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Abstract 

An elementary discussion i s given of the reactor 
parameteiB which determine the s ignal tonoise r a t i o 
obtainable with a p i l e o s c i l l a t o r . 
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1. In the use of a reactor as a device to measure neutron cross 
sections, the pile oscillator is often employed because of its much higher 
sensitivity compared to that available in static reactivity measurements. 
The factor limiting the available sensitivity is the generation of random 
noise, which originates in the statistical nature of the chain reaction. 
In other words, the nuclear reactions which maintain the chain reaction 
do not proceed uniformly, but rather at rates which fluctuate in time 
around some average values. These fluctuations limit the accuracy of 
measurements in the reactor. 

When resolved into Fourier components these fluctuations show a 
relatively broad frequency spectrum. Since the response of the reactor 
to a sinusoidal modulation of reactivity is also sinusoidal at the same 
frequency, the use of a narrow band pass filter centered on this frequency 
can be used to eliminate much of the noise which would ordinarily be present 
in a static measurement. It is clear from this elementary discussion that 
the quantities which must be related to the operating characteristics of the 
reactor are its response to a periodically oscillated sample, and the frequency 
spectrum and amplitude of the random noise it generates. 

2. The subject of pile fluctuations has been dealt with at quite con-
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siderable length by Courant and Wallace and by Brownrigg and Littler. 
The results we obtain below are quite the same as obtained by these authors 

3 but the method employed, essentially that of the Langevin equation, is 
somewhat simpler. 

Let us define for the reactor under consideration a Green's function, 
G(t), which gives the average* fission rate in the reactor at a time t, if 
at time t = 0 one fission occurred. (The definition of fission has been 

*The word "average" denotes an average over an ensemble of "similarly 
prepared" reactors. For a stationary stochastic process, i.e., one whose 
statistical properties are independent of the origin on the time axis, 
ensemble averages and long time averages are identical.* 

1. E. D. Courant and P. R. Wallace, Phys. Rev. 72 1038 (19V7). 
2. W. G. L. Brownrigg and D. J. Littler, AERE-NTR-V76, Jan. 1950. 
3. Ming Chen Wang and G. E. Uhlenbeck, Rev. Mod. Phys. 17 323 (19^5). 
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extended here to include unproductive neutron capture, and although we will 
continue to call it fission it is, in fact, identical with total neutron 
absorption.) In the presence of an external source of fissions, S(t), the 
fission rate, n(t), is given by 

t 

(1) n(t) m l G(t - t')s(t')dt' 

-oo 
If the external source is harmonically modulated, i.e., if S(t) = S e , 
the response is also harmonically modulated and at the same frequency, i.e., 
n(t) = n(v)e2jliVt, It easily follows from Eq. 1 that 

(2) jn(v) | = Sj6(v) 

where G(v) is the Fourier transform of G(t).- G(v) is often called the 
reactor transfer function. 

Moore has shown that if the source function S(t) consists of white noise, 
the response power spectrum, |n(v)| , of the reactor is determined exactly by 
the squared modulus of the transfer function. This result is more or less 
intuitively obvious in view of Eq. 2 and the observation that in white noise 
all frequencies are equally represented; the formal proof is straightforward 
and can be found in Moore's paper. His result is conveniently stated for 
our purposes in the form 

2 2 
.* 2 ' (3) n(v) - a G(v) 

2 where a is the mean^squared amplitude of the stochastic source function, 
S(t). 

In the pile oscillator technique the value of S is n_,«ok, where n_ is 
the average fission rate in the reactor and &k is the reactivity worth of 

k. A. W. Moore, Nuc. Sci. and Engr. 3, 387 (1958). 
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the sample. The value of a in a just critical reactor is ru,. < k > . 
/ 2 \ * } / 

where v. k / i s the mean squared yield of neutrons per fission (clearly 
(ky = 0 , since unproductive capture has a fission yield of -1, etc). 
If a narrow pass filter centered on frequency v with band width fiv is 
applied to the reactor output, the resulting signal-to-noise ratio is then 
0 0 R Li- ' np 

(k^A* 

since the entire signal is concentrated at frequency v. 
3« Equation h has several interesting features, the first of which is 

that it is formally independent of frequency i>, an obvious consequence of the 
reactdr's being driven by white noise in which all frequencies are equally 
represented. Practically speaking, however, R is frequency dependent since 
small absolute band widths, Av, are achievable only at quite low frequencies. 

2 Indeed, the frequency selection integrator suggested by Brownrigg and Littler, 
which literally calculates the v-Fourier component of the reactor response, has 

_2 a band width Av** v, and has been used with frequencies as low as 10 sec. 
When Av = v, our Eq. k is essentially Eq. 17 of Brownrigg and Littler. 

Secondly, R is proportional to A/nT, so, other things being equal, the 
higher the power level the higher the signal-to-noise ratio. Practical limits, 
however, are set on the power level which can be used in any experiment by 
the characteristics of the power measuring device employed. 

Finally, since the (true) fission probability is l/v, where v is the 
average (true) fission yield, 

(5) <k 2> = H ^ l + i ( v „ i )
2
= ^ - i 

2 where v is the mean squared true fission yield. According to Eq. 5, 

( k 2 V = 2.0, since v2= 7«32 and v = 2.4 (Ref. 5). 

5. B. C. Diven, H. C. Martin, R. F. Tashek, and J. Terrell, Phys. Rev. 
101 1012 (1956). 
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By way of illustration let us note that the fission rate is 
*-> 3 x 10 sec" at a power level of one watt, so that if AV = 4 x 10* sec" , 
R A/ 6 x 10 o£k. 

k. The expression (4) for R represents a maximum achievable value for a 
given power level, and, in particular, ignores noise generated in the measur
ing instruments. One important type of instrumental noise is that due to 
the finite counting rate*permissible in any chamber used to measure the 
reactor response. Let y be the chance the chamber has to detect a fission 
in the reactor. The mean counting rate in the chamber is yn^; the variance 
of the counting rate is also yn . This latter quantity is the mean squared 
amplitude of the white noise driving the chamber. The Green's function of 
the chamber is 8(t  t'), i.e., a fission detected at t' produces a count 
at t = t'. Hence, the transfer function for the chamber is unity, and 
the chamber response power spectrum is 

I I
2 

(6) fic^)! = y^ 

The total signaltonoise ratio is now 

/n^ok G(v) 
(7a) R = ^ " — 

(TBp + y \ (*2) JG»J ) Av 

R 
(7b) a

V 1 * (|2(")|2(*2>7) 1 

where R is given in Eq. 4. 

G(v)| depends nearly entirely on the delayed neutron characteristics and 
2 

is given in graphical form by Brownrigg and Littler. For very long periods 
it approaches (2jtvpT)~ where 0 is the delayed neutron fraction, and T the 
mean life of the delayed neutron emitters. 

6. R. G. Keepin, Prog. Nuc. En., Physics and Mathematics, 1 191 (1956), 
Pergamon Press, New York. 

♦Actually individual counts are not distinguished and only the 
chamber current is measured. 
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Let us return now to the example given at the end of paragraph 3, &ncl 
assume our detecting device is a chamber capable of a maximum counting rate, 
N , of 10 sec . In such a case we must place it in a position where y is 
3.3 x 10"5 or less. If v - Av is taken as k x 10"2 sec"1, | G(v) 1^160, 
and R /R = 1.2_. If the power level is increased by a factor of 100, 
R increases by a factor of 10, but R /R is then equal to about 7«7, so max J ' o' * ' " 
that only a small improvement is made. 

If the chamber is always positioned so that 7 = N /n_, then the maximum 
achievable counting rate is 

(«) "-Too E - H^lJS 
Since G(v) is a monotone decreasing function of v, Eq. 8 implies the use of 
frequencies as low as possible. Moreover, when ru = N /k y I G(v)j , R is 
already within 40$ of the limiting value. With the parameters given above 
(taking v = Av) this limit is about 8 x 10 «ok; the value of n_ given in 

10 -1 the last sentence is 5 x 10 sec corresponding to a power of roughly one 
watt. 

_5_. The foregoing analysis indicates that the technological features 
which limit the sensitivity of the pile oscillator are: 

(i) The maximum permissible counting rate in the recording chamber. 
Since individual counts need not be distinguished but only the current output 
of the chamber measured, the maximum counting rate will be determined not 
by the dead time of the associated electronics but rather by the onset of 
ionic recombination in the chamber volume. 

(ii) The band width, Av, of the signal selection device. In this 
regard it is noteworthy that A v cannot be less than the amount by which the 
frequency, v, of the sample is controlled. 

(iii) The value of |G(V)|. Other things being equal an increase in 
G(v)| of about a factor of 2 can be achieved by use of IT bearing fuel 

plates. 

(e-b 
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