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ABSTRACT 

The results of a time series analysis of the scaler 
count data from the three wide range nuclear detectors in 
the Experimental Breeder Reactor-II (EBR-II) are pre
sented in this paper. One of the channels was replaced, 
and it was desired to determine if there was any statisti
cally significant change (i.e., improvement) in the chan
nel's response after the replacement. Data were collected 
from all three channels for 16-day periods before and af
ter the detector replacement. Time series analysis and 
statistical tests were performed, and it was determined 
that there was no significant change after the detector 
replacement. Additionally, there were no statistically 
significant differences among the three channels, either 
before or after the replacement. Finally, it was deter
mined that errors in the reactivity change inferred from 
subcritical count monitoring during fuel handling would 
be on the order of 20-30 cents for single count intervals. 

I INTRODUCTION 

The results of a time series analysis of the scaler 
count data from the three wide range nuclear detectors in 
the Experimental Breeder Reactor-II (EBR-II) are pre
sented in this paper. One of the detectors (in Channel 
B) was replaced —the motivation for this analysis was 
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to determine if there was any improvement in the chan
nel's response after the detector replacement. The wide 
range channels consist of fission chambers that are op
erated in a counts mode during startup; as criticality is 
approached and the count rate becomes high, they auto
matically transition to a current collecting mode. In the 
counts mode, the data are collected in a three channel 
counter /scaler for a preset time (in this case, one minute 
counting intervals). After the preset time, the data are 
placed in a buffer and the counting begins again. The 
buffered data are collected via an RS-232 port by the 
EBR-II data acquisition system (DAS). In this manner, 
counting is virtually continuous and the output from the 
three channels is correlated in time. Historically, the 
output of Channel B appeared to be periodic, and at 
times was noisy as compared to the other two channels. 
The electronic components of this channel were checked 
numerous times, but the apparent periodicity persisted. 
The detector was finally replaced as mentioned above. 
One of the aims of this analysis was to determine if the 
apparent periodicity was serially correlated in any way. 
In this paper, the results of the time series analysis are 
presented in the following sections: the exploratory data 
analysis (eda) is followed by a postulated model. The 
postulated model is then statistically confirmed and con
clusions drawn concerning the behavior of channel B (as 
well as the other two channels) both before and after 
the detector replacement. Finally, a brief discussion is 
presented regarding the implications of this statistical 
analysis regarding the use of these channels for subcrit
ical count analysis for determining reactivity changes. 
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Figure 1: Counts for Channels A, B, and C— 4/15/94-
4/30/94 (Series 1) 

Figure 2: Counts for Channels A, B, and C— 6/1/94-
6/16/94 (Series 2) 

II EXPLORATORY DATA ANALYSIS 

Count data from the three channels from a period 
of 16 days before the detector changeout were compared 
to the data from a period of 16 days after the detector 
changeout. The counting time was one minute, and there 
were 22,662 points in each data set. Specifically, the 
data in the first set (referred to as 'Series 1') were taken 
from 4/15/94 to 4/30/94. The second set ('Series 2') 
was taken from 6/1/94 to 6/16/94. The Series 1 data as 
taken directly from the DAS for the three channels are 
shown in Figure 1 and those for Series 2 are shown in 
Figure 2. 

The apparent periodicity exhibited by Channel B 
is seen in Figure 1 and comparison to Figure 2 could 
lead one to believe that there was a change after the 
detector replacement. The channels are fairly free of 
serious noise spikes, with the exception of Channel C in 
Series 2, where discrete jumps in the counts are seen. 

It is clear from examining the data that there is a 
trend in the response of the channels; this is due to the 
decay of the antimony-beryllium neutron source (60.2 
day half-life). This trend is removed by performing a 
lag=l differencing of the count data.1 The results of this 
differencing are shown in Figures 3 and 4. 

Inspection of Figures 3 and 4 does not reveal any fur
ther trend, so it is the time series of the differenced count 
data that is analyzed statistically. It is seen in Figure 4 
that Channel C in Series 2 does have more outliers than 
any of the other channels in either series. This is simply 
due to the spikes mentioned previously. The normality 
of the differenced data was visually inspected with his
tograms, box plots, distribution plots, and qqnorm plots. 
An example is shown in Figure 5, which happens to be 
for Channel A in Series 1. The other channels in both 
series exhibited very similar behavior, so only this one 
is presented as an example. As is seen in Figure 5, the 
histogram and distribution plots are typical of a normal 
distribution. The box plot does show a large number of 
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Figure 3: Differenced (k=l) Counts for Channels A, B, 
and C— 4/15/94-4/30/94 (Series 1) 

Figure 4: Differenced (k=l) Counts for Channels A, B, 
and C— 6/1/94-6/16/94 (Series 2) 

outliers, but this is not unexpected with over 22,000 data 
points in a series. The qqnorm plot is typical of a nor
mal distribution, in that it is linear with few deviations 
at the edges. It is concluded from these inspections that 
the assumption of normality for the differenced data is 
good. 

Ill MODEL OF WIDE RANGE CHANNEL'S 
RESPONSE 

Following the exploratory data analysis presented 
above, a simple model was postulated for the wide range 
channels' response: 

x(t) = {At + B) + e 

where x{t) is the time response of a given channel, At+B 
postulates a linear trend, and e represents a purely ran
dom component. As mentioned above, the trend occurs 
because of the decay of the antimony-berylium source 

(60.2 day half life), and it is assumed that this is linear 
over the two 16 day periods of the analysis. If the chan
nels are performing correctly, the component remaining 
after the trend is removed must be random—i.e., free 
of bias or serial correlation. The purpose of this analy
sis is to verify that fact. For discrete times, the above 
equation can be written as: 

as, = (AU + B) + e{ 

The trend is removed by taking the first difference of the 
data: 

Axi = A(U - ti_i) + a - £,-_! 
For equal time steps, U — ti-% = At, and no generality is 
lost by setting At = 1. Therefore, the differenced time 
series of the assumed model is: 

AXi = A + €i — £i_l 

The mean of this new series, Axi, is just A, which is 
the slope of the assumed trend. Additionally, a series of 
the form e* — e,-_i is a moving average (MA) process2 of 
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• there is no difference in the response of channel B 
after the replacement of the detector except for the 
decrease in slope of the trend due to the source de
cay 

Time series analysis techniques were applied to the data 
from the channels and it was found that all of the above 
conditions were satisfied. The analysis included linear 
regressions, correlation tests, t-tests, ANOVA, and acf 
analysis.3 The specific results of the analysis are pre
sented in the next section. 

IV STATISTICAL ANALYSIS OF THE POS
TULATED MODEL 

Figure 5: Exploratory Data Analysis—Channel A— 
4/15/94-4/30/94 (Series 1) 

rank 1, with the coefficients /?o = 1 and fii = —1. The 
autocorrelation function (acf) of a MA(1) process of the 
form ei — d-i is 0 for lags greater than one; it is 1 at lag 
= 0 and -0.5 at lag = 1. The hypothesis to be tested is 
that the response of any of the channels is due to a trend 
(explained by the decay of the source) plus a purely ran
dom component, that there is no statistically significant 
difference in the response of the channels relative to each 
other, and that the replacement of the detector produced 
no change in channel B. The hypothesis can be accepted 
within confidence levels if the following are true: 

• the mean of each differenced response is A (the slope 
of the trend) 

• there is no difference in A for the three channels in 
a given period 

• there is no correlation among the differenced re
sponses of channels A, B, and C 

• each acf is p(l) = —0.5, and p(k > 1) = 0 

The requirements for accepting the hypothesis above 
are addressed in this section, beginning with the analysis 
of the means among the three channels. 

A Analysis of the Mean 

The first phase in the analysis of the postulated 
model is to determine if the mean of the differenced time 
series is indeed the slope A of the trend of the undiffer
enced time series. The first step is to perform a linear 
regression analysis on the undifferenced data (xt in the 
nomenclature of the postulated model). The predictor 
is time and the response is the undifferenced data. The 
results of the linear regression analysis are summarized 
in Table 1. Also shown in Table 1 are the simple means 
(fi) of the differenced data sets. As can be seen by ex
amining Table 1, the regression analysis was statistically 
significant as given by the t-value and the p values. The 
simple mean (/z) agrees quite well with the calculated 
slope of the regression (A). Further tests consider the 
variance of the means, and show that the null hypoth
esis (that the means are equal, and are A ) can not be 
rejected at a minimal confidence level. 

The student's t-tests on the differenced data demon
strate that there are no statistically significant differ-



Channel Slope (A) t-value P R a M 
Series 1 

A -0.075 -580 0 0.937 -0.083 
B -0.077 -464 0 0.905 -0.081 
C -0.085 -654 

Series 2 
0 0.95 -0.079 

A -0.039 -469 0 0.907 -0.033 
B -0.048 -424 0 0.89 -0.046 
C -0.0397 -386 0 0.868 -0.041 

Table 1: Linear Regression of Channels A, B, and C 

Channels t p ANOVA F ANOVA p 
Series 1 

(A,B) -0.0017 0.9986 
(A,C) -0.0028 0.9978 
(B,C) -0.0012 0.9941 

ANOVA (A,B,C) 4.07E-06 0.9999959 
Series 2 

(A,B) 0.0136 0.9891 
(A,C) 0.0079 0.9937 
(B,C) -0.0049 0.9961 

ANOVA (A,B,C) 8.65E-05 0.9999135 

Table 2: 2-sample t-tests and ANOVA for Channels A,B, 
and C 

ences between the means of the three channels for a given 
series. The results of the 2-sample t-tests are presented 
in Table 2. As can be seen by examining Table 2, there 
is no statistical reason to reject the null hypothesis that 
the means are equal. The t-value in this case is the dif
ference in the means divided by the effective standard 
deviation of the two samples: 

Mi -Mi 

As is shown quantitatively in Table 2, the differences of 
the means is far less than the variability of the data, 
and there is better than a 99% probability that any dif
ference in the means could occur purely by chance. Also 
shown in Table 2 are the results of the ANOVA study of 
the three channels simultaneously. The very low F-value 
shows that there is no significant difference among the 
three channels. 

The results of the previous tests demonstrate that 
there are no statistically significant differences among 
the means calculated. This is consistent with the physics 
of the counts recorded by the three channels. With 
the reactor shut down, and no fuel movement, the time 
dependence of all three channels would be expected to 
be identical (although the absolute values of the counts 
would be different due to different detector efficiencies). 
Given that the three channels should yield the same val
ues for A, we can improve the statistics of our calcula
tions by summing the data from the channels. We can 
actually sum in two ways—the first is to simply stack 
the data sets effectively tripling the number of points 
in the observation. The time correlation is lost in this 
method, but that doesn't matter if only simple means 
are desired. The second method is to preserve correla
tion by summing each channels counts at each discrete 
time step (note that the absolute value of each channel's 
counts are close in value). The stacking method gener
ates a larger data set from the three individual data sets 
(referred to as il, 12 and i3) as follows: 

%i = Sil,l + 3*1,2 H Xnjimax 

+#J2,1 + 2*2,2 -i Xi2,i2maz 

+3*3,1 + 2*3,2 -\ a;j3,i3max 

Summing at each discrete time step implies that 

x i = Zil,i + 2*2,t + Zi3,i 

The means obtained in the various methods are shown 
in Table 3. We see from examining Table 3 that there 
does not appear to be a great difference in the method 
of taking the mean of the data to obtain the slope of 
the trend. In Series 1, the means are all clustered about 
-0.08.a In Series 2, the slope is about -0.04, and there 
is more variability in Series 2 among the three channels. 
Also note that the standard deviations (a) are not im
proved substantially by summing the data. Regardless 
of the statistics, the physics of the problem implies that 
all three channels should exhibit the same trend, so one 

"For the summed difference data and the linear regression of 
the summed data the slope of an individual channel is 1/3 of the 
summed value. 



Channel N V a SEmean 
Series 1 

A(Az) 22661 -0.083 132 0.876 
B(Ax) 22661 -0.081 131 0.871 
C(Aa;) 22661 -0.079 144 0.954 

(A+B+C)(Ax) 67983 -0.081 136 0.520 
( A i + B { + C , ) ( A z ) 22661 -0.240 236 1.57 

Regression (Ai+Bj+Ci) 22661 
Series 2 

-0.237 

A(Aa:) 22661 -0.033 103 0.682 
B(Ax) 22661 -0.046 108 0.717 
C(Ax) 22661 -0.040 119 0.790 

(A+B+C)(Ax) 67983 -0.040 110 0.420 
(Ai+Bi+Ci)(Ax) 22661 -0.120 191 1.27 

Regression (A,-+Bi+Cj) 22661 -0.126 

Table 3: Means of the Data 

Correlation Pearson's r Lin. Reg. 
R 2 

t- value P 

Series 1 
(A,B) -0.005 2.4E-05 -0.74 0.46 
(A,C) 0.007 5.14E-05 1.08 0.28 
(B,C) 0.016 2.5E-04 

Series 2 
2.4 0.017 

(A,B) -0.0028 7.61E-06 -0.415 0.678 
(A,C) 0.009 7.35E-05 1.29 0.197 
(B,C) -0.004 1.86E-05 -0.65 0.516 

Table 4: Correlation Coefficients for Channels A, B, and 
C 

of the summing techniques is assumed to yield the "best" 
value for the trend in a given series. At least for these 
two series, it does seem somewhat arbitrary as to which 
of the summing techniques are used. 

B Correlation 

Pearson's correlation tests were performed on the 
differenced data for Series 1 and Series 2 (the data of 
Figures 3 and 4). These results are shown in Table 4. It 
is seen from the data in Table 4 that there is no correla
tion among the differenced data for the three channels for 
either series. In most cases, the t-value and p value (ef
fectively the probability of a result occurring randomly 
by chance) are quite low and high respectively. The ex
ception is the correlation of (B,C) in Series 1, in which 
the Pearson's r value is very small, indicating no corre

lation, but the t-value is fairly high. The t-value is the 
coefficient of correlation divided by the standard error of 
the mean of the residuals of a regression analysis. The 
high t-value merely shows that the residuals for the case 
of correlation of (B,C) in Series 1 have less variability 
than for other correlations in Table 4—the correlation is 
still essentially zero. The results of this phase of the anal
ysis show that there is no correlation among the three 
channels. The autocorrelation function is studied in the 
following section. 

C Autocorrelation Function 

As was mentioned previously, the acf for an MA(1) 
process of the form e* — e,_i is 

p(0) = 1.0 
p(l) = -0.5 

p(A:>l) = 0.0 

This was checked for all three channels for both series. 
A graphical example of one of the channels (channel A 
for Series 1) is shown in Figure 6. 

Examination of that figure shows that the above pos
tulate is satisfied. The implications of that analysis, es
pecially for channel B, are interesting. The acf analysis 
indicates that the differenced signal is indeed an MA(1) 
process of the form e*—e,-_i, which does indicate that the 
undifferenced signal consists of that purely random com
ponent postulated. This does indicate, however, that 
the apparent periodicity seen in Figure 1 does not ex
hibit any serial correlation; more importantly, it is not 
a random walk process. 

The demonstration that there is not a significant 
random walk component to the signals is done in the 
following manner. Assume that the signal is composed 
of a linear trend and random walk component z, such 
that 

Xi = Ati + B + Zi 

A random walk is defined such that 

Zi — Zi-i = e» 



V CONCLUSIONS AND IMPLICATIONS 

Series : ChannelA.SeriesI 

" U 

Figure 6: ACF for Differenced (k=l) Channel A 
Counts— 4/15/94-4/30/94 (Series 1) 

where e.{ is again pure white noise. Therefore, 

Xi = AU + B + Zi-i + ei 

Differencing this postulated signal yields 

AXi = A + [Zi-i + €i] - [Zi-2 + Ci-l] 

where again it is assumed that At = 1. Now, since 

then 

Zi-l - Zi-2 = Cj-1 

Axi = A + e» 

In other words, the differenced data would consist of 
pure white noise offset by the constant (A). In fact, 
the differenced data is not pure white noise, but rather 
is of the form of a MA(1) process, which precludes the 
assumption that there is a random walk component to 
the signal. 

It was concluded from the analysis that all three 
channels exhibited the same linear trend (explained by 
the source decay) plus a random component. There were 
no statistical differences among the channels (well within 
a 1% confidence level), both before and after the replace
ment of channel B. However, the random component 
that the channels show does have implications when one 
is using subcritical count data to infer reactivity changes 
due to fuel handling at shutdown. 

The residual component, after the trend is removed, 
represents the error that one would expect in compar
ing the difference between two consecutive counts. The 
standard deviations shown in Table 3 yield a measure of 
the variance of the residuals (the random component) of 
the channel's counts. In Series 1 it is seen that the stan
dard deviations of the three channels are about 130-140 
counts, and in Series 2 they are about 110-120. From 
counting statistics for a gaussian distribution, the vari
ance of a sample with mean x is 4 

2 
(TZ =X 

and the variance of the difference for two consecutive 
samples is summed in quadrature 

•̂2 _ „2 , „2 os — a I + °2 

The signal has a mean of Atmax/2 + B. Using the lin
ear regression of Series 1 and Series 2 summed data to 
calculate A and B yields calculated means of 8899 and 
5577 for the two series respectively. Given that for two 
consecutive counts with the small slope A we will have 
xi « X2, then the standard deviation of the difference of 
two consecutive counts will be 

as = V2x 

where it is assumed that X\ = xi — x. The standard de
viations for differenced signals will be therefore 133 for 
Series 1 and 106 for Series 2. Comparison of these val
ues with those in Table 3 shows excellent agreement, as 
is expected since all statistical tests have shown that the 
signal is composed of the trend plus the random compo
nent. It is that random component that is yielding the 



excellent agreement with the theory of counting statis
tics. 

To first order, the count rate (C) change due to a 
reactivity (p) change is: 

Co pi 

The reactivity change predicted by a count rate ratio is 

A typical shutdown value in EBR-II is $7.00 (k « 0.95). 
This will be used to obtain estimates of the error associ
ated with obtaining reactivity changes due to count rate 
ratios. 

For ratios of count rates, the fractional variance of 
the ratio is summed quadratically, i.e. if the ratio is 
given by u = x/y, then 

(—)2 = (—)2 + (ay\2 

u x y 

Making the assumption that for consecutive counts x « 
y, the standard deviation of the ratio is 

For Series 1, the standard deviation of the ratio is 0.015 
and for Series 2 it is 0.0189. For a $7.00 shutdown reac
tivity, this implies errors of 11 and 13 cents respectively. 
For 95% confidence levels, errors due to statistics alone 
would be 20-30 cents. 

This can be improved considerably by taking more 
than one sample count. For example, if three counts 
are taken before and after fuel movement, the standard 
deviation decreases to 

The standard deviations of the ratios are decreased to 
0.0087 (6 cents) and 0.0109 (8 cents) for Series 1 and 2 
respectively. This is a considerable improvement. 

The conclusion from this work is that the nuclear 
instrumentation in EBR-II is behaving in a completely 
consistent manner with counting statistics theory, and 
that there is no statistically significant difference among 
the channels, either before or after replacement of the 
detector for Channel B. 
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