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INTRODUCTION

In this report we attempt to ascertain the optimum working conditions
of a pile oscillator and to compare this method with the dénger coefficient
technique from the point of view of minimum amount of resonance absorption
(from a fission prodﬁct, for example) which can bé detectéd, This aspect of
the problem is of importénce because the avallable amount of isolated fission
product may be very small in some cases. - The model used inAthe present cal-
culations uses ohe group of thermél ngutfons corrected for rgsonanéelabsofption.
Chaﬁges in slowing down power.producéd by the sample and scattering’effects are
not accounted for. |

The influence of sample seif»absorption as well as spatial dependence
of the epithermal flux will be phenomenqlogically included by using an effective
rééonance integral. | |

The space-time behavior of the absorption properties of the sample will
bé described by means of a <;f'--f1,1nction..l ‘The reactor kinetic equations will be
obtaiﬁed by using a single mode expansion of the flux, which is very“accurate
for low freqhencies of oscillétion.l’2 The theoretical results will be applied
to a bare reactor model equivalent to’the fully reflected pﬁrallelepiped BSR=1

3

by using- suiteble reflector savings~ and the same homogeneous core composition.
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Amplitude of thé mechanical oscillation.

Concentration of the jth group of delayed‘neutrons precursors.
Diffusion coefficient. - A

Prompt neutron geﬁeration time.

Number of atoms/cm3 of fission products.

Resonance escape probability for the initial and perturbed reactor
respectively. ‘ o '

Instantaneous position of the sample.

Average position of the center.of the sample.

Speed of thermal neutrons,

Volume of the sample and reactor, respectively.

Fractional yield of the jth delayed neutron group.

Prompt neutron fiux.

Ratio of-nonescape probability of delayed-to-prémpt neutrons.
Neutron multiplicity. (Also frequency = é% sec-l)
Freéuency (rad/sec).

Macfoscopic fission cross section.
Epithermal absorption.cross section of fission products.
Dimensions of reactor, including reflector savings.
Effective resonance inﬁegral.

Averége logarithmic energy change by collision.

Maproscopic scattering cross section.
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CALCULATTONS

1. For a sample which is oscillated with a frequency w and amplitude A

in a region of zero thermal flux, the change in reactivity due to epithermal

absorptions is given by (see App. A)

1.1 - p= DO‘[} - cos (%f Z;) {Jo(n) - 2J2(n)‘cos 2am.} +

+ 2 s‘in<%t- ZQ> {Jl( n) coswt —.J3( 1) cos 3wt}:|
where ' '

15 . 5 - 8 MNop Vep [ Tepe \ .
. ° VR . € z's

1 = modulation index = 2x

a

IN]

the reactor being iﬁitialiy critical.

The condition of zero thermal flux can be approximated by isolating a region
of the reactor withvarcadmium ‘pox.-h

Thevharmonic coptent éflthe reactivity (Eq. 1.1) can be pértiéily eiiminated
by locating the sample at |

| Z, = 2/h.
In thié‘wa§ all the.even harmonics vanish. By equating the modulation index to
the fourth root of J3 the value of J, is made to fall heér to its first (larger)
maximum. Therefofe the third harmonic disappears while the fundamental componént
is enhancedi 'fhe:resf of the odd harmonics arenweiéhted bj Bessel's functions of
" higher order and can be neglected. | |
| For the sake of further discussion we will assume that the reactbr reagtivity

input is giveh‘bjr:~ ' |
1.3 S CAp=A p, COS ot

.l.& : Ap, = 2p, Jl(n)

where Py is given by Eq. l.2.
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2. The lower limit to the amount of fission produ¢t resonance ab-
sorption vhich can be detected by using a pile oscillator depends on the

achievable signal-to-noise ratio which in turn depends on the reactor trans-

fer function and the band width of the electronic equipment used in the

measurement .
L. Dresner5 has shown that the maximum signal-to-noise ratio R is
given by | ‘
2.1 Roax = 2 P | a(v) |
where
A Py = reactivity worth of the sample,
|6(v) | = reactor transfer function,
Av = Band width of the sigﬁél selection device,
Nc = fMaximun counting rate of the detecting device,

Introducing Eg. 1.2 and Egq. l 4 for A;p in Eq. 2. l ve get

2.2 (Vpp Npp Igpp) = 52 ( > ( & s>‘liG(v):l

where S is the resonance absorption of the sample in cm .
':5Inspectibn of;Eq;<2t2“showsxtheiconveﬁienCe~oﬁ working at5¥§w-frequencies
provided the reactor ﬁragsfer'functions |G(v)| increase . very fast in this
'frequency range; a limit 5eipg set by a reésonable duration of the oscillator
runs. The paraméter Rmax is related to the design of whatever electrbnic
equipment is.being used'to analyze the ogjput of the reacfor-ionization‘chamber
system. By using the parameters of Tablé I ﬁe éet
2

2.3 ’ ; >1:94 1072 i maﬁ cm

Therefore assuming a signal to noise ratio of 2 we get S = 3«88.10~2

Ci6 695
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Amounts of 50 mg of Sm203 (Ieff for Sm = 1750 barns).can be measured by the

danger coefficient method.u'lThis is equivalent to S = 2.9‘10—l cm2 of resonance.
' - 2

absorption as compared with the above figure of 3,,88:10"2 cm. .

TABLE 1
Magnitudes used in computing Eq. 2.2

BSR-I (from Ref. 3) Mechanical Oscillator ; - |Reactor Transfer Functions
’ ’ and Detector
P = .930 2m 1.64 = fourth root of J
o ' Z E A 3
£, = .803 cem™ >
X =28.83cm . |A = .261Z = 20.02 cm ' v=240p=L 10'2_ sec”t
2I1A '
Y = 79.5 cm Jl (-Z—) = .57 . G(v) ='160
7 = 77.2 em N = 108 sec™t
Ve = 1.77 10° e’

RECOMMENDATIONS and CONCLUSIONS
The oscillator should work atulow frequencies because the reactor transfer
function is independent of the neutron lifetime, and.the highér flux modes are
eliminafed. The sigﬁal-to-noise ratio is also optimum at'loﬁ frequencies.5

Previous experimentation in locating the detector in order to minimize

the scattering effect should be performed using samples of pure scatterers. The

sample should be located around Z/4 in the vertical axis (2 is the axial reactor
1eng£h) to minimize the harmonic content of the reactivity signal.
A carefully designed integrator followed by a null system or analog com-

puter analyzer should be used for analyzing the reactor output. Studies have
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to be éer?ormed of éhe influence. of sample éize on self-absorptioﬁ and also
of the efféct Qf'slowing down inside the sample. It is concludéd éﬂat by the
use of reasonably well designed ahalyzing equipment, capable of working with

an input signal-to-noise ratio of two, the oscillator technique can be made

-roughly one order of magnitude:bettef then the danger coefficient method.

L6 neT
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APPENDIX A

Derivation of the reactivity for an oscillating sample

Using one group of thermal neutrons corrected for resonance absorption
and fast leakage, and neglecting scattering as well as theAslowing down by the

sample, the reactor equations are:

-E')

-

13 o(r,t) _ 2 |
A.l S Tl (DY~ - za) o(r,t) + p Pl( 1-B8)vw Zp ¢(r,.t) + P, xj Cj(r,t)
' J
‘ dC,(r,t) .
A.2 —51%— = B,(v £,) ¢(x:,t)A- %y Cy(r,8)
where ' - ~
[ E,
f o(E) ¢(E)dAE .
e Eth o : Ieff
= - : -r*)| = ] - ———
A3 P =p, o cr Npp Vpp S(r-T7)| ¥ 2o | 1 - 5 Mpp Vpp S(x
s
AL go;=;unper§grbed reactof;resonance;escape probability
* - R i O T
A.; _— Ieff“;j o(E) ¢(E)&E. ' |
- 'fEth W - S B
A.6 PlA= fast nonleakage probability for prompt neutrons = (X + TP BE)"l
AT P, = nonileakage ‘Probability for-'delayed neutrons = (1 + TdtBeﬁfl*“
Tp,Td'; agé to thermal for prompt and delayed neutrons, respectively

B2 = buckling of the equivalent bare reactor.
The adjoint flux equations for the reactor whiéh has been brought to crifi

with the cadmium box inserted are:

cal
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2 + : 4 + +
A.8 (V" -2.) ¢ (r) +P p(1-p) vz, ¢o‘ (r) +ZBJVZf' P, ¢, (r) =
. J
Multiplying Eq. A.1 by ¢O+(r) and Eq. A.8 by ¢(r,t), integrating over the system,

sub&facting éhd applying Green's Theorem and the pertinent boundary conditions,

we get
o *(r) o(r,t) | I_N_V
o , o 22 + ff "FP 'FP .
S s & - = —‘/rgz o, (r) P (1 - B) (¥3,) p] ———532:——-J(£:z)

_Zgjj_qz ¢O+(r) P (v Z;) o(r,t)
j .
+ij‘j]g_g 0o+(r) P, Cy(x,t),

+(r) and integrating over the system.wevget

Multiplyihg_Eq. A2 by P2 ?O
| A.10 O (arp o (r) ¢,(r,t) = B [ar e o Yrwe ¢(r‘t)'--)\. | ar 2. ¢(Cc.(r,t).
' 3”;]——20 M JJ — 72 oW ITE R Ry = T2 Totvytte

Using the definitions .

A1l n(t) = weighted neutron populétion = %h/hgg ¢O+(r) o(r,t)
| ey N o |

A.12 : : cj(t) _jgg P, %,_(r) cj(_,r,t)

weighted change of rate of pfompt neutron production _
weighted total rate of neutron production -

A.13 p = prompt feactiVity =

Tere Ypp Vpp

o] .§Zs

jg_x_' ¢o+(r_) P(L-p)viyp r')) ox,t)

S(r
r +:' '
Jgﬁ%(r)vzf (l-B)P + B P, Co(r,t)

f¢ T(r) Py ¥ I, o(r,t)

o}

A.14 y = delayed neutron effectiveness =

f934¢o+(1?) vV I, [po(l - B) P, +B P2] o(r,t)
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weighted neutron population
weighted rate of production

A.15 4% = prompt neutron generation time =

in equations A.9 and A.10 we get

dn(t -
A.16 di ) . 92*75 n(t) +Z?'J c, (%)
J .
Gl Cj(t) 7 By
A.17 Ti = % n(t) - xj Cj(t)

which are the usual macroscopic kinétic equations.
" Now a first order approximation to the reactivity input is computed by
setting o(r,t) = ¢'(r) in Eq. A.13. Also we neglect B = 6Nﬂxflbf§uversusﬁunity

and the product BPIYT X 102 versus p, P, ~ 0.675, and e get

| A.18 p(?) = -<8 Nf;i VF}> eff /dx/ d}’f dz sin (—-, x) s.in2<-§- y) sinz(zzt- >5(£-£0)

where
§(x -x) =4(x-x) §(y - y,) §(z -z +Acos wt)
where X 5 Ygr zO is the position of the center of the sample which is being
oscillated along the z-axis with the amplitude A and frequency w.
Use of the properties of the J function and the conditions
X
o

Yo

X/2 ‘ : : |

Y/2

yields-

A.19 ' o(t) = <NFP FI> eff) n2'<

After using straightforward trigonometric transformations and the re«

NA

(zo + é cos W t).

lations6

cos (x .cos y)

Jé(x) -2 Jz(x) cos 2y # 2 Jh(x) cos by ...

sin (x cos y) = 2 Jl(x) cos y -2J

3 cos 3y + 2 J5 cos S5y -i»




e]ll=

8 Nop Vpp\/Tepe 2n EnA)
VR EZ, 1 - cos |7 2z, Jo <) -9
ox 25
+231n( {( )coswt-2J3(Z

2nA
- (——Z-)cos 2wt + } +
A) cos 3wt + }

N
L
(oY

e

[
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APPENDIX B

Reactor Transfer Function

The solution of the reactor kinetic equations for a small sinuséidal

perturbation

B.1 p=Apocoso.)t,

is well known. It involves the linearization of the set of equations A.1lk,
A.15 and solution of the linearized equations by straightforward applicétion

of the Laplace.transform teéhnique. The result is

' 1 n \= ‘ 1 .

B.2 ;1:; (A p )— 7B 7
(o] lm[]@* +Z—J_:

o

M. + 1
3 J
which is called the Reactor Transfer'Function. Its amplitude is given by

n 1

1
B.3 n Ap 2 SUE
° ° ¥ B, 7 B, N
| 2 . MRS
* —_—_J
1 §: Xe + a? e *.Ez ke +“a?
F FR
where
2* = neutron genération timeé,.
n = amplitude of the‘reactor output,
n, = initial,reacfor flux level,
)¢Spo = amplitude of fhe reactivity input.

o
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For low frequencies the condition

X 4 Bj
. ¥ < < ——d
B << ) X
3 J
is satisfied, and Eq. B.3 becomes
' . ) .
B.5 — = .
no(Apo) ' e 514/2
' & P
wy|lw }: —=| + }Z -
X2 A
J J

A plot of Eq. -B.5 versus freguency for a set of different values of [* shows

7

that the simplified result is very accurate for low frequencies , and this

result presents the advantage of being independent of the neutron lifetime.
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