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Abstract–The evaluation of the experiments of the effective delayed neutron parameters and reactivity
performed in the IPEN/MB-01 research reactor facility has been successfully accomplished. The
evaluated data are of very good quality and fulfill the requirements of a benchmark. The recently
released MCNP6 together with the ENDF/B-VII.1, JENDL-4.0, JEFF-3.1.1, ENDF/B-VII.0, and
JENDL-3.3 nuclear data libraries has been employed to calculate the effective delayed neutron
parameters adopting the benchmark model of the IPEN/MB-01 reactor available in the International
Handbook of Reactor Physics Benchmark Experiments. The analysis reveals that all these nuclear data
libraries produced satisfactory results for beff, beff/L, and L. The same cannot be said for determining
the reactivity using the Inhour equation. It was shown that there is a clear tendency to increase the
deviation with the absolute value of the reactivity for negative periods. Only JENDL-3.3 and JEFF-3.1.1
produced results that are inside the 3s range of the benchmark value uncertainty. Specifically for the
case of ENDF/B-VII.1, a good part of this discrepancy is due to the decay constant of the first group
of delayed neutrons, which is overestimated according to the experimental value measured in the
IPEN/MB-01 reactor.

I. INTRODUCTION

Since the first stages in the development of fission
chain reactors, the importance of reactor physics experi-
ments has been recognized. For many years, reactor
physics experiments1–17 have been carried out worldwide,
and very valuable experimental data have been published
to serve as benchmarks. They constitute an essential tool
for reactor physicists for validating calculation methodo-
logies and related nuclear data libraries. The great majority
of reactor physics experiments belong to the category of
critical mass and the related spectral index. With the
availability of modern acquisition boards and more
accurate equipment, new experimental techniques11–17

have been developed for determining very important

reactor physics parameters such as the effective delayed
neutron fraction beff and the relative abundances of
delayed neutrons bi/beff and subcritical measurements.
Up to a few years ago, the most famous reactor physics
experiments were the ones chosen by the Cross Section
Evaluation Working Group1 (CSEWG). Numerous
researchers18–22 have assessed the CSEWG benchmarks
and several other experiments in widely varying situations.

Since the advent of the International Criticality Safety
Benchmark Evaluation Project23 (ICSBEP) in 1992 and,
more recently, the International Reactor Physics Experiment
Evaluation Project24 (IRPhEP), the evaluation of criticality
safety and reactor physics benchmark experiments has
experienced tremendous growth. The ICSBEP and IRPhEP
committees have been continuously providing a standard
basis for criticality safety and reactor physics benchmark
evaluations. At the same time, the scope, the diversity, and*E-mail: asantos@ipen.br
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the quantity of benchmarks available to the reactor
physics community have significantly increased from
year to year. Moreover, the ICSBEP and IRPhEP
committees are stimulating the development of new
experimental techniques as well as new approaches to
treat the uncertainties arising from the experiments and
from the geometric and material data of the facilities. The
impact of the ICSBEP and IRPhEP evaluations on
several branches of reactor physics has been enormous.
For example, the work of the ICSBEP and IRPhEP
committees has been of great benefit in the development
of ENDF/B libraries. Numerous recent works based on
the ICSBEP and IRPhEP evaluations25–28 have assessed
the quality of the nuclear data contained in the versions
and releases of the ENDF/B libraries. Particularly, while
providing a standard basis for the cross sections needed
for the theoretical analysis of reactor physics experiments
in general, the development of the ENDF/B libraries also
necessitates the development of very sophisticated
mathematical and computational methods on one hand
and specific and accurate evaluation of experiments on
the other hand. At the same time that the scope, the
quality, and the quantity of nuclear data (for example, the
number of resolved resonances) have significantly
increased from nuclear data library version to version,
advances in the computer technologies, as well as in the
mathematical and computational techniques both in the
preprocessing codes and in the solution of the neutron
transport equation, have allowed one to perform very
detailed calculations using sophisticated codes. Nowadays,
mathematical and computational techniques have matured
to such a state of development that the main uncertainty in
the nuclear reactor calculations is believed to be in the
basic nuclear data. From this viewpoint, it is very
important that experiments designed to serve as bench-
marks to validate calculation methodologies and related
nuclear data libraries introduce uncertainties that are
smaller than those in the calculated reactor responses due
to the basic nuclear data. It is in the former that the
ICSBEP and IRPhEP committees have been successful in
the last several years through the evaluation, dissemina-
tion, and establishment of several high-quality benchmark
problems in widely varying applications.

Among the several integral reactor physics para-
meters commonly measured in critical facilities, effective
delayed neutron parameters like beff play an important role
because they have an important bearing on the dynamic
behavior of a nuclear reactor. Particularly, knowledge of
beff is essential for normalization of the reactivity and for
the time characteristics of transients. Up to a few years
ago calculation/experiment discrepancies in measure-
ments of the effective delayed neutron fraction beff were
undesirable in design and operation of reactor control
systems.29 More precisely, a target accuracy of +3% (1s)
has been requested for the experimental beff (Ref. 30). For
beff calculations, the target accuracy that has been

proposed is also +3% (1s) (Refs. 31 and 32). Until
recently, this accuracy in calculations was more clearly
met for fast reactors than for thermal reactors because
there were fewer measurements of beff available for
validating the calculations for thermal systems.33,34

However, with more new measurements performed in
the IPEN/MB-01 research reactor facility11–14 (IPEN/
MB-01 facility) and with the availability of the MISTRAL
experiments15 performed in Cadarache, this goal has also
been achieved for thermal reactors.

In contrast to other techniques like the Slope
Method,9 Nelson-Number Method,9 and 252Cf-Source
Method,35 the main advantage of these new experimental
methodologies developed at the IPEN/MB-01 facility is to
obtain the effective delayed neutron parameters in a
purely experimental way, eliminating all parameters that
are difficult to measure or calculate. Consequently, the
uncertainties associated with these parameters are elimi-
nated, and the accuracy in the effective delayed neutron
parameters is improved. These techniques are based on
macroscopic and microscopic noise. The macroscopic
noise experiments exploit the very low-frequency range
(v1.0 Hz) and show that that it is possible to resolve the
low-frequency region and extract very useful information
from there. The microscopic noise experiments are
based on the two-region model36 (reflected-core kinetic
model) and rely on the measurements of Rossi-a (Ref. 37)
and Feynman-a (Ref. 38) distributions at several subcrit-
ical levels. Both techniques are claimed to be well defined
and produced experimental data of very high quality.
Finally, as a product of this set of experiments, benchmark
values for beff and the prompt neutron generation time L,
their ratio beff/L, and the reactivity using the Inhour
equation are proposed.

The purposes of this paper are to give a brief
description of the experimental work performed at the
IPEN/MB-01 facility related to the experimental deter-
mination of the effective delayed neutron parameters and
reactivity and to present the process of evaluation of these
very important integral responses published in the
International Handbook of Reactor Physics Benchmark
Experiments24 (IRPhEP Handbook). Also, regarding a
very important integral reactor response, the reactivity
will be of major concern, and some benchmark values
employing the Inhour equation with benchmark values of
effective delayed neutron parameters will be proposed.
Finally, the accuracy of recently released nuclear data
libraries in predicting effective delayed neutron para-
meters as well as reactivities based on the Inhour equation
will be the object of validation and verification. The
recently released MCNP6 computer code39 will be
employed to transform the nuclear data in the basic
nuclear data libraries into effective delayed neutron
parameters adopting the benchmark model of the IPEN/
MB-01 reactor. The complete details of the experimental
techniques can be found in Refs. 11 through 14, and the
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evaluation of these very important integral parameters can
be found in Ref. 40.

II. OVERVIEW OF THE MACROSCOPIC AND
MICROSCOPIC NOISE EXPERIMENTS

The purpose of the macroscopic noise experiments
was to resolve the low-frequency range (v1.0 Hz) of the
auto-power spectral density (APSD) and cross-power
spectral density (CPSD). This new in-pile experiment is
based on measuring the fluctuations of the neutron
population.41,42 Although this technique is well known41,42

and well established for many types of measurements,43–45

there was nothing in the literature regarding experiments
involving the determination of the decay constants and/or
abundances of delayed neutrons based on this technique.
The electronic noise contamination46 in this very low-
frequency region was responsible for the lack of this type
of experiment. The experiments performed at the IPEN/
MB-01 facility show that it was possible to resolve the
low-frequency region; it is possible to extract very useful
information from the experiments. In this technique, the
APSDs and the CPSD of the signals from two gamma-
compensated ionization chambers are measured in a very
low-frequency range, and the result is least-squares fitted
assuming a point-kinetics model with a delayed neutron
precursor six-group structure. The parameters to be fitted
are either bi or lI, where bi and li represent the fraction
and decay constant of the delayed neutron group i. To
follow the criteria used in the evaluation published in the
IRPhEP Handbook,40 only the results for delayed neutron
fraction bi parameters are presented. The beff’s obtained as
the sum of the partial b’s and the relative abundances of
delayed neutrons (bi/beff) are thus obtained as a by-
product. This technique is interesting because it does not
perturb the reactor, which is always maintained in a critical
state, and so, there is neither contamination of the results
due to the harmonic excitation nor residual multiplica-
tion, and it seems to not depend on the efficiency and
positioning of the detectors.

The purpose of the microscopic noise experiments13,14

was to measure the effective delayed neutron fraction beff,
L, and their ratio beff/L in a purely experimental way,
eliminating all parameters that are difficult to measure or
calculate. Consequently, the uncertainties associated with
these parameters are eliminated, and the accuracy in beff
and in the other kinetic parameters is improved. The
experimental methodology employed combines the well-
known microscopic noise analysis techniques, Rossi-a and
Feynman-a. The ratio beff/L was obtained by extrapolating
the curve prompt decay constant a versus the inverse
of the detector counting to zero. beff was obtained by
fitting the same curve but considering a very large range of
subcritical reactivity. The two-region model curve was
adopted for this purpose. The pulse train–recorded time
series data were the basic experimental data. The same

data set was processed in order to obtain the Rossi-a and
Feynman-a distributions.

III. CORE CONFIGURATIONS AND
MEASUREMENT PROCEDURES

The experiments employed the standard 28|26 fuel
rod configuration as shown in Fig. 1. All geometric data
are described in Sec. 1.2 of LEU-COMP-THERM-077
(Ref. 47); however, the set of measurements shown here
had no baffle plates surrounding the core. Two banks
of control rods control the IPEN/MB-01 reactor. They
are located diagonally opposite each other in the core.
The A and B symbols in Fig. 1 refer to the two control
bank locations, while the S symbol refers to the locations
of the two safety rod banks. The safety rod banks were
always kept at their fully withdrawn position during the
whole set of experiments. Consequently, they do not
interfere with the measurements performed for this
evaluation. The A and B symbols shown in Fig. 1 refer,
respectively, to control banks BC1 and BC2. In all critical
configurations, BC1 was always kept at some specific
position, and fine criticality control was achieved by the
automatic control system continuously positioning BC2
around the true critical position. The control bank position
of BC2 is one of the most important parameters for the
whole set of experiments of this evaluation.

The control bank system of the IPEN/MB-01 reactor
can be considered a high-resolution system, and its
linearity has been demonstrated routinely since reactor
start-up. The zero of the relative control system (0%
withdrawn position) occurs when the bottom of the
absorber rods (excluding the bottom plugs) is aligned with
the bottom of the fuel region. This reference level or zero
was calibrated by a mechanical pattern that allows an
accuracy of 0.1 mm. The outermost control bank position
(100% withdrawn position) is located 54.6 cm from the
bottom of the fuel active length.

Additional information regarding the IPEN/MB-01
reactor and facility is available in benchmark reports
LEU-COMP-THERM-077 (Ref. 47) and LEU-COMP-
THERM-082 (Ref. 48). This information is not repeated
herein but is utilized as reference experimental data and
for evaluation of the benchmark experiments.

III.A. Core Configuration and Measurement Procedure
for the Macroscopic Noise

The IPEN/MB-01 core configuration considered for the
macroscopic noise experiment is shown in Fig. 1. Figure 2
shows the axial view of the positioning of the detectors.

The experiment was performed with the reactor as
close to the critical condition as possible at a thermal
power of 4.0 W. The complete details of this experiment
can be found in Refs. 11 and 12. Here, only the final
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results will be shown. As an example of the experimental

data, Fig. 3 shows the CPSD measured data.
We must mention that the low-frequency cutoff of

0.001 Hz of the filter amplifiers employed in the

measurements is a limiting factor for this kind of

experiment. For example, in the 0- to 3.125-Hz band with

1600 lines of resolution, the first experimental point occurs

at *1.95 mHz, the second point is at 3.91 mHz, and the

third point is at 5.86 mHz. However, only the third point is

trustworthy; the first two points present some distortion

because the cutoff of the filters is not sharp. Thus, there are

only four points before the frequency associated with the
first decay constant. This will impose some restriction on
the first parameter b1 to be fitted. The acquisition time in
the frequency interval ranging from 0.001 to 3.125 Hz is
very large, equal to the number of resolution lines divided
by the frequency span (1600/3.125) or 512 s.

III.B. Core Configuration and Measurement Procedure
for the Microscopic Noise

Two different core configurations were considered
for the microscopic noise experiments. Figure 4 shows the
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Fig. 1. Schematic diagram of the moderator tank (plan view) showing the detector distribution around the core.
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x-y cross sections and the detector positions for these
configurations.

Figure 4a shows the configuration to obtain beff/L.
For this purpose some Rossi-a and Feynman-a distribu-
tions were measured near the delayed critical condition.
The experimental setup includes one small BF3 neutron
detector of 10-mm diameter and 150-mm height and
sensitivity of 2.1 counts per second (cps)/nv placed in the
center of the active core. The start-up source (Am-Be,
1Ci) was removed, and the reactor was driven by its own
intrinsic source in order to avoid high count rates near the
critical state and, consequently, high dead-time losses in
the BF3 detector.

Figure 4b shows the configuration utilized in the
experiments to obtain beff. The prompt neutron generation
time L and beff /L were obtained indirectly in the
experimental procedure. The configuration employed in
the experiments was extracted from LEU-COMP-
THERM-082 (Ref. 48). Here, eight fuel rods were
removed from the standard 28|26 fuel rod configura-
tion, and in their place, eight burnable poison rods were
loaded so that the excess reactivity of the core was
reduced to nearly zero. Each poison rod is geometrically

identical to the fuel rods but is filled with 52 pellets of
Al2O3-B4C with 40.53 mg/cm3 of boron. The details of
this configuration as well as a complete description of the
materials utilized can be found in Ref. 48. Also, the
complete details of the experimental approach adopted to
obtain beff, beff /L, and L can be found in Refs. 13 and 14.
Here, only the final results and some details of the
experiments will be shown.

Considering the control and safety rods fully inserted
(Fig. 4b), the subcritical reactivity was approximately
{25 000 pcm. In such a way, Rossi-a and Feynman-a
distributions can be recorded in a very large range of
subcritical reactivity, from nearly {500 to {25 000 pcm.
This large subcritical interval leads to a significant
variation in the neutron flux and, consequently, in the
detector count rate. The detectors employed in the
experiment are shown in Table I. They have varying
sensitivities and were employed according to the subcrit-
ical reactivity level. Also, the start-up source (Am-Be, 1Ci)
was inserted in the bottom of the core to drive the system.
These actions made possible an accurate measurement of
the Rossi-a and Feynman-a distributions in a reasonable
length of time. Uncertainty reduction of the a value
evaluation and reduction of measurement time for large
subcritical levels were attained by a high sensitivity
detector, i.e., a 3He neutron detector, whose size and
sensitivity were 42 cm in length and 2.6 cm in diameter
and 54.3 cps/nv. For measurements at near critical
conditions, where the neutron flux is higher, a less
sensitive (12.9 cps/nv) boron-lined detector of 10-cm
diameter|33-cm height was used to avoid high count
rates and large dead-time effects.

IV. EXPERIMENT RESULTS

IV.A. Macroscopic Noise: Effective Delayed
Neutron Parameters

As in Ref. 12, the theoretical APSD for each channel
and for the CPSD to be employed in the least-squares
approach are thus given, respectively, as

Wkk( f )~ G fð Þj j2 2N

L
D�nn

� �
ek q

�nnL

� �2

Hek( f )Hfk( f )
� �

2

z Hek( f )Hfk( f )
� �

2 2q2e
N

�nnL
ð1Þ

and

Wkl( f )~ G fð Þj j2 2N

L
D�nn

� �
ekel q

2

�nn2 L2

� �

| Hek( f )Hfk( f )
� �

Hel( f )Hfl( f )
� �

, ð2Þ

where the symbols as well as all the transfer functions are
given in Ref. 12.
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Fig. 2. Side view of the active region and the detector
positioning in the west and east faces of the core. (In these
conditions, the ionization chambers are in the reflector region
*8.0 cm away from the thermal neutron peak due to the
reflector effect.)
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Fig. 3. Absolute value of the measured CPSD with 1000
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KINETIC PARAMETERS OF IPEN/MB-01 REACTOR 463

NUCLEAR SCIENCE AND ENGINEERING VOL. 178 DEC. 2014



The prompt neutron generation time L that appears in
the reactor transfer function was fixed in all cases at 32 ms
based on a series of measurements of beff and beff/L
carried out previously.49 Convergence of the least-squares
approach was not possible when all 12 delayed neutron
parameters (bi and li) were let free. Consequently, the
approach adopted in the least-squares method was to fix
the decay constants [as given by the most important
nuclear data libraries, namely, ENDF/B-VI.8 (Ref. 50),
ENDF/B-VI.8 [Los Alamos National Laboratory (LANL)
review],51 and JENDL-3.3 (Ref. 52)] and to fit the
abundances. Furthermore, the b1 parameter must be kept
fixed because of the small number of data points below
the corresponding frequency of the l1 parameter, or
*0.012 Hz. However, there is no serious problem in this
in fixing b1 because there is a linear constraint on b1, i.e.,

beff~
P6
i~1

bi

� �
, and there is a gain of one degree of

freedom. The least-squares code in all cases employed the
standard Levenberg-Marquardt53 algorithm available in
Origin 6.0. In order to get a totally experimental result for
beff, the first decay constant was obtained from an
independent measurement. This experiment54 was in fact
done at the IPEN/MB-01 reactor using the Multiple Transient
Technique.10 The l1 parameter obtained with the Multiple
Transient Technique was 0.012456 + 0.000031 s{1 and
shows excellent agreement with the decay constant of 87Br,
the single precursor of the first group.54

If the systematic or bias errors are negligible, as
seems to be the case here, then the uncertainties in the
spectral densities can be obtained following Bendat
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Fig. 4. IPEN/MB-01 core configurations: (a) BF3 neutron detector positioned in the center of the active core and (b) eight
burnable poison rods positioned in the active core and three different detectors in the reflector region.

TABLE I

Pulse-Mode Neutron Detector Specifications

Type Manufacturer Model
Operating

Voltage (V)
Outside

Diameter (mm)
Overall

Length (mm)
Sensitivity
(cps/nv)

BF3 Reuter-Stokes RS-P1-1613-101 2400 25 600 23.1
Boron lined Centronics RTC-CPNB35-510 750 77 446 12.9
3He Centronics 503He/760/38E 1960 26 420 54.3
Small BF3 Nuclear

Chicago
NC-203 1150 14.7 143 2.1

BF3 Reuter-Stokes RS-P1-0836-201 1600 25 800 8.4
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and Piersol.55 The normalized random uncertainties
(e5 sW/W) for each frequency bin of the APSDs is given by

e Wxxð Þ~ 1ffiffiffiffi
N

p , ð3Þ

where N is the number of averages. Note that for the
APSDs the error is independent of the frequency. Thus,
for N 5 1000 averages, e(Wxx) 5 3.2% and each point of
the APSD will have an error bar of 3.2% in its magnitude.

The CPSD random uncertainty is frequency depend-
ent, being given by55

e Wxy

� �
~

1ffiffiffiffiffiffiffiffiffiffiffi
cxy N

p , ð4Þ

where

cxy 5 coherence function cxy~
Wxy

�� ��2
Wxx Wyy

 !

N 5 number of averages.

It should be noted here that the coherence function in
Eq. (4) is the unknown true coherence, and therefore, in
the estimate of the random error of the CPSD, the true
coherence function must be replaced by the measured
function. However, the measured coherence function
also has statistical uncertainties that are not considered
in the CPSD error estimate, and in such a case, it seems
to be adequate to make a conservative analysis of the
CPSD error.

This estimate can be made by considering that Eq. (4)
has its maximum value of 0.037 (3.7%) at the highest-
frequency bin of the CPSD and its minimum value of 0.032
(3.2%) at the lowest-frequency bin of the CPSD. So, an error
bar of 3.7% on each point of the CPSD would be reasonable
as well as in accordance with a conservative viewpoint.

All uncertainties shown are relative to 1s. In all
cases, the results for each nuclear library for beff are
shown as the arithmetic mean of the fitting parameters
obtained from the two APSDs and one CPSD since these
spectral densities can be considered as independent
measurements. The uncertainties in the final beff parameters
were obtained through the error propagation of a sum of
five quantities since b1 is always kept fixed. Table II shows
the final results obtained for the beff parameter together
with the associated experimental uncertainties.

Table II shows that the results for beff are the same
(taking into account the uncertainty of each one) for the
decay constants of the three libraries. This is a remarkable
result and also shows that fixing b1 during the least-
squares procedure does not represent a serious restriction.
From these three results for beff, one can take the average
among them to represent the best value, and that will be
the final value of this work. Since the estimate of the
correlation coefficient is very difficult in this case, the
respective uncertainty is given by the standard error

propagation assuming no correlation among the three
values of beff.

In the case of a totally experimental result, as mentioned
previously, one can use the first decay constant obtained
from an independent experiment54 carried out at the IPEN/
MB-01 reactor. Now, the least-squares procedure is iterative
with just the l1 parameter fixed and is as follows:

1. Give a reasonable guess for the parameters (b1,
b2 . . . b6) and (l2, l3 . . . l6), with l1 5 0.012456 s{1.

2. Initially, l1 and b1 are kept fixed for the fitting of
(b2, b3 . . . b6) or (l2, l3 . . . l6), iteratively, until no more
variations in these parameters occur.

3. The b1 parameter is now left free for fitting in an
iterative process with (b2, b3 . . . b6) with all decay
constants fixed until no more variations among the
abundances occur.

4. The b1 parameter is now left free for fitting in an
iterative process with (l2, l3 . . . l6) with all the
abundances fixed until no more variations among the
decay constants and the first abundance occur.

5. The last two steps are repeated until no more
variations among all the parameters occur.

6. The new sets of (b1, b2 . . . b6) and (l2, l3 . . . l6)
represent the best fit.

The experimental data were those from the CPSD
alone, and the results are shown in Table III. Table III
shows that the beff parameter is totally consistent with the
previous results, but its uncertainty of 2.5% is higher than
the others because of the utilization of the experimental
data of just one spectral density in the fitting procedure.
The inclusion of the results of the fitting for the other two
APSDs would reduce the uncertainty in the beff by

ffiffiffi
3

p 	
3

or *58%. The beff uncertainty was calculated assuming
no correlation among the individual abundances.

IV.B. Macroscopic Noise: Reactivity Calculations

One of the most important applications of the kinetic
parameters is the relation between the reactivity and
asymptotic period of a nuclear plant. The Inhour equation
gives this relation as

TABLE II

Measured beff from the Macroscopic Noise

Library beff

ENDF/B-VI.8 7.47E-03 + 0.11E-03a

ENDF/B-VI.8 (LANL Review) 7.51E-03 + 0.11E-03
JENDL-3.3 7.47E-03 + 0.11E-03
Average 7.48E-03 + 0.07E-03

aRead as 7.47|10{3 + 0.11|10{3.
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r$~

L

T
z
X6

i~1

bi=T

(1=T)zliX6

i~1

bi

, ð5Þ

where

T 5 asymptotic period (s)

r$ 5 reactivity ($).

Using the delayed neutron parameters from Table III and L 5 32 ms, the reactivities for some positive and negative
periods are shown in Table IV.

The uncertainty in the reactivity calculation was estimated assuming that only bi and li (except l1) present errors
and that these parameters are uncorrelated as

sr~
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" #" #2

: sbn

� �2

vuuut : ð6Þ

IV.C. Microscopic Noise: Effective Delayed
Neutron Parameters

The prompt neutron decay constants a for each
subcritical measurement were obtained by fitting the
Rossi-a and Feynman-a distributions adopting a reflector-
core kinetic model.36 These fitting procedures were
performed using the nonlinear weighted least-squares-fitting
routine based on the Levenberg-Marquardt algorithm
available in Origin 6.0 software (OriginLab Corporation).

According to Ref. 13, the reflector-core Rossi-a
distribution obeys the following relationship:

pc, rRossi(t)~Ac, r Nc, r
7 ev7tzNc, r

8 ev8t
� �

zBG , ð7Þ

where

pc, rRossi(t) 5 Rossi-a distribution

t 5 elapsed time between two neutron counts

c, r 5 indices that refer to distributions recorded
in the core and reflector region, respectively

A 5 proportionality constant, with dimension
of inverse of time, which relates the
adjoint-weighted total number of neutrons
to the experimental Rossi-a distributions

BG 5 term related to the particular solution and
experimentally represents the uncorrelated
or random component that is added to the
solution as a background term

Nc, r
7 , Nc, r

8 5 correlated amplitudes

v7,v8 5 seventh and eighth roots of the reflected-
core Inhour equation,13 and they are
given by

TABLE IV

Reactivity for Various Periods

T (s) r ($)

1 0.776 + 0.005
10 0.379 + 0.007

100 0.092 + 0.004
200 0.052 + 0.002

{200 {0.076 + 0.005
{100 {0.268 + 0.014
{90 {0.437 + 0.019
{85 {0.761 + 0.025

TABLE III

Total Experimental Delayed Neutron Parameters
of the IPEN/MB-01 Reactor

bi li (s{1)

(2.679 + 0.023)E-4a 0.012456 (fixed)
(1.463 + 0.069)E-3 0.0319 + 0.0032
(1.34 + 0.13)E-3 0.1085 + 0.0054
(3.10 + 0.10)E-3 0.3054 + 0.0055
(8.31 + 0.62)E-4 1.085 + 0.044
(4.99 + 0.27)E-4 3.14 + 0.11

beff 5 (7.50 + 0.19)E-3

aRead as (2.679 + 0.023)|10{4.
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where

tc 5 adjoint-weighted neutron lifetime in the core
region

tr 5 adjoint-weighted neutron lifetime in the reflector
region

f 5 fraction of core neutrons returned to the core
after having leaked into the reflector

r 5 subcritical reactivity.

The positive and negative signs go with v7 and v8,
respectively. For r v 0, both roots are negative.
Equation (8) shows clearly that the relationship between
the decay modes, driven by v7 and v8, and reactivity are
not linear.

The Feynman-a distribution in the reflector-core
model obeys Eq. (9) (Ref. 14):

Y~
C2{C

2

C
{1~{2Ac, r Nc, r

7

v7

1z
1{ev7T

v7T

� �


z
Nc, r

8

v8

1z
1{ev8T

v8T

� ��
, ð9Þ

where

Y 5 reflected-core Feynman-a distribution

T 5 time interval to collect the counts

C 5 detector countings.

Table V shows the measurements of the prompt
neutron decay constant a in a very large range of subcritical
reactivity. The prompt neutron decay constant a shown in

TABLE V

Final Values and Uncertainties of a

Run
Detector
Location Detector

Average Count
Rate (cps)

Control and
Safety Rod

Positions (%)

a (s{1)
(Rossi-a
Method)

a (s{1)
(Feynman-a

Method)

1 Core Small BF3 2783.6 + 194.8 BC1 5 61.89a {241.20 + 1.28 {240.68 + 0.54
2 Core Small BF3 1441.1 + 100.9 BC1 5 61.86a {244.89 + 1.47 {244.83 + 0.21
3 Core Small BF3 889.4 + 62.3 BC1 5 61.84a {253.19 + 1.57 {251.47 + 0.23
4 Reflector Boron lined 12203.44 + 1159.81 95.00 b {286.46 + 1.80
5 Reflector Boron lined 5016.17 + 554.81 90.00 {384.64 + 1.71 {368.30 + 0.55
6 Reflector Boron lined 2921.58 + 293.12 85.00 {491.82 + 3.14 {464.13 + 0.53
7 Reflector Boron lined 2003.12 + 180.86 80.00 {612.92 + 3.46 {613.30 + 2.05
8 Reflector Boron lined 1502.86 + 123.03 75.00 {757.86 + 5.93 {784.33 + 2.64
9 Reflector Boron lined 1192.12 + 93.65 70.00 {934.29 + 7.07 {1003.26 + 4.32

10 Reflector BF3 3627.72 + 326.31 65.00 {1194.45 + 9.69 {1187.30 + 1.15
11 Reflector BF3 3102.90 + 269.15 60.00 {1481.52 + 11.29 {1435.34 + 1.81
12 Reflector BF3 2665.45 + 215.10 55.00 {1697.59 + 9.73 {1720.08 + 4.41
13 Reflector BF3 2312.98 + 179.59 50.00 {1960.66 + 13.58 {2011.75 + 8.05
14 Reflector BF3 2007.94 + 151.51 45.00 {2200.22 + 43.34 {2267.90 + 18.29
15 Reflector BF3 1769.32 + 131.25 40.00 {2445.07 + 31.17 {2503.92 + 22.11
16 Reflector BF3 1572.82 + 115.56 35.00 {2755.84 + 78.05 {2802.28 + 29.58
17 Reflector BF3 1422.63 + 103.64 30.00 {3033.82 + 72.79 {3020.27 + 47.37
18 Reflector BF3 1276.53 + 93.15 25.00 {3234.22 + 92.24 {3235.43 + 52.35
19 Reflector BF3 1151.62 + 81.39 20.00 {3491.58 + 219.62 {3522.26 + 17.60
20 Reflector BF3 1043.56 + 74.82 15.00 {3663.46 + 248.92 {3698.16 + 18.42
21 Reflector BF3 953.14 + 68.66 10.00 {3840.30 + 290.75 {3944.84 + 25.07
22 Reflector BF3 883.93 + 62.34 5.00 {3940.13 + 343.28 {3980.47 + 34.64
23 Reflector 3He 382.77 + 37.67 0 {3998.45 + 401.24 {4017.11 + 135.18

aSafety banks completely withdrawn (135% withdrawn position) and BC2 at 59.00% withdrawn position.
bThe low signal-to-noise ratio of the Rossi-a distribution prevented a precise determination of a.
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Table V is the seventh (v7) root of the reflected-core model
Inhour equation in a six-group structure of delayed
neutrons. The reason is that near the delayed critical, the
seventh root of the reflected-core Inhour equation follows a
well-known linear function with the reactivity:

v7~
r{beff

L
: ð10Þ

Assuming that the number of coincidence counts
given by the amplitude of the Rossi-a distribution
approximately follows a Poisson distribution, its standard
deviation sRossi is (Ref. 56)

sRossi~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pc, rRossi(t)

q
: ð11Þ

The ratio beff/L was measured from runs 1, 2, and 3.
The measurements were performed with the core system
driven by its intrinsic source and different control rod
positions. Because of the small source strength of the
intrinsic source, it was possible to achieve subcritical
levels close to the critical state with a reasonable count
rate in the BF3 detector. In this way, the accuracy in a
linear extrapolation to the critical condition was improved.

The subcritical reactivity r in Eq. (8) was estimated
by the Neutron Source Multiplication Method57,58

(NSMM). In NSMM, it is assumed that the subcritical
reactivity r is related to the neutron count rate C as
r~eS=C for eS=Cww1. This condition is easily met
when the reactor is very close to the critical state.
Monitoring the count rate C, one can evaluate the deviation
of the actual reactivity from the reference reactivity, and
when the reactor gets critical, r tends to zero, and so does 1/
C. Figure 5 shows the fitted a values obtained from the
Rossi-a curves versus the inverse count rates of the BF3

detector used to perform the measurements (see Table V).
The ratio beff /Lwas obtained extrapolating (1/C) to zero. A
linear extrapolation was employed because close to the
critical condition, the relation between the decay mode a
and reactivity is linear as given by Eq. (10).

The error bars shown in Fig. 5 take into account the
uncertainty in the parameter a as well as in the detector
count rate. This is accomplished as59

sa~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
s2
a0
z

da

d 1=Cð Þ


 �2

s2
1=C

s
, ð12Þ

where

sa0
5 uncertainty in a given in Table V

s1=C 5 uncertainty in the inverse count rate

da=d 1=Cð Þ 5 estimate of the partial derivative of a
with respect to the inverse count rate.

In the present study, the derivative da=d 1=Cð Þ was
calculated numerically from the a versus 1/C curve.

The uncertainties s1=C were obtained as follows:

s 1=Cð Þ~
sC

C2
, ð13Þ

where sC is the deviation in the detector count rate.
The Feynman-a results follow basically the same

procedure. The standard deviation sY of the Y value can
be approximately derived from those of the sample
variance and mean of the normal distribution56:

sY~
1zYffiffiffiffi

N
p

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
1zY

�cc
z2

r
, ð14Þ

where N is the number of samples (i.e., the number of
counts) for a given time gate T.

The final results for beff /L are shown in Table VI.
The experimental methodology to obtain beff is based

on the reflected-core kinetic model, which relies on the
measurements of Rossi-a and Feynman-a distributions at
several subcritical levels. The basic experimental data are
shown in Table V. Regarding only measurements
performed in the reflector region, i.e., runs 4 through
23, Fig. 6 shows the measured a values obtained from
the Rossi-a method versus the inverse count rate.
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Measured α values by Rossi-α method
Linear fit

αo=βeff /Λ=–235.28(1.70)s–1
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–1
)

inverse count rate (spc)

Fig. 5. Plot of the a values given by the Rossi-a method
versus the inverse count rate. A linear extrapolation to the
critical condition (red line), which is equivalent to 1/C 5 0,
gave beff

.
L of the system as 235.28 + 1.70 s{1.

TABLE VI

beff /L Based on Rossi-a and Feynman-a Measurements
in the Core Region

Rossi-a (s{1) Feynman-a (s{1)

a0 5 beff /L (core
measurements)

{235.28 (1.70) {235.57 (0.66)
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The Feynman-a method follows basically the same
procedure as shown for the Rossi-a method, and only its
final results are given. The inverse count rate measurements
were conducted with the BF3 neutron detector RS-P1-0836-
201 positioned in the same place where the a values were
obtained and at the same control and safety rod positions.

As mentioned, it was recognized that the variation of
a with 1/C is not linear but shows a behavior described by
Eq. (8). Figure 6 shows that there is a stabilization of the
prompt decay constant v7 for large subcritical reactivities
as predicted by the reflected-core kinetic model. This
plateau value is according to the reflected-core kinetic
model equal to the reflector decay constant lr, which

corresponds to the inverse neutron lifetime in the reflector
1=tr. The curve presented in Fig. 6 is bounded asymp-
totically by Eq. (10) in the vicinity of delayed critical and
by {l/tr at deeply subcritical levels.

The parameters tc, tr, f, and beff were obtained by
fitting the measured a versus the inverse count rate curve
using Eq. (8) for v7. To this end, a typical weighted least-
squares-fitting code, based on the Levenberg-Marquardt
algorithm, was developed. The quantity eS was also fitted
by replacing the reactivity r in Eq. (8) by eS/C.

Again, here, the uncertainties in the inverse count
rates were transferred to the fitted a values using Eq. (12),
and the error bars seen in Fig. 6 take into account both
contributions.

The fitted curve is indicated by the solid line in
Fig. 6, and the fitted parameters are listed in Table VII. The
x2
n value showed in Fig. 6 is acceptable, since the error bars

in the a parameter near criticality are v1%. Tables VIII
and IX show the respective final covariance matrices.

The reflector a0 value, which is equal to beff /L, was
obtained substituting the fitted parameters tc, tr, f, and
beff in Eq. (8) and calculating for the critical state, i.e., for
r 5 0.0. Comparing the data of Tables VI and VII, one
may note that the measurements of beff/L both in the core
and in the reflector region are consistent.

The prompt neutron generation time L can be obtained
from the fitted quantities tc, tr, and f as follows36:

L~
1

1{f
tczf trð Þ : ð15Þ

TABLE VII

Evaluation of beff/L, tc, tr, f, and beff Based on Rossi-a and
Feynman-a Measurements in the Reflector Region

Rossi-a Feynman-a

a0 5 beff/L {234.75 (2.34) s{1 {235.25 (0.96) s{1

tc 30.20 (1.02) ms 30.56 (0.48) ms
tr 0.243 (0.018) ms 0.232 (0.005) ms
f 0.0066 (0.0030) 0.0055 (0.0012)

beff 7.54 (0.11)|10{3 7.50 (0.05)|10{3

TABLE VIII

Covariance Matrix of the Best-Fit Parameters Generated in the
Levenberg-Marquardt Algorithm for the Rossi-a Method

tc tr f beff

tc 1.0431|10{12 1.5396|10{11 {2.9894|10{9 9.1911|10{11

tr 1.5396|10{11 3.3356|10{10 {5.0228|10{8 9.4431|10{10

F {2.9894|10{9 {5.0228|10{8 9.1677|10{6 {2.1437|10{7

beff 9.1911|10{11 9.4431|10{10 {2.1437|10{7 1.2719|10{8
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Fig. 6. The prompt neutron decay constant a given by the
Rossi-a method versus the inverse count rate.
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The final value is L532.03 + 0.37 ms, which again
is consistent with the value given in Table VI.

The uncertainties in the fitted parameters were calcu-
lated from the diagonal elements in the covariance matrix.
The uncertainty in the quantity a0, which was derived from
the fitted parameters, was obtained using the well-known
error propagation formula including the terms containing the
off-diagonal elements of the covariance matrix,58 i.e.,

s2
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: ð16Þ

The quantities s2
uv are the covariances between the

variables u and v. Both variances s2
u and covariances s2

uv,
are obtained from the estimated covariance matrix of the
standard errors in the fitted parameters tc, tr, f, and beff.

IV.D. The L Measurement Methodology

The prompt neutron generation time L was obtained
in two different ways.

In the first way, L can be trivially obtained through
the relation

L~
beff

beff

.
L

� � , ð17Þ

where beff and a0 5 beff/L are values given in Tables VI
and VII, respectively. Table X lists the final results.

The uncertainties in the final values were estimated via
the standard error propagation formula.

In the second way, assuming that in most reflected
systems the neutron lifetime in the reflector region is
sufficiently small, such that trvjvv1, the fitted quantities
tc, tr, and f can be combined to yield the prompt neutron
generation time L through Eq. (18) (Ref. 35):

L~
1

1{f
tczf trð Þ : ð18Þ

The final values are listed in Table XI.
Since L is derived from the fitted parameters tc, tr,

and f, its uncertainty is obtained using the well-known
error propagation formula including the terms containing
the off-diagonal elements of the covariance matrix, i.e.,

s2
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LL
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z
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TABLE IX

Covariance Matrix of the Best-Fit Parameters Generated in the Levenberg-Marquardt Algorithm
for the Feynman-a Method

tc tr f beff

tc 2.3452|10{13 2.0615|10{12 {5.6496|10{10 2.3227|10{11

tr 2.0615|10{12 2.8073|10{11 {5.9350|10{9 1.4747|10{10

f {5.6496|10{10 {5.9350|10{9 1.5306|10{2 {4.4100|10{8

beff 2.3227|10{11 1.4747|10{10 {4.4100|10{8 2.6596|10{9

TABLE X

Evaluation of L Based on Rossi-a and Feynman-a
Measurements Using Eq. (17)

Rossi-a Feynman-a

L (ms) 32.04 (0.52) 31.84 (0.23)

TABLE XI

Evaluation of L Based on Rossi-a and Feynman-a
Measurements Using Eq. (18)

Rossi-a Feynman-a

L (ms) 32.03 (0.37) 32.02 (0.22)
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The variances s2
u and the covariance s2

uv were obtained
from the estimated covariance matrix of the standard
errors showed in Tables VIII and IX.

The constraint among the fitted parameters tc, tr, and
f described by Eq. (18) brings out an important
characteristic to the adopted fitting procedure. It was
noted that the fitting procedure is not sensitive enough to
determine these parameters separately with certain
accuracy. However, L can be derived from Eq. (18),
with an uncertainty of *1%. The uncertainty in L is
strongly reduced when the covariance terms are con-
sidered in the error propagation formula. Furthermore, a
reasonably accurate initial guess for tr can be obtained
from the asymptote at {1/tr in the a versus inverse count
rate curve. In summary, the constraint among tc, tr, and f
and the accurate initial guess for tr improve confidence in
the prompt neutron generation time L.

V. EVALUATION OF RECOMMENDED
EXPERIMENTAL DATA

Three independent noise experiments were carried
out in order to obtain the effective delayed neutron
fraction beff, the prompt neutron generation time L, and
the ratio beff/L. Tables XII and XIII summarize the final
results for beff and L, respectively. The value of L, based

on the spectral density measurements shown in
Table XIII, was based on a series of macroscopic noise
experiments as described in Ref. 49.

The recommended experimental values for beff and L
were obtained via the weighted means of data from
Tables XII and XIII, respectively. The weighted mean is
given by59

m~

P
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1
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i

, ð20Þ

where each data point xi in the sum is weighted
inversely by its own variance s2

i . The variance of mean
is written as

s2
m~

1P
1
	
s2
i

: ð21Þ

The recommended experimental values for beff and L
given in Tables XII and XIII, respectively, were com-
bined to yield the ratio a0~beff /L. The final value is

a0~
beff

L
~

750+4ð Þ|10{5

31:96+0:13ð Þ|10{6s
~234:66+1:51 s{1 :

ð22Þ

The final uncertainty in a0 was calculated using the
standard error propagation formula.

VI. EFFECT OF PARAMETER
UNCERTAINTIES ON beff, L, and beff/L AND

ON THE REACTIVITY

The uncertainty due to the geometrical and material
composition data was obtained in the companion
HAMMER-TECHNION/CITATION codes. The HAMMER-
TECHNION code60 is used for the few-group cross-section
generation, and the CITATION diffusion code60 (a three-
dimensional deterministic diffusion theory code) is used for
the neutron diffusion into the reactor core. The model
included all details of the fuel region, control rods, reflector,
etc. The convergence criterion used was 10{6. Since the
uncertainties in the majority of cases are rather small, the use
of a Monte Carlo approach has been discarded because it
would require a very large number of neutron histories to
reduce the standard deviation to a level smaller than the
uncertainty itself. The approach adopted based on the
deterministic code has been found to be adequate. All
parameters and the corresponding uncertainties are at 20uC.
The uncertainties considered are those arising from the 235U
enrichment, UO2 density, UO2 pellet diameter, cladding
outer and inner diameters, pitch, active core height, cladding
density and composition, 234U content, UO2 stoichiometric
factor, water density, bottom alumina height, control rod
density, and control rod composition. The effect of the fuel

TABLE XII

Evaluation of beff Based on Reactor Noise Experiments

Method beff (pcm)

Rossi-a 754 + 11
Feynman-a 750 + 5
Spectral densities, ENDF/B-VI.8 747 + 13
Spectral densities, ENDF/B-VI.8

(LANL) 751 + 11
Spectral densities, JENDL 3.3 747 + 11

Weighted mean 5
750 + 4

TABLE XIII

Evaluation of L Based on Reactor Noise Experiments

Method L (ms)

Rossi-a, Eq. (17) 32.04 + 0.52
Rossi-a, Eq. (18) 32.03 + 0.37
Feynman-a, Eq. (17) 31.84 + 0.23
Feynman-a, Eq. (18) 32.02 + 0.32
Spectral densities48 31.99 + 0.33

Weighted mean 5 31.96 + 0.13
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impurities on the reactivity was estimated to be of the order
of 1 pcm, which is negligible for the analysis considered
here. The effect of the water impurities is also small
(v1 pcm). Neither will be considered further in the
analyses.

Results for the CITATION calculations for the
experimental configurations are shown in Table XIV
for 20uC.

Combining the geometric and material uncertainties
from Table XIV and the experimental uncertainties for
beff and L given in Tables XII and XIII, respectively,
the total uncertainties in these parameters st can be
obtained as

st beff

� �
~

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
42z3:2692

p
%5 pcm ð23Þ

and

st Lð Þ~
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
0:132z1:0492

p
%1:06ms : ð24Þ

The total uncertainty in beff =L was calculated
following a standard error propagation procedure as
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~
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L(beff =L)

LL

� �2

s2
Lz

L(beff =L)
Lbeff

 !2

s2
beff

vuut %7:92 s{1 ,

ð25Þ

where the total uncertainties for beff and L are given by
Eqs. (23) and (24), respectively.

The impact of the geometric and material uncertain-
ties for the determination of the reactivities using the

TABLE XIV

CITATION Calculations of the Geometrical and Material Composition Uncertainties for 20uC

Parameter Parameter Value +1s

Dbeff
Dbeff

Uncertainty
(pcm)

L
DL

Uncertainty
(ms)

z1s
(pcm)

{1s
(pcm)

z1s
(ms)

{1s
(ms)

235U enrichment (%) 4.3486 + 0.0021 0.004 0.008 0.008 0.007 0.007 0.007
UO2 density (g/cm3) 10.1771 + 0.1018 0.050 0.048 0.050 0.183 0.186 0.186
UO2 pellet diameter (mm) 8.4894 + 0.00475 0.001 0.002 0.002 0.002 0.002 0.002
Cladding outer diameter

(mm)
9.8074 + 0.0169 0.061 0.066 0.066 0.033 0.033 0.033

Cladding inner diameter
(mm)

8.5746 + 0.0243 0.062 0.054 0.062 0.022 0.051 0.051

Pitch (mm) 15.000 + 0.392 3.010 3.256 3.256 1.024 0.956 1.024
Active core height (cm) 54.84 + 0.3544 0.275 0.081 0.275 0.118 0.119 0.119
Cladding density (g/cm3) 7.9207 + 0.0005 0 0 0 0 0 0
55Mn in cladding stainless

steel (wt%)
1.6867 + 0.11015 0.006 0.002 0.006 0.011 0.010 0.011

Cladding composition Ni 5 10.0433 + 0.125
Cr 5 18.34 + 0.2163
Co 5 0.215 + 0.00707
Mo 5 0.17 + 0.01414

0.005 0.001 0.005 0.002 0.002 0.002

234U (wt%) 0.034 + 0.000034 0.014 0.019 0.019 0.005 0.005 0.005
UO2 stoichiometric factor

(%)
88.125 + 0.023 0.009 0.008 0.009 0.004 0.004 0.004

Water density (g/cm3) 0.99820 + 0.00002
(Ref. 67)

0 0 0 0 0 0

Bottom alumina height
(mm)

90.28 + 0.09 0 0 0 0 0 0

Control rod density 10.007 + 0.004 0 0 0 0 0 0
Control rod composition Ag 5 0.7934 + 0.0015

In 5 0.1496 + 0.0014
Cd 5 0.0483 + 0.001

0 0 0 0 0 0

Totala — — — 3.269 — — 1.049

aTotal uncertainty is equal to

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
Dbeff

� �2
r

or

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
DLð Þ2

q
.
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Inhour equation with the totally experimental parameters
given in Table III was negligible (r v 1.0 pcm) com-
pared to the experimental uncertainties. The relative
abundances of delayed neutrons (bi

	
beff ) shows very little

sensitivity to geometrical and material data of the facility,
and the reactivity shows very little sensitivity to the value
of beff =L. Therefore, only the experimental uncertainties
are used in this case.

VII. BENCHMARK MODEL SPECIFICATIONS
FOR KINETIC MEASUREMENTS

The complete details of the benchmark model
including geometric and material data can be found in
the IRPhEP Handbook. Here, only some highlights will
be shown.

The benchmark geometric model at 20uC for the
IPEN/MB-01 configuration is based on the rectangular
(28|26) configuration with the control banks inserted to
the critical condition. The benchmark model basically
follows the same pattern as in LEU-COMP-THERM-077.
All material and geometrical data at 20uC are given in
Sec. 1 of LEU-COMP-THERM-077. The as-built data are
judged to be more realistic and precise for the benchmark
specification. The simplifications in the model were
discussed to some extent in this evaluation and also in
LEU-COMP-THERM-082. The impact of these simplifi-
cations in the effective delayed neutron parameters is
minimal, and consequently, the proposed benchmark
model fully represents the IPEN/MB-01 core. The
temperature to be used in the calculations is 20uC.

VII.A. Experimental and Benchmark Model Kinetic
Parameters and Reactivity Measurements

The benchmark model for the kinetic parameters and
their estimated uncertainties (1s) are given in Table XV.
The experimental beff and L values are given in
Tables XII and XIII, respectively. Because thermocouples
and control and instrumentation tubes are not included in
the benchmark model, the total of their measured reactivity
effect ({33.5 pcm at 20uC; 12.5 pcm for omitting
thermocouples and 21 pcm for omitting tubes of neutron
detectors) will not impose any restrictions on the effective
kinetic parameters since these parameters are not very
sensitive to the reactivity. Combining the geometric and
material uncertainties from Table XIV and the experi-
mental uncertainty from Tables XII and XIII, a total
uncertainty can be readily obtained. Since the total
uncertainty is small and well understood, the proposed
experiment is acceptable as a benchmark experiment.
Table XV summarizes the benchmark model for beff,
beff/L, and L. The benchmark value for the reactivity is
given in Table XVI. The uncertainties considered here are
the ones arising only from the experiments.

The quantities to be calculated are expressed
mathematically as

beffj~
1

F

ð
:::

ðXN
i~1

xidj (E)b
i
jnS

i
f (r,E

0)w(r,V0,E0)w�

|(r,V,E)drdV0dE0dVdE , ð26Þ

beff~
X6

i~1

beffj , ð27Þ

L~
1

F

ððð
1

v(E)
w�(r,V,E)w(r,V,E)drdVdE , ð28Þ

F~

ð
:::

ð
x(E)nSf (r,E

0)w(r,V0,E0)w�

|(r,V,E)drdV0dE0dVdE , ð29Þ

and

r$~

L

T
z
X6

i~1

beff i=T

(1=T)zliP6
i~1

beff i

, ð30Þ

where N is the number of fissile and/or fissionable
nuclides, six groups of delayed neutrons has been
assumed, and all other symbols follow the same meaning
as in Bell and Glasstone.62

TABLE XV

Benchmark Model for beff, beff/L, and L

beff (pcm) beff /L (s{1) L (ms)

750 + 5 234.66 + 7.92 31.96 + 1.06

TABLE XVI

Benchmark Model for Reactivity

T (s) r ($)

1 0.776 + 0.005
10 0.379 + 0.007

100 0.092 + 0.004
200 0.052 + 0.002

{200 {0.076 + 0.005
{100 {0.268 + 0.014
{90 {0.437 + 0.019
{85 {0.761 + 0.025
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VIII. COMPARISON THEORY/EXPERIMENT

The effective delayed neutron parameters were
calculated with MCNP6. This last version of MCNP
incorporates, among several other improvements, the
determination of the adjoint fluxes that make the
determination of the effective delayed neutron parameters
more consistent and precise. The theoretical values were
calculated by MCNP6 adopting the benchmark model of
the IPEN/MB-01 reactor as described in the IRPhEP
Handbook. Geometric and material data of the IPEN/MB-
01 reactor model were also taken from the IRPhEP
Handbook. The nuclear data libraries considered in this
work are ENDF/B-VII.0 (Ref. 63), ENDF/B-VII.1 (Ref.
64), JEFF-3.1.1 (Ref. 65), JENDL-3.3 (Ref. 53), and
JENDL-4.0 (Ref. 66). The theory/experiment comparison
is shown in terms of (C{E)/E given in units of percent,
where C represents the calculated value and E represents
the benchmark model values. The uncertainties in the
(C{E)/E values include the benchmark value uncertain-
ties and the statistical uncertainty in the calculated values
arising from the Monte Carlo method.

A comparison of the theoretical values of beff, beff/L,
and L to the benchmark model value is shown in
Table XVII. Also shown in Table XVII is the comparison
of l1, the decay constant of the first group of delayed
neutrons. It will be shown shortly that this decay constant
has an important bearing in the determination of the
reactivity for negative periods. Table XVII shows clearly
that all nuclear data libraries considered in this work
meet the recommended accuracy for beff calculations
(|C{E|/E v3%). The highest discrepancy occurs for
JEFF-3.1.1, although its value is inside the 3s uncertainty
range of the benchmark value. The calculated values of
beff /L and the prompt neutron generation time L for all
nuclear data libraries studied in this work show excellent
performance. All the calculated values of beff/L and the
prompt neutron generation time L are inside the 3s
uncertainty range of the benchmark value, although the
highest discrepancy occurs for JEFF-3.1.1. The calculated
prompt neutron generation time shows very little
sensitivity to the nuclear data library employed in the
calculations. In a general sense when compared to the

benchmark value (31.96 + 1.06 ms), it shows a system-
atic underprediction of *4%.

The first decay constant differs significantly only for
ENDF/B-VII.1. All other nuclear data libraries show l1

very close to the experimental value. The experimental
value is 0.012456 + 0.000031.

Table XVIII compares the reactivity using the Inhour
equation predicted by ENDF/B-VII.0 and ENDF/B-VII.1,
while Table XIX shows the same comparison for JEFF-
3.1.1, JENDL-3.3, and JENDL-4.0. In contrast to the
comparison made in Table XVII, here the discrepancies
are more severe, and there is a clear tendency to increase
the deviation with the absolute value of the reactivity for
negative periods. Table XVIII shows that neither ENDF/
B-VII.0 nor ENDF/B-VII.1 produces satisfactory results
for negative periods less than {100 s. For positive
periods the agreement between theory and experiment of
these two nuclear data libraries is very good. However, for
negative periods less than {100 s, the reactivities
predicted by these libraries are well beyond the 3s range
of the benchmark uncertainty. For ENDF/B-VII.1, the
main cause is its decay constant l1 of the first delayed
neutron group, which is a bit overestimated. In order to
show the sensitivity of the reactivity to the first decay
constant, Table XVIII shows the ENDF/B-VII.1 results
when this first decay constant is replaced by the
experimental value. The agreement now is significantly
improved with almost all values falling inside the 3s
range of the benchmark uncertainty. The remaining
discrepancy may be attributed to the effective delayed
neutron abundances of 235U and 238U and to the
remaining delayed neutron decay constants.

Contrary to the performance of the ENDF/B-
VII.0 and ENDF/B-VII.1 libraries, the JEFF-3.1.1,
JENDL-3.3, and JENDL-4.0 libraries show excellent
performance in the determination of reactivities. The
comparison is shown in Table XIX. JEFF-3.1.1 and
JENDL-3.3 show all their results inside the 3s range of
the benchmark uncertainty. JENDL-4.0 shows some
discrepancy for a period of {85 s. The other results
are satisfactory considering the uncertainty of the
benchmark value.

TABLE XVII

Comparison of the Calculated beff, beff /L, and L to the Benchmark Value

ENDF/B-VII.0
(C{E)/E (%)

ENDF/B-VII.1
(C{E)/E (%)

JEFF-3.1.1
(C{E)/E (%)

JENDL-3.3
(C{E)/E (%)

JENDL-4.0
(C{E)/E (%)

beff 0.00 + 0.82 {0.53 + 0.94 2.13 + 0.95 {0.55 + 0.94 {0.67 + 0.94
beff /L 4.11 + 3.54 3.41 + 4.86 6.42 + 4.93 3.25 + 4.85 3.24 + 4.85
L {3.89 + 3.19 {3.78 + 4.60 {4.00 + 4.60 {4.00 + 4.60 {3.76 + 4.60
l1 (s{1)a 0.01249 0.01335 0.01247 0.01244 0.01248

aThe experimental value is 0.012456 + 0.000031.
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IX. CONCLUSIONS

The evaluation of the experiments for determining the
effective delayed neutron parameters and reactivity using
the Inhour equation has been successfully accomplished.
The evaluated data are of very good quality, fulfilling the
requirements of a benchmark.

The macroscopic (low-frequency range) and micro-
scopic (Rossi-a and Feynman-a) noise experiments
performed at the IPEN/MB-01 facility show that it was
possible not only to resolve the low-frequency region but
also to extract very useful information. The experimental
procedures did not require any correction factor or other
experimental results, and the least-squares procedure
adopted allowed very accurate precise predictions of the
effective delayed neutron parameters, like beff, to be
extracted. All three experiments produced consistent
results for the effective delayed neutron parameters.
Particularly, the macroscopic noise experiment was able
to resolve the low-requency range and from the raw
experimental data to extract the relative abundance of

delayed neutrons employing a least-squares approach.
On the other hand, the observation of two decay modes in
the Rossi-a distributions recorded in the reflector region
and the nonlinear behavior between prompt neutron decay
constant a and the inverse count rate demonstrated that
the kinetic behavior of the IPEN/MB-01 core is governed
by the two-region model. Furthermore, the prompt
neutron generation time L was also measured in a purely
experimental way.

The delayed neutron data of the recently released
nuclear data libraries ENDF/B-VII.1, JENDL-4.0, and
JEFF-3.1.1 as well as ENDF/B-VII.0 and JENDL-3.3
have been the object of analysis. The recently released
MCNP6 has been employed to transform the delayed
neutron data of these nuclear data libraries into effective
delayed neutron parameters adopting the benchmark
model of the IPEN/MB-01 reactor available in the
IRPhEP Handbook. The analysis reveals that all these
nuclear data libraries produced satisfactory results for beff,
beff/L, and L. The same cannot be said for the
determination of the reactivity employing the Inhour

TABLE XVIII

Comparison Theory/Experiment for the Reactivities Inferred from the
Inhour Equation of ENDF/B-VII.0 and ENDF/B-VII.1

Period
(s)

ENDF/B-VII.0
(C{E)/E (%)

ENDF/B-VII.1
(C{E)/E (%)

ENDF/B-VII.1
(C{E)/E (%)a

1 {3.75 + 0.82 {2.05 + 0.68 {2.04 + 0.68
10 {9.01 + 1.83 {7.05 + 2.00 {6.99 + 1.83

100 {12.80 + 4.26 {10.40 + 4.02 {9.80 + 4.05
200 {13.23 + 4.59 {10.94 + 3.59 {10.08 + 3.63

{200 {14.51 + 5.96 {13.68 + 5.79 {10.66 + 6.01
{100 {16.35 + 4.78 {23.77 + 4.27 {10.74 + 5.10
{90 {17.76 + 4.29 {34.86 + 3.22 {10.59 + 4.64
{85 {20.03 + 3.79 {50.89 + 2.07 {10.41 + 4.18

aThe experimental value 0.012456 + 0.000031 s{1 replaces l1.

TABLE XIX

Comparison Theory/Experiment for the Reactivities Inferred from the
Inhour Equation of JEFF-3.1.1, JENDL-3.3, and JENDL-4.0

Period
(s)

JEFF-3.1.1
(C{E)/E (%)

JENDL-3.3
(C{E)/E (%)

JENDL-4.0
(C{E)/E (%)

1 1.15 + 0.69 1.36 + 0.67 1.62 + 0.67
10 3.14 + 2.00 3.28 + 1.92 2.88 + 1.94

100 4.32 + 4.66 4.60 + 4.61 2.69 + 4.56
200 4.24 + 4.17 4.61 + 4.12 2.37 + 4.07

{200 2.71 + 6.87 3.58 + 6.88 0.03 + 6.67
{100 {2.88 + 5.45 {0.35 + 5.56 {6.1 + 5.30
{90 {6.91 + 4.71 {2.82 + 4.89 {9.9 + 4.64
{85 {11.24 + 4.05 {4.64 + 4.31 {16.8 + 4.03
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equation. It was shown that there is a clear tendency to
increase the deviation with the absolute value of the
reactivity for negative periods. Only JENDL-3.3 and
JEFF-3.1.1 produced results that are inside the 3s range
of the benchmark uncertainty. Specifically for the case of
ENDF/B-VII.1, a good part of the discrepancy is due to
the decay constant of the first group of delayed neutrons.
This decay constant is overestimated according to the
experimental value measured in the IPEN/MB-01 reactor.
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