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a b s t r a c t

Noise experiments, and the Feynman-a method in particular, are considered a standard in-pile experi-
ment, often used in zero power reactors in a sub critical configuration to estimate the reactivity level.
In the Feynman-a method, the variance to mean ratio of event triggered neutron count is fitted on the
so called Feynman-Y function, resulting with an experimental estimation of the a decay mode.
In a recent study, analytic formulas for the expected statistical uncertainty in the Feynman-a method

were derived, using the backward stochastic transport equation. The outline of the present study is to
experimentally validate these analytic formulas. The formulas were implemented on 4 different signals,
obtained from the MINERVE reactor at CEA Cadarache. For each of the four measurements, the signal was
truncated in increasing measurement lengths (ranging from 1 to 60 min), in order to observe the func-
tional behavior of the statistical error through time. Then, the measured statistical error was compared
with the analytic estimation.
Results indicate a very high correspondence between the expected statistical error and the measured

one.
� 2017 Elsevier Ltd. All rights reserved.
1. Introduction

Noise experiments are considered a standard in-pile experi-
ments, often used in zero power reactors in a sub critical configu-
ration to estimate the reactivity level. In the Feynman-a method,
originating in the seminal work of Feynman (originally introduced
in Feynman (1945), and later revisited in Feynman (1956)) the
variance to mean ratio of event triggered neutron count in gates
of length T (the Feynman-Y curve) is fitted on the so called
Feynman-Y function, resulting with an experimental estimation
of the a decay mode. The original formalism for the Feynman-Y
function used a single decay mode, thus neglecting the effect of
delayed neutron (resulting, in practice, with a restriction on the
duration of the gate T Uhrig, 1970). Soon after, a multi-
exponential model was constructed, allowing us to consider the
effect of the delayed neutrons (Williams, 1974).

Although introduced over 60 years ago, the Feynman-a method
still studied, both through theory and application, from a large
number of contributors: Experimental results are reported on
Szieberth et al. (2012), Kloosterman and Rugama, 2005, dos
Santos et al., 2007 and Gilad et al., 2016 (to state a few), and from
a theoretical point of view, generalizations of the Feynman-Y func-
tion to more elaborated settings is given in Malinovitch and Dubi
(2015), Kitamura et al. (2005) and Ceder and Pazsit (2003) and
many more.

As in any experimental method, results are never fully complete
without an uncertainty estimation. In general, the term ”uncer-
tainty” relates to three elements: systematic errors, due to the
model assumptions, numerical errors, due to the computation pro-
cedures, and finally, the statistical error, due to the statistical nat-
ure of neutron counting.

In a recent study (Dubi and Kolin, 2016), the statistical uncer-
tainty on the reactivity estimation in the Feynman-a method was
studied from an analytic point of view, resulting with an explicit
formula for the statistical uncertainty in terms of the system
parameters. The outline of the present study is to validate the
results introduced (Dubi and Kolin, 2016) experimentally. The
experimental validation was done on a set measurements taken
at the MINERVE reactor (Perret et al., 2017), during a noise mea-
surement campaign, held in Sep. 2014. Results indicate a very good
correspondence between the experimental results and the analytic
prediction.

The paper is arranged in the following manner: In Section 2 we
give the necessary background on the Feynman-a method and
describe the formulas introduced in Dubi and Kolin (2016) used
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in the present study. In Section 3 we describe the experimental set-
ting, and describe the methodology used to verify the applicability
of formulas. In Section 4 we introduce the experimental results and
in Section 5 we conclude.

2. Theoretical background

2.1. The Feynman-a method

In the Feynman-amethod we sample the variance to mean ratio
of the number of detections in a gate of duration T, and compare
the results with the so called Feynman-Y function.

Technically, the variance to mean ratio can be evaluated in the
following manner: the detection signal is divided into N consecu-
tive gates of duration T. Denoting by Xj the number of detections
in the jth interval (1 6 j 6 N), and denote:

EðTÞ ¼ 1
N

XN
j¼1

Xj; VðTÞ ¼ 1
N � 1

XN
j¼1

ðXj � EÞ2; YðTÞ ¼ VðTÞ
EðTÞ � 1;

ð2:1Þ
The sample values of YðTÞ will be referred to as the Feynman-Y

curve or the Feynman-Y plot.
For the analytic expression of YðTÞ, to which the sampled data is

fitted, two models commonly are used. The first model is the
prompt reactivity model, given by Feynman (1945):

YðTÞ ¼ Y1 1� 1� e�aT

aT

� �
ð2:2Þ

where a ¼ q�beff
K .

The model incorporating the delayed neutrons is a bit more
complicated. The Feynman-Y function is given by:

YðTÞ ¼ C �
X7
j

2Aj

aj
H0ðajÞ 1� 1� e�ajT

ajT

� �
ð2:3Þ

where Aj are defined by the residues of the zero power transfer
function

H0ðxÞ ¼
1� ix

P6
k¼1

bk
kkþix

� �
ix KþP6

k¼1
bk

kkþix

� �
� q

¼
X7
j¼1

Aj

ixþ aj
ð2:4Þ

and aj are the (7 distinct) roots of the Inhour equation:

�aj Kþ
X6
k¼1

bk

kk � aj

 !
� q ¼ 0 ð2:5Þ

Although the Feynman-Y formula depends on 7 decay modes,
since all the modes are connected through the Inhour equation,
there are effectively only two fit parameters: q and C. Since the
Feynman-Y function can not be written directly in terms of q,
the fit must be done on an implicit function; while this is not as
simple as fitting data to an explicit function, it is still very doable
from a numeric point of view.

2.2. Analytic formulas for the statistical uncertainty in the Feynman-a
method

The main theme of the present study is the experimental valida-
tion of the analytic formulas introduced in Dubi and Kolin (2016).
A full description of the construction and the implementation of
the formulas is given in Dubi and Kolin (2016), but for sake of com-
pleteness, a short description is added.

It should be stated that the formulas were constructed under
the prompt reactivity model. Thus, a priori, their applicability to
the delayed reactivity model is questionable.
Estimating the statistical uncertainty in the Feynman-amethod
is done in two steps. First, the statistical uncertainty on the sam-
pled values of YðTÞ, denoted by dYðTÞ, is estimated. Then the propa-
gation of the error from the sampled values of the Feynman-Y
curve to the final result- the decay constant a or the reactivity q-
is computed.

For the first, the statistical uncertainty of YðTÞ, as introduced in
Dubi and Kolin (2016) is given by:

dYðTÞ ¼ M2ðTÞ
M1ðTÞ2

þ 1

�����
�����
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M2ðTÞ �M2

1ðTÞ
NT

s
þ 1

M1ðTÞ
����

����
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
M4ðTÞ �M2

2ðTÞ
NT

s

ð2:6Þ

where Mi ði ¼ 1;2;3;4Þ is the ith moment of the number of detec-
tion in an interval of duration T, and NT is the number of intervals
sampled. The values for Mi; i ¼ 1;2;3;4 can either sampled, or esti-
mated through analytic formulas introduced in Dubi and Kolin
(2016). Since the formulas are very lengthy, they will not be
repeated here, and the reader is referred to Dubi and Kolin (2016).

Before we continue, some clarification is required regarding for-
mula (2.6). Eq. (2.6) is not a formula for variance of the Feynman-Y
value, but rather a geometric approximation of the uncertainty on
Y. In more details: The Feynman-Y may be explicitly written as a
function of the first to moments of the count distribution by:

YðTÞ ¼ YðM1ðTÞ;M2ðTÞÞ ¼ M2ðTÞ �M2
1ðTÞ

M1ðTÞ � 1

A first (and somewhat natural) approach to quantify the uncer-
tainty on YðTÞ is to evaluate the variance of YðTÞ directly. This was,
for instance, the approach used in Cramer (1962) (see chapter
27/7), where a first order approximation for the variance of a gen-
eral function of any two moment of a distribution is introduced (an
implementation may be found in Berglof et al. (2011)). Clearly,
since the two moments are sampled from the same distribution
they are correlated, and thus the formalism introduced in Cramer
(1962) depends on the covariance of the two moments. The
approach taken in Dubi and Kolin (2016) is a bit different, and geo-
metric by nature. Consider YðTÞ ¼ YðM1ðTÞ;M2ðTÞÞ as a general dif-
ferential function of the first two moments. For a small increments
in dM1; dM2 inM1 andM2 (respectively), the increment in Ymay be
approximated by:

dY ¼ @Y
@M1

dM1 þ @Y
@M2

dM2 ð2:7Þ

Eq. (2.7) has nothing to do with probability or moments. The
fact that M1 and M2 are sampled values with a strong correlation
between them is bound to effect the relation between dM1 and
dM2- but will not effect the applicability of Eq. (2.7). Next, assume
the statistical uncertainty on M1 and M2 are rM1;rM2. This means
that the ”true” values of the moments are somewhere in the rect-
angular ½M1 � r1;M1 þ r1� � ½M2 � r1;M2 þ r1�. If we assume that
the uncertainty is small enough (with respect to M1 and M2), then
the ”true” value of Y is in the interval
½YðM1;M2Þ � dY ;YðM1;M2Þ þ dY �, where dY is given by:

dY ¼ @Y
@M1

����
����rM1 þ

@Y
@M2

����
����rM2 : ð2:8Þ

Thus, dY (as defined in Eq. (2.8)) serves as an estimation of the
statistical uncertainty.

Eq. (2.6) is nothing more than a realization of equality (2.8)
using the explicit formula of YðTÞ (as a function of M1 and M2),
and taking the standard deviation of M1 and M2 as the uncertainty
of M1 and M2. Notice, although Eq. (2.6) is not an explicit formula
for the standard deviation, since the uncertainty on M1 and M2 are
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taken as the standard deviation, we expect to see a correlation
between the two.

This approach for error estimation and error propagation is
fairly common: A similar approach for the error propagation (in a
slightly different context) is discussed in Smith-Nelson et al.
(2015).

Once the uncertainty on the Feynman-Y values is computed, we
need to quantify how this uncertainty will propagate to the uncer-
tainty the output of our measurement- the reactivity q (or the
decay coefficient a). Assume the Feynman-Y function is sampled
at gates T1 < T2 < . . . TN , once rYðTjÞ is evaluated, the statistical
uncertainty on a is given by Dubi and Kolin (2016):

Da ¼

XN
j¼1

a�2k
a3 1� e�aTj

aTj

� �
þ k�a

a2
e�aTj
a

T e�aTj�1
� 	

aTjð Þ2
� �����

����� rYðTj ;aÞ

XN
j¼1

a�2k
a3 1� e

�aTj
aTj

� �
þ k�a

a2
e
�aTj
a

T e
�aTj�1
� 	

aTjð Þ2
� �����

����
2 ð2:9Þ

Finally, since the reactivity (in the prompt reactivity of model)
is linear with a, we have that

Dq ¼ KDa
Table 1
Evaluated data for the reactivity, detection efficiency and source rate.

Measurement
indicator

Reactivity
(pcm)

Detector
efficiency

Source rate
S ½n=sec�

Acq16 -270 4:37� 10�5 2:22� 106

Acq16 -270 4:41� 10�5 2:20� 106

Acq19 -120 3:86� 10�5 2:03� 106

Acq19 -120 4:25� 10�5 2:01� 106
2.3. System parameters for the implementing the formulas

As mentioned earlier, the moments Mi; i ¼ 1;2;3;4 can be eval-
uated through analytic formulas developed in Dubi and Kolin
(2016). It should be mentioned that an alternative method for eval-
uating the first four moments is simply to sample them. However,
this has two problems: First, sampling the moments is obliviously
possible only after the experiment- thus totally useless in terms of
planning. Second, sampling the fourth moment of a highly multi-
plying system is very likely to have a very big statistical uncer-
tainty, sine we expect the variance of the fourth moment to by
proportional to 1

ð1�kÞ8.

Implementation of the formulas for Mi; i ¼ 1;2;3;4 demand
numeric values for the following parameters: the decay coefficient
a- which is estimated directly through the Feynman-amethod, the
first four factorial moments of the multiplicity distribution of the
fissionable material- which can be found in the literature, and
two additional parameters: the source rate S and the detection effi-
ciency Pd.

The last two, if no initial information is given, may be evaluated
in the following manner: First, the coefficient of the prompt reac-
tivity Feynman-Y function (formula (2.2) is given by:

Y1 ¼ D2Pdkp
D1ð1� kpÞ2

Where kp is the prompt multiplication factor (which is directly
estimated through the Feynman a method) and D1;D2 are the first
and second factorial moments of the multiplicity distribution of
the fissionable material (which can be found in the literature).
Since Y1 is evaluated in the fit, Pd can be computed by

Pd ¼ Y1D1ð1� kpÞ2
kpD2

ð2:10Þ

Next, since the counts per second (cps) is given by cps ¼ S�Pd
1�k , the

source rate may be computed by:

S ¼ cps� ð1� kÞ
Pd

½ 1
sec

� ð2:11Þ

(notice, here k is the total multiplication factor, including the
delayed neutron fraction).
It should be clear that the error bar on the values obtained by
these considerations is fairly large, estimated at 10%-20%. How-
ever, this uncertainty is acceptable for two reasons: First, the sen-
sitivity of the formulas introduced in Dubi and Kolin (2016) to
uncertainties on S and Pd is linear. Thus the 10%-20% will not be
amplified. Then, the 10–20% refer to the relative error on the error,
which, with respect to the actual observable is very small (for
instance, if the statistical uncertainty is 10%, then the uncertainty
on S and Pd will result in a variance in the range of 8–12%.).
3. Experimental setting

3.1. Core setting

The experiments were held during Sep. 2014, on the MINERVE
reactor Perret et al. (2017), using the MAESTRO core configuration.
The MINERVE reactor, a part of the CEA Cadarche complex, is a
water moderated ZPR. The experiment detailed here took place
in the framework of a pile noise experiment using high sensitivity
fission chambers (PHOTONIS CFUL-01 with 1 g of U-235) located in
the graphite reflector next to the driver zone fuel elements.

Measurements were taken at two reactivity levels, each mea-
sured in two distinct detectors, resulting with 4 detection signal
to be analyzed. Preliminary results of the noise campaign were
published (Gilad et al., 2016). The reported reactivity of the first
configuration (Acq16) was �270 pcm and 120 pcm for the second
(Acq19). Both reactivity values were obtained by a rod drop exper-
iment. Each measurement was approximately 1.5 h.

As described, implementation of the formulas require numeri-
cal values for the detection efficiency (Pd) and the amplitude of
the external source (S). Using the formulas introduced, the relevant
data of all four signal is provided in Table 1 below:

We can see that indeed the is a spread of about 10–15% in the
detection efficiency and the source. Notice, this does not indicate
that the source changed between the different experiments (in
fact, it did not), but rather a testament to the uncertainty on the
method used to evaluate S and Pd.

3.2. Validation methodology

The most basic and natural strategy to validate any approxima-
tion for a statistical uncertainty is to repeat the measurement for a
large number of times, and then compare the statistical spread
between the different measurements and the approximation.
Indeed, such a comparison will be introduced in Section 4.1.

However, this strategy is problematic to apply in the present
context, since it simply too time consuming. For instance, estimat-
ing the spread of a 15 min. measurement, assuming at least 35
measurements are required, would demand at least 8 h of
measurements.

Therefor, in the present study, a different strategy was used. The
total measurement (of duration Ttot), was truncated repeatedly,
each truncation reducing one minute from the measurement time,
stopping at a one minute measurement. Then, for each truncated
signal, the reactivity was evaluated using the Feynman-a method.



Fig. 1. Sampled distribution of the a coefficient in 1 min. intervals.

Fig. 2. Sampled distribution of the a coefficient in 2 min. intervals.

Fig. 3. Feynman-Y plots for 1 min., 8.
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This procedure will create a graph of the evaluated reactivity qðTÞ
vs. the measurement time T (1 6 T 6 Ttot).

Finally, we denote by q1 the estimated reactivity using the total
measurement (which was approximately 1.5 h long), and set
dqðTÞ ¼ qðTÞ � q1ð Þ. Since all the reactivity values were obtained
using the same experiment (using the same methodology) differ-
ing only in the measuring time, the values of dqðTÞ are governed
by the statistical uncertainty.

We can not expect that dqðTÞ will be equal to the statistical
uncertainty, but we do expect that the general trend of dqðTÞ and
the estimated statistical uncertainty will be similar. Clearly, for
two values T2 > T1; dqðT1Þ and dqðT2Þ are correlated, since one mea-
surement is included in the other. In particular, we expect that all
the values of sign of dqðTÞ (positive or negative) will be correlated.
Still, we expect that the absolute value of dqðTÞ will reduce in the
same rate the statistical uncertainty is reduced.

In all the samplings of the Feynman-Y curve, data acquisition
was done in time stamping mode in very high resolution of 25
nano seconds, and a detector dead time about 50 nano second.
The count rate was under 105 in all detection signals, thus dead
time losses and channel shifting errors were negligible, so no
bunching technique was used. The average and variance were sam-
pled between consecutive time windows (as described in Eq. (2.1)).
To create the Feynman-Y curve, the mean and variance was sam-
pled in 200 gates, exponentially distributed in the interval
½10�3;1� s. For the prompt reactivity analysis, only gates smaller
than 0:1 s were considered, resulting with a total of about 130
gates in the interval ½10�3;1� s (see Fig. 3).
4. Experimental results

4.1. Reactivity distribution for short measurement time

A basic validation of the formulas introduced in Dubi and Kolin
(2016) is to break the entire measurement in a large number of sub
measurement, and compare the statistical spread between the sub
measurements and the results using formulas 2.6 and 2.9. Since we
need to collect enough data to make the experimental approxima-
tion viable, we have broken the entire measurement into 1 min.
and 2 min. sub measurements, resulting with about 90 and 45
sub measurement (respectively). The distribution for the measured
decay coefficient a in measurement Acq19 (data recorded by
detector 1) when broken to 1 and 2 min. sub measurements is
shown in Figs. 1, 2 (respectively).
min. and 15 min. measurements.



Fig. 4. Expected statistical uncertainty in all four configurations as a function of the
measurement time.

Fig. 5. Experimental values of dqðTÞ vs. the measurement time T in a Feynman-a exp
uncertainty.
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In term of the reactivity, the measured standard deviation was
103 pcm for 1 min. measurements and 71 pcm for 2 min. measure-
ments (notice, the ration between the two is 1.45, about 2.5% bias-
ing from the theoretical ratio

ffiffiffi
2

p
). Using formulas 2.9 and 2.6, the

estimated statistical uncertainty is 95 pcm and 67 pcm respec-
tively. That is, the formulas predicted the statistical uncertainty
within 7 pcm error bar. As explained, these results are surprisingly
good, since the analytic estimation for the statistical uncertainty is
not the standard deviation explicitly, but rather the linear first
order approximation of the increment in terms of the standard
deviation of M1 and M2.

4.2. Implementation for long measurement times on the prompt
reactivity model

We now turn to the second methodology, aimed to validate the
formulas for long measurement times.

Fig. 3 shows the Feynman-Y plots obtained from the first
detector of measurement Acq19, for a 1 min. measurement,
8 min. measurement and a 15 min. measurement. Error bars are
achieved by implementation of formula 2.7. As we can see (and
fully expected), the spread of the Feynman-Y curve reduces as
eriment using the prompt reactivity model. The error bar represent the expected



Fig. 6. Experimental values of dqðTÞ vs. the measurement time T in a Feynman-a experiment using the delayed reactivity model. The error bar represent the expected
uncertainty.
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the measurement time increases. Moreover, we can observe a
”drift” of the Feynman-Y curve (the drift is hard to notice in the
time scales relevant to the prompt reactivity measurement, but
nevertheless, it is there).

The total duration of each measurements was about Ttot ¼ 1:5 h.
Fig. 4 shows the predicted statistical uncertainty for each of the
four measurements as a function of the measurement time. First
thing to notice is a 1=

ffiffiffi
T

p
functional behavior, as expected in statis-

tical error.
We can see that for very short measurements- a single minute-

a statistical uncertainty of 90–120 pcm is expected. Then, in the
first 12 min, the statistical uncertainty drops dramatically in about
80 pcm, and in the remaining time, the statistical error reduces by
a merely additional 20 pcm, which is approximately the numeric
uncertainty. Therefor, after the 12 min threshold, we expect to
see a more or less stable value of dqðTÞ. Indeed, results of all four
measurements indicated that after the first 12 min, dqðTÞ was
stable, with very small fluctuations (which may also be attributed
to the numerical uncertainty).

The results are for the prompt reactivity model in a time range
of 1–12 min. shown in Fig. 5. The error bars in each measurement
indicates the 1r approximation for the statistical uncertainty using
the formulas in Dubi and Kolin (2016).
Noticeable, there is a very good correspondence between the
expected values and the measurement values. It is hard quantify
the correspondence between the measured values of dqðTÞ and
the estimated uncertainty, since the distribution of reactivity is
not known. However, a reasonable quantification is to compare
the results with a normal distribution. In such case, out of the 52
point shown in Fig. 1, 40 are inside the 1r envelope (76%). This
is a bit more than expected from the 1r envelope (67%), but if
we reduce the error bar by 50%, the number of points inside the
1r envelope drops dramatically to 48%. Thus, the expected statis-
tical uncertainty using the formulas in Dubi and Kolin (2016) form
a fairly tight approximation for the statistical error.

4.3. Implementation for long measurement times on the delayed
reactivity model

The formulas for the statistical uncertainty were derived under
the prompt reactivity model, treating the delayed neutron source
as a fixed Poissonic source. It has bee argued in Dubi and Kolin
(2016), that since the prompt reactivity model may be viewed as
a first order approximation of the delayed neutron model achieved
by a linear approximation of the Inhour equation, the approxima-
tion for the statistical error should hold to sum extent.
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To validate this suggestion, the exact same analysis was carried
out, but now the reactivity was computed using the delayed reac-
tivity model. Once again, after 12 min the approximation was very
stable, and for short measurements, the results are shown in Fig. 6.

As we can see, in very short measurements (1–2 min), the
actual deviation is considerably larger than the expected statistical
uncertainty. However, once the measurements are longer than
5 min (which is the general case, when considering noise experi-
ments) we once again see a very good correspondence between
the measured deviation and the expected uncertainty. Therefor,
we can conclude that the formulas introduced in Dubi and Kolin
(2016) are validated for the delayed reactivity model as well.

To prevent miss understanding- we wish to emphasize that the
fact that the statistical error in both methods in the same does not
indicated that the two methods have the sane accuracy: since the
comparison of the reactivity was carried out against a measured
value (and not fixed value) using different analysis methods, the
methodology says nothing at all about the systematic error, only
the statistical error! A full analysis of the results is out of the scope
of the present study, but it has been established that delayed reac-
tivity model shows better results (especially in marginally critical
system).

5. Concluding remarks

The outline of the present study was the experimental valida-
tion of analytic formulas for the statistical uncertainty in the
Feynman-a method.

The validation was done over 4 different signal, recorded by two
detectors in two different sub critical configurations. The experi-
ments were held at the MINERVE reactor in Cadarache.

The validation was done by comparing the difference between
the reactivity evaluated using a truncated measurements, and
the reactivity evaluated when taking the full measurement. The
analysis was repeated for two models of the Feynman-Y
function- the prompt and the delayed reactivity models.

For both the prompt and the delayed reactivity models, results
indicate a very good correspondence between the expected statis-
tical uncertainty and the measured deviation (naturally, the results
for the prompt reactivity are slightly better, but this is only notice-
able in very short measurements). One may argue that the data set
used for the validation of the formulas is very limited, since all four
signals were obtained in a marginally critical system, less the
300 pcm from criticality. While we certainly agree that a validation
in a deeply sub critical setting would be favorable, we feel that the
results introduced in the study are useful for two reasons: first,
since the parameters of the reactor are typically well known, the
formulas introduced in Dubi and Kolin (2016) may be used as a
planning tool, and then the statistical uncertainty may validated
after the experiment by sampling higher moments in a more tradi-
tional fashion (Pacilio, 1965; Jammes et al., 2002; Smith-Nelson
et al., 2015).

Second, although taken on a limited data set, we think the
results form a strong validation: for the prompt reactivity model,
we do not expect to see any real differences (in the present con-
text) between marginally and deeply sub critical settings. In the
delayed reactivity model, it has been argued that the linear approx-
imation of the Inhour equation grows tighter as the system
becomes more sub critical. Therefor, if anything, we expect that
the approximation introduced in Dubi and Kolin (2016) would
work even better.

From an operational point of view, the main question this study
aims to address is very simple: how long should we measure in
order to have a viable result? Clearly, a general answer can not
be given, because it depends on both on the system parameters
and both an the definition of ”viable”. However, when examining
the sensitivity of the uncertainty graph - Fig. 1- we notice that
the true importance is in the reactivity (and, of course, measure-
ment time), while all the other parameters have a fairly small con-
tribution. Therefor, we can suggest the following measurement
times:

1. For marginally critical systems (q ¼ ð�400Þ pcm to
q ¼ 0 pcm)–20 min.

2. Intermediate reactivity levels (q ¼ ð�1500Þ pcm to
q ¼ ð�500Þ pcm)–45 min to 1 h.

3. Deeply sub-critical systems (q < ð�1500Þ)–2 h.
4. Under q ¼ ð�5000Þ pcm–extremely long measurements.

Of course, these recommended times should be treated as a
guideline, rather than a strict value.
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