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Abstract –The MUSE program (multiplication with an external source) is in progress at the MASURCA
critical facility at the Cadarache Research Center of the Commissariat à l’Energie Atomique in France.
The program is dedicated to the physics studies of accelerator-driven systems in support of transmutation
studies of minor actinides and long-lived fission products. It began in 1995 with the coupling of a Cf
source in MASURCA and was followed by a commercial (d,T) source. In 2001, a specially constructed
(d,D)/(d,T) neutron generator (GENEPI) was placed in MASURCA and the MUSE-4 program commenced.
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We describe the first phases of the MUSE-4 program, with data presented that were obtained up to
about the summer of 2002. We present some results from the “reference” configuration, which can operate
at critical. We present traverses of measured fission reaction rates, with comparison to calculations. Also
in the reference configuration, we performed activation foil measurements and present these results com-
pared to calculations.

Because a major objective of the MUSE program is to test and qualify methods of subcritical reac-
tivity measurement, we have devoted a major portion of our studies to this area. We have used classical
methods (rod drop, source multiplication) to attempt to measure the subcritical level. In these early phases
we studied core configurations of around keff5 0.995. Deeper subcriticality (keff5 0.96) was achieved by
inserting a safety rod.

In addition to the methods mentioned above, we have devoted a lot of effort to pulse neutron source,
fluctuation (Rossi-a and Feynman-a), and transfer function methods (e.g., cross-power spectral density).
We present our preliminary results of all the methods, with some discussion regarding cross comparison.

I. INTRODUCTION

The commissioning of a future industrial accelerator-
driven system~ADS! qualified to transmute large amounts
of minor actinides and long-lived fission products1 will
need numerous technological demonstrations sustained
by an extensive basic research and development~R&D!
program in the field of nuclear data, accelerators, spall-
ation targets, fuels, and subcritical systems. As concerns
this last theme, the MUSE experiments performed at Ca-
darache Center~France! in the MASURCA reactor rep-
resent a fundamental step for the understanding of the
neutronic behavior of a subcritical multiplying medium
driven by an external neutron source. Conducted in a
low-power mock-up~power, 5 kW! in which temper-
ature effects are negligible, these experiments are based
on the use of a well-known external source, in terms of
intensity and neutron energy, and they exploit the origi-
nal idea to separate the experimental validation of the
subcritical multiplying medium’s behavior from the ex-
perimental validation of the source characteristics.

From 1995, the MUSE-1 and then the MUSE-2 ex-
periments, performed with a252Cf source located at the
center of the MASURCA core, aimed to demonstrate
that experimental measurement techniques used for crit-
ical cores also could be used for subcritical configura-
tions. Later, the MUSE-3 experiments constituted the
first important parametric study with the loading of sev-
eral configurations with increasing subcriticality levels.
Based on the use of a commercial neutron generator,
these experiments helped to optimize the design of the
MUSE-4 program and to refine the characteristics of a
neutron source, more intense and more suitable to the
envisaged measurements. A brief summary of these ex-
periments is given in Sec. II.

Funded by the 5th Euratom Framework Programme
of the European Commission and supported by the
GEDEON French research organizations~newly GEDE-
PEON!, the MUSE-4 experiments are now taking place
within the framework of a large international collabora-
tion, including 16 organizations from 12 countries. The
three main objectives of this program are

1. to improve our knowledge of the neutronic be-
havior of multiplying media driven by an
external neutron source, by experimentally char-
acterizing configurations of interest

2. to define experimental methods allowing the de-
termination of subcriticality levels~without the
need to achieve criticality! in support to the op-
eration of an ADS

3. to define recommended calculation routes for the
neutronic predictions of ADS~including nuclear
data, calculation tools, biases, and residual
uncertainties!.

The mainspring of the MUSE-4 experiments, the
GENEPI ~Générateur de Neutrons Pulsés Intense! neu-
tron generator is born from a close collaboration between
CEA and CNRS. Built specifically with a view to these
experiments, its main characteristic is to deliver very short
pulses~,1 ms! with a repetition rate going from a few
hertz to 5 kHz. Details about the setup are given in Sec. III.
The measurement program, after a first step of character-
ization of a critical configuration described in Sec. IV, is
based on a parametric approach and the use of many ex-
perimental techniques and analysis methods.

Among the neutronic parameters we wish to mea-
sure, the determination of reactivity levels is of prime
importance. In fact, among the safety demonstrations
that will precede the commissioning of an ADS, the proof
of the reactivity level mastery will be decisive for the
acceptability of such a machine. A large fraction of the
efforts of all experimental teams involved in the MUSE
program has been devoted to this objective.

In a practical way, two families of analysis methods
are used. The first one aims to study the decreasing of
the neutron population~prompt or delayed neutrons! af-
ter the injection of a neutron source pulse@pulsed neu-
tron source~PNS! method, Sec. V.A# . The second family
investigates the neutronic fluctuations in the fission chains
~noise measurements, Sec. V.B!.

The first coupling between MASURCA and GENEPI
with a deuterium target happened on November 27, 2001.
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A series of measurements in a slight subcritical config-
uration~keff 5 0.994! was performed at the end of 2001
and the beginning of 2002 not only to get preliminary
results but also to have a first feedback on experimental
conditions necessary to improve measurements in the
next phases. The study of subcritical configurations be-
gan again at the beginning of October 2002 to continue
until the end of year 2003 with subcriticality levels rep-
resentative of an industrial ADS~keff 5 0.97 then 0.95!.

As concerns the definition of a recommended route
for the prediction of ADS features, two main actions
have been launched.

First, a calculation benchmark under the auspices
of the Organisation for Economic Co-operation and
Development0Nuclear Energy Agency has been defined.
Sixteen organizations from 14 countries are taking part in
this exercise. Results from the first two of the three steps
that compose this benchmark are currently under analy-
sis. Second, the problems related to the propagation and
the streaming of the spallation neutrons are investigated
in the SADa ~Subcritical Assembly in Dubna! experi-
ments. This program aims to study different spallation
neutron sources~Pb, Pb-Bi, W targets! produced by the
660-MeVprotons of the Dubna synchrotron, with and with-
out the presence of a multiplying medium. These experi-
ments will allow the validation of the transport calculation
tools and the nuclear data treating the deep penetration and
the activation of the materials far away from the source
and the multiplying medium. These two major actions are
not discussed in this paper. In the following all reactivi-
ties will be expressed in “pcm” units: One pcm corre-
sponds toa reactivityof1025.Moreover for thewholepaper
and MUSE-4 results, according to a cross-power spectral
density measurement2 of beff giving 33567 pcm, thebeff

value will be settled to 335 pcm~subsequently no error
propagation due to this value will be taken into account!.

II. REVIEW OF THE MUSE PROGRAM

II.A. The MUSE-1 and MUSE-2 Experiments

The MUSE-1 and MUSE-2 experiments3,4 were very
short~weeks! experiments performed in 1995 and 1996
to demonstrate the feasibility of neutronic measurements
and core characterization of a subcritical reactor driven
by an external source in MASURCA. In these experi-
ments, a252Cf source was introduced in the center of the
facility, whose reactivity had been lowered to a subcrit-
ical level. The reactor was loaded with conventional UO2-
PuO2 fuel ~Pu enrichment' 25%! with sodium coolant.

Core characterization was performed in terms of235U
axial and radial fission rate traverses, and the effect of
the axial position of the external source on the flux shape
and on the total power level were investigated.

II.B. The MUSE-3 Experiment

The MUSE-3 experiment5 was performed from Feb-
ruary to April 1998 and consisted of introducing a~D,T!
14-MeV neutron generator~SODERN GENIE-26! loaded
inside a standard MASURCA subassembly, at the core
center of different subcritical configurations, the tritium
target being located at the core median plane. The core
was cylindrical around the SODERN generator~60-cm
high and about 50 cm in diameter! and its composition
was MOX fuel with Na as coolant. The reflector was
made of Na and stainless steel. The GENIE-26 generator
produced 150-keV deuteron pulses of a few microsec-
onds~with a repetition rate of 200 Hz! on a tritium tar-
get, providing a source of about 108 n0s.

A critical reference was followed by three subcriti-
cal configurations of about2500, 21000, and21500
pcm, respectively, which were obtained by unloading
peripheral MASURCA subassemblies from the critical
reference. In a later phase, the neutron generator was
surrounded successively by sodium and pure lead buff-
ers, to modify the importance of the 14-MeV neutrons
emitted by the generator. In these two configurations, a
subcriticality level of about25500 pcm was obtained by
adjusting the external fuel loading.

A full-core characterization was performed in terms
of 235U axial and radial fission rate traverses, and the
effect of the buffer surrounding the source on the flux
shape and on the total power level were investigated.5 In
each subcritical configuration, measurements were also
performed with the generator working in the pulsed mode
in order to test a method of reactivity determination using
the PNS technique. An example of these measurements
is shown in Fig. 1 for several subcritical levels.

Interesting conclusions could be drawn concerning the
dependence of the slope of the count rate with reactivity.
However, the in-depth analysis of these measurements
was made very difficult by experimental biases. Indeed, it
was observed that light materials—used for high-voltage
insulation inside the generator—thermalized some neu-
trons in the reactor and perturbed the PNS measure-
ments.6–8 Because of these problems, only a few of these
measurements were analyzed in a satisfactory manner.

Nevertheless, very interesting conclusions could be
drawn from this experiment to optimize the design of the
MUSE-4 experiment. For example, important recommen-
dations were given to define a new pulsed source and to
ameliorate the quality of the experiments and their analy-
sis, such as

1. There should be no light materials in the part of
the neutron source~GENEPI! in the reactor.

2. The monitoring of the external neutron produc-
tion is essential.

3. The detectors and analyzers should have time con-
stants and performances suited for PNS measurements.

aInternational Scientific and Technology Center Project
No. 2267.
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In spite of the problems, the MUSE-3 experiment was
a very fruitful and important step in the MUSE program.

III. EXPERIMENTAL SETUP

III.A. The MASURCA Facility

The MASURCA facility is dedicated to the neu-
tronic studies of fast reactors lattices. The materials of
the core are contained in rodlets, along with square plate-
lets. These rodlets or platelets are put into wrapper tubes
having a square section~4 in.! and;3 m in height.

These tubes are hung vertically from a horizontal
plate supported by a structure of concrete. The core itself
can reach 6000,. To build such cores, the tubes are
introduced from the bottom to avoid that the fall of a
tube corresponds to a positive reactivity step. The reac-
tivity control is fulfilled by absorber rods in varying num-
ber depending on core types and sizes. The control rods
are composed of fuel material in their lower part, so that
the homogeneity of the core is kept when the rods are
withdrawn. The core is cooled by air and is surrounded
by a biological shielding in heavy concrete, allowing
operation up to a flux level of 109 n0cm2{s. Core and
biological shielding are maintained at a reduced pres-
sure, relative to the outside environment. The maximum
operating power of the facility is limited to 5 kW~ther-
mal!. Figure 2 presents a picture of a MASURCA core
loading from the bottom. Fig. 2. MASURCA core loading from the bottom.

Fig. 1. Pulsed neutron source measurements in MUSE-3 for different subcritical levels.
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III.B. The Pulsed Neutron Source GENEPI

The GENEPI accelerator~see Fig. 3! was especially
designed and built by ISN Grenoble for the MUSE ex-
periments in the MASURCA facility for brief neutron
injections with a very fast intensity decrease~;500 ns!.
To do this, deuteron impulses are created, focalized, ac-
celerated, and guided onto a deuterium or tritium tita-
nium target~TiD or TiT, respectively!. The beam peak
intensity is;50 mA with a width of less than 1ms. The
repetition rate can vary from a few hertz up to 5 kHz,
providing about 33104 neutrons per pulse with the TiD
target ~;1.2 3 108 n0s at 4 kHz! and about 33 106

neutrons per pulse with the TiT target~;1.23 1010 n0s
at 4 kHz!. The main characteristics of the ion beam are
indicated in Table I.

The on-line monitoring of the neutron production
for both deuterium and tritium targets is based on the
detection by Si detectors placed upstream of the target of

1. the recoil protons induced by the D~d, p!T reac-
tion, which occurs about as often as the D~d,n!3He
reaction on the deuterium target

2. the recoil alpha particles produced by the
T~d, n!4He reactions on the tritium target.

The characterization of the neutron production
yield is based on the activation analysis of58Ni foils. For
the 2.67-MeV neutrons produced by the D~d, n! 3He
reactions, the58Ni ~n, p!58Co reaction is used. The 14-
MeV neutron spectrum produced by the T~d, n!4He re-

actions is determined by both the58Ni ~n,2n!57Ni and
58Ni ~n, np!57Co reactions induced by neutrons with an
energy higher than 13 MeV.

III.C. Core Experimental Configurations

All the MUSE-4 configurations are based on fuel
cells composed of equal amounts of fuel and Na repre-
sentative of a fast Pu burner core~Pu enrichment of;25%
with ;18% content of240Pu! with sodium coolant.

The fuel zone is radially and axially reflected by
a stainless steel0sodium ~75%025%! shielding. The
GENEPI deuteron guide is horizontally introduced at the
core midplane and the deuterium or tritium target is lo-
cated at the core center. To compensate the spatial effect

Fig. 3. The GENEPI accelerator coupled to MASURCA.

TABLE I

Deuteron Beam Characteristics

Beam energy~keV! 140 to 240
Peak current~mA! 50
Repetition rate~Hz! 10 to 5000
Minimum pulse

duration~1029 s! 700
Mean beam current~mA! 200 ~for a duty cycle

of 5000 Hz!
Spot size~mm! '20 in the diameter
Pulse reproducibility Fluctuations at 1% level
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due to the presence of the GENEPI guide in the north
part of the loading, the south symmetrical part is loaded
with pure lead~99.99% of Pb!, simulating the Pb circu-
lation of the target. To simulate the physical presence of
a Pb spallation source, a pure square~10-cm-thick! lead
zone is placed around the GENEPI target.

The reactivity control is fulfilled by four safety rods
~SR! composed of B4C in their upper part and of fuel
material in their lower part. In this way, the homogeneity
of the core is kept when all the rods are withdrawn.
Moreover, a fine-tuning rod, the pilot rod~PR!, allows
the achievement of criticality and the expected power
level by adjusting its axial position.

Because the measurements are based on a paramet-
ric approach, mainly four different experimental config-
urations will be studied:

1. a critical configuration~called Reference!, shown
in Fig. 4

2. three successive subcritical configurations named
SC0, SC2, and SC3, withkeff being successively
about 0.994, 0.97, and 0.95, respectively; these
three configurations will be obtained by replac-
ing radially some peripheral fuel cells by stain-
less steel0sodium cells.

Several complementary configurations will be ob-
tained from the previous ones by insertion of safety0
pilot rods. These asymmetrical configurations will be of
interest in the framework of studying the spatial decou-
pling effects and the excitation of the high-order–flux
harmonics~the flux tilting could be amplified by the
external source!.

Fig. 4. XYcut of the MUSE-4 Reference critical configuration at the core median plane with measurement locations.
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Here are described the first experiments performed
in the Reference and SC0 configurations with the
D~d, n!3He source only. Table II reviews the different
configurations obtained with the safety and pilot rods for
which measurements were performed. It gives also the
corresponding value ofr ~in pcm! when it was possible
to get it, from the source multiplication~SM! method,
the modified source multiplication~MSM! method, the
MSM factor value correcting the SM value for subcriti-
calities lower than 1000 pcm, or rod drop~RD! measure-

ments. The number of fuel cells for the Reference
configuration varies from 1114 to 1115 since it was nec-
essary to compensate the Pu decay between two distant
measurement periods.

III.D. Detectors and Measurement Locations

The detectors used for the measurements described
in this paper are mainly fission chambers~FCs!. They
are summarized in Table III.

The locations of measurements are summarized in
Table IV and shown in Fig. 4. The~X,Y! coordinates
give the locations of the vertical channels according to
Fig. 4, andZ gives the coordinate on the vertical axis
~X5 0, Y5 0! centered on the midplane of the core. Two
radial channels also shown in Fig. 4 allow measurements
in the ~X,Y! plane: the west-east~W-E! channel~Y 5
2.1 cm,Z5 29.5 cm! and the south-north~S-N! channel
~X 5 27.4 cm,Z 5 20.6 cm!.

For each type of measurement the locations of the
detectors used will be specified in the corresponding
section.

IV. CHARACTERIZATION OF A CRITICAL
CORE: THE REFERENCE CONFIGURATION

IV.A. The Need for the Reference
Configuration

The particular problems associated with the charac-
terization of a hybrid driven system are linked to the
precise determination of the level of subcriticality, the
effective prediction of the importance of the external
source, and the accurate estimation of the spectral fluc-
tuations due to the heterogeneous central zones~lead,
accelerator!. In this context, the establishment of a crit-
ical configuration, prior to subsequent driven subcritical
cores, offers the advantage of system calibration in terms
of reactivity. More precisely, rod drop measurements, as
presented in Sec. IV.D, yield the reactivity worth of the
control and safety rods, leading to improved determina-
tion of the level of each future subcriticality. This last
point is essential to the study of the validity of different
dynamics measurements envisaged for the assessment of

TABLE II

Core Configurations of Measurements

Configuration
Name

Core Loading
and Rod Status

r
~pcm!

I Ref. 1114 cells
3SR up, SR1 down
PR down

II Ref. 1114 cells
3SR up, SR2 down
PR down

III SC0 1086 cells
4SR up
PR up

SM: 4526 30
PNS: 4666 70

IV SC0 1086 cells
4SR up
PR down

SM: 5936 40
PNS: 6036 101

V SC0 1086 cells
3SR up, SR1 down
PR down

MSM: 42216 268

VI Ref. 1115 cells
3SR up, SR2 down
PR down

MSM: 37956 241

VII Ref. 1115 cells
4SR up
PR down

RD: 1206 7

VIII Ref.1114 cells
4SR down
PR down

15 000

TABLE III

Detector Description

Detector

D1 D2 D3 D4 D5 D6 D7 D8 D9 D10 D11 D12 D13

Isotope 235U 235U 235U 235U 235U 235U 237Np 235U 235U 235U 235U 235U 3He
Mass~mg! 13 13 13 13 14.9 1070 2 14.9 1070 1110 1110 1000 Gas counter
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the level of subcriticality in a future ADS. Moreover, the
analysis of the reference configuration facilitates a de-
coupling of the spectral variations due to the fundamen-
tal mode flux distribution~see Sec. IV.B! and the presence
of the external source~see Sec. IV.C!. Therefore, the two
following sections quantify the codes’ predictive capa-
bilities regarding the spectral perturbations related to the
various geometrical interfaces.

IV.B. Spatial Distributions (Traverses)

The work described was carried out to support, and
ensure the quality of, the MUSE-4 experimental pro-
gram and to assist with the specification of the core con-
figurations. Ranges of parameters were generated using
a dataset~with a simplified core geometry and set of
isotopes! made available to all MUSE-4 partners. This
paper will focus on the calculated and measured reaction
rate traverses since these are independent from any pre-
calculated parameters.

IV.B.1. Calculation Procedure

All of the calculated data reported in this section
were generated using the ERANOS~Ref. 7! determinis-
tic code suite~European Reactor ANalysis Optimised
System!, which was developed by the CEA in collabo-
ration with other R&D organizations. The JEF 2.2 nuclear
data library was used throughout this work. Three-
dimensional@TGV-VARIANT ~Ref. 9!# neutronic mod-
els of the MUSE-4 cores were constructed using the P1
approximation for the anisotropy treatment of the cross
sections and the simplified P3 approximation for the flux
~in 33 energy groups!. The resultant flux solutions and
group constants were then processed using the diverse
range of functions embedded within the overall ERA-
NOS calculation scheme.

IV.B.2. Comparison of Calculated and
Measured Traverses

A matrix of radial and axial traverses was generated
for Reference loading in critical configuration~1115 cells
andr 5 0! to compare the predicted and experimental
reaction rates. The intention was to confirm that the

ERANOS reaction rate predictions are consistent with
the measured experimental values. If this is the case,
then the total fission rate~and therefore the core power!
as calculated by TGV can be accepted with a certain
confidence level.

Comparisons are presented in Figs. 5 and 6 between
the measured and predicted reaction rates for an axial
~L10! and the W-E radial channel with a thermal and a
threshold reaction rate.

Note that Figs. 5 and 6 incorporate data for both
thermal~10B and235U! and threshold~237Np and240Pu!
reactions. The axial and radial channels’ coordinates are
the same as in the previous paragraph. Good agreement
is obtained between the measured and predicted reaction
rate distributions in the central lead and fissile zones. A
similar comparison in the reflector region at thermal en-
ergies~see Fig. 6a! shows that some refinements to the
ERANOS model or methodology could be required to
achieve the same degree of accuracy as that attained in
the fissile region.

Reaction rate measurements from a subcritical core
with GENEPI activated are expected shortly, which hope-
fully will enable the validation matrix for ERANOS to
be extended further to subcritical source-driven systems.

IV.C. Spectral Indices Given
by Foil Activations

The results of foil activation measurements per-
formed in the Reference critical configuration~1115 cells!
are presented in the current section. Comparisons are
made with calculations using MCNP-4C~Ref. 10! to
interpret the experimental results and to investigate the
capabilities of the stochastic code to reproduce the spec-
tral perturbations in terms of reaction rate variations across
the regions of interest, principally near the accelerator0
lead, lead0fuel, and fuel0reflector interfaces, where spec-
tral fluctuations are more important.

IV.C.1. Experimental Procedures

The choice of foils has been guided mainly by the
need to cover as wide a range of threshold energy values
as possible. The list of the activation foils employed

TABLE IV

Measurement Locations

Location

L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L13

X ~cm! 50 250 250 50 10 70 220 280 10 221.8 20.6 220 10
Y ~cm! 45 45 235 235 235 75 25 75 5 225.6 24.7 5 245
Z ~cm! 0 0 0 0 0 0 0 0 50 Z Z 0 0
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includes a large number of threshold and nonthreshold
reactions. Most of the foils are disk shaped, with a thick-
ness of 0.25 mm and a diameter of 9 mm. However, for
instance, each of the NpO2 samples used consists of nine
spheres of 0.8 mm diameter contained in a titanium box.
All activation samples were located inside experimental
aluminum rods, which have a cross section of 10 mm3
10 mm. These rods were inserted into two radial chan-
nels ~W-E and S-N! and the L11 axial channel. On the
basis of calculations, 10 different locations were se-
lected for activation foil irradiations. These locations are
indicated in Table V.

Location F1 was considered as a normalization point
in an unperturbed region near a calibrated fission cham-

ber. Location F2 permits a study of the impact of the lead
region, while F3 and F4 were selected for highlighting
the potential core asymmetry. Location F5 characterizes
lead moderation0multiplication effects, while location F6
provides a useful test of code capabilities to treat stream-
ing effects along the voided accelerator-tube region.
Finally, locations F7 to F10 permit a study of spectral
variations along the W-E axis. The achievement of accu-
rate foil activation measurements requires that particular
attention be given to the application of necessary correc-
tions and the treatment of experimental uncertainties.
The corrections applied result from either the irradiation
conditions~power normalization, self-shielding, etc.! or
from physical effects associated with theg counting of

Fig. 5. Radial traverses thermal and threshold reaction rates:~a! 237Np and~b! 10B.

Fig. 6. Axial traverses thermal and threshold reaction rates:~a! 235U and~b! 240Pu.
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the irradiated foils~detector efficiency,g self-absorption,
coincidence effects, etc.!.11 Finally, the corrected mea-
sured saturated activities are used to deduce results that
can be compared with the calculated integral reaction
rates.

IV.C.2. Experimental Results and
Comparisons with Calculations

The current MCNP-4C analysis of the experiments
has been carried out using the JEF-2.2 library12 for the
transport of neutrons in conjunction with the ENDF0B6
dosimetry data files for the calculation of the threshold
reaction rates. This calculation scheme has been com-
pared to others via an international benchmarking
exercise.13

The three different nonthreshold reactions that have
been considered here are captures in115In, 59Co, and
64Zn. Calculation0experiment~C0E! values for the ra-
tios of saturated activities at F2 to F6, relative to F1 in
each case, are presented in Table VI. The results appear
very satisfactory when one considers the corresponding
uncertainties. Table VI gives also the MCNP-based C0E
values for the threshold reactions. As mentioned earlier,
the ENDF0B6 dosimetry file was used in conjunction

with MCNP-4C, although it is the JEF-2.2 library that
has been employed for the neutron transport calculation.
Although generally satisfactory agreement is obtained
for F4, F5, and F6, significant discrepancies are indi-
cated for F2 and F3; i.e., the prediction of spectral vari-
ations in and around the central lead region at high neutron
energies appears to be problematic. Further investiga-
tions are clearly needed, of both calculation and experi-
mental aspects, to understand these differences.

The spatial variations of two other threshold reac-
tions ~232Th and237Np fission! have been studied, this
time in terms of traverses along the W-E axis, i.e., with
measurements at locations F7 to F10. For instance, the
moderation effects in the central lead region are clearly
reflected in the observed decrease of the threshold fis-
sion rates~the measured ratio F90F10 is 0.866 0.05 and
0.946 0.04 for 232Th and237Np fission, respectively!.

In contrast to Table VI, which does not provide a
direct indication of the neutron spectrum at the different
locations, in Table VII we present calculated and exper-
imental spatial variations of several spectral indices. These
have been considered in terms of reaction rate ratios,
relative to 115In~n, n' !, at locations F2 to F6, with the
relatively unperturbed core position F1 serving as refer-
ence for each index. The reaction115In~n, n' ! has been

TABLE V

Locations of the Activation Foils Used with the Reference MUSE-4 Configuration

Foil Locations

F1 F2 F3 F4 F5 F6 F7 F8 F9 F10

X ~cm! 21.2 20.6 27.4 27.4 27.4 27.4 253.0 231.8 210.6 0.0
Y ~cm! 2.1 24.7 210.6 10.6 221.2 37.1 2.1 2.1 2.1 2.1
Z ~cm! 29.5 20.6 20.6 20.6 20.6 20.6 29.5 29.5 29.5 29.5

TABLE VI

Calculation0Experiment Values for the Spatial Variation of Different Reaction Rates

Reaction
Threshold

~MeV! Code0Library
F20F1
~C0E!

F30F1
~C0E!

F40F1
~C0E!

F50F1
~C0E!

F60F1
~C0E!

115In~n,g! — MCNP0JEF-2.2 0.926 0.07 0.946 0.07 0.906 0.07 0.946 0.07 0.866 0.07
64Zn~n,g! — MCNP0JEF-2.2 0.966 0.03 1.016 0.03 1.016 0.03 1.016 0.03 0.976 0.03

197Au~n,g! — MCNP0JEF-2.2 0.986 0.03 1.016 0.03 0.966 0.03 0.986 0.03 1.006 0.03
115In~n, n' ! 1.2 MCNP0B6-dosimetry 0.896 0.02 0.956 0.02 1.016 0.02 1.026 0.02 0.966 0.02
59Co~n, p! 2 MCNP0B6-dosimetry 0.606 0.06 0.846 0.06 0.886 0.06 1.016 0.06 1.026 0.06
58Ni ~n, p! 2.8 MCNP0B6-dosimetry 0.846 0.03 0.946 0.03 1.026 0.03 1.066 0.03 0.996 0.03
64Zn~n, p! 2.8 MCNP0B6-dosimetry 0.836 0.05 0.966 0.05 1.066 0.05 1.086 0.05 1.046 0.05
54Fe~n, p! 3.1 MCNP0B6-dosimetry 0.826 0.04 0.936 0.04 1.006 0.04 1.076 0.04 1.006 0.04
56Fe~n, p! 6 MCNP0B6-dosimetry 0.396 0.06 0.756 0.06 0.846 0.06 1.006 0.06 0.956 0.06
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chosen as the denominator for the indices partly because
of the high experimental accuracy achieved for its deter-
mination and partly because its threshold of 1.2 MeV is
relatively low.

The moderation effect of the central lead zone is
clearly indicated by the F20F1 ratios of the spectral in-
dices, with the value for the nonthreshold reaction rate
64Zn~n,g! being greater than 1.0 and those for the higher-
threshold reactions all being less than 1.0. Furthermore,
the manner in which the effects of the lead region dimin-
ish with distance is well quantified by the changes in the
spectral indices between F20F1, F30F1, F50F1, and F60
F1. Regarding the core asymmetry created by the pres-
ence of the accelerator tube and lead zone, this is
characterized by the ratios F30F1 and F40F1. It is seen
that the differences are largely well within the indicated
1-sigma uncertainties, confirming that asymmetry ef-
fects are minor when the accelerator is not operating.
The corresponding differences in the source-driven sub-
critical configurations are, of course, expected to be much
greater.

Regarding the comparison of calculated and experi-
mental results in Table VII, agreement is seen to be well
within the indicated uncertainties in most cases. The need
is clearly indicated, however, for improving the statisti-
cal accuracy of some of the MCNP results.

The present investigations have clearly demon-
strated the value of foil activation measurements in the
MUSE-4 program. Use of the currently reported spectral
indices for unfolding the neutron spectrum at specific
locations is expected to provide useful supplementary
information. Similar studies in the subcritical configura-
tions will contribute to the experimental characterization
of other ADS-specific features, e.g., those related to the
external source, which have already been investigated
numerically.14

IV.D. Rod Drop Measurements

The inverse point-kinetics method is a well-known
method to determine the reactivity worth of the control

rods in nuclear reactors. It is based on measuring the
power of the reactor by neutron counters and solving the
point-kinetics equations to calculate the dynamic reac-
tivity r~t ! ~Ref. 15!:

r~t ! 5 b 1 L
d

dt
@ ln n~t !#

2 lbE
2`

t n~t ' !

n~t !
exp@2l~t 2 t ' !# dt ' 2 L

s~t !

n~t !
.

~1!

Here,b andl are the delayed neutron fraction and the
corresponding precursor decay constant andL is the gen-
eration time. Often the source strengths~t ! is not known,
although methods exist to determine the source strength
from measurement.16 For fast reactors with a very short
generation timeL, the above expression can be simpli-
fied using “micro kinetics.”17 The result for the reactiv-
ity in dollars Ir~t ! 5 r~t !0b reads18

Ir~t ! 5
1

n~t ! Fn~t ! 1 n0~ Ir0 2 exp@2lt # !

2 lE
0

t

n~t ' !exp@2l~t 2 t ' !# dt 'G . ~2!

Compared with Eq.~1!, this expression has two ad-
vantages. First, it does not require the external source
strength to be known~although the value of the initial
reactivity Ir0 might seem as hard to get ass0!, and sec-
ond, it makes no use of the generation time. The latter is
a consequence of the fact that use is made of prompt
fission chains, instead of individual fissions, which is
valid only if the reactivity does not change during a
prompt fission chain. For fast reactors, and certainly for
MASURCA, this limitation poses no problem. As stated
above, a prompt fission chain takes less than 1ms, while
a safety rod drop that reduces the reactivity with about
10 $ takes more than 1 s. This means that the reactivity

TABLE VII

Calculated and Measured Spatial Variations of Spectral Indices

Spectral Index
@Threshold in MeV#

Type of
Result F20F1 F30F1 F40F1 F50F1 F60F1

64Zn~n,g!0115In~n, n' ! Experimental 1.606 0.05 1.286 0.04 1.286 0.04 1.146 0.04 1.106 0.04
@–#0@1.2# MCNP0B6-dosimetry 1.816 0.09 1.406 0.07 1.276 0.06 1.156 0.06 1.136 0.06
58Ni ~n, p!0115In~n, n' ! Experimental 0.706 0.03 0.846 0.03 0.856 0.03 0.906 0.04 0.956 0.04
@2.8#0@1.2# MCNP0B6-dosimetry 0.656 0.03 0.836 0.04 0.856 0.04 0.946 0.05 0.986 0.05
64Zn~n, p!0115In~n, n' ! Experimental 0.656 0.04 0.816 0.04 0.806 0.04 0.896 0.05 0.906 0.05
@2.8#0@1.2# MCNP0B6-dosimetry 0.646 0.03 0.826 0.04 0.856 0.04 0.956 0.05 0.976 0.05
54Fe~n, p!0115In~n, n' ! Experimental 0.666 0.03 0.836 0.03 0.866 0.03 0.906 0.04 0.936 0.04
@3.1#0@1.2# MCNP0B6-dosimetry 0.646 0.03 0.826 0.04 0.866 0.04 0.946 0.05 0.986 0.05
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changes about 0.001 $ during a prompt fission chain,
which indeed is negligible. For a subcritical reactor, the
duration of a fission chain is even shorter. For six de-
layed neutron groups, Eq.~2! reads18

Ir~t ! 5
1

n~t ! Fn~t ! 1 n0S Ir0 2 (
j51

6 bj

b
exp@2l j t #D

2 (
j51

6

l j

bj

b
E

0

t

n~t ' !exp@2l j ~t 2 t ' !# dt 'G .

~3!

Measurements have been performed starting with
the reactor in critical state~Reference 1114 cells!. In all
experiments, first the fine-tuning rod PR had to be in-
serted, after which either SR1 or SR2 were dropped~con-
figurations I and II!. Each experiment has been repeated
twice ~run 1 and run 2! to verify its reproducibility. The
fission chambers D1 to D4 were in L1 to L4~reflector!,
respectively.

From Eq.~3! it can be seen that two input data are
needed for the analysis: the initial reactivityIr0 and the
delayed neutron data~l j , bj ! for six families. The initial
reactivity Ir0 can be derived from the experiments by the
following procedure: If the delayed neutron data are cal-
culated for a specific state of the reactor, e.g., critical,
and if the reactor is held at that state for a certain period
of time, the reactivity obtained from the inverse point-
kinetics procedure should be constant for that same pe-
riod too. This leaves one degree of freedom to fix the
initial reactivity Ir0. After the rod drop, the count rates
become rather low with quite a large noise component,
which gives an erratic behavior of the final reactivity.18

This was eliminated by linearly smoothing the count rates
and determining the value of the reactivity after the count
rates were stabilized. The effective delayed neutron yields

and the corresponding precursor decay constants for the
six families were calculated for a critical reactor by the
FX2 diffusion code19 using a 25-group cross-section
library.

The above-mentioned two-dimensional diffusion code
~FX2! and the 25-group nuclear data library were also
used to calculate the reactivity worth of the safety rods
SR1 and SR2. To this end, the lead target and the vac-
uum beam tube were smeared, and threeXYcalculations
were performed: one for the unrodded core, one for the
SR1 rod inserted, and one for the SR2 rod inserted. In all
cases an axial buckling height of 50 cm was used to get
a keff of nearly unity for the unrodded core. Three-
dimensional calculations were performed with the Monte
Carlo code MCNP to get some kind of calculation refer-
ence solution. The results were performed both with nu-
clear data from JEF-2.2 and from the ENDF-B0VI nuclear
data files. Two MCNP results are given: one with the
cross section of lead taken from the ENDF-B0V data file
and one with the cross sections of all nuclides taken
from the ENDF-B0VI file. The results are given in
Table VIII, together with the measurements.

As can be seen in Table VIII, the difference between
the reactivity worth measured with different detectors is
quite large. This is due to the fact that the disturbance of
the power profile is so large that the inverse point-
kinetics analysis is not valid anymore, especially for the
detectors close to the safety rods. Better values can be
obtained when the influence of the spatial flux distribu-
tion on the count rates of the detectors is taken into ac-
count by spatial correction factors. The point-kinetic
equations can be derived from the neutron transport equa-
tion by factorizing the neutron flux densityf~r, E, t !
into a flux shapec~r, E, t ! and amplituden~t !:

f~r, E, t ! 5 c~r, E, t !n~t ! . ~4!

TABLE VIII

Reactivity Worth Measured and Analyzed with Inverse Point-Kinetics, Compared with 2-D Diffusion~FX2!
and 3-D Monte-Carlo Calculations~MCNP!*

Configuration

Run 1
Ir

~pcm!

Run 2
Ir

~pcm!
FX2

JEF-2.2
MCNP
JEF-2.2

MCNP
ENDF-B0VI

Pb ENDF-B0V
MCNP

ENDF-B0VI

I D1: 3551
D2: 3886
D3: 3752
D4: 3384

D1: 3585
D2: 3685
D3: 3752
D4: 3216

3719 3652 3585 3685

II D1: 4054
D2: 3350
D3: 4389
D4: 5025

D1: 4154
D2: 3317
D3: 4221
D4: 4925

4791 4556 4322 4489

*The statistical errors in the Monte Carlo calculations are,50 pcm, giving an error for the rod worth of 74 pcm.
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One can shift the major part of the time dependence
of the neutron flux density into the amplitude function
by constraining the time dependence of the shape func-
tion. To this end, a second equation is needed to hold
some integral value of the shape function constant in
time.17 The point-kinetics equations describe the behav-
ior of the amplitude as a function of time, while the
shape function describes the neutron flux as a function
of space.

The shape functions before and after the control rod
drops were calculated using FX2 with the 25-group data
library, and the count rate of each monitor after insertion
of a safety rod was multiplied with the ratio of these
shape functions. The corrected reactivity worth of the
safety rods is given in Table IX, together with the calcu-
lated values.

The safety rod worth measured with monitor D2 is
significantly lower than the other values, while detectors
D1, D3, and D4 do give coherent results for the reactivity
worth of both rods. Because detector D2 appeared to be
very unstable during the time of the measurement,18 its
results have been discarded from the analysis. The reac-
tivity worths averaged over D1, D3, and D4 detectors are
39096 201 pcm for SR1 and 45346 268 pcm for SR2.

As is well known, the inverse kinetic procedure pro-
vides the dynamic reactivity, that is, the reactivity formed
by the time-dependent neutron flux, while codes such as
MCNP and FX2 provide the static reactivity~the reactiv-
ity weighted by the lambda-mode flux of the perturbed
system!.17 This means that during the rod drop, the reac-
tivity measured by the inverse kinetics procedure differs

from the calculated values. However, after the transient,
when the detector count rates have stabilized, the differ-
ence between the two concepts, if any, is very small.

The reactivity worth of SR1 and SR2 calculated with
MCNP ~36856 67 and 45236 67 pcm! agrees quite
well within the margins of the experimental error. There
is a difference for the reactivity worth of SR2 calculated
with data from ENDF0B-V and from ENDF0B-VI ~4322
and 4489 pcm, respectively!, but both calculated values
agree with the experimental values.

V. METHODS FOR SUBCRITICAL REACTORS

V.A. PNS Measurements

The power of subcritical reactors must be main-
tained by an external neutron source, driven in all de-
signs of industrial systems by a particle accelerator.
This fact allows the use of source intensity variations
and the corresponding reaction of the reactor to monitor
the reactivity of the system and to evaluate its kinetic
parameters.

The complete kinetic response~without feedback!
of the reactor to any arbitrary source perturbation can be
derived from the experimental response of the reactor to
a short pulse of the neutron source~ideally a time Dirac
delta source!. GENEPI allows the generation of neutron
pulses with a duration shorter than 1ms, which in prac-
tical terms can be considered as instantaneous when
compared to the MASURCA neutron generation lifetime

TABLE IX

Reactivity Worth Measured and Analyzed with Inverse Point Kinetics and Corrected for the Change of the Spatial Shape
Function, Compared with Diffusion Calculations~FX2! and Monte-Carlo Calculations~MCNP!*

Configuration

Run 1
Ir

~pcm!

Run 2
Ir

~pcm!
FX2

JEF-2.2
MCNP

JEF-2.2a
MCNP

ENDF-B0VI a

I D1: 3886
D2: 3116
D3: 3920
D4: 3987

D1: 3953
D2: 2982
D3: 3886
D4: 3819

3719 3652 3685

Averages 39096 201b 3618

II D1: 4590
D2: 4020
D3: 4690
D4: 4422

D1: 4657
D2: 3953
D3: 4489
D4: 4355

4791 4556 4489

Averages 45346 268b 4523

*Only the measured values differ from Table VIII.
aThe statistical errors in the Monte Carlo calculations are,50 pcm, giving an error for the rod worth of 74 pcm.
bAveraged over the results of detectors D1, D3, and D4. Results of detector D2 have been discarded.

136 SOULE et al.

NUCLEAR SCIENCE AND ENGINEERING VOL. 148 SEP. 2004



'0.58ms~experimental value!. In this way, the measure-
ment of the neutron reaction rates versus time following
a pulse of neutrons generated by GENEPI PNS experi-
ments allows the study of the system reactivity and some
combinations of its kinetic parameters.

Figures 7 and 8 illustrate the observed counting rates
of different 235U FCs in MUSE-4 after a~d,D! pulse
from GENEPI for different reactivities.20 These data are
presented accumulated for many neutron pulses and af-
ter subtraction of the constant level of counting pro-
duced by the delayed neutrons and the not negligible
inherent source of MASURCA@Pu spontaneous fission
and~a,n! reactions#. For detectors in the fuel core, Fig. 7,
a very simple behavior is observed for all the reactivi-
ties. A fast reaction rate increase during the source dura-
tion is followed by a very short 5- to 10-ms stabilization
period, leading to an approximately exponential decay.
The different decay constants corresponding to different
reactivities allow the reactor monitoring. On the other
hand, the reaction rates on the reflector, Fig. 8, and on
the MASURCA shielding present more complex shapes.
First, the reaction rate increases progressively during typ-
ically 20 to 30 ms. Second, it follows an exponential

decay, with a slope very similar to the core detectors in
the same configuration. Finally, in the cases of lowerkeff

~keff , 0.95!, the reaction rate slows its decay rate and
presents additional structures after a period, which de-
pending on the reactivity can range from 45ms forkeff 5
0.86 to 80ms for keff 5 0.95.

The one-group point-kinetic model~with one de-
layed family! of a reactor predicts that the time depen-
dence of the neutron flux after a pulse of neutrons is
injected is20

n~t ! 5 ~bl'e2l't 2 rae2at ! . ~5!

In this expression,l'5 rl0~r 2 b!, r is the reactivity,b
is the effective delayed neutron fraction,l is the delayed
decay constant, anda is the prompt decay constant,a 5
~b 2 r!0L 5 ~1 2 r$!0~L0b!. In most cases of interest
GENEPI is operated at fixed frequency and amplitude,
producing the same time response after each pulse. Be-
cause the lowest frequency of GENEPI is 10 Hz, this
provides a simplification of the above relation, since for
all cases of interest then, we can make the assumption
thatl't ,, 1. This yields an approximation:

Fig. 7. Prompt response of MASURCA after a 1-ms neutron burst, observed by detector D5 placed in the core region~L5! for
the different reactivity levels obtained in configurations III, IV, V, and VIII.
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n~t ! 5 ~bl' 2 rae2at ! . ~6!

Thus, the delayed neutrons provide only a constant~with
time! source of background.

The point-kinetic model is unable to completely de-
scribe the observed impulse response functions; how-
ever, it predicts a reactivity-dependent exponential decay
as observed at long times after the neutron pulse. Differ-
ent approaches were followed to analyze the experimen-
tal results. Detailed Monte Carlo simulations~with
MCNP! of the PNS experiments allow the reproduction
of the results and an explanation of the deviations of the
point-kinetic model.

The finite duration of the pulse, the time required by
the neutron flux to diffuse along the reactor to the detec-
tor positions, and the time required to stabilize the neu-
tron flux spectrum in the reflector and shielding explain
the deviation from point-kinetics during the first micro-
seconds after the pulse

On the other hand, the slow tail of neutron detec-
tions appearing at long times in reflector and shielding
detectors at very subcritical MASURCA configurations
can be explained as a consequence of epithermal neutron

buffering in the reflector and shielding regions.21 These
neutrons can live sufficiently long in the low-absorbing
reflector and shielding~half-lives. 20ms!, and in com-
bination with the higher sensitivity of235U detectors to
slow neutrons, they can dominate the fission counting
rate when the flux reaching from the core starts to dis-
appear. Fast neutron detectors based on the threshold
fission of 237Np had already been tried out in some mea-
surements and will be used in future MUSE-4 measure-
ment campaigns to minimize this effect.

Figure 9 shows the comparison of the responses of
detectors located in different positions of the reactor for
the same core configuration.20 Very similar evolution is
observed after 30ms of the source pulse, resulting from
close counting rate decay constants. The figure indicates
that with the increasing fission generations, the neutron
flux is progressively approaching an asymptotic neutron
flux distribution that later on evolves at the same rate in
all the reactor positions. This behavior could justify the
asymptotic applicability of the point-kinetics equations.

It should be noted that both the short and long time
periods are strongly dependent on the position and en-
ergy distribution of the source and on the nature and

Fig. 8. Prompt response of MASURCA after a 1-ms neutron burst, observed by detector D1 placed in the reflector region
~L1! for the different reactivity levels obtained in configurations III, IV, V, and VIII.
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relative position of the detector and, in consequence, are
not representative of the reactor response to its own fis-
sion source. Only the intermediate time interval, after
diffusion of the initial source and replacement by fission-
generated flux and before the reflector buffering be-
comes a secondary neutron source, has an evolution that
is mainly equivalent to the intrinsic reactor kinetics.

V.A.1. Application of Direct PNS Methods

A first possibility for the interpretation of the PNS
experiments is to apply the point-kinetics relation be-
tween the exponential decay constanta and the reactor
kinetic parameters~r, b, andL! to obtain relations be-
tween these parameters from the value obtained fora by
an exponential fit to the experimental data following the
initial ramp-up of the detector reaction rate.

A set of experiments was performed to evaluate the
consistency of the determination of thea decay constant
from different detector positions and GENEPI operation
frequencies. Table X shows this comparison for a set of
experiments with different GENEPI frequencies, always

in the same core configuration close to criticality.22

Table XI presents the same comparison for a second set
of data corresponding to different core configurations
and a fixed GENEPI frequency~1 kHz! ~Ref. 20!. De-
spite the increasing systematic uncertainty~d! on thea
determination with decreasing reactivity, a clear compat-
ibility of results is obtained for different GENEPI fre-
quencies and between different detectors in the same
region. However, a tendency to progressively underesti-
matea is observed from core to reflector and shielding
detectors.

Despite the small differences between thea deter-
mination, the point-kinetic equations were applied to ob-
tain r, assuming a value ofb0L 5 5800 6 100 s21

~obtained from Rossi-a measurements in a nearly criti-
cal configuration, explained later in this paper!. Table XII
shows the results obtained for the different detectors and
core configurations. The reactivity determinations based
on core and reflector detectors agree within 10%, whereas
the shielding estimations show differences of up to 25%.
Comparisons of these results to the estimation from the
SM and MSM techniques show differences between 20

Fig. 9. Prompt response of MASURCA after a 1-ms neutron burst for the same criticality level~configuration III! in different
positions of the MASURCA reactor. Locations: L5, core; L1 and L9, reflector; L6, shield.
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TABLE X

Values ofa Decay Constant Determination from Different Detector Positions and GENEPI Operation Frequencies

Core Reflector

D5 in L5 D9 in L7 D1 in L1 D3 in L3

Frequency
~kHz!

a
~s21!

sa 0da

~%!
a

~s21!
sa 0da

~%!
a

~s21!
sa 0da

~%!
a

~s21!
sa 0da

~%!

1 12 849 1.602.8 12 645 1.403.7 12 397 0.601.1 12 336 0.601.0
2 13 123 1.301.3 13 014 1.002.6 12 217 0.701.4 12 314 0.701.7
3 13 193 1.403.4 13 484 1.102.0 12 239 0.701.1 12 225 0.701.5
4 13 348 1.501.7 13 213 1.203.0 12 123 0.901.7 12 292 0.801.2
Ta0s Ta 13 128 1.6 13 089 2.7 12 244 0.9 12 292 0.4

asa refers to the uncertainty ona from the fitting procedure andd describes the uncertainties produced by the selection of the
fitting time interval.

TABLE XI

Values ofa Decay Constant Determination from Different Detector Positions and at Different Core Configurations

Configuration

III IV V

a andda

~s21!
a andda

~s21!
a andda

~s21!

Detector D5 in L5~core! 13 0306 240 15 6006 190 62 6006 3000
Detector D3 in L3~reflector! 12 2006 150 14 3006 400 60 0006 4000
Detector D8 in L8~shield! 11 5006 400 13 0006 400 65 0006 4000
Detector D7 in L9~reflector! 12 6006 1000 15 6006 1000

ad describes the uncertainties produced by the selection of the fitting time interval, always larger than the fitting uncertainties.

TABLE XII

Values ofr and Systematic Fit Uncertainty Determined from Different Detector Positions
and for Different Core Configurations Usingb0L 5 5800 s21

Configuration

III
@ rSM 5 24526 30 pcm#

~pcm!

IV
@ rSM 5 25936 40 pcm#

~pcm!

V
@ rMSM 5 242216 268 pcm#

~pcm!

Detector D5 in L5~core! 4186 14 5666 11 32806 170
Detector D3 in L3~reflector! 3706 9 4916 23 31306 230
Detector D8 in L8~shield! 3296 23 4166 23 34206 230
Detector D7 in L9~reflector! 3906 60 5706 60

140 SOULE et al.

NUCLEAR SCIENCE AND ENGINEERING VOL. 148 SEP. 2004



and 30%; however, the reactivity change estimations agree
to better than 5% between detectors and measurement
methods close to criticality, where the SM or MSM tech-
nique is more reliable.

In summary, a simple interpretation of the PNS ex-
periments based on the point-kinetics equations allows
the monitoring of reactivity changes, with precisions bet-
ter than 5%, and an estimation of the actual value of the
reactivity, with an agreement better than 30% with re-
spect to MSM techniques. This can be done by a simple
fit to the exponential counting rate decay of detectors
placed in the core or to the intermediate time interval of
the reflector detectors. This approach has the risk that
some bias produced by space and energy effects might
be introduced in the absolute estimation of the reactivity,
depending on the nature and position of the detector and
on the reactivity itself.

V.A.2. Application of a Method Based
on Monte Carlo Simulation

Several approaches based on detailed Monte Carlo
simulations are being explored to improve the precision
of the PNS evaluation of the reactivity and kinetic pa-
rameters. The aim is to remove the remaining spatial and
spectral effects and in some methods to enable the use of
most of the statistics in the analysis.

According to the point-kinetic model, when a pulsed
neutron source is injected into the core of a subcritical

reactor, the neutron population decays like a pure expo-
nential when the delayed neutrons and the inherent source
are ignored:

N~t ! 5 N0 exp~2at ! , ~7!

with a 5 ~12 kp!0,, kp being the prompt multiplication
factor and, being the average generation time of a neu-
tron. When the reactor is close to criticality~namely,
keff 5 0.995!, this decrease, which can be measured
through the reaction rate of a detector located in the core,
exhibits a constant slope. But for a subcriticality level
relevant for an ADS~typically keff 5 0.96!, the slope
becomes time dependent~Fig. 10!.

This behavior can be explained by the fact that when
the multiplication factor is low, the neutrons from the
first generations become relatively more important than
the ones of the later generations. That means that an
average generation time is not sufficient to describe the
neutron creation. We propose a more sophisticated
model23 that takes into account the distribution of the
neutron generation times following a fissionP~t!, t be-
ing the time elapsed since the creation of the neutron that
will give birth to the next generation. This distribution
can be easily obtained by Monte Carlo simulation for a
stabilized neutron source.

From that definition we deduce that

EP~t! dt 5 kp , ~8!

Fig. 10. Ln~N! time spectra obtained with a U5 FC~D12 in L12 for configuration III and in L10 for configuration V! and
a 3He detector~D13 in L13! in the fuel zone of MASURCA for two subcriticality levelskeff 5 0.995 andkeff 5 0.958~configu-
rations III and V!. Plain curves are polynomial fits to the logarithm of the spectra.
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and thus we can normalizeP~t! to kp 5 1. With that
normalized distributionP'~t!, we have access to the
number of neutrons in the core at any time for anykp

value, summing the contribution of each generation:

Nkp~t ! 5 kp P'~t! 1 kp
2P'~t! * P'~t!

1 kp
3P'~t! * P'~t! * P'~t! 1 . . . , ~9!

where* denotes the convolution operator. The decrease
rateakp~t ! can then be calculated for differentkp values
from the logarithmic derivative,

akp~t ! 5
1

N

dN

dt
, ~10!

and compared to thea~t ! obtained from the experimen-
tal N~t ! spectrum, the one fitting best the experiment
giving the estimation for thekp value of the reactor. This
method has been applied to the spectra shown in Fig. 10.
The a~t ! curves obtained from the fits of these spectra
are shown together with relevant calculatedakp~t ! curves
in Fig. 11. With the U5 chamber thekp values of the core
are found bounded by 0.990 and 0.993 for the assembly
close to the criticality and by 0.955 and 0.960 in the
other case. They are in rather good agreement with thekp

values deduced from the SM measurements withkp 5
keff~1 2 b!: 0.99226 0.0003 for configuration III and
0.95636 0.0025 for configuration V.

The a~t ! obtained from the3He counter exhibits a
slightly different behavior compared to the U5 data. This
can be explained by the location of the counters: The U5
chamber is in the middle of the fuel zone, while the3He
counter is close to the reflector and thus submitted to
more low-energy neutrons. To improve measurements in
such locations, the use of detectors with energy thresh-
old ~like 237Np, 238U, or 232Th FC, for instance! is
required.

This method is very promising since it can include
the contribution from the measurement made in the first
tens of microseconds after the pulse, when the counting
rate is still high, in the estimation of thekp value, reduc-

ing the dependency on later times after the pulse, when
the statistic might be poor. Moreover, it has the potential
to reduce the absolute bias of the estimation ofkeff, from
the simple point-kinetic model, where it was shown in
the previous section that the agreement between the theo-
reticala value given by the point-kinetics model and the
direct exponential fits to the experiments can have devi-
ations from 5 to 25%, depending on the detector loca-
tion. This method and its robustness are detailed in
Ref. 23.

V.A.3. Determination ofr ~$!

A different application of the direct point-kinetics
has been used to extractr$ without the need of any ex-
ternal parameter. This method, also known in literature
as the Sjöstrand method,24 is based on the determination
of the ratio between the prompt and delayed areas. For a
single isolated pulse the ratio of the integrals of the prompt
PN and delayed componentsDN equates toPN0DN 5
2r0beff 5 r$. In the experiments at MUSE, the fre-
quency is higher than the inverse of the delayed neutron
precursor lifetime, and in consequence the delayed neu-
trons of many preceding pulses pile up to form a base
level for the prompt component of each pulse. Several
minutes after a fix frequency and intensity have been set
in GENEPI, the base level of detection rate due to the
delayed neutrons reaches its asymptotic value and re-
mains constant unless the frequency or the intensity is
modified. GENEPI stability is better than 1% in both
parameters. In addition, the inherent source due to the Pu
spontaneous fission and the~a, n! reactions also contrib-
utes to the value of the constant base level.

To obtain the ratioPN0DN in the MUSE experi-
ments, first the inherent source has to be subtracted. This
has been done either by a calibration, measuring without
external source, or by comparing two measurements with
different frequencies. After this subtraction, the distribu-
tion of the counting rate between two pulses~accumu-
lated for a large number of pulses! is analyzed. The

Fig. 11. Logarithmic derivatives of the fits of the experimental time spectra compared to severalakp~t ! calculated by the
proposed method.
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delayed neutron contribution is obtained by multiplica-
tion of the constant level observed at the end of the
GENEPI period times the period duration. The prompt
integral is obtained as the total number of counts minus
the delayed neutron contribution. Table XIII shows the
results for several MUSE configurations and can be com-
pared with Table XII.

The agreement of the different reactivity estimations
from different inherent source subtraction and frequency
combinations is better than 20%. The comparison of dif-
ferent detectors is also better than 20% in all cases and in
many cases better than 5%. Finally the results have a
small tendency to calculate higherr values than the di-
rect PNS fitting, with differences below 10%.

V.B. Noise Measurements

V.B.1. Rossi-a Method

The Rossi-a technique25 is based on the statistical
nature of the fission chain process. Using a coincidence

acquisition system, the rationale is to experimentally de-
termine the probability distribution of detecting neu-
trons from the same chain. The Rossi distribution, related
to the correlation function of neutron detection time se-
ries, can be derived theoretically through a birth-to-
death probability balance equation, namely, the backward
master equation.26 Here, we consider only the following
Rossi distributionprossi for a point-kinetic model with-
out delayed neutrons:

prossi~t! dtgdtc 5 «g F0dtgS«c F0dtc 1
«c D

2aL2 dtce2atD ,

t 5 tc 2 tg . ~11!

The above expression can be heuristically derived.
The Rossi-a experiment is as follows. There are two
input channels: a trigger channel with detection effi-
ciency«g and a counting channel with efficiency«c. Those
two channels can be provided by either a single detec-
tor ~autocorrelation! or two separate detectors~cross

TABLE XIII

Reactivity Computed from PNS Experiments at Different MASURCA Configurations

Configuration Type of Experiment
r

~$!
r

~pcm!

Rod Drop0SM 1.356 0.09 4526 30

III Different frequency method Detector D5 in L5 core~1 to 2 kHz! 1.286 0.05 4296 17
Detector D3 in L3 reflector~1 to 2 kHz! 1.596 0.05 5336 17
~1 to 3 kHz! 1.4396 0.012 4796 4
~2 to 3 kHz! 1.296 0.03 4326 10

Rod Drop0MSM 12.66 0.8 42216 268

V Different frequency method Detector D5 in L5 core~1 to 3.3 kHz! 9.46 1.0 31496 335
Detector D1 in L1 reflector~1 to 3.3 kHz! 10.46 0.6 34846 201

PNS 1.396 0.21 4666 70

III Inherent source calibration~1 kHz! Detector D1 in L1 reflector 1.5916 0.021 5336 7
Detector D3 in L3 reflector 1.6036 0.018 5376 6
Detector D9 in L7 core 1.606 0.60 5366 20
Detector D8 in L8 shield 1.696 0.10 5666 34

PNS 1.806 0.30 6036 101

IV Inherent source calibration~1 kHz! Detector D1 in L1 reflector 1.946 0.03 6506 10
Detector D3 in L3 reflector 2.016 0.03 6736 10
Detector D9 in L7 core 2.126 0.11 7106 37
Detector D8 in L8 shield 2.126 0.16 7106 54

Rod Drop0MSM 1.356 0.09 4526 30

III Inherent source calibration~1 kHz! Detector D9 in L7 core 1.286 0.04 4296 13
Detector D9 in L7 core 1.306 0.04 4366 13
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correlation!. A time gateDT divided into bins of width
dtc is opened at a certain timetg by a pulse from the
trigger channel. Some binsdtc corresponding to the
elapsed time between the occurrence of a pulse from
the counting channel attc and the occurrence of the orig-
inal trigger pulse are then incremented. Since a time-
marking acquisition system is capable of recording all
the events of any detector and thus makes possible an
off-line data reduction, a time gate of widthDT is opened
for each trigger pulse. This data processing is referred to
as the Rossi-a type I in the literature. According to the
above equation, the number of coincidence countsnrossi

in a bin i corresponding to the lagt 5 idtc is given by

nrossi~t ! 5 nrand 1 ncorr e2at . ~12!

The uncorrelated or random componentnrand is

nrand 5 Ng«c F0dtc , ~13!

whereNg 5 «g F0T, the number of time gates, is propor-
tional to the acquisition durationT. The correlated com-
ponentncorr is

ncorr 5 Ng«c

D

2aL2 dtc . ~14!

Assuming that the number of coincidence countsnrossi

approximately follows a Poisson distribution, its stan-
dard deviationsnrossi is

snrossi~t ! 5 Mnrossi~t ! . ~15!

We have performed Rossi-a experiments in the
MUSE-4 Reference core~configuration VII, GENEPI
off ! with the pilot rod down. The corresponding reactiv-
ity is rREF 5 21206 7 pcm~as measured by RD tech-
niques!. We are presenting in this section the differenta
values obtained with the Rossi method. Eight runs of
2800 s were done with our time-marking acquisition sys-
tem. The dwell time was set to 100 ns. It is important
to note that we had to move the most efficient monitors
to the reflector region for noise experiments in order to
obtain sufficient count rates.

Rossi-a ~and Feynman-a, for that matter! experi-
mental data series are analyzed with the use of a least-
squares fitting method. For evaluating the goodness of
fit, one uses graphical and numerical indicators. The scat-
terplot should not display any pattern or trend. In other
words, the residuals~the differences between the re-
sponse values and the predicted response values! should
be random errors. Classically, a good fit is indicated by
the square of the correlation coefficientr 2 being nearly
unity. This parameter measures how successful the fit is
in explaining the variation of data. The root-mean-
squared error, RMSE, is another statistic closely related
to the scatterplot since it is defined as the square root of
the summed square of residuals divided by the degrees

of freedom. One hopes for generally low values of the
RMSE.

The Rossi-a fitting model isp~t ! 5 nrossi~t !0nrand.
The domain of fit spans from 10ms to 1 ms since in the
case of cross coincidence the lagt is not likely to be less
than 10ms. An example is shown in Fig. 12, where we
show the Rossi-a curve and the residuals.

In Table XIV we show fit results for different de-
tector pairs located in different parts of the core. The
detectors D3 and D4 in the reflector~in L3 and L4, re-
spectively!, and D8 and D5 in the core~in L7 and L5,
respectively! do not allow us to accurately estimatea
values because their poor efficiency leads to poor statis-
tics. We also note that while the standard errors are about
1% for detectors D10 and D11~located in the reflector in
L1 and L2!, the discrepancies betweena values are quite
large. For the moment, lacking further information, we
express this variability as a type-B uncertaintyb as follows:

d 5
amax2 amin

2
. ~16!

Thus, we can give our best estimate ofa and asso-
ciated uncertainty as follows22:

aRA 5 Ta 6 d 5 80176 673 s21 ~8.4%! .

As another Rossi-a example, we show the distribu-
tions for configurations VII and for VII with the PR
inserted to be very close to criticality27 ~r 5 2120 pcm
andr 5 220 pcm! in Fig. 13. Due to the high level of the
inherent source, the signal-to-noise~S0N! ratio is ex-
tremely small,c around 0.1%, which has made it neces-
sary to share the counts of the two detectors used in the
experiments as if they were actually one. This is a good
assumption since both detectors have approximately the
same mass and they are located in symmetrical positions.

The first thing that can be observed, which happens
for both configurations, is that it is necessary to analyze
the exponential decay after a short delay time of around
30 or 40ms.

Although this is a deviation from the assumed point
kinetics, it must be taken into account that the detectors
are not placed in the fuel region but in the reflector, so
there is the time the neutrons need to arrive at the detec-
tor ~as is also seen in the case of the PNS experiments!.

Comparing the different exponential decays, we
clearly observe the different reactivity levels for the two
different configurations in the values of the prompt de-
cay constanta. This feature can be used for reactivity
off-line calibration; however, very long acquisitions would
be required for a more subcritical situation.

Results from additional measurements are shown in
Table XV. Included in this series is a measurement made

bFollowing the convention of NIST, a type-B uncertainty
is one of which we don’t know the probability law.

cAs also seen in Fig. 12.
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at a subcritical level of23795 pcm~configuration VI! to
analyze applicability of the method for realistic ADS
conditions.

Table XV shows that the spread between measure-
ments for the same experimental conditions is almost
negligible, whereas a discrepancy between the results
for two symmetrical positions measured with the same
detector type~235U fission chamber! can be observed.
This is the same behavior as noted above, and again for
the moment we are assuming this is a type-B uncertainty
~again of the order of 8%!. However, further investiga-

tions will have to address whether this difference is due
to different reactor physics at these positions or results
from detector and0or electronics characteristics.

Figure 14 presents the results for a deep subcritical
configuration. Very poor statistics were collected on this
experiment. New measurements are scheduled to collect
additional statistics at this subcriticality level.

V.B.2. Feynman-a Method

Feynman et al.28 showed that the number of countsc
in a time gateDT deviates from a Poisson distribution
because of the fluctuations of the neutron population
driven by the fission chain process. For a given time gate
DT, the deviation is measured by they value, defined as

y 5
variance

mean
2 1 5

^c2& 2 ^c&2

^c&
2 1 . ~17!

That expression can be generalized to the case of
two different detectorsk andl with detection efficiencies
«k and«l , respectively:

yk,l ~DT ! 5
^ckcl & 2 ^ck&^cl &

M ^ck&^cl &
2 dk, l , ~18!

Fig. 12. Fit of the autocorrelation Rossi distribution.

TABLE XIV

Fit Results for the Rossi-a Method

Region Detectors
a

~s21!
sa

~%! r 2 RMSE

Reflector ~D10,D10! 8901 1.1 0.9725 1.0348
~D11,D11! 7853 1.4 0.9591 1.0096
~D10,D11! 7555 1.2 0.9670 0.9892
~D11,D10! 7757 1.2 0.9662 1.0107
~D3,D4! 7781 11.2 0.2636 1.0194
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wheredk, l is the Kronecker symbol. Fork Þ l, the nu-
merator of they value is a covariance term.

Theyvalue is related to the Rossi distribution through
the average number of pairs counted in a time gateDT:

ck~cl 2 dk, l !

2
5 E

0

DT

dtcE
0

tc

dtg prossi~tc 2 tg! . ~19!

One thus obtains the following expression for they
function, assuming a point-kinetic model and consider-
ing prompt neutrons only:

yk, l ~DT ! 5
M«k«l D

a2L2 S12
12 e2aDT

aDT
D . ~20!

The standard deviationsy of they value can be ap-
proximately derived from those of the sample variance
and mean of the normal distribution:

sy 5
11 yk, l

MN ! 11 yk, l

mk, l

1 2 , mk, l 5 M ^ck&^cl & ,

~21!

whereN is the number of samples~i.e., the number of
counts! for a given time gateDT.

The y value can be sometimes negative because of
either a dead-time effect at high counting rates28–30 or
poor statistics in a system with neutron generation times
L less than 10ms ~Ref. 30!. Assuming a nonparalyzable
counting system, Yamane proposed the following im-
proved formula in Ref. 29:

yk, l
d 5 yk, l 2 2Rddk, l , ~22!

whered andR are the total dead time and the counting
rate associated with a neutron channel, respectively. While
we have not completely analyzed our system’s dead time,
we have found that it is necessary to add a positive con-
stant term to the covariance-to-mean model to successfully
fit the experimental data series. We show the results after
the correction has been made in Table XVI.

Fig. 13. Rossi distributions for two configurations.

TABLE XV

Decay Time Obtained with Rossi-a Technique
with an Inherent Source

Configuration Detector

Approximate
Reactivity

Level
~pcm!

Time
~s!

a
~s21! a~E2C!0C

VII D11 in L2 120 3057 8278 7%
D11 in L2 120 6347 8403 6%
D10 in L1 120 3604 9099 22%
D10 in L1 120 4124 9066 22%
D10 in L1 120 5692 9158 23%

VI D1 in L1 3795 8105 84034 25%
1 D2 in L2
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Thea estimates obtained with detectors D8 and D5
are rejected because of their poor statistical indicators.
For the other detectors, the discrepancies betweena val-
ues are quite large even if the standard errors are less
than 2%. Their variability is measured in the same man-
ner as in the Rossi-a case. Thus, the best estimate for a
reactivity level of a2120 pcm is22

aFA 5 Ta 6 d 5 82446 688 s21 ~8.3%! .

In Fig. 15, the Feynman-a distributions for config-
urations with a reactivity ofr 5 2120 pcm is shown.27

We note that the variance-to-mean ratio is negative.
However, after applying corrections,31 we can remove

this problem and the experimental results can be de-
scribed by the classical model. Thea values extracted
from the Rossi-a and Feynman-a techniques are coher-
ent within the uncertainties. This might be explained by
noting that the Feynman-a expression can be obtained
by integrating the Rossi-a formula.

The Feynman-a distribution for configuration VI~r5
23795 pcm! is shown in Fig. 16. As in the previous
cases, the correction of Eq.~22! had to be introduced
before fitting. In addition, the first points were discarded
from the fit. The value ofa is different enough to be
used for reactivity monitoring. However, and as hap-
pened in the PNS experiments, trying to extract a direct

Fig. 14. Rossi-a distribution for a subcriticality level of23795 pcm~configuration VI!.

TABLE XVI

Fit Results for the Feynman-a Method~Configuration VII!

Region Detectors
a

~s21!
sa

~%! r 2 RMSE

Reflector ~D10,D10! 8046 0.5 0.9997 1.62
~D11,D11! 7691 0.5 0.9997 1.26
~D10,D11! 7850 0.2 0.9999 0.46

Reflector ~D3,D3! 8917 2.6 0.9882 0.82
~D4,D4! 9066 1.6 0.9955 0.54
~D3,D4! 7891 1.9 0.9976 0.36

Core ~D8,D8! 9847 5.9 0.9314 0.82
~D5,D5! 8359 7.1 0.9090 0.54
~D8,D5! 7045 11.1 0.9243 0.36
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value of the reactivity froma can be considered as a first
approximation, and several corrections must be applied
to give a precise value.

V.B.3. Frequency Analysis

Applying the Fourier transform operator
*dt exp~2iwt! to the autocorrelation and cross-

correlation functions described in Sec. V.B.1, we get the
expressions for the auto- and cross-power spectral den-
sity functions:

APSDDg Dg
5

«g
2D

2aL2 F0

1

~a2 1 w2!
1 «g

2F0
2 , ~23!

Fig. 15. Feynman-a distribution for a configuration close to criticality situation. The detector used is the same as in the
Rossi-a case~configuration VII!.

Fig. 16. Feynman-a distribution for a subcritical configuration. The detector used is the same as in the Rossi-a case
~configuration VI!.
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CPSDDg Dc
5

«g«c D

2aL2 F0

1

~a2 1 w2!
. ~24!

From the break frequency of both spectral densities, the
a value of the system can be obtained. Because the S0N
ratio is very low, we cannot extract the reactor frequency
from the auto-power spectral density~APSD!, and we
used only the cross-power spectral density~CPSD!.

The measurements were performed in continuous-
current mode using a pair of high-efficiency fission cham-
bers~D10 and D11! placed in positions L1 and L2. The
FC current is passed through a high-bandwidth current
to a voltage converter, and an amplifier is used to record
the FC current. The amplifier includes a high-pass filter
to remove the high-voltage dc part in the signal. After
additional amplifiers and antialias filters the signal is
sampled and recorded. Because we operate in current
mode, no dead-time correction is applicable. Measure-
ments at deeply subcritical~configuration VIII, about
215 000 pcm! were performed to get the electronic
transfer function, assuming that in the frequency band-
width used~70 Hz, 4 kHz! the system frequency cannot
be measured because it is higher.

Here two detectors with high efficiency were lo-
cated at positions L1 and L2 in the reflector. The in-
creased efficiency together with the relatively high neutron
flux level at these positions allowed us to perform the
measurements in continuous-current mode. Figure 17
shows the CPSD between the detectors after a measure-
ment of 50 min at a power of 20 W~Ref. 32!. From the
APSD of either detector, it was not possible to get an
accurate value fora because of the strong inherent spon-
taneous fission source, which leads to a very low S0N
ratio.32 Thea obtained from the CPSD, however, corre-
spond reasonably well with the values obtained with the
pulse-mode experiments.

V.B.4. Summary of Noise Methods

In the previous sections, we presented some prelim-
inary results from Rossi-a, Feynman-a, and CPSD noise
measures.

In the Rossi-a, we showed statistical fits with cor-
relation coefficients on the order of 0.95, and least-
squares residuals on the order of 1% for each individual
measurement. However, comparison among measure-
ments exhibits a greater spread than would be obtained
by true 1% measurements, so we have assigned type-B
uncertainties on the order of 8%. This is not entirely
unexpected since the S0N ratios of our measurements
are typically on the order of 0.1%. Most of the measure-
ments were performed close to critical, but we did make
some aroundk5 0.96. While the statistics are very poor,
it was possible to extract ana value. However, more
work has to be performed before we can truly assess the
uncertainties of such measurements at more subcritical
levels.

The conclusions from our Feynman-a measure-
ments are essentially the same as those for Rossi-a ~as
they should be, given the relation between the two!.Again,
we have poor measures without using high-efficiency
detectors, and we see the same 8% spread in comparing
separate measures. Atk 5 0.96 ana was inferred, but
again we must assess the uncertainties.

Finally, CPSD measures demonstrated the inference
of a through the break frequency. As in all cases, the low
S0N ratio is a problem.

In summary, the Rossi-a, Feynman-a, and CPSD
methods do yield consistent results. The conditions are
less than ideal because of the need for very high effi-
ciency chambers and the inherent background fission rate
in MASURCA. However, it seems that our measures are
consistent to the order of 10 to 15% at this stage, which
may be adequate for off-line calibration monitoring of a
system at deep subcritical levels.

V.C. Spectroscopy Measurements

Neutron spectrometry in fast neutron reactors is not
trivial considering spectra are continuous, ranging up to
a few mega-electron volts, and especially because the
neutron flux is very large even in a small research reac-
tor ~about 106 to 108 n0cm2{s, depending on the operat-
ing conditions!. We recorded the core neutron spectrum
for the first time with a3He proportional counter, which
gives the neutron energyEn through the relationEn 5
Edetected2 Q and whose energy calibration is easy due to
the thermal neutron peak atQ5 764 keV. For such mea-
surements the response function of the detector, which is
not a monodimensional bijection due to the finite size of
the counter and to the competition between~n, p! reac-
tions and elastic scattering, first must be obtained with
monoenergetic neutrons. Once this response function ver-
sus the neutron energy is known, it is possible to extract

Fig. 17. The CPSD measured in continuous-current mode
with high-efficiency detectors at positions L1 and L2. Thea
value from the fit equals about 5416 s21.
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the neutron spectrum from the experimental spectrum
recorded in the core by an iterative subtraction method.33

The result, obtained from a measurement made in the
fuel zone close to the reflector and forkeff 5 0.96~con-
figuration V!, is shown compared to the neutron spec-
trum simulated with the Monte Carlo code MCNP-4C in
Fig. 18. The overall agreement is rather good up to
600 keV, which represents about 75% of the flux. Around
450 keV an underestimation is seen that is inherent to
our subtraction method, which fails to fully reproduce
the flux depression due to the oxygen resonance around
400 keV; it induces an overestimation for a few follow-
ing lower-energy bins. The extraction method is still be-
ing improved. Above 600 keV the extraction of the
spectrum was not possible since the experimental spec-
trum is spoiled by counting rate due to background re-
actions in the counter itself, which has the same order of
magnitude as the neutron reactions on3He. This is oc-
curring because the3He pressure in the counter is very
low. To solve this problem, the3He pressure will be
slightly increased and a background measurement with a
3He free counter will be systematically made and sub-
tracted from the spectrum.

We aim to be able to measure neutron spectra up to
mega-electron-volt energies. This technique will allow
us to validate our simulations in a subcritical medium.

VI. CONCLUSIONS

During the past two years, the MASURCA facility
has been set up to perform the MUSE-4 experimental

program, including the installation of an advanced neu-
tron generator~the GENEPI deuteron accelerator!, the
installation of new calibrated detectors and electronics,
new data acquisition, new auxiliary systems, and last but
not least, obtaining the license to operate in critical and a
range of subcritical configurations coupled with the D-D
and D-T external neutron source.

Indeed, MASURCA reached its first criticality in
the MUSE-4 Reference configuration on January 10,
2001. In addition, exploratory configurations with sub-
criticalities ranging fromkeff 5 0.85 to closer to critical
~20 pcm! were studied with the Pu inherent source and
with the D-D source supplied by GENEPI.

The systematic characterization of the properties of
the MUSE-4 configurations is progressing. In this paper
the spatial distribution of the neutron fluence~235U re-
action rate!, several spectral indices at different posi-
tions, activation measurements, and the first evaluation
of the critical Reference configuration based on the SM
and MSM techniques were presented.

In addition, the kinetic behavior of several subcriti-
cal MASURCA configurations operated with a pulsed
D-D neutron source have been studied, testing several
techniques for reactivity monitoring and evaluation.

The point-kinetic reactor model predicts an exponen-
tial decay of the fluence after a pulse and a linear rela-
tion between the decay constant~of any detector! and the
reactivity. The experiments presented in this paper show
that a simple exponential relation cannot be assumed to
be valid in all cases, especially for detectors in the shield-
ing and to a certain extent in the reflector. For short

Fig. 18. Neutron spectrum in the fuel zone simulated with MCNP forkeff 5 0.96~configuration V! compared to the spectrum
measured with a3He counter.

150 SOULE et al.

NUCLEAR SCIENCE AND ENGINEERING VOL. 148 SEP. 2004



times after the neutron pulse~,20 ms!, different detec-
tors present different time response functions, not nec-
essarily exponential. On the other hand, it has been shown
that after a first period after the neutron pulse~ranging
from 10 to 50ms for different reactor configurations!,
the fundamental mode behavior of the reactor is progres-
sively approached. The results presented show that, at
least, it appears to be a one-to-one relation between the
reactivity and the exponential decay constant, in the in-
termediate time range, of each detector~position and
type!. In addition, it has been shown that a precision
better than 30% in the absolute value of the reactivity
can be achieved by this method. On the other hand, Monte
Carlo simulations indicate the presence of systematic er-
rors in the exponential decay at long times~.100 ms!
when the detector is based on the235U fission. These
effects are enhanced by the large fission probability of
the epithermal neutrons “accumulated” on the reflector.

The full information contained in the PNS experi-
ments can be extracted only with the help of detailed
computer simulations that allow us to take into account
the spatial and spectral effects affecting the different de-
tectors. Several strategies are being tested for this pur-
pose. One of these methods presented in this paper, based
on the use of the first microseconds after the neutron
pulse, has given very promising results for the configu-
rations studied.

Finally, several noise techniques, Rossi-a and
Feynman-a, have also been explored as complementary
methods for reactivity monitoring and calibration. The
results obtained are consistent with other methods and
calculations for reactivity and dynamic parameters such
asb0L.

In addition, we have performed preliminary neutron
spectroscopy measurements. We are in the process of
analyzing the suitability of this technique in fast reactor
systems. It is too early to draw definite conclusions.

Most of the subcritical measurements presented in
this paper were performed in largely deformed reactor
configurations. Consequently, the previous conclusions
require confirmation from other configurations corre-
sponding to the same reactivity levels. Indeed, the
MUSE-4 program foresees these measurements in four
configurations~SC0, SC2, SC3, and SC3 with a lead
zone! until the beginning of 2004, which will allow us to
perform the previously described measurements, make
comparisons at different reactivity levels, and evaluate
the uncertainties.
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