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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 & I'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 aroungsk= 0.995. Deeper subcriticality (k = 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 (Rossiz and Feynmarnx), 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 1. to improve our knowledge of the neutronic be-
havior of multiplying media driven by an
The commissioning of a future industrial accelerator- external neutron source, by experimentally char-
driven systenfADS) qualified to transmute large amounts acterizing configurations of interest

of minor actinides and long-lived fission produtisill i . .

need numerous technological demonstrations sustained 2- t0 define experimental methods allowing the de-
by an extensive basic research and developr(R&D) termination of subcriticality levelgwithout the
program in the field of nuclear data, accelerators, spall- need to achieve criticalifyin support to the op-
ation targets, fuels, and subcritical systems. As concerns eration of an ADS

this last theme, the MUSE experiments performed at Ca- 3. to define recommended calculation routes for the

darache Centdﬂ:rance in the MASURCA reactor rep- neutronic pred|ct|ons of ADﬁnclud”’]g nuclear
resent a fundamental step for the understanding of the data, calculation tools, biases, and residual
neutronic behavior of a subcritical multiplying medium uncertainties

driven by an external neutron source. Conducted in a

low-power mock-upg power< 5 kW) in which temper- The mainspring of the MUSE-4 experiments, the

ature effects are negligible, these experiments are bas&ENEPI (Générateur de Neutrons Pulsés Intgnseu-
on the use of a well-known external source, in terms ofron generator is born from a close collaboration between
intensity and neutron energy, and they exploit the origi-CEA and CNRS. Built specifically with a view to these
nal idea to separate the experimental validation of thexperiments, its main characteristicis to deliver very short
subcritical multiplying medium’s behavior from the ex- pulses(<1 us) with a repetition rate going from a few
perimental validation of the source characteristics. hertzto 5 kHz. Details about the setup are givenin Sec. Ill.
From 1995, the MUSE-1 and then the MUSE-2 ex-The measurement program, after a first step of character-
periments, performed with 2°2Cf source located at the ization of a critical configuration described in Sec. 1V, is
center of the MASURCA core, aimed to demonstratébased on a parametric approach and the use of many ex-
that experimental measurement techniques used for criperimental techniques and analysis methods.
ical cores also could be used for subcritical configura- Among the neutronic parameters we wish to mea-
tions. Later, the MUSE-3 experiments constituted thesure, the determination of reactivity levels is of prime
first important parametric study with the loading of sev-importance. In fact, among the safety demonstrations
eral configurations with increasing subcriticality levels.that will precede the commissioning of an ADS, the proof
Based on the use of a commercial neutron generatoof the reactivity level mastery will be decisive for the
these experiments helped to optimize the design of thacceptability of such a machine. A large fraction of the
MUSE-4 program and to refine the characteristics of @fforts of all experimental teams involved in the MUSE
neutron source, more intense and more suitable to therogram has been devoted to this objective.
envisaged measurements. A brief summary of these ex- In a practical way, two families of analysis methods
periments is given in Sec. Il. are used. The first one aims to study the decreasing of
Funded by the 5th Euratom Framework Programmeéhe neutron populatiofprompt or delayed neutronaf-
of the European Commission and supported by théer the injection of a neutron source pulsrilsed neu-
GEDEON French research organizatignewly GEDE-  tron sourcé PNS method, Sec. V.A The second family
PEON), the MUSE-4 experiments are now taking placeinvestigates the neutronic fluctuations in the fission chains
within the framework of a large international collabora- (noise measurements, Sec. Y.B
tion, including 16 organizations from 12 countries. The  The first coupling between MASURCA and GENEPI
three main objectives of this program are with a deuterium target happened on November 27, 2001.
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A series of measurements in a slight subcritical config- [1.B. The MUSE-3 Experiment

uration (ke = 0.994 was performed at the end of 2001 ]

and the beginning of 2002 not only to get preliminary ~ 1he MUSE-3 experimefiwas performed from Feb-
results but also to have a first feedback on experimentdHary to April 1998 and consisted of introducing[a, T)
conditions necessary to improve measurements in th#-MeV neutron generat¢SODERN GENIE-26loaded
next phases. The study of subcritical configurations belnside a standard MASURCA subassembly, at the core
gan again at the beginning of October 2002 to continu&enter of different subcritical configurations, the tritium
until the end of year 2003 with subcriticality levels rep- target being located at the core median plane. The core
resentative of an industrial AD&e; = 0.97 then 0.95  Was cylindrical around the SODERN generat60-cm

As concerns the definition of a recommended routdigh and about 50 cm in diameyeand its composition
for the prediction of ADS features, two main actionsWas MOX fuel with Na as coolant. The reflector was

have been launched. made of Na and stainless steel. The GENIE-26 generator
First, a calculation benchmark under the auspiceBroduced 150-keV deuteron pulses of a few microsec-

of the Organisation for Economic Co-operation andonds(with a repetition rate of 200 Hzon a tritium tar-
DevelopmeniNuclear Energy Agency has been defined 9€t, providing a source of about1@/s. N
Sixteen organizations from 14 countries are taking partin A critical reference was followed by three subcriti-
this exercise. Results from the first two of the three step§@l configurations of about 500, —1000, and—1500
that compose this benchmark are currently under analy2cm, respectively, which were obtained by unloading
sis. Second, the problems related to the propagation amgripheral MASURCA subassemblies from the critical
the streaming of the spallation neutrons are investigateigference. In a later phase, the neutron generator was
in the SAD* (Subcritical Assembly in Dubnaexperi- surrounded .succes_swely by sodium and pure lead buff-
ments. This program aims to study different spallatiorf'S, to modify the importance of the 14-MeV neutrons
neutron sourceéPb, Pb-Bi, W targetsproduced by the emitted by the generator. In these two configurations, a
660-MeV protons of the Dubna synchrotron, with and with-Subcriticality level of about-5500 pcm was obtained by
out the presence of a multiplying medium. These experiddjusting the external fuel loading. _

ments will allow the validation of the transport calculation A full-core characterization was performed in terms
tools and the nuclear data treating the deep penetration affi>>°U axial and radial fission rate traverses, and the
the activation of the materials far away from the sourceeffect of the buffer surrounding the source on the flux
and the multiplying medium. These two major actions aréhape and on the total power level were investigated.
not discussed in this paper. In the following all reactivi-€ach subcritical configuration, measurements were also
ties will be expressed in “pcm” units: One pcm corre-Performed with the generator working in the pulsed mode
sponds to a reactivity of 1&. Moreover for the whole paper N order to test a method of reactivity determination using
and MUSE-4 results, according to a cross-power spectréi€ PNS technique. An example of these measurements
density measuremehof Bey giving 335+ 7 pcm, theBey 1S shown in Fig. 1 for several subcritical levels.

value will be settled to 335 pcifsubsequently no error Interesting conclusions could be drawn concerning the

However, the in-depth analysis of these measurements

was made very difficult by experimental biases. Indeed, it

[l. REVIEW OF THE MUSE PROGRAM was observed that light materials—used for high-voltage

. insulation inside the generator—thermalized some neu-
Il.A. The MUSE-1 and MUSE-2 Experiments trons in the reactor and perturbed the PNS measure-

The MUSE-1 and MUSE-2 experime#tswere very ments3—8 Because of these problems, only a few of these
short(weeks experiments performed in 1995 and 1996measurements were analyzed in a satisfactory manner.
to demonstrate the feasibility of neutronic measurements Nevertheless, very interesting conclusions could be
and core characterization of a subcritical reactor driveirawn from this experiment to optimize the design of the
by an external source in MASURCA. In these experi-MUSE-4 experiment. For example, important recommen-
ments, &52Cf source was introduced in the center of thedations were given to define a new pulsed source and to
facility, whose reactivity had been lowered to a subcrit2meliorate the quality of the experiments and their analy-
ical level. The reactor was loaded with conventionalxJO Sis, such as
PuG; fuel (Pu enrichments 25%) with sodium coolant.

Core characterization was performed in term$%8f
axial and radial fission rate traverses, and the effect
the axial position of the external source on the fluxshape 5 e monitoring of the external neutron produc-
and on the total power level were investigated. tion is essential.

1. There should be no light materials in the part of
otlhe neutron sourcéGENEP)) in the reactor.

3nternational Scientific and Technology Center Project 3. The detectors and analyzers should have time con-
No. 2267. stants and performances suited for PNS measurements.
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Fig. 1. Pulsed neutron source measurements in MUSE-3 for different subcritical levels.

In spite of the problems, the MUSE-3 experimentwag
a very fruitful and important step in the MUSE program.

I1l. EXPERIMENTAL SETUP

IlI.A. The MASURCA Facility

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

These tubes are hung vertically from a horizonta
plate supported by a structure of concrete. The core itse
can reach 600@&. 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 rea@
tivity control is fulfilled by absorber rods in varying num-
ber depending on core types and sizes. The control rog
are composed of fuel material in their lower part, so tha|
the homogeneity of the core is kept when the rods ar
withdrawn. The core is cooled by air and is surrounde
by a biological shielding in heavy concrete, allowing
operation up to a flux level of 0on/cm?-s. Core and
biological shielding are maintained at a reduced presg
sure, relative to the outside environment. The maximu
operating power of the facility is limited to 5 kither-
mal). Figure 2 presents a picture of a MASURCA core
loading from the bottom. Fig. 2. MASURCA core loading from the bottom.
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I11.B. The Pulsed Neutron Source GENEPI TABLE |

The GENEPI acceleratdsee Fig. 3was especially Deuteron Beam Characteristics
designed and built by ISN Grenoble for the MUSE ex-
periments in the MASURCA facility for brief neutron Eg:?cﬂ:ggggi\;) égo t0 240
injections with a very fast intensity decrease500 ns. Repetition rate Hz) 10 to 5000
To do this, deuteron impulses are created, focalized, ag-  \jinimum pulse
celerated, and guided onto a deuterium or tritium tita duration(1079 s) 700
nium target(TiD or TiT, respectively. The beam peak Mean beam currertuA) 200 (for a duty cycle
intensity is~50 mA with a width of less than is. The of 5000 H2
repetition rate can vary from a few hertz up to 5 kHz,|  Spot size(mm) ~20 in the diameter
providing about 3x 10* neutrons per pulse with the TiD Pulse reproducibility Fluctuations at 1% level

target(~1.2 X 10® n/s at 4 kH2 and about 3x 10°
neutrons per pulse with the TiT target1.2x 10*° n/s
at 4 kH2. The main characteristics of the ion beam are

indicated in Table I. actions is determined by both tf#éNi(n,2n)5’Ni and

The on-line monitoring of the neutron production seNi 57 . induced b ith
for both deuterium and tritium targets is based on the Ni(n.np)>’Co reactions induced by neutrons with an
ergy higher than 13 MeV.

detection by Si detectors placed upstream of the target &

1. the recoil protons induced by the(@p) T reac- l11.C. Core Experimental Configurations
tion, which occurs about as often as th@)3He
reaction on the deuterium target 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 c@feu enrichment of~25%
with ~18% content 0f£4%Pu) with sodium coolant.

The characterization of the neutron production  The fuel zone is radially and axially reflected by
yield is based on the activation analysiSgifli foils. For ~ a stainless stegsodium (75%/25%) shielding. The
the 2.67-MeV neutrons produced by thed)n)®He  GENEPI deuteron guide is horizontally introduced at the
reactions, the®®Ni(n, p)°8Co reaction is used. The 14- core midplane and the deuterium or tritium target is lo-
MeV neutron spectrum produced by thédTn)“He re- cated at the core center. To compensate the spatial effect

2. the recoil alpha particles produced by the
T(d, n)*He reactions on the tritium target.

HV DEUTERON

PULSED SQURCE BEAM GUIDE

ACCELERATOR

) MASURCA

1METER
| SEESSE———

Fig. 3. The GENEPI accelerator coupled to MASURCA.
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due to the presence of the GENEPI guide in the north 1. acritical configuratioricalled Referendeshown

part of the loading, the south symmetrical part is loaded in Fig. 4

with pure lead99.99% of P, simulating the Pb circu- 2. three successive subcritical configurations named
lation of the target. To simulate the physical presence of SCO, SC2, and SC3, witk; being successively

a Pb spallation source, a pure squéiré-cm-thick lead about 0.994, 0.97, and 0.95, respectively; these

zone is placed around the GENEPI target.

The reactivity control is fulfilled by four safety rods
(SR) composed of BC 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.  Several complementary configurations will be ob-
Moreover, a fine-tuning rod, the pilot rodPR), allows tained from the previous ones by insertion of safety
the achievement of criticality and the expected powepilot rods. These asymmetrical configurations will be of
level by adjusting its axial position. interest in the framework of studying the spatial decou-

Because the measurements are based on a paramgling effects and the excitation of the high-order—flux
ric approach, mainly four different experimental config- harmonics(the flux tilting could be amplified by the
urations will be studied: external source

three configurations will be obtained by replac-
ing radially some peripheral fuel cells by stain-
less steelsodium cells.

Ay

North
Na/SS reflector
L2 Fuel L1
L7
= N East
West = 1 >}.(

L10 PR

L3 L5 L4

South

Fig. 4. XY cut of the MUSE-4 Reference critical configuration at the core median plane with measurement locations.
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TABLE I
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Core Configurations of Measurements

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

Configuration Core Loading p measurement periods.
Name and Rod Status (pcm)
[11.D. Detectors and Measurement Locations
| Ref. 1114 cells
3SR up, SR1 dowr The detectors used for the measurements described
PR down in this paper are mainly fission chambédisCg. They
I Ref. 1114 cells are summariz_ed in Table IIl. _ .
3SR up, SR2 dowH] The locations of measurements are summarized in
PR down Table IV and shown in Fig. 4. ThéX,Y) coordinates
) give the locations of the vertical channels according to
i 3221086 cells SM: 452+ 30 Fig. 4, andZ gives the coordinate on the vertical axis
up PNS: 466+ 70 " _ .
PR up (X = 0,Y=0) centered on th_e m'ldplane of the core. Two
radial channels also shown in Fig. 4 allow measurements
v SC01086 cells SM: 593+ 40 in the (X,Y) plane: the west-easW-E) channel(Y =
4SR up PNS: 603+ 101 2.1 cm,Z = —9.5 cm and the south-nort{5-N) channel
PR down (X=—7.4cm,Z=—0.6 cm.
\Y% SC01086 cells MSM: 4221+ 268 For each type of measurement the locations of the
3SR up, SR1 dowr detectors used will be specified in the corresponding
PR down section.
VI Ref. 1115 cells MSM: 3795+ 241
3SR up, SR2 dowr
PR down IV. CHARACTERIZATION OF A CRITICAL
VIl Ref. 1115 cells RD: 120+ 7 CORE: THE REFERENCE CONFIGURATION
4SR up
PR down IV.A. The Need for the Reference
VIl Ref.1114 cells 15000 Configuration
gSRRdg\cI)er:n 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-

Here are described the first experiments performeduations due to the heterogeneous central zdfess,
in the Reference and SCO configurations with theaccelerator. In this context, the establishment of a crit-
D(d,n)3He source only. Table Il reviews the different ical configuration, prior to subsequent driven subcritical
configurations obtained with the safety and pilot rods forcores, offers the advantage of system calibration in terms
which measurements were performed. It gives also thef reactivity. More precisely, rod drop measurements, as

corresponding value gf (in pcm) when it was possible presented in Sec. IV.D, yield the reactivity worth of the

to get it, from the source multiplicatio(SM) method, control and safety rods, leading to improved determina-
the modified source multiplicatiotMSM) method, the tion of the level of each future subcriticality. This last
MSM factor value correcting the SM value for subcriti- point is essential to the study of the validity of different
calities lower than 1000 pcm, or rod drORD) measure- dynamics measurements envisaged for the assessment of

TABLE Il
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 SHe
Mass(mg) 13 13 13 13 14.9] 107( 2 149 1070 1110 1110 1000 Gas counter
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TABLE IV

Measurement Locations

Location

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

X (cm) 50 —50 —50 50 10 70| —20 —80 10 [ —21.8 | -0.6 | —20 10
Y (cm) 45 45 | =35 —35 —-35 75 25 75 5 —256 | —-47 5| —45
Z (cm) 0 0 0 0 0 0 0 0 50 z z 0 0

the level of subcriticality in a future ADS. Moreover, the ERANOS reaction rate predictions are consistent with

analysis of the reference configuration facilitates a dethe measured experimental values. If this is the case,
coupling of the spectral variations due to the fundamenthen the total fission rat@and therefore the core power

tal mode flux distributior{see Sec. IV.Band the presence as calculated by TGV can be accepted with a certain

of the external sourcesee Sec. IV.¢. Therefore, the two confidence level.

following sections quantify the codes’ predictive capa-  Comparisons are presented in Figs. 5 and 6 between
bilities regarding the spectral perturbations related to théhe measured and predicted reaction rates for an axial

various geometrical interfaces. (L10) and the W-E radial channel with a thermal and a
threshold reaction rate.
IV.B. Spatial Distributions (Traverses) Note that Figs. 5 and 6 incorporate data for both

h Kd ibed ied out t ¢ hermal(*°B and?2°U) and threshold?3"Np and?*°Pu)
€ Work described was carried out 1o support, angqotions, The axial and radial channels’ coordinates are
ensure the quality of, the MUSE-4 experimental pro-

dt it with th ficati Fh he same as in the previous paragraph. Good agreement
gram and to assist with the specitication ot the Coré CoNgg opiained between the measured and predicted reaction

figurations. Ranges of parameters were generated USIRBte distributions in the central lead and fissile zones. A
a dataselwith a simplified core geometry and set of giijar comparison in the reflector region at thermal en-
|sotope$ made available to all MUSE-4 partners. Th'.s ergies(see Fig. 6ashows that some refinements to the
paper will focus on the calculated and measured reacti RANOS model or methodology could be required to
rate traverses since these are independent from any P&ehieve the same degree of accuracy as that attained in
calculated parameters. the fissile region.

Reaction rate measurements from a subcritical core
with GENEPI activated are expected shortly, which hope-

All of the calculated data reported in this sectionfully will enable the validation matrix for ERANOS to
were generated using the ERAN®Ref. 7) determinis- be extended further to subcritical source-driven systems.

tic code suite(European_Ractor ANalysis Qptimised

IV.B.1. Calculation Procedure

Systemn), which was developed by the CEA in collabo- IV.C. Spectral Indices Given

ration with other R&D organizations. The JEF 2.2 nuclear by Foil Activations

data library was used throughout this work. Three- _ o

dimensiona[ TGV-VARIANT (Ref. 9] neutronic mod- The results of foil activation measurements per-

els of the MUSE-4 cores were constructed using the pformed in the Reference critical configurati@ri 15 cells
approximation for the anisotropy treatment of the cros&@'® presented in the current section. Comparisons are
sections and the simplified P3 approximation for the fluxmade with calculations using MCNP-4(Ref. 10 to
(in 33 energy groups The resultant flux solutions and interpret the experimental results and to investigate the

group constants were then processed using the diver§@pabilities of the stochastic code to reproduce the spec-
range of functions embedded within the overall ER A-tral perturbations in terms of reaction rate variations across

NOS calculation scheme. the regions of interest, principally near the accelerator
lead, leadfuel, and fuefreflector interfaces, where spec-
IV.B.2. Comparison of Calculated and tral fluctuations are more important.

Measured Traverses

) ) ) IV.C.1. Experimental Procedures
A matrix of radial and axial traverses was generated

for Reference loading in critical configuratiohl115 cells The choice of foils has been guided mainly by the
andp = 0) to compare the predicted and experimentaheed to cover as wide a range of threshold energy values
reaction rates. The intention was to confirm that theas possible. The list of the activation foils employed

NUCLEAR SCIENCE AND ENGINEERING VOL. 148 SEP. 2004
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Fig. 6. Axial traverses thermal and threshold reaction ra®s*3°U and(b) 24%Pu.

includes a large number of threshold and nonthresholler. Location F2 permits a study of the impact of the lead
reactions. Most of the foils are disk shaped, with a thick+egion, while F3 and F4 were selected for highlighting
ness of 0.25 mm and a diameter of 9 mm. However, fothe potential core asymmetry. Location F5 characterizes
instance, each of the Np@amples used consists of nine lead moderatiofmultiplication effects, while location F6
spheres of 0.8 mm diameter contained in a titanium boxprovides a useful test of code capabilities to treat stream-
All activation samples were located inside experimentaing effects along the voided accelerator-tube region.
aluminum rods, which have a cross section of 10 mim Finally, locations F7 to F10 permit a study of spectral
10 mm. These rods were inserted into two radial chanvariations along the W-E axis. The achievement of accu-
nels(W-E and S-N and the L11 axial channel. On the rate foil activation measurements requires that particular
basis of calculations, 10 different locations were seattention be given to the application of necessary correc-
lected for activation foil irradiations. These locations aretions and the treatment of experimental uncertainties.
indicated in Table V. The corrections applied result from either the irradiation
Location F1 was considered as a normalization pointonditions(power normalization, self-shielding, etor
in an unperturbed region near a calibrated fission chanfrom physical effects associated with thecounting of
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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 -0.6 -7.4 -7.4 -7.4 -7.4 -53.0 -31.8 —10.6 0.0
Y (cm) 21 -4.7 -10.6 10.6 -21.2 37.1 2.1 2.1 2.1 2.1
Z (cm) -9.5 -0.6 -0.6 -0.6 -0.6 -0.6 -9.5 -9.5 -9.5 -9.5

the irradiated foilg§detector efficiencyy self-absorption, with MCNP-4C, although it is the JEF-2.2 library that
coincidence effects, etc'! Finally, the corrected mea- has been employed for the neutron transport calculation.
sured saturated activities are used to deduce results thalthough generally satisfactory agreement is obtained
can be compared with the calculated integral reactiofor F4, F5, and F6, significant discrepancies are indi-
rates. 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 current MCNP-4C analysis of the experiments ~ The spatial variations of two other threshold reac-
has been carried out using the JEF-2.2 libtarfpr the tions (>32Th and?3'Np fission have been studied, this
transport of neutrons in conjunction with the ENIB®®  time in terms of traverses along the W-E axis, i.e., with
dosimetry data files for the calculation of the thresholdmeasurements at locations F7 to F10. For instance, the
reaction rates. This calculation scheme has been commoderation effects in the central lead region are clearly
pared to others via an international benchmarkingeflected in the observed decrease of the threshold fis-
exercise-3 sion ratethe measured ratio 810 is 0.86+ 0.05 and

The three different nonthreshold reactions that hav€.94+ 0.04 for232Th and?3'Np fission, respectively
been considered here are captures-itin, 5°Co, and In contrast to Table VI, which does not provide a
64Zn. Calculationexperiment(C/E) values for the ra- direct indication of the neutron spectrum at the different
tios of saturated activities at F2 to F6, relative to F1 inlocations, in Table VII we present calculated and exper-
each case, are presented in Table VI. The results appearental spatial variations of several spectral indices. These
very satisfactory when one considers the correspondinigave been considered in terms of reaction rate ratios,
uncertainties. Table VI gives also the MCNP-base®C relative to''%In(n,n’), at locations F2 to F6, with the
values for the threshold reactions. As mentioned earlierelatively unperturbed core position F1 serving as refer-
the ENDFB6 dosimetry file was used in conjunction ence for each index. The reactié#In(n,n’) has been

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

TABLE VI
Calculatiory Experiment Values for the Spatial Variation of Different Reaction Rates

Threshold F2/F1 F3/F1 F4/F1 F5/F1 F6/F1

Reaction (MeV) Code/Library (C/E) (C/E) (C/E) (C/E) (C/E)
In(n,y) — MCNP/JEF-2.2 0.92+ 0.07 | 0.94+ 0.07 | 0.90+ 0.07 | 0.94+ 0.07 | 0.86+ 0.07
64Zn(n,y) — MCNP/JEF-2.2 0.96+ 0.03 | 1.01+0.03| 1.01+0.03 | 1.01+0.03| 0.97+ 0.03
197%u(n,y) — MCNP/JEF-2.2 0.98+ 0.03 | 1.01+ 0.03| 0.96+ 0.03 | 0.98+ 0.03 | 1.00+ 0.03
n(n,n") 1.2 MCNR'B6-dosimetry| 0.8%- 0.02 | 0.95+ 0.02 | 1.01+ 0.02 | 1.02+ 0.02 | 0.96+ 0.02
59Co(n, p) 2 MCNP/B6-dosimetry| 0.60t 0.06 | 0.84+ 0.06 | 0.88+ 0.06 | 1.01+ 0.06 | 1.02+ 0.06
58Ni (n, p) 2.8 MCNR'B6-dosimetry| 0.84t 0.03 | 0.94+ 0.03 | 1.02+ 0.03 | 1.06+ 0.03 | 0.99+ 0.03
64Zn(n, p) 2.8 MCNR'B6-dosimetry| 0.83: 0.05| 0.96+ 0.05| 1.06+ 0.05| 1.08+ 0.05 | 1.04+ 0.05
54Fe(n, p) 3.1 MCNRB6-dosimetry| 0.82£ 0.04 | 0.93+0.04 | 1.00+ 0.04 | 1.07=0.04 | 1.00+ 0.04
56Fe(n, p) 6 MCNF/B6-dosimetry| 0.39- 0.06 | 0.75+ 0.06 | 0.84+ 0.06 | 1.00+ 0.06 | 0.95+ 0.06
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TABLE VII
Calculated and Measured Spatial Variations of Spectral Indices
Spectral Index Type of
[Threshold in Me\| Result F2F1 F3/F1 F4/F1 F5F1 F&/F1
64Zn(n,y)/*%n(n,n’) | Experimental 1.66: 0.05| 1.28+0.04 | 1.28+0.04 | 1.14+0.04 | 1.10+ 0.04
[-1/[1.2] MCNP/B6-dosimetry| 1.8% 0.09 | 1.40+ 0.07 | 1.27+0.06 | 1.15+ 0.06 | 1.13+ 0.06
58Ni(n, p)/**%In(n,n’) | Experimental 0.7G: 0.03 | 0.84+ 0.03 | 0.85+ 0.03 | 0.90+ 0.04 | 0.95+ 0.04
[2.8]/[1.2] MCNP/B6-dosimetry| 0.65- 0.03 | 0.83+ 0.04 | 0.85+ 0.04 | 0.94+ 0.05| 0.98+ 0.05
64Zn(n, p)/*™%n(n,n’) | Experimental 0.65- 0.04 | 0.81+0.04 | 0.80+ 0.04 | 0.89+ 0.05| 0.90+ 0.05
[2.8]/[1.2] MCNP/B6-dosimetry| 0.64- 0.03 | 0.82+ 0.04 | 0.85+ 0.04 | 0.95+ 0.05| 0.97+ 0.05
S4Fe(n, p)/BIn(n,n’) | Experimental 0.66- 0.03 | 0.83+0.03 | 0.86+ 0.03 | 0.90+ 0.04 | 0.93+ 0.04
[3.1]/[1.2] MCNP/B6-dosimetry| 0.64t 0.03 | 0.82+ 0.04 | 0.86+ 0.04 | 0.94+ 0.05| 0.98+ 0.05

chosen as the denominator for the indices partly becauseds in nuclear reactors. It is based on measuring the

of the high experimental accuracy achieved for its deterpower of the reactor by neutron counters and solving the

mination and partly because its threshold of 1.2 MeV igoint-kinetics equations to calculate the dynamic reac-

relatively low. tivity p(t) (Ref. 15:

The moderation effect of the central lead zone is q

clearly indicated by the FF1 ratios of the spectral in- ) = g + A — Inn(t

dices, with the value for the nonthreshold reaction raté)( ) =B dt [inn()]

64Zn(n,vy) being greater than 1.0 and those for the higher- .

threshold reactions all being less than 1.0. Furthermore J , ,
AL e oS, - A exp[—A(t—t)]dt’ — A

the manner in which the effects of the lead region dimin- h o N(1) XA )

ish with distance is well quantified by the changes in the

spectral indices between 21, F¥F1, F¥F1, and F@ (2)

F1. Regarding the core asymmetry created by the pregrere 5 and ) are the delayed neutron fraction and the

ence of the accelerator tube and lead zone, this ig ; ;

X . 2 orresponding precursor decay constant atglthe gen-
characterized by the ratios fi81 and F4F1. Itis Seen  gra4iqn time. Often the source strength) is not known,
that the differences are largely well within the indicatedyiq,9h methods exist to determine the source strength
1-sigma uncertainties, confirming that asymmetry €fy., 1 measuremenf For fast reactors with a very short
fects are minor when the accelerator is not Operat'n%eneration time\, the above expression can be simpli-

|

() s(t)

n(t) -

The corresponding differences in the source-driven sulf;oq using “micro kinetics.” The result for the reactiv-
critical configurations are, of course, expected to be muc y in dollars (t) = p(t)/8 read4s
greater.

Regarding the comparison of calculated and experi- 1
mental results in Table VII, agreement is seen to be well #(t) = N [n(t) + No(po — expl—At])
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 Compared with Eq(1), this expression has two ad-
MUSE-4 program. Use of the currently reported spectra| aniages. First, it does not require the external source
indices for unfolding the neutron spectrum at specificsirength to be knowialthough the value of the initial
locations is expected to provide useful SUppleme”tarYeactivityﬁo might seem as hard to get ag, and sec-
information. Similar studies in the subcritical configura-ond, it makes no use of the generation time. The latter is
tions will contribute to the experimental characterizationy consequence of the fact that use is made of prompt
of other ADS-specific features, e.g., those related to th§ssjon chains, instead of individual fissions, which is
external source, which have already been investigateghjiq only if the reactivity does not change during a
numerically-* prompt fission chain. For fast reactors, and certainly for
MASURCA, this limitation poses no problem. As stated
above, a prompt fission chain takes less thars lwhile

The inverse point-kinetics method is a well-knowna safety rod drop that reduces the reactivity with about
method to determine the reactivity worth of the control10 $ takes more than 1 s. This means that the reactivity

- /\ftn(t’)exp[—)\(t —t)]dt | . (2

IV.D. Rod Drop Measurements
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changes about 0.001 $ during a prompt fission chainand the corresponding precursor decay constants for the
which indeed is negligible. For a subcritical reactor, thesix families were calculated for a critical reactor by the
duration of a fission chain is even shorter. For six defX2 diffusion codé® using a 25-group cross-section

layed neutron groups, ER) reads® library.
1 5 B, The above-mentioned two-dimensional diffusion code
p(t)=——[nt) +nolpo— at | exp—A;t] (FX2) and the 25-group nuclear data library were also
n(t) =1 B ! used to calculate the reactivity worth of the safety rods

6 g [ SR1 and SR2. To this end, the lead target and the vac-
I , , , uum beam tube were smeared, and thf¥ealculations
;1)“ B fo n(texpl—4;(t = t)]dt ] " 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
Measurements have been performed starting witl ke Of nearly unity for the unrodded core. Three-
the reactor in critical statReference 1114 cellsin all  dimensional calculations were performed with the Monte
experiments, first the fine-tuning rod PR had to be in-Carlo code MCNP to get some kind of calculation refer-
serted, after which either SR1 or SR2 were dropjgedi- ence solution. The results were performed both with nu-
figurations | and 1). Each experiment has been repeatedlear data from JEF-2.2 and from the ENDIFAB nuclear
twice (run 1 and run 2to verify its reproducibility. The data files. Two MCNP results are given: one with the
fission chambers D1 to D4 were in L1 to l(4eflectop,  cross section of lead taken from the ENDF\Bdata file
respectively. and one with the cross sections of all nuclides taken
From Eq.(3) it can be seen that two input data arefrom the ENDF-B'VI file. The results are given in
needed for the analysis: the initial reactivjgy and the Table VIII, together with the measurements.
delayed neutron dafa;, 3;) for six families. The initial As can be seen in Table VI, the difference between
reactivity go can be derived from the experiments by thethe reactivity worth measured with different detectors is
following procedure: If the delayed neutron data are calquite large. This is due to the fact that the disturbance of
culated for a specific state of the reactor, e.g., criticalthe power profile is so large that the inverse point-
and if the reactor is held at that state for a certain perio#tinetics analysis is not valid anymore, especially for the
of time, the reactivity obtained from the inverse point-detectors close to the safety rods. Better values can be
kinetics procedure should be constant for that same p@btained when the influence of the spatial flux distribu-
riod too. This leaves one degree of freedom to fix thetion on the count rates of the detectors is taken into ac-
initial reactivity go. After the rod drop, the count rates count by spatial correction factors. The point-kinetic
become rather low with quite a large noise componentquations can be derived from the neutron transport equa-
which gives an erratic behavior of the final reactivity. tion by factorizing the neutron flux densitg(r,E,t)
This was eliminated by linearly smoothing the count ratesnto a flux shape)(r, E, t) and amplituden(t):
and determining the value of the reactivity after the count
rates were stabilized. The effective delayed neutron yields o(r,E, t) = ¢(r,E, t)n(t) . (4)

]

TABLE VIII

Reactivity Worth Measured and Analyzed with Inverse Point-Kinetics, Compared with 2-D DiffuEX2)
and 3-D Monte-Carlo Calculatio$CNP)*

Run1 Run 2 MCNP
p p FX2 MCNP ENDF-B/VI MCNP
Configuration (pcm) (pcm) JEF-2.2 JEF-2.2 Pb ENDF-B/'V ENDF-B/VI
| D1: 3551 D1: 3585 3719 3652 3585 3685

D2: 3886 D2: 3685
D3: 3752 D3: 3752
D4: 3384 D4: 3216

Il D1: 4054 D1: 4154 4791 4556 4322 4489
D2: 3350 D2: 3317
D3: 4389 D3: 4221
D4: 5025 D4: 4925

*The statistical errors in the Monte Carlo calculations &0 pcm, giving an error for the rod worth of 74 pcm.
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One can shift the major part of the time dependencérom the calculated values. However, after the transient,
of the neutron flux density into the amplitude function when the detector count rates have stabilized, the differ-
by constraining the time dependence of the shape funence between the two concepts, if any, is very small.
tion. To this end, a second equation is needed to hold The reactivity worth of SR1 and SR2 calculated with
some integral value of the shape function constant iMCNP (3685 + 67 and 4523+ 67 pcn) agrees quite
timel” The point-kinetics equations describe the behavwell within the margins of the experimental error. There
ior of the amplitude as a function of time, while the is a difference for the reactivity worth of SR2 calculated
shape function describes the neutron flux as a functiowith data from ENDFB-V and from ENDFB-VI (4322
of space. and 4489 pcm, respectivelybut both calculated values

The shape functions before and after the control roégree with the experimental values.
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 V. METHODS FOR SUBCRITICAL REACTORS
shape functions. The corrected reactivity worth of the
safety rods is given in Table 1X, together with the calcu- V.A. PNS Measurements
lated values.

The safety rod worth measured with monitor D2 is  The power of subcritical reactors must be main-
significantly lower than the other values, while detectordained by an external neutron source, driven in all de-
D1, D3, and D4 do give coherent results for the reactivitysigns of industrial systems by a particle accelerator.
worth of both rods. Because detector D2 appeared to behis fact allows the use of source intensity variations
very unstable during the time of the measureniéiits  and the corresponding reaction of the reactor to monitor
results have been discarded from the analysis. The reatite reactivity of the system and to evaluate its kinetic
tivity worths averaged over D1, D3, and D4 detectors ar@parameters.
3909+ 201 pcm for SR1 and 4534 268 pcm for SR2. The complete kinetic respongwithout feedback

As is well known, the inverse kinetic procedure pro-of the reactor to any arbitrary source perturbation can be
vides the dynamic reactivity, thatis, the reactivity formedderived from the experimental response of the reactor to
by the time-dependent neutron flux, while codes such aa short pulse of the neutron sour@geally a time Dirac
MCNP and FX2 provide the static reactivifthe reactiv- delta sourck GENEPI allows the generation of neutron
ity weighted by the lambda-mode flux of the perturbedpulses with a duration shorter tharu®, which in prac-
system.1” This means that during the rod drop, the reactical terms can be considered as instantaneous when
tivity measured by the inverse kinetics procedure differcompared 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 CalculatiofEX2) and Monte-Carlo CalculationdMCNP)*

Run 1 Run 2
p p FX2 MCNP MCNP
Configuration (pcm) (pcm) JEF-2.2 JEF-2.2 ENDF-B/VI2
I D1: 3886 D1: 3953 3719 3652 3685
D2: 3116 D2: 2982
D3: 3920 D3: 3886
D4: 3987 D4: 3819
Averages 390% 201° 3618
1] D1: 4590 D1: 4657 4791 4556 4489
D2: 4020 D2: 3953
D3: 4690 D3: 4489
D4: 4422 D4: 4355
Averages 4534 268° 4523

*Only the measured values differ from Table VIII.
aThe statistical errors in the Monte Carlo calculations €&9 pcm, giving an error for the rod worth of 74 pcm.
PAveraged over the results of detectors D1, D3, and D4. Results of detector D2 have been discarded.
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~0.58us (experimental value In this way, the measure- decay, with a slope very similar to the core detectors in
ment of the neutron reaction rates versus time followinghe same configuration. Finally, in the cases of lowgr

a pulse of neutrons generated by GENEPI PNS experike; < 0.99, the reaction rate slows its decay rate and
ments allows the study of the system reactivity and sompresents additional structures after a period, which de-

combinations of its kinetic parameters. pending on the reactivity can range from 45 forke¢ =
Figures 7 and 8 illustrate the observed counting rate8.86 to 80us for ke = 0.95.
of different 23°U FCs in MUSE-4 after &d,D) pulse The one-group point-kinetic modélvith one de-

from GENEPI for different reactivitie¥®) These data are layed family) of a reactor predicts that the time depen-
presented accumulated for many neutron pulses and adence of the neutron flux after a pulse of neutrons is
ter subtraction of the constant level of counting pro-injected ig°

duced by the delayed neutrons and the not negligible

inherent source of MASURCAPu spontaneous fission n(t) = (BNe M — pae™ ™) . (5)
and(a, n) reaction$. For detectors in the fuel core, Fig. 7,

a very simple behavior is observed for all the reactivi-In this expression)’ = pA/(p — B), p is the reactivity8

ties. A fast reaction rate increase during the source duras the effective delayed neutron fractionis the delayed
tion is followed by a very short 5- to 1@s stabilization decay constant, andis the prompt decay constaiat=
period, leading to an approximately exponential decayt8 — p)/A = (1 — pg)/(A/B). In most cases of interest
The different decay constants corresponding to differenGENEPI is operated at fixed frequency and amplitude,
reactivities allow the reactor monitoring. On the otherproducing the same time response after each pulse. Be-
hand, the reaction rates on the reflector, Fig. 8, and onause the lowest frequency of GENEPI is 10 Hz, this
the MASURCA shielding present more complex shapesprovides a simplification of the above relation, since for
First, the reaction rate increases progressively during tymll cases of interest then, we can make the assumption
ically 20 to 30 us. Second, it follows an exponential thatA't < 1. This yields an approximation:

Config. Il
Config. IV
Config. V
Config. VIII

gooemn

10 ‘%iﬁuﬁ

Events/pulse — background

]

M
10-6%#9&

0 25 100 125 175 00

Time (us)

Fig. 7. Prompt response of MASURCA after aus-neutron burst, observed by detector D5 placed in the core rélgioifior
the different reactivity levels obtained in configurations Ill, 1V, V, and VIII.
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Config. Ill
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Fig. 8. Prompt response of MASURCA after gub-neutron burst, observed by detector D1 placed in the reflector region
(L1) for the different reactivity levels obtained in configurations IIl, IV, V, and VIII.

n(t) = (BA — pae ') . (6) buffering in the reflector and shielding regiofisThese
neutrons can live sufficiently long in the low-absorbing
Thus, the delayed neutrons provide only a consaith  reflector and shieldinghalf-lives> 20 us), and in com-
time) source of background. bination with the higher sensitivity of*°U detectors to
The point-kinetic model is unable to completely de-slow neutrons, they can dominate the fission counting
scribe the observed impulse response functions; howate when the flux reaching from the core starts to dis-
ever, it predicts a reactivity-dependent exponential decagppear. Fast neutron detectors based on the threshold
as observed at long times after the neutron pulse. Diffeffission 0of23’Np had already been tried out in some mea-
ent approaches were followed to analyze the experimersurements and will be used in future MUSE-4 measure-
tal results. Detailed Monte Carlo simulatiof@ith  ment campaigns to minimize this effect.
MCNP) of the PNS experiments allow the reproduction  Figure 9 shows the comparison of the responses of
of the results and an explanation of the deviations of theletectors located in different positions of the reactor for
point-kinetic model. the same core configuratiGA Very similar evolution is
The finite duration of the pulse, the time required byobserved after 3@s of the source pulse, resulting from
the neutron flux to diffuse along the reactor to the detecelose counting rate decay constants. The figure indicates
tor positions, and the time required to stabilize the neuthat with the increasing fission generations, the neutron
tron flux spectrum in the reflector and shielding explainflux is progressively approaching an asymptotic neutron
the deviation from point-kinetics during the first micro- flux distribution that later on evolves at the same rate in
seconds after the pulse all the reactor positions. This behavior could justify the
On the other hand, the slow tail of neutron detec-asymptotic applicability of the point-kinetics equations.
tions appearing at long times in reflector and shielding It should be noted that both the short and long time
detectors at very subcritical MASURCA configurationsperiods are strongly dependent on the position and en-
can be explained as a consequence of epithermal neutrergy distribution of the source and on the nature and
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Detector D1 in L1
Detector D5 in L5
Detector D6 in L6
Detector D7 in L9
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Fig. 9. Prompt response of MASURCA after aus-neutron burst for the same criticality levebnfiguration 1ll) in different
positions of the MASURCA reactor. Locations: L5, core; L1 and L9, reflector; L6, shield.

relative position of the detector and, in consequence, aii@ the same core configuration close to criticafity.
not representative of the reactor response to its own fisfable XI presents the same comparison for a second set
sion source. Only the intermediate time interval, afteof data corresponding to different core configurations
diffusion of the initial source and replacement by fission-and a fixed GENEPI frequendil kHz) (Ref. 20. De-
generated flux and before the reflector buffering be-spite the increasing systematic uncertaitdy on thea
comes a secondary neutron source, has an evolution thdg¢termination with decreasing reactivity, a clear compat-
is mainly equivalent to the intrinsic reactor kinetics.  ibility of results is obtained for different GENEPI fre-
guencies and between different detectors in the same
V.A.1. Application of Direct PNS Methods region. However, a tendency to progressively underesti-
matec is observed from core to reflector and shielding
A first possibility for the interpretation of the PNS detectors.
experiments is to apply the point-kinetics relation be-  Despite the small differences between theleter-
tween the exponential decay constanand the reactor mination, the point-kinetic equations were applied to ob-
kinetic parameter§p, 8, andA) to obtain relations be- tain p, assuming a value oB/A = 5800 + 100 st
tween these parameters from the value obtainedtoy  (obtained from Rossik measurements in a nearly criti-
an exponential fit to the experimental data following thecal configuration, explained later in this papérable XiII
initial ramp-up of the detector reaction rate. shows the results obtained for the different detectors and
A set of experiments was performed to evaluate theore configurations. The reactivity determinations based
consistency of the determination of thelecay constant on core and reflector detectors agree within 10%, whereas
from different detector positions and GENEPI operatiorthe shielding estimations show differences of up to 25%.
frequencies. Table X shows this comparison for a set o€omparisons of these results to the estimation from the
experiments with different GENEPI frequencies, alwaysSM and MSM techniques show differences between 20
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TABLE X
Values ofa Decay Constant Determination from Different Detector Positions and GENEPI Operation Frequencies
Core Reflector
D5in L5 D9 in L7 DlinL1 D3in L3
Frequency o g,/68 o g, /68 o 0,/62 o 0,/62
(kHz) (s (%) (s (%) s (%) s (%)
1 12849 1.62.8 12645 1.43.7 12397 0.61.1 12336 0.61.0
2 13123 1.31.3 13014 1.02.6 12217 0.71.4 12314 0.71.7
3 13193 1.43.4 13484 1.12.0 12239 0.71.1 12225 0.71.5
4 13348 1.31.7 13213 1.23.0 12123 0.21.7 12292 0.31.2
alog 13128 1.6 13089 2.7 12244 0.9 12297 0.4

ag, refers to the uncertainty anfrom the fitting procedure anéldescribes the uncertainties produced by the selection of the
fitting time interval.

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

TABLE XI

Configuration
1 v V
a ands® a andé? a ands®
(s (s (s

Detector D5 in L5(core 13030+ 240 15600+ 190 62600+ 3000
Detector D3 in L3(reflecton 12200+ 150 14 300+ 400 60000+ 4000
Detector D8 in L8(shield) 11500+ 400 13000+ 400 65000+ 4000
Detector D7 in LY(reflecton 12600+ 1000 15600+ 1000

a5 describes the uncertainties produced by the selection of the fitting time interval, always larger than the fitting uncertainties.

TABLE XiII

Values ofp and Systematic Fit Uncertainty Determined from Different Detector Positions

and for Different Core Configurations Usimg/A = 5800 st

Configuration
1" v V
[psm = —452+ 30 pcm [psm = —593=+ 40 pcml [pmsm = —4221+ 268 pcni
(pcm) (pcm) (pcm)
Detector D5 in L5(core 418+ 14 566+ 11 3280+ 170
Detector D3 in L3(reflecton 370+ 9 491+ 23 3130+ 230
Detector D8 in L8(shield) 329+ 23 416+ 23 3420+ 230
Detector D7 in LY(reflecton 390+ 60 570+ 60
NUCLEAR SCIENCE AND ENGINEERING ~ VOL. 148  SEP. 2004




MUSE EXPERIMENTS FOR ACCELERATOR-DRIVEN SYSTEMS 141

and 30%; however, the reactivity change estimations agrgeactor, the neutron population decays like a pure expo-
to better than 5% between detectors and measurememntial when the delayed neutrons and the inherent source
methods close to criticality, where the SM or MSM tech-are ignored:

nique is more reliable. _ _

In summary, a simple interpretation of the PNS ex- N(®) = Noexp(—at) , @)
periments based on the point-kinetics equations allowsith a = (1 — k,)/¢, k, being the prompt multiplication
the monitoring of reactivity changes, with precisions betfactor and¢ being the average generation time of a neu-
ter than 5%, and an estimation of the actual value of theron. When the reactor is close to criticalitpamely,
reactivity, with an agreement better than 30% with rek.s = 0.995, this decrease, which can be measured
spect to MSM techniques. This can be done by a simpléhrough the reaction rate of a detector located in the core,
fit to the exponential counting rate decay of detectorexhibits a constant slope. But for a subcriticality level
placed in the core or to the intermediate time interval ofelevant for an ADS(typically ke = 0.96), the slope
the reflector detectors. This approach has the risk thdiecomes time depende(Eig. 10).
some bias produced by space and energy effects might This behavior can be explained by the fact that when
be introduced in the absolute estimation of the reactivitythe multiplication factor is low, the neutrons from the
depending on the nature and position of the detector arfitst generations become relatively more important than

on the reactivity itself. the ones of the later generations. That means that an
average generation time is not sufficient to describe the
V.A.2. Application of a Method Based neutron creation. We propose a more sophisticated

on Monte Carlo Simulation modeP? that takes into account the distribution of the

Several approaches based on detailed Monte Carffutron generation times following a fissiér), 7 be-
simulations are being explored to improve the precisiod9 the time elapsed since the creation of the neutron that

of the PNS evaluation of the reactivity and kinetic pa-Will give birth to the next generation. This distribution

rameters. The aim is to remove the remaining spatial ang@n Pe easily obtained by Monte Carlo simulation for a
spectral effects and in some methods to enable the use #fglilized neutron source.

most of the statistics in the analysis. From that definition we deduce that
According to the point-kinetic model, when a pulsed
neutron source is injected into the core of a subcritical fP(T) dr =k, , (8)
8 -
- SHe
7
6 1]

Z5F
E’ -
.
4 —
3
2
1 L
0 20 40 60 80 100 120
Time (us)

Fig. 10. Ln(N) time spectra obtained with a U5 RO12 in L12 for configuration 11l and in L10 for configuration Vand
a3He detecto(D13 in L13) in the fuel zone of MASURCA for two subcriticality levekg; = 0.995 andkess = 0.958(configu-
rations Il and V). Plain curves are polynomial fits to the logarithm of the spectra.
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and thus we can normalizé(r) to k, = 1. With that ing the dependency on later times after the pulse, when
normalized distributionP’(7), we have access to the the statistic might be poor. Moreover, it has the potential
number of neutrons in the core at any time for dQy to reduce the absolute bias of the estimatiok.gf from
value, summing the contribution of each generation: the simple point-kinetic model, where it was shown in
, ) , the previous section that the agreement between the theo-
Nip(t) = kpP'(7) + kg P"(7)  P'(7) reticala value given by the point-kinetics model and the
+KSP (1) # P (1) %P (D) + ..., (9) direct exponential fits to the experiments can have devi-
ations from 5 to 25%, depending on the detector loca-
wheres denotes the convolution operator. The decreasgon. This method and its robustness are detailed in
ratea,p(t) can then be calculated for differekyjvalues Ref. 23.
from the logarithmic derivative,

1 dN V.A.3. Determination ofp (%)

==, (10)
N dt A different application of the direct point-kinetics

and compared to the(t) obtained from the experimen- has been used to extrget without the need of any ex-
tal N(t) spectrum, the one fitting best the experimentternal parameter. This method, also known in literature
giving the estimation for thig, value of the reactor. This as the Sjostrand methdtljs based on the determination
method has been applied to the spectra shown in Fig. 10f the ratio between the prompt and delayed areas. For a
The a(t) curves obtained from the fits of these spectrasingle isolated pulse the ratio of the integrals of the prompt
are shown together with relevant calculatgg(t) curves PN and delayed componenBN equates td®N/DN =
in Fig. 11. With the U5 chamber the values of the core  —p/Berr = ps. In the experiments at MUSE, the fre-
are found bounded by 0.990 and 0.993 for the assemblyuency is higher than the inverse of the delayed neutron
close to the criticality and by 0.955 and 0.960 in theprecursor lifetime, and in consequence the delayed neu-
other case. They are in rather good agreement witkghe trons of many preceding pulses pile up to form a base
values deduced from the SM measurements \kjtlk=  level for the prompt component of each pulse. Several
kett(1 — B): 0.9922+ 0.0003 for configuration IIl and minutes after a fix frequency and intensity have been set
0.9563+ 0.0025 for configuration V. in GENEPI, the base level of detection rate due to the

The a(t) obtained from the’He counter exhibits a delayed neutrons reaches its asymptotic value and re-
slightly different behavior compared to the U5 data. Thismains constant unless the frequency or the intensity is
can be explained by the location of the counters: The Ubnodified. GENEPI stability is better than 1% in both
chamber is in the middle of the fuel zone, while ftde  parameters. In addition, the inherent source due to the Pu
counter is close to the reflector and thus submitted tspontaneous fission and the, n) reactions also contrib-
more low-energy neutrons. To improve measurements intes to the value of the constant base level.
such locations, the use of detectors with energy thresh- To obtain the ratioPN/DN in the MUSE experi-
old (like 2%'Np, 238U, or 232Th FC, for instanceis  ments, first the inherent source has to be subtracted. This
required. has been done either by a calibration, measuring without

This method is very promising since it can includeexternal source, or by comparing two measurements with
the contribution from the measurement made in the firstlifferent frequencies. After this subtraction, the distribu-
tens of microseconds after the pulse, when the countingon of the counting rate between two puls@scumu-
rate is still high, in the estimation of the value, reduc- lated for a large number of pulsets analyzed. The

akp(t) =

T T 0.12 T T T

keff=0.994 = U5 0.11 | kef=0.960 = U5
a He®

0.04f E 01 ]

g 0.00 ™ kp=0.950 ]
kp=0.955

. = 0.08 -A/A\ kp=0.960 ]
g L'

0.07 | 4=0.073 s CNN 5
= H

0.06 |-

0.05 -

0.04 - -

0 1 1 1 0.03 1 L 1
10 20 30 40 50 10 15 20 25 30
Time (ps) Time (us)

Fig. 11. Logarithmic derivatives of the fits of the experimental time spectra compared to seygtalcalculated by the
proposed method.
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delayed neutron contribution is obtained by multiplica-acquisition system, the rationale is to experimentally de-
tion of the constant level observed at the end of théermine the probability distribution of detecting neu-
GENEPI period times the period duration. The promptrons from the same chain. The Rossi distribution, related
integral is obtained as the total number of counts minugo the correlation function of neutron detection time se-
the delayed neutron contribution. Table Xl shows theries, can be derived theoretically through a birth-to-
results for several MUSE configurations and can be comdeath probability balance equation, namely, the backward
pared with Table XII. master equatioff Here, we consider only the following
The agreement of the different reactivity estimationsRossi distributionp,essi for a point-kinetic model with-
from different inherent source subtraction and frequencyut delayed neutrons:
combinations is better than 20%. The comparison of dif-
ferent detectors is also better than 20% in all cases and j —
many cases better than 5%. Finally the results have @055'(7) digdte = e Fodly <8° Fodtc +
small tendency to calculate highgrvalues than the di-
rect PNS fitting, with differences below 10%. 7=ttt . (1D

The above expression can be heuristically derived.
The Rossie experiment is as follows. There are two
V.B.1. Rossia Method input channels: a t_rigger channt_el Wit_h_detection effi-
ciencyegand a counting channel with efficieney. Those
The Rossie techniqué® is based on the statistical two channels can be provided by either a single detec-
nature of the fission chain process. Using a coincidenctr (autocorrelatioh or two separate detectofsross

e.D
2aA?

dtc eaT) ,

V.B. Noise Measurements

TABLE XllI
Reactivity Computed from PNS Experiments at Different MASURCA Configurations

p p
Configuration Type of Experiment ) (pcm)
Rod Dropg/SM 1.35+ 0.09 | 452+ 30
11 Different frequency method Detector D5 in L5 cofg to 2 kH2) 1.28+0.05 | 429+ 17
Detector D3 in L3 reflectofl to 2 kH2 1.59+ 0.05 533+ 17
(1to 3kH2 1.439+ 0.012| 479t 4
(2 to 3kH2 1.29+ 0.03 | 432+ 10
Rod Drog MSM 12.6+ 0.8 4221+ 268
Vv Different frequency method Detector D5 in L5 cdreto 3.3 kH2 9.4+1.0 3149+ 335
Detector D1 in L1 reflectofl to 3.3 kH2 | 10.4+ 0.6 3484+ 201
PNS 1.39+ 0.21 | 466+ 70
1l Inherent source calibratiofil kHz) | Detector D1 in L1 reflector 1.59% 0.021| 533t 7
Detector D3 in L3 reflector 1.60% 0.018| 537+ 6
Detector D9 in L7 core 1.68 0.60 536+ 20
Detector D8 in L8 shield 1.69 0.10 566+ 34
PNS 1.80+ 0.30 603+ 101
v Inherent source calibratiofil kHz) | Detector D1 in L1 reflector 1.94 0.03 650+ 10
Detector D3 in L3 reflector 2.0% 0.03 673+ 10
Detector D9 in L7 core 2.120.11 710+ 37
Detector D8 in L8 shield 2.12 0.16 710+ 54
Rod Drog MSM 1.35+0.09 | 452+ 30
I Inherent source calibratiofil kHz) | Detector D9 in L7 core 1.28 0.04 429+ 13
Detector D9 in L7 core 1.38: 0.04 436+ 13

NUCLEAR SCIENCE AND ENGINEERING VOL. 148 SEP. 2004



144 SOULE et al.

correlation. A time gateAT divided into bins of width  of freedom. One hopes for generally low values of the

dt; is opened at a certain timg by a pulse from the RMSE.

trigger channel. Some bingt, corresponding to the The Rossie fitting model isp(t) = Nyossi(t)/Nrang-

elapsed time between the occurrence of a pulse fromhe domain of fit spans from 1Q@s to 1 ms since in the

the counting channel &tand the occurrence of the orig- case of cross coincidence the lag not likely to be less

inal trigger pulse are then incremented. Since a timethan 10us. An example is shown in Fig. 12, where we

marking acquisition system is capable of recording alkhow the Rossi curve and the residuals.

the events of any detector and thus makes possible an In Table XIV we show fit results for different de-

off-line data reduction, a time gate of widMNT is opened tector pairs located in different parts of the core. The

for each trigger pulse. This data processing is referred tdetectors D3 and D4 in the reflectGn L3 and L4, re-

as the Rossix type | in the literature. According to the spectively, and D8 and D5 in the corén L7 and L5,

above equation, the number of coincidence coupts; respectively do not allow us to accurately estimate

in a bini corresponding to the lag= idt. is given by values because their poor efficiency leads to poor statis-
tics. We also note that while the standard errors are about

Mrossi(t) = Neand + Neorr € (120 1% for detectors D10 and DXlocated in the reflector in
, L1 and L2, the discrepancies betweervalues are quite
The uncorrelated or random componeptq is large. For the moment, lacking further information, we
Mrang = Nyéo Fodts (13) express this variability as a type-B uncertalag follows:
. . Umax — ¥min
whereNy = e4Fo T, the number of time gates, is propor- 6= - 5 - (16)
tional to the acquisition duratioh. The correlated com-
ponentneor is Thus, we can give our best estimatecofind asso-
D ciated uncertainty as follows
Neorr = Ng&e 5 dic . (14 apa= @+ 6=8017+ 67351 (8.4% .
Assuming that the number of coincidence coumts;  AS another Rossi» example, we show the distribu-
approximately follows a Poisson distribution, its stan-tions for configurations VII and for VII with the PR
dard deviationross; iS inserted to be very close to criticalfty(p = —120 pcm
andp = —20 pcm in Fig. 13. Due to the high level of the
Onrossi(t) = VNrossi(t) - (15) inherent source, the signal-to-noi€®/N) ratio is ex-

tremely smalF, around 0.1%, which has made it neces-

We have performed Rossai-experiments in the sary to share the counts of the two detectors used in the
MUSE-4 Reference coréconfiguration VII, GENEPI experiments as if they were actually one. This is a good
off ) with the pilot rod down. The corresponding reactiv-assumption since both detectors have approximately the
ity is prer = —120+ 7 pcm(as measured by RD tech- same mass and they are located in symmetrical positions.
niques. We are presenting in this section the differant The first thing that can be observed, which happens
values obtained with the Rossi method. Eight runs ofor both configurations, is that it is necessary to analyze
2800 s were done with our time-marking acquisition systhe exponential decay after a short delay time of around
tem. The dwell time was set to 100 ns. It is important30 or 40us.
to note that we had to move the most efficient monitors  Although this is a deviation from the assumed point
to the reflector region for noise experiments in order tdkinetics, it must be taken into account that the detectors
obtain sufficient count rates. are not placed in the fuel region but in the reflector, so

Rossia (and Feynmane, for that matter experi- there is the time the neutrons need to arrive at the detec-
mental data series are analyzed with the use of a leadbr (as is also seen in the case of the PNS experiments
squares fitting method. For evaluating the goodness of Comparing the different exponential decays, we
fit, one uses graphical and numerical indicators. The scatlearly observe the different reactivity levels for the two
terplot should not display any pattern or trend. In othedifferent configurations in the values of the prompt de-
words, the residualsthe differences between the re- cay constant. This feature can be used for reactivity
sponse values and the predicted response vasiesild  off-line calibration; however, very long acquisitions would
be random errors. Classically, a good fit is indicated bybe required for a more subcritical situation.
the square of the correlation coefficiart being nearly Results from additional measurements are shown in
unity. This parameter measures how successful the fit i§able XV. Included in this series is a measurement made
in explaining the variation of data. The root-mean-
squared error, RMSE, is another statistic closely related  bFoliowing the convention of NIST, a type-B uncertainty
to the scatterplot since it is defined as the square root 6§ one of which we don't know the probability law.
the summed square of residuals divided by the degrees ¢As also seen in Fig. 12.
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(a) Fitted curve

‘O Expefiment
1.004 = Model

0.998 - *

0.996 - 1

t(s)
(b) Standardized residual

Fig. 12. Fit of the autocorrelation Rossi distribution.

TABLE XIV tions will have to address whether this difference is due
Fit Results for the Rossi-Method to different reactor physics at these positions or results
from detector anfor electronics characteristics.
a Ty Figure 14 presents the results for a deep subcritical
Region Detectors| (s71) | (%) r2 RMSE configuration. Very poor statistics were collected on this
experiment. New measurements are scheduled to collect
additional statistics at this subcriticality level.

Reflector | (D10,D10 | 8901 1.1] 0.9725 1.034
(D11,D1) | 7853 | 1.4 0.9591 1.009
(D10,D1) | 7555 | 1.2| 0.9670 0.989
(D11,D10 | 7757 | 1.2| 0.9662 1.010
(D3,D4) 7781 | 11.2| 0.263§ 1.019

V.B.2. Feynmanz Method

=P

Feynman et a1 showed that the number of courmts
in a time gateAT deviates from a Poisson distribution
because of the fluctuations of the neutron population
driven by the fission chain process. For a given time gate
at a subcritical level of-3795 pcm(configuration V) to AT, the deviation is measured by thealue, defined as
analyze applicability of the method for realistic ADS . 5 5
conditions. _ vanance . _ o
Table XV shows that the spread between measure- y mean (c)
ments for the same experimental conditions is almost
negligible, whereas a discrepancy between the results That expression can be generalized to the case of
for two symmetrical positions measured with the samdwo different detectork andl with detection efficiencies
detector type(23°U fission chambercan be observed. &xande, respectively:
This is the same behavior as noted above, and again for (GG — (G )e)
the moment we are assuming this is a type-B uncertainty Vi (AT) = A0 5, (18)
(again of the order of 8% However, further investiga- ’ \(c){c) ’

1. (17)
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Fig. 13. Rossi distributions for two configurations.
TABLE XV AT \Jere D . 1 — @ AT 20
Decay Time Obtained with Rossi-Technique Y (AT) = a2A2 aAT (20

with an Inherent Source

- The standard deviatiom, of they value can be ap-
Aggfémf;e proximately derived from those of the sample variance
Level - |Timel « and mean of the normal distribution:
Configuration| Detector (pcm) (9 | (Y |aE-c)c
1ty [+ i B
VI D11in L2 120 | 3057 8278 7% %= TIN +2, mg =y(cXa) ,
Dilin L2 120 | 6347 8408 6% M1
D10in L1 120 3604 9099 —2%
D10n L1 120 | 4124 9066 —2% (21
D10in L1 120 5697 9158 —3% . .
Vi D1 in L1 3795 8104 8403k 50 whereN is the number of samplgs.e., the number of
L 52 L2 B countg for a given time gatarT.
They value can be sometimes negative because of

either a dead-time effect at high counting r&&e% or

poor statistics in a system with neutron generation times

A less than 1Qus (Ref. 30. Assuming a nonparalyzable
wheredy, is the Kronecker symbol. Fde # |, the nu-  counting system, Yamane proposed the following im-

merator of they value is a covariance term. proved formula in Ref. 29:
Theyvalue is related to the Rossi distribution through d _ _ 2R 22)
the average number of pairs counted in a time gdte Yil = Yl kel o
AT ‘ whered andR are the total dead time and the counting
M — f dtcf Cdtgp (t—t,) (19) rate associated with a neutron channel, respectively. While
2 o 0 rossiie we have not completely analyzed our system’s dead time,

we have found that it is necessary to add a positive con-

One thus obtains the following expression for the stantterm to the covariance-to-mean model to successfully

function, assuming a point-kinetic model and consider{it the experimental data series. We show the results after
ing prompt neutrons only: the correction has been made in Table XVI.
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Fig. 14. Rossix distribution for a subcriticality level of-3795 pcm(configuration V).

TABLE XVI
Fit Results for the Feynmas-Method (Configuration VII)

[ Oq
Region Detectors (sh (%) r2 RMSE
Reflector (D10,D10 8046 0.5 0.9997 1.62
(D11,D1)) 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

The a estimates obtained with detectors D8 and D5his problem and the experimental results can be de-
are rejected because of their poor statistical indicatorscribed by the classical model. Thevalues extracted
For the other detectors, the discrepancies betweel-  from the Rossie and Feynmarn techniques are coher-
ues are quite large even if the standard errors are legnt within the uncertainties. This might be explained by
than 2%. Their variability is measured in the same mannoting that the Feynmaa-expression can be obtained
ner as in the Rossi-case. Thus, the best estimate for aby integrating the Rossi-formula.
reactivity level of a—120 pcm ig? The Feynmane distribution for configuration V(p =

o _ 1 —3795 pcm is shown in Fig. 16. As in the previous
apa = @+ 8 =8244+ 6885 (8.3%) . cases, the correction of E22) had to be introduced

In Fig. 15, the Feynman-distributions for config- before fitting. In addition, the first points were discarded
urations with a reactivity op = —120 pcm is showr!  from the fit. The value ofx is different enough to be

We note that the variance-to-mean ratio is negativeused for reactivity monitoring. However, and as hap-
However, after applying correctiod$,we can remove pened in the PNS experiments, trying to extract a direct
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Fig. 15. Feynmar distribution for a configuration close to criticality situation. The detector used is the same as in the
Rossie case(configuration VII).
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Fig. 16. Feynmar distribution for a subcritical configuration. The detector used is the same as in the d&Roase
(configuration V).

value of the reactivity frona can be considered as a first correlation functions described in Sec. V.B.1, we get the
approximation, and several corrections must be appliedxpressions for the auto- and cross-power spectral den-
to give a precise value. sity functions:

V.B.3. Frequency Analysis
2D
Sg E
2an? ° (a? + w?)

Applying the Fourier transform operator APSDy,p, = +e2F2, (29

Jd7 exp(—iwr) to the autocorrelation and cross-
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gqecD 1 V.B.4. Summary of Noise Methods

2aA?  ° (a2 +w?) @9 ; : .
In the previous sections, we presented some prelim-

From the break frequency of both spectral densities, thiary results from Rossk, Feynmane, and CPSD noise
« value of the system can be obtained. Because fihe S Measures. , S
ratio is very low, we cannot extract the reactor frequency N the Rossie, we showed statistical fits with cor-
from the auto-power spectral densit%PSD), and we relation coefficients on the order of 0.95, and least-
used only the cross-power spectral den$@PSD. squares residuals on the order of 1% for each individual
The measurements were performed in continuougneéasurement. However, comparison among measure-
current mode using a pair of high-efficiency fission cham-nents exhibits a greater spread than would be obtained
bers(D10 and D1} placed in positions L1 and L2. The by true 1% measurements, so we have assigned type-B
FC current is passed through a high-bandwidth currerdncertainties on the order of 8%. This is not entirely
to a voltage converter, and an amplifier is used to recor§nexpected since the/B ratios of our measurements
the FC current. The amplifier includes a high-pass filte@re typically on the order of 0.1%. Most of the measure-
to remove the high-voltage dc part in the signal. Afterments were performed close to critical, but we did make
additional amplifiers and antialias filters the signal isSOme arounét = 0.96. While the statistics are very poor,
sampled and recorded. Because we operate in currefitwas possible to extract an value. However, more
mode, no dead-time correction is applicable. Measure¥0rk has to be performed before we can truly assess the
ments at deeply subcriticdtonfiguration VIII, about Uncertainties of such measurements at more subcritical
—~15000 pcm were performed to get the electronic levels. _
transfer function, assuming that in the frequency band- The conclusions from our Feynman-measure-
width used(70 Hz, 4 kH2 the system frequency cannot Ments are essentially the same as those for Resas
be measured because it is higher. they should be, given the relation between the)thaln,
Here two detectors with high efficiency were lo- We have poor measures without using high-efficiency
cated at positions L1 and L2 in the reflector. The in-detectors, and we see the same 8% spread in comparing
creased efficiency together with the relatively high neutrorseparate measures. At= 0.96 ana was inferred, but
flux level at these positions allowed us to perform theddain we must assess the uncertainties. _
measurements in continuous-current mode. Figure 17 Finally, CPSD measures demonstrated the inference
shows the CPSD between the detectors after a measuf@-a through the break frequency. As in all cases, the low
ment of 50 min at a power of 20 \iRef. 32. From the S/N ratio is a problem.
APSD of either detector, it was not possible to get an I summary, the Rossi; Feynmane, and CPSD
accurate value fox because of the strong inherentspon-methOdS do yield consistent results. The conditions are
taneous fission source, which leads to a very |0X/NS |QSS than ideal because .Of the need for very hlgh effi-
ratio32 The a obtained from the CPSD, however, corre-Cciency chambers and the inherent background fission rate
spond reasonably well with the values obtained with thé? MASURCA. However, it seems that our measures are
pulse-mode experiments. 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.

CPSDy,p, =

100.0 £ V.C. Spectroscopy Measurements

CPSD (W/Hz) 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 10 to 10° n/cm?-s, depending on the operat-
ing conditions. We recorded the core neutron spectrum
for the first time with a*He proportional counter, which
gives the neutron enerdy, through the relatiorg, =
L Egetectes— Q and whose energy calibration is easy due to
01L ‘ the thermal neutron peak @= 764 keV. For such mea-
0o T 000 oo Surements the response function of the detector, which is
Frequency (Hz) not a monodimensional bljectlo_n due to the finite size of
the counter and to the competition betwdenp) reac-
Fig. 17. The CPSD measured in continuous-current mod&0ns and elastic scattering, first must be obtained with
with high-efficiency detectors at positions L1 and L2. Tle monoenergetic neutrons. Once this response function ver-
value from the fit equals about 5416 sus the neutron energy is known, it is possible to extract

10.0

1L.OE
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the neutron spectrum from the experimental spectrumrogram, including the installation of an advanced neu-
recorded in the core by an iterative subtraction meftfod. tron generatofthe GENEPI deuteron acceleratothe
The result, obtained from a measurement made in thimstallation of new calibrated detectors and electronics,
fuel zone close to the reflector and fkyi;; = 0.96(con-  new data acquisition, new auxiliary systems, and last but
figuration V), is shown compared to the neutron spec-sot least, obtaining the license to operate in critical and a
trum simulated with the Monte Carlo code MCNP-4C inrange of subcritical configurations coupled with the D-D
Fig. 18. The overall agreement is rather good up tand D-T external neutron source.
600 keV, which represents about 75% of the flux. Around  Indeed, MASURCA reached its first criticality in
450 keV an underestimation is seen that is inherent tthe MUSE-4 Reference configuration on January 10,
our subtraction method, which fails to fully reproduce2001. In addition, exploratory configurations with sub-
the flux depression due to the oxygen resonance arouratiticalities ranging fromkes = 0.85 to closer to critical
400 keV; it induces an overestimation for a few follow- (20 pcm were studied with the Pu inherent source and
ing lower-energy bins. The extraction method is still be-with the D-D source supplied by GENEPI.
ing improved. Above 600 keV the extraction of the The systematic characterization of the properties of
spectrum was not possible since the experimental spethe MUSE-4 configurations is progressing. In this paper
trum is spoiled by counting rate due to background rethe spatial distribution of the neutron fluen€&°U re-
actions in the counter itself, which has the same order cdction rate, several spectral indices at different posi-
magnitude as the neutron reactions¥te. This is oc- tions, activation measurements, and the first evaluation
curring because théHe pressure in the counter is very of the critical Reference configuration based on the SM
low. To solve this problem, théHe pressure will be and MSM techniques were presented.
slightly increased and a background measurement with a In addition, the kinetic behavior of several subcriti-
SHe free counter will be systematically made and subeal MASURCA configurations operated with a pulsed
tracted from the spectrum. D-D neutron source have been studied, testing several
We aim to be able to measure neutron spectra up teechniques for reactivity monitoring and evaluation.
mega-electron-volt energies. This technique will allow  The point-kinetic reactor model predicts an exponen-
us to validate our simulations in a subcritical medium. tial decay of the fluence after a pulse and a linear rela-
tion between the decay constdot any detectorand the
reactivity. The experiments presented in this paper show
that a simple exponential relation cannot be assumed to
During the past two years, the MASURCA facility be valid in all cases, especially for detectors in the shield-
has been set up to perform the MUSE-4 experimentahg and to a certain extent in the reflector. For short

VI. CONCLUSIONS
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Fig. 18. Neutron spectrum in the fuel zone simulated with MCNRKfgr= 0.96(configuration \) compared to the spectrum
measured with &He counter.
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times after the neutron pulgez20 us), different detec- The authors are very grateful to the CEA MASURCA
tors present different time response functions, not necperating and maintenance teams and also the ISN GENEPI
essarily exponential. On the other hand, it has been Shov\_ﬂ@celerator Fechnlcal team for their availability and help dur-
that after a first period after the neutron pulsanging "9 the running of experiments.

from 10 to 50us for different reactor configurations This work is partially supported by the 5th Euratom Frame-

the fundamental mode behavior of the reactor is progre work Programme of the European Commission through con-

. Sract FIKW-CT-2000-00063, by GEDEORN-rench concerted
sively approached. The results presented show that, F’e?search organizations investigating new options for waste man-

least, it appears to be a one-to-one relation between thgement, and by ENRESA.
reactivity and the exponential decay constant, in the in-
termediate time range, of each detectposition 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-l- M. SALVATORES et al., “Role of Accelerator-Driven
rors in the exponential decay at long times100 us) Systems in Waste Incineration Scenariosit. Conf. Future
when the detector is based on tF¥U fission. These Nuclear Systems (Global’9,/fokohama, Japan, October 5-10,
effects are enhanced by the large fission probability 09’997(1997)'
the epithermal neutrons “accumulated” on the reflector. ) _
The full information contained in the PNS experi- 2: G- PERRET and J-F. LEBRAT, CEA, Private Communi-
ments can be extracted only with the help of detailed:at'on(zooz'
computer simulations that allow us to take into account . - ,
the spatial and spectral effects affecting the different de_gASNLlJ.RSC':A\k\{Q-(/(Z\:i? di?eettheg'bmgi?s}olf' éu':b'rsétrﬁi)(‘:g?rl\'/lr’lﬁirgl;t
tectors. Several strategies are being t‘?SteS’ for this pui'% Systems Relevant to ADS,” Second Int. Conf. Accelerator-
pose. One of these metho‘_’s presented in this paper, ba en Transmutation Technologies and Applications, Kalmar,
on the use of the first microseconds after the neutro’yeden, june 3-7, 1996.
pulse, has given very promising results for the configu-

rations studied. . . _ 4. R. SOULE et al., “Validation of Neutronic Methods Ap-

Finally, several noise techniques, Rossiand pjieq to the Analysis of Fast Subcritical Systems: The MUSE-2
Feynmana, have also been explored as complementargyperiments, Int. Conf. Future Nuclear Systems (Global'97)
methods for reactivity monitoring and calibration. The Yokohama, Japan, October 5-10, 199997).
results obtained are consistent with other methods and
calculations for reactivity and dynamic parameters suchs, j F. LEBRAT et al., “Experimental Investigation of Multi-
asp/A. plying Subcritical Media in the Presence of an External Source:

In addition, we have performed preliminary neutronThe MUSE-3 Experiment,3rd Int. Conf. Accelerator Driven
spectroscopy measurements. We are in the process Bfnsmutation Technologies and Applications (ADTTA'99)
analyzing the suitability of this technique in fast reactorPrague, Czech Republic, June 7-11, 18B899.
systems. It is too early to draw definite conclusions.

Most of the subcritical measurements presented in6. G.ALIBERTI, “Caractérisation Neutronique des Systémes
this paper were performed in largely deformed reactoHybride§ en Régimes Stationnaire et Transitoire,” PhD Thesis,
configurations. Consequently, the previous conclusiongniversité Louis Pasteur de Strasbourg, Fraft@et. 2002.
require confirmation from other configurations corre-
sponding to the same reactivity levels. Indeed, the7. J. Y. DORIATH et al., “ERANOS1: The Advanced Euro-
MUSE-4 program foresees these measurements in foean System of Codes for Reactor Physics Calculatidns,”
configurations(SCO, SC2, SC3, and SC3 with a lead €onf. Mathematical Methodarlsruhe, Germany, April 19—
zone until the beginning of 2004, which will allow us to 23, 1993(1993.
perform the previously described measurements, make

comparisons at different reactivity levels, and evaluate8: G- ALIBERTI, G. RIMPAULT, R. JACQMIN, J. F. LE-
the uncertainties BRAT, P. J. FINCK, G. IMEL, A. RINEISKI, P. RAVETTO,

and J. C. SENS, “Dynamic Measurements and Control of an

Accelerator Driven SysteitADS),” Proc. Int. Conf. New Fron-

tiers of Nuclear Technology (PHYSOR 2003goul, Korea,
ACKNOWLEDGMENTS October 7-10, 2002, American Nuclear Socig002
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ropean Collaboration: CEADEN Cadarache, ISN Grenoble
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