";*3)} |
Qsn

+ 6(_)g'-_>g')fd3k"rf(k")ff(g_,g",t) 2& MGy (k' |k )+8(X-X) ()
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(x)é(s-s')‘[ra(z)fz(z,f,t)ﬂ"(,&s)] . 4 . (12)
X 9 3 - (con't.)
In equation (12) we have introduced Gnv(gf'lg,gY)d kd“k' to be the proba-

bility that a fission event induced by a neutron at k'' will produce Q

photons,; n of which have 55d3:< and v of which have 5'3(13 's VWhen k=x',

Q T 1] 1 Q : te
Gnv(gc_ I,k )*6“6(5 K )Gn(}f_ %) .
The neutron singlet equation is:

[——-+ ~— ke V+L(k)]f (X,k,t) = 8(X,k) , ‘ (13)
mN .

where

L(l{_)fg()_{l,.}i’t) = rt(k)ff(-x-’-}i’t);_[dBk"[rs(k”)gsc(,}_‘(_"\"’.}ﬁ) A

+r (k")ZaB (k"' k)]f (X,k"",t) . , (1)
Jd,a
3,53

The quantity S(X,k)d”Xd"k is the expected number of neutrons produced per

second in d3X about X and in a3k about k by means other than the fission

3

process; BJ(k",k)d k is the probability that a fission induced by a neutron
a'= = .

with wave vector _k_" will produce J prompt neutrons of which a have }(__sdBk;

and-?sc(_}g"->_]§)d3k is the probability that a neutron with an initial wave
vector k'' will be scattered intO*_l_{_ed3k. The equation for the neutron

doublet density is given by:

NN'

o (X,k3X',k"3t)

a fl te t
5+ 7"; (keV+k'*V)+L(k)+L(k') It

=1 (x k,t)s(X',k")+s(X, k)f (_)g',l?',t)+<5(_)§_-2(_')(x) (15)

—

(x)8(k-k")S(X,k)+6(X-X")A(X3k,k'5t) ,
where »

MEikk'st) = e(.}s-&'){rt‘k)fhk_st)*f e (11 (k! '+}s>flf<z,£"’t)}

¢

Sl (025 ek )4 (1) ¥ a8 (e, k1) 1250,k ) . (16)
s == e e e R SR |
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' sC LIS | ! J 1 N 1 '
=[r (k")27" (&' k)4 (x );éa“Ba(-*i k) 1) (XK' ,t) (16)
(con't.)

+fd3k"rf(k") ). ags’ (k"lk,k;)fN(x,k",t) .
Jea,B

3,43

In this equation we have introduced Bgs(gf'lgngf)d kd“k' as the probability

that a fission induced by & neutron at k'' produces J prompt neutrons of

3 3

which a have ked”k and 8 have k'ed”k'. When k=k', Bgs(i&"l&}s' )"Gas‘S(-li’-}i')
J
Bu(.ls.”’-l-{-)'

Finally the equation for the cross doublet density of detected particles

and neutrons is

P ZS'Y. .15."2' RN |
50+ 8 =+ —) + LK), (X,K3X',k'5t)
B N
|
:f 3("rD(n<")3D(5"->_I§’__)ng (Xy''3X', k"3t )H(t) (17)

¢ 2HEES(E KD
and the cross doublet equétion for photons and neutrons is given by:

2+ eqevt Bm i eutar ()+L(k") 1eY (X X'k 5t)
st~ == m = - =70 B2

= I’()j,g)f?'(X_'gt_'t)i‘fz(_}g,_»g,t)s(_}g' ,_lg')+fd3k"rf(k")(x)
| (18)

(x)ng' (X,k"! ;5' k' ;t)QZnnGi(}g' 'yk)=-8(X-X" )rf(k' ) (x)

(X)fg(.)_(.:.lﬁ' st) Z HGS"(E' )
Qsn

.To this point the multiplet densities are general for all real times,
However, experiments will be interpreted in terms of accumulations of charged
particles in view of the fact thaﬁ.a physicai measurement is to run positively
in time starting from, say, t=0 to time t. Thus thé step function H(t) is

employed above in expressions describing the detection of phdtons. It is
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_ seen that the charged particle multiplet densities are continuousvfunctions
in time and represent accumulations of charged pgrticles. The rates of
accumulation, i.e., the first time derivatives of charged particle multiplets
are discontinuous, having been ze;o at times prior to t=0 and non 2ero»for
t>0 due to the observation starting at t=0. it is then noted that the
second time derivatives of charged particle multiplets are singular at

t;O. Thus we have seen that the consequences of this restricted validity

are conveniently accounted for by interpreting the counting rate per photon,

r,, as proportional to the step function, H(t), which has the properties:

H(t) = 0 t <0 (19)

H(t) = 1 t >0, (20)
and

di(t) _ : '

a8t . R (21)

The following list defines the quantities appearing in the above equa-
tions that were heretofére undefined: |
a) The superscripts on the densities designate the type of "particle"
referred to as:
N = neutrons
B -+ photoelectrons (are the detected partic;es)
Y + photons
b) Xs(k) is the probability per unit path fér small paths that a
neutron with momentum of magnitude B k will be scattered., The
interaction rates expressed by r's are just the product of the
macroscopic cross sections and the mean speeds of the relevant
particles. The subscripts for interactions of interest are:
s = neﬁtron scattering
f » fission

&y > neutron absorption
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t =+ total neutron events

c 4:captﬁrevof neutrons

s+ phdton absorption

D> detection of photons by photoelectric material;

Our final reduction of the above éet of tranéport equations is accome
plished by integrating the equations over photoelecfron energies and over'the
relevant photon energies (EO > 5 MeV), Streaming of the photoelectrons is
neglected, and consistent P-1 approximation procedures will be applied to
tﬁe set of all neutron densities and cross densities. Neutron gquantities
are integrated over all neutron energies, and energy averaged system para-
meters, such as interaction rates, are taken to be independent of the
density that is used as the weight function in thé average taking process.
The emission of photons and neutrons by neutron events has been as;ﬁmed
to be isotropic, and the emission of neutrbn; by external sources is taken
to be isotropic, uniform, and constant in time. Photon and neutron den-
sities and neutron currents are assuméd to be stationary and the extraneous
gamma source, T, is neglected from here on for expediency. Performipg
this last set of reduction steps the set of working equations is written
finally as:

a£p(X,t)

= ApY
5T = af (X)H(t) , : (22)

, |
215" (%,X',t)

] .' '
= {Afgs\(_)g_,_}_(_'tHA'ng (X,X ,t)} H(t)

ot (23)
+ 8(x=x")ar] (X)H(t)
[+ B 168 (xixr,atit) = Ay (xix L0t )H(E)+ Ty fSN'<x X',t)
a.t Y' 2 Shedr 93 2 it KR 30N LHT 2 A ]
(24)

- 8(x-x")r_£](X,2")H(t)
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P,
Bf1(%,0) = g% 1, ¥(x) | (25)

| P
L ’ t - N?
[By+By,]ng (X,2:%',0") = §F {fgy (XX ,f?_')+f; (X,2:X" )}

. (26)
YY! N Y
+ §(x-X") £ (X)+8(0-2")r_£7(X,2) 7 .
The following new notation has been introduced:
4£7(x) EdeKrD(K)fY(_)g,s) . : o {27)

The subscript has intentionally been deleted, because this notation applies

for all photon densities and cross densities. Also‘

-A'fY'(_}g') Efd3m’rD(K')fY'(_)£',5') : o (28)
B, ZeReTtr, | | (29)
By = c'eTlHr, , ; (30)

<por

Blf (x) PY(_Q_)fN(_)_(_) sfd3k"rf(k")<n(g)>fN(g(_,_lg") = TTT‘I: (), (31)

where
<n(Q)> = expected number of photons that are born into dQ
’ (32)
about Q by a fission event,
PIY' N N 3 N
(X)) =P, (2,0")(X) = [a k" 'r (k" )<n(2)v(Q")>F (X,k'")
2 = yy'' == = f = = ==
(km) ,
- (33)
- <nv>2 rffN(Z{-)
(L)
where

<n(2)v(2')>ddq' = expected product of the number of photons, n,
born into dQ about Q Jointly with v born into (3k)
dQ' about Q' by a fission event.
It has been shown by Akcasu8 that the class of distributions to which

<n(Q)v(Q' )> belongs has the property:

fdﬂfafz' <n(Q)v(g')> = <n 2, A _ ‘ (35)
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SOLUTIONS OF THE EQUATIONS

It is worthwhile at this point to devote further attention to the
observables of a noise experiment. So let us consider the power spectral
» density of the detected particles. The powér spectral density,bé(w), is
the cosine transform of the autoéorrelafion function ¢(t).

The autocorrelation function relevant to the measurements with which
we are concerngd is the autocorrelation func%ion of the output current,
I(t),‘from the photon detector. The computation of ¢(w) can be performed
analyticaliy by processing the raw data from an FM.tape, for instance,
which ﬁight be used to record the output cur£ent from.the detectory or
suitable electronic equipment utilizing a succession of filters among
other circuitry can be used to give ¢(Q) directly from the output current.
The autocorrelation function is given for stationary currents by:

o(1) = <I(t)I(t+1)> . o (36)

It can be shown9 that

1 32f28(r)
o(x) = 5 3 (37)
3T
which then gives the power spectral density as:
1(® 2°£58(x) ~
d(w) = Ejf dT COS Wl =——emmee— - (38)
2 .
-o0 aT

N

It is apparent that the connection between the experimental quantity ¢(t)
in (36) and the theoretical ¢(t) in (37) is through the observable quantities

ng(T) and fE(r). These are seen to be:

| £8(1) = f &x t8(x,7) | (39)

D.V,

and .

£88(1) = fd"’de?’X'fSB'(z,zs',T) , N )
D.V. D.V'

o~
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wherev

" D.V. = detector volume, - _ (41)
As was indicated previously, ff(r) and fgs(r) represent accﬁmulations over
the interval 1 because of the initlal conditions that were appliedkto all
B densities. |

These initial conditions are:

80) = o B (b2)
fZBB(O) =0 | _ : (43)
fQBY(o) = fgs(o) =0 ' . (54)
fzeN(o) = fgs(O) =0. , (L5)

The power spectral density may also be written (for the sake of cal-
’ : . ’ '
culational convenience) in terms of the detected particle variance, vE8 (t),

(for stationary photoelectron currents) as:

- 2 88" )
¢(w) = %f dt cos wt i—Y——-—-z—(-E-)— o , (46)

- at
1
(valid for non-zero frequencies), where the photoelectron variance, VﬁB (),

is defined as

VBB (4) = f a3x f a0 (e8P (10, 0)-e80x, 00680z 0 (o)
: (D.V.)l (D.v.)2 A

The equations for the variances that are needed are obtained directly

from our previcusly reduced multiplet equations. They are

BB' [ ] - .
3V ()aiéx_ st) = {AVYB (-X_’_X_' ,t)+A’VBY'(£,_X-' ,t) (hB)

+ 5(2.(:'22')“1'(3—)} H(t) ,

and by differentiating

22v28" (x,x7,1) B ) B xxt) k4
| =i ) +A? e H(t) . (49)
at° o at
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+ a(gc_-gc_')Af’l’(zg)é(t) . | | " - (L9).
' (con't.)

To get this equation we have used the properties-bf the step function and

the initial conditions given as

vB8'(0) = v®'(0) = v'®"(0) = v*'(0) = v"8"(0) = 0 . (50)

-
A

In like manner we have
[-gzc-+ By]VYB'(Z_.Q_;_)g';t) = A'VYY'(E(_,Q_;_)_(_") , ' (51)
P '
+ 2 VB (x,x0 ,t>-s<;<_-g)erI<_>g,gz_)} H(t),
and VBY'(Z3§f,Qf;t) is obtained by interchaﬁging arguments. We also have
5+ BN]VNE'(E»ZI't> = oV (R EDEGE) L (52)

Applying consistent P-1 procedures to reduce the neutron equsations,

we can write the neutron Boltzmann operator, BN,.as

Ny 2. N
Byt (X) = [a)-D V" 1£(X) , | (53)
where
‘ ‘ .
D, = <v52/3bl | (5h)
<v> = mean speed of neutrons _ : (55)
bl = raN+[l-<u>]rs = rt-<u>rs : ‘ (562

<p> = first angular moment of the neutron scattering frequency (5T7)

(1-k=) . | - (58)

al = raN-<J>rf = raN

The details concerning the reduction of the neutron eQuations have

been given careful attention by Osborn and Natelson3 and otherslo, and will

1
BV (1,x,t) is

not be belabored by us at this point. The egquation for V
obtained by interchanging arguments of equation (52),

The-solutions for these variances can be obtained by Fourier-Laplace
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transformation. In transform space we have

» ' —ike vy
A'VYY (_}_{_!Q_;_)S')-e 1.}_{-.& fz(.).(.' ’Q)rD

*
7 e se) - REE
-="a

B' (. yr.
(0 - == 1+5LVN L)
s

s+ic§;gfra hw s+icgggfra ’

(59)

where it is noted that k is the Fourier variable from here on, and s is the

Laplace variable.
If we now transform equation (52) and let

_ 2
b = al+le s

we get: ,
1]
A'VNY (.}3,2{.1) )
s(s+b) *

VNB'(_}S_s_}_(_' ,S) =

Then going back to equation (59) and taking the inverse Laplace

transformation, it can be shown that upon inversion the first term which

1

gzgzg?é;;;] in equation (59) will got contribute

is proportional to [%—-
to the power spectral density at observable frequencies and can ﬁherefore
be neglected, This is because the first term in brackets gives something
proportional to 8(w), and the second term will give something proportional

to —§l~§-which is constant and small over the observable frequency range
w +r
a
. 1
of ¢(w). Substituting (61) into the remaining expression for Ak (k,2;
]
z';s), taking the inverse transforms, and using VYB (X,2;X';t = 0) = 0,
we get .
1
VY8 (x,2:x'5t) Pa'e bt -R/A

3t bq

R=0 €

-rat

1
2 ¥ (x-Re,x") .

. We have neglected terms proportional to e and b compared to T We

(60)

(61)

(62)

. . ) ' .
can also now meke use of the solution for vy (X-RQ3X',0') which can readily
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be found to be

] 7 ] "R'/A P' 1
VI (x-RgsX',0) = f e a{ﬁ— v (x-RQ'X-R1RY) (63)
R'=0 N : ,

2

X - P'
- 8(X-Ra-(X'-R'2')) y;} fl(gc_-Rg)} .

However thé neutron variance and the neutron singlet density have been

worked out in detail in the work of Natelson, Osborn, and Shurelo. They

founds (3-1)>r A% (x-Ra) ( )
. <J(J-1)>r A, 4 _(X-RQ)y_(X'-R'Q"
VI (X-Re;X'-R'Q') = ). ¢ fAl,n =
— -t — . nm 2 2
n,m,i 2al+D1(Bn+Bm)
. (64)
+ 8(x-Ro~(x"-R'2)) 1] (x-R2) ,
where
= f 3 * (65)
Siom = &xp, (X)0_(X)v_(X) ~ | 5
R.V. _
and ;
flg(ﬁ,t) =zn: A (t)y (X) . - (66)

By using (62), (63), and (64) in (49) we get

3288. . P P" % '
_J_.Z,Q:C_L_ f a3x Sxr {..1__12 AR e-bt[ & gg__(x)

3t (D.v.), (D.V.), (bm) R=0" R'=0
N
-R/X_ -R'/A <J(J-1)>r A’y (X-RQ)y (X'-R'Q'")
(x)e  %e %l ¥ e, e 8%
n,m,i 2al+Dl(Bn+Bm) -
| AP -R/A
dR a N (67)
+ 6(_)5-_}5'») 1-‘—“—1 )y < e f‘l(_)_(_-RQ)d(t)} .

To evaluate this expression further, consider a general case with de~
tectors 1 and 2 placed outside the reactor core. The set of points {51}
Tdefine the volume occupied by detector 1, and the set of points {KQ} corres-
pondingly obtain for detector 2. Detectors 1 and 2 will be able to "see"
respectively, of the

photons from within some given volume, V_. and Vs

sl 2
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reactor core,

If we. let the set of directional vectors extending from points {Zi}

into VSl be denoted by {Qi}’ the detection rate has the following property:
= i {
rp, (X) o for X in {X;} and for photons along vectors (2} (68)
=0 otherwise
If we consider the detection rate to be effectively constant over
the photon energies of interest, we can write for detector 1, using (27):
Aoy (.3 A /
A £7(X) —fd k o (X)) (X,k) : (69=)
or ‘
A A
AL£7(X) = r__(X) dao £ (X,2) . (69b)
17 e D1= == .
g, -
and likewise for detector 2
A f (X') = 1, (X") Jr an’ fA(Zf,Qf). : ' (70)
| {8,} .
From here on we let Tm T Tpe T rD; The power spectral density can then
be written as:
r (X)<n>r_ [2r (X')<n>r
*() = 5 f a>x f axr 2= f{ - L) arx)
(D.V.)l (D.V.)2 R=0
«R/A b -R!
R/ a | R /k ‘ Cin g 37(d-1)>r ANy (X-RQ)V_(X'-R'Q")
dQ.e.._.E...._. aRr? dg'_T___ Z fin=~="m= - (X)
bl 2,..2
Q =
g} R'=0  {g,} n,m,i 2a,+D, (B +B_)
(11)

_ ™ -R/A
(x) 2b s +6(X-X") f dRr dsz ——T——— f (X—PQ)} .
w .
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- SUMMARY AND CONCLUSIONS
It can first be observed that in an oversimplified model of a homo-
geneous infinite reactor and infinite detector model; in which the photon
detector is assumed to be uniformly distributéd éver the entire reactor,

equation (71) can be reduced to the following form:

(c.R.), JalC.R.) (3152 8 .
$(w) = - +1p , (72)

2 - F <J> (1~k )2 w2+ f ,

where
IS & | o

a = 3x10 watts per fission/sec : (73)
P = reactor power, watts ' , (74)
(C.R.)Y = the count rate of gamma detection events, (75)

The corresponding expression for the -power spectral density from a neutron

detecting experiment is

2 2
a(C.R. )y <J(J-1)>k. a
il i I . : (76)

2 P <J> (l—k )2 2 i

where (C.R.)N is the count rate of neutron detection events., Thus in this
idealized case the degree of observability of information from power spectral
density measuremegts by a photon detecting experiment and by a neutron
detectiné experiment on a given reactor operating at a given power will
compare as the ratio of the count rates that can be obtained by each tech~
nique, It is clear that there is no difference in principle in the type

of information that is available by these noise measurements,

Then going back to equation (71) which applies for more realistic
situations, it is again found by comparison with the results of Natelson,
Osborn, and ShurelO for neutron detécting experiments that the same basic
information relevant to dynémic reactor parameters is obtéinable in principle
from a photon detecting expefiment. Of course fhe degree of observability

is largely dependent upon the volume of the reactor core that the
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photon detector is capable of "seeing", This factor may be evaluated
‘for individual cases by computing the photon streaming integrals over
R and R', the "solid angle" integrals over Q and Qf, and the integration
of Z_;nd X' over detector volumes in equation (71). In general numerical
* techniques would be necessary for such a calculation, However strictly
qualitative considerations indicate that counting rates of a photon de=
tector ocutside the core will be maximized by positioning the photon de=-
~tector such that there is not too large a thickness of moderator or some
other material interposed between the detector and the reactor core.
What we consider large here are thicknesses on the order of a mean free
path of a photon in the interposed medium. The "solid angle factor" that
- is involved here may be maximized by positioning the largest practical
detector as near the core as possible (and still avoid large perturbing
effects on the neutron distribuﬁion as.well as avoiding damage to the
detector)., That is, one simply wishes to maximize within practical
limits both the solid angle subtended by the detector as "seen" by the
reactor core and the solid angle subtended by the reactor core as "seen"
by the detector.

Since neutron detectors "see" only that volume of the core which
they physically occupy, whereas a photon detector may effectively "see"
a much larger volume of the core (due to the longer mean free path of
photons), it is conceiyable that in some instances photon detecting noise
experiments may be as efficient as neutron detecting experiments for de-
termining information relevant to the reactor. It has been demonstrated
that the same stochastic information pertinent to the system resides in

the photon distribution of the reactor as in the neutron distribution.
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