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Executive summary

Neutronic experiments and studies have largey been carried out in the past for fagt criticd
reactors. The associated calculation tools developed for the predictions of such systems have been
mainly based on integra experiments in critical reector facilities. Experimental techniques have
also been developed that are directly applied to power producing critica operating systems.

The same agpproach for studying neutronics of sub-critical systems driven by an externd source
is based on the decoupling of the vaidation of the sub-criticd multiplying medium behaviour
from that of the vaidation of the externa source characterigics. Following this scheme, two mgor
programmes have been carried out in the MUSE project from 2000 to 2004 : the MUSE-4
programme (Cadarache, F) and the PRE-SAD experiments (Dubna, RF).

The objectives of the MUSE-4 programme [1] were (1) to operate a fast subcritica core
coupled to an externd neutron source smulating the spdlaion source of an ADS without
feedback effects, (2) to characterize such a sysem providing experimental input data for
cdculation tool vdidation and (3) to investigate techniques and andyss methods for sub-critica
measurement and monitoring. With regard to the PRE-SAD experiments [2], the main objectives
were (1) to determine experimentally the characteristics of hadron field around a bare spdlation
target bombarded by a high energy proton beam, (2) to measure the nuclides produced in the
target and smulate these experiments using various codes and model option and (3) to examine
the influence of core, reflector and shidding parameters of the SAD [3] core versons on its
experimentd properties and the possibilities to infer accurately the reectivity leve.

The MUSE-4 experiments have been caried out a the MASURCA nuclear facility (CEA
Cadarache, France). MASURCA facility is a mock-up which usualy operates a delayed critica
with a maximum power of 5 KW. Until the middle of the 90's, the programmes were devoted to
the devedlopment of criticd fast neutrons reactors. Since then, MASURCA has been usd
to test various reactor concepts for plutonium burning and for the transmutation of radioactive

wastes. Radia cut of the MUSE-4 configurations
: a core mid plane
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reactor, were loaded with MOX fud and =« |

sodium as a coolant. The core was surrounded, o+ J—l_l o e
axidly and radially, with a reflector composed >
of sodium and danless ged. The dmulaion =
of the neutron source and the spdlation target .
condsed of a 250 keV deuteron beam
horizontally guided on a target located a the « 5
centre of the core and surrounded by a leed =
buffer. A reference criticd core and severd
subcriticd  configurations with reectivity levels =
ranging from near-criticdity to —14$ (~-4500
pcm) were invesigated. In the very last phase -
of the programme, a configuraion where 7 ILI
sodium was replaced by lead in one third of = '
the fuel zone was aso studied.

South |

Measurements have been redized in both criticd and subcritical configurations. When the
cores were subcritical, we used, by turns, the intrinsic source, a °°Cf source as well as the 2.7
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or 14 Mev neutron sources provided by the GENEPI neutron generator [4], as the driving
source. Intensities of these sources varied from 1.4 10° /s to 1.2 10*° /s,

The experimental programme, in the fird phase, condsted of a full characterization of the
citical configuration. The god was to have a reference measurement point adlowing the
determination of the initid cdculation biases due to the presence of new heterogendties. In this
am, a number of fisson rate traverses (~70) and spectra indices (~150) have been performed
in dl zones of interes for a large range of fisson chambers (Th, U, Np, Pu, Am and Cm).
Measurements have dso been achieved to study the influence of a 2°°Cf source located at the
center of the core. Then, irradiations of more than 300 activation foils (indium, iron, cobalt,
nickd, etc), principdly near the leadffud, beam gquideffud and fud/reflector interfaces,
dlowed a degper dudy of the spectrd and spatia fluctuations of the neutron distribution.
Findly, kinetics parameters (ber, L) and rod experiments have been peformed on the criticd
configuration for the resctivity scae determination. In a second phase, the same kinds of
measurements  were reproduced for each subcriticd levd  with a limited number of
measurements. The impact of the source could be highlighted as wdl as different agpects such
as the moderation in the centrd lead zone and the streaming effects in the beam guide. In a last
phase, sodium was replaced by lead in twenty two sub-assemblies of the central zone. Since the
total number of fud subassemblies was not modified, the reectivity effect and the changes in the
fisson rate distributions and spectra index vaues were only related to the lead effect.

The invedtigation of different caculation routes for these parameters yidded some
interesting conclusons. The C/E vdue for the determination of k-eff was found to be very
satisfactory for both deterministic and Monte Carlo codes dthough the uncertainties on the
experimental values, with a standard deviation in the range 68%, did not dlow to draw more
definite conclusons. The comparison between experiment and deterministic codes for the
kinetic parameters measured in near-critical conditions was found to be very good. With regard
to Monte Calo methods, a new and fast technique was developed for the calculation of &g
which adso yidded a very good C/E vdue in near-criticd conditions dthough the interpretation
of the mean neutron lifetime E is dill an open issue with the Monte Carlo codes. Concerning
fisson rate digributions, an overal good agreement was found for measurements a delayed
critical. In subcritical configurations, we adso found a good agreement for 2*°U, and which was
less so for isotopes with threshold reactions. The 28U flux traverses in the centre of the
configuration were shown to be very sendtive to the exact leve of subcriticdity in the
caculaion. Spectra indices with fisson chambers exhibited some problems that are ill to be
resolved where the foil activation technique lead to very intereting conclusons. Findly, the
samulation of the experiments performed in the lead phase showed smilar effects and a present
did not shed light on any mgor problem due to this materid. Nevertheess, further calculations,
in paticular Monte Carlo smulations, should be caried out to anayse more deeply these
measurements.

In addition, a series of experiments was conducted at JNR (Dubna, Russia) and concentrated
on the measurements with severa bare lead targets exposed to the 660 MeV/3.2 mA proton
beam provided by the Phasotron available a JNR. Severd experimental set-up were used and a
large number of measurements were achieved. Firs experiment was devoted to the
measurement of neutron Spectra around the target, activation measurements of angular and
aurface digributions of hadrons around the target, and messurement of specific activities of
threshold activation detectors in front of and behind the target. Experiment 2 and 3 were amed
a determining the axid digtributions of radionuclides activity in the target where as experiment
4 was proposed to meesure the radid distributions of the activity induced in Bi samples
irradiated in the target. Among al the experimental data obtained, the most spectacular result
was the distributions of Bi isotopes (*°’Bi, 2%°Bi, 2%°Bi), which can be produced from Pb in
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proton induced reactions solely (e.g. (p,xn)). They reveded a characteristic sharp peak about 30
cm indde the target in the region where proton energy decreasesto 30 — 80 MeV.

Andyses of experiments and caculations demondrated that angular didribution of hadrons
around the target shows an agreement within 615 % where as much larger discrepancies, at the
worg within one order of magnitude, were obsarved for the axiad didributions of activity.
Almost dways the C/E ratios were found to be between 3 and 1/3. It was concluded that one
canot point out a sngle code andlor nuclear reaction modd yidding good results
smultaneoudy for dl examined nudlides. Yet, it was noticed that the modd of Cugnon gave the
best agreement with experimental values - about 70 % of results remain within 30 % difference,

Turning to the reactivity measurement aspect of the MUSE programme, there were five teams
that were involved in this fidd of the physics of subcriticad sysems. We sudied the traditiona
rod drop/MSM method, source-jerk methods, variations of the pulsed neutron source methods,
and noise methods. We had some problems with the MSM method that lead to larger
uncertainties than expected. We dso had some difficulties with the standard source jerk method
that demondrated that this technique could only be used, in a red ADS, during Start-up or
loading/unloading phases. The source modulation technique gave better results but, today, it
canot be serioudy envisaged for the reactivity monitoring of an indudrid machine. A rapid
varigion of the pulse frequency from a high frequency to a low frequency seems indeed difficuit
to implement in a power resctor. We showed that traditiond noise methods (driven by the
intringc or Cf source) such as the CPSD, Ross- and Feynman& were can only be used in the
cae where the reectivity is close to criticd. A Ross type technique driven by the neutron
generator seemed nevertheless promising but it gppeared, in definitive, that some form of the
PNS method will be the most useful. Snce GENEP!I operates in pulsed mode with a rate ranging
from 10 Hz up to 4.7 kHz which is dways smaller than the reactor break frequency, severa PNS
models based on the interpretation of the dope of the dgna (2-region, 3-region, kp-method)
could be invedtigated. Analyses based on the fitting of the prompt neutron population was shown
to be very sendtive to the kinetics modd and fitting parameters. On the contrary, the so-cdled
kp-method demonsirated the advantage of a smple and robust interpretation agorithm but have
the disadvantage to require extensve Monte Carlo smulations. In definitive, sudies have
demondrated that the so-cdled PNS “area method” is quite forgiving in relation to other PNS
modes based on the study of the dope of the signal. It seems that this method could be set-upin
a cold sart-up configuration of an ADS. In generd, the approach for the assessment of biases
and uncertainties to gpply to dl these results need to be investigated with more details in order to
consolidate the overdl demondtration.

Findly, for the continuous monitoring, we concluded that some form of a proton
current/power/reactivity relation could be used. In generd, if dl remains congant, the ratio of
the flux and proton current are proportiona © a smple function of the reectivity, and smple red
time monitoring (as in a typicad power reector) will yidd sufficient information for control in
norma operations. The potentia problem occurs if there is an unknown configuration change,
leading to a change in the source importance or a change in locad reectivity vaues. Smply
monitoring the flux and current will not provide any information for such a change. Thus, some
form of independent, periodic, absolute determination will be required that can yidd an
independent measure of the reactivity. At the present time, it is envisoned that some sort of
beam chop will be used, but it was not possible to test such a technique in the MUSE project.
This, together with the on-line monitoring will be a mgjor task for the IP-Eurotrans Domain 2
(experiments on coupling).

In summary, the MUSE project has been a great success in providing a mgor contribution to
the R&D in support of ADS systems. It adlowed more especidly to extend the experimenta
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database rdating to coupled sysems and to study the viability of various methods of reactivity
monitoring. Numerous advances have been made in underganding the behaviour of sub-criticd
sysems dthough it was dso demongrated that some aspects till need to be further studied. Last,
but not least, the programme produced some of the best collaborations seen in recent years,
certainly in the reactor physcs community. It brought together some of the best experimenta
reactor physiciss in Europe, produced eight Ph.D. theses since the year 2000, and numerous
publications in conferences and journds.
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Glossary
ADS: Accelerator Driven System

APSD : Auto Power Spectrd Dengity

ASM : Approached Source Method/Multiplication

CPSD : Cross Power Spectra Density

E/W : East/West

FC : Fisson Chamber

GENEP : GEnérateur de NEutrons Pulses Intense
MASURCA : MAquette de SURgénérateur aCAdarache
MSM : Modified Source Method/Multiplication

MUSE : Multiplication par Source Externe

N/S : North/South

PNS : Pulse Neutron Source

PR : Rlot Rod

PRU : Filot Rod Up (in high position — Level 200 mm)
PRD : Pilot Rod Down (in low pogtion — Level 1200 mm)
SAD : Sub-Assembly in Dubna

SC : SubCritical

SR : Safety Rods
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1 Preamble

The MUSE project has been conducted within the frame of a large internationa collaboration
composed of :

- patners involved in the project by the way of the contract with the European Community
(Contract n°FIKW-CT-2000-00063 of the Fifth EURATOM Framework Programme),

Commissariat al'énergie atomique (CEA/DEN/DER, Cadarache), France

Belgian Nuclear Research Center (SCK/CEN Moal), Belgium

Université Joseph Fourier, Grenoble 1 (CNRS/IN2P3/LPSC Grenoble) France

Forschungszentrum Karlsrune GmbH (FZK), Germany

Forschungszentrum Jilich GmbH (FZJ), Germany

British Nuclear Fuds plc (BNFL ), Grest Britain

Ente per le Nuove tecnologie, I’ Energiae I’ Ambiente (ENEA), Itay

Nuclear Research consultancy Group (NRG, Petten), The Netherlands

Deft Univergty of Technology (DUT), The Netherlands

Centro de Invedigaciones Energeticas, Medio Ambiantales y Technologicas (CIEMAT,
Madrid), Spain

Kungliga Tekniska Hogskolan (KTH, Stockholm), Sweden

Chamers Universty of Technology AB (CTH Gothenburg), Sweden

Akademia Gomiczo HutniczalUniversty of Science and Techonology - former Universty of
Mining and Metdlurgy - (AGH/UST, Crakow), Poland

- organisms who signed specific collaboration agreement with one of the above indtitutions,

Paul Scherrer Ingtitute (PSI, Villigen), Switzerland (collaboration agreement with CEA)
Argonne National Laboratory (ANL) , USA (collaboration agreement with CEA)

Politecnico di Torino (POLITO), Itay (collaboration agreement with ENEA)

Japan Atomic Energy Research Ingtitute (JAERI), Japan (collaboration agreement with CEA)

All these organisms, depending on their area of expertise, contributed :

to the preparation of the MUSE experiments (Work-package (WP) n°1 of the project
funded by the EC),

to the performing of the experimentd programme in the MASURCA facility (WP n°2)

to the andysis and the interpretation of the results obtained (WP n°3).

A number of activities in support to the SAD project (ISTC project n°2207), because of the
complementarity of this project with the MUSE programme, have been grouped in a specific
work-package (WP n°4). These studies have been conducted by AGH/UST Krakow with the
active participation of collaborators from:

Joint Ingtitute for Nuclear Research (JINR, Dubna), Russia
Indtitute of Nuclear Physics (INP, Cracow), Poland

All the above ingtitutions have contributed to this report.
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2 Introduction

Especidly due to its operating mode, a fast sub-critical reactor coupled to a particle accelerator,
the so-cdled Accderator Driven Sub-criticd System (ADS) conditutes an attractive nuclear reactor
concept which could dlow to transmute waste with a good efficiency. Compared to a criticd
reactor, core sub-criticdity should permit to load higher quantities of minor actinides without
damaging its characteridics in terms of safety. But this potentia and the redl resistance of the core
to severe trandents or accidents has to be demondrated, in comparison to conventiona critica
cores.

Beyond dl the demondrations needed before the commissoning of such a ADS system, it has
been decided that a qudification, component-by-component, must be firg achieved. Following this
drategy, various projects have been launched in Europe in the field of acceerators, spdlation
targets, innovative fuds and materids, nuclear data and reactor physics. Among dl these topics, the
need for vaidaing the cdculation tools used for the core desgn sudies lead to propose
experimental programmes with a view to contributing to the extenson of the experimenta deatabase
and dso to improve the undersanding of the neutronic behaviour of these new resctor core
concepts. The accomplishment of the MUSE-4 experimenta programme in the MASURCA facility
[21] and the PRE-SAD measurements in Dubna [2.2] amed to contribute to these objectives.
These two "zero-power experiments' condtituted the first step before conducting experiments that
will be more representative of afuture ADS device.

3 Presentation of the programme

Neutronic experiment and studies have largely been achieved in the past for fagt criticd systems.
The associated cdculation tools (including recommended nuclear data and cdculation routes) and
bias factors developed for the predictions of such sysems have been manly based on integra
expaiments in critica fadlities Experimentd techniques have adso been developed, that are
directly applied to power critica operating systems.

The same approach for studying neutronics of sub-criticd systems driven by an externa source
is based on the decoupling of the validation of the sub-criticdl multiplying medium behaviour from
the validation of the externa source characterigtics.

The above firg item can be accomplished usng wdl characterised neutron externa sources and
well known cores. From 1995, the MUSE programme at the MASURCA facility (CEA Cadarache,
France) was aimed to propose such a contribution. Firgt, the MUSE-1 [3.1] and then the MUSE-2
experiments [3.2], performed with a 2°2Cf source located a the centre of the MASURCA core, lead
to demondrate that experimental messurement techniques used for critical cores could aso be used
for sub-critica configuretions. Later, in 1998, the MUSE-3 experiments [3.3] condituted the first
important parametric sudy with the loading of severad configurations with increesing sub-criticdity
levels. Based on the use of a commercid neutron generator these experiments helped to optimize
the design of the MUSE-4 programme and to specify the characteristics of a neutron source, that is
more intense and more suitable to the envisaged measurements. This fourth phase (MUSE-4) has
been conducted from 2000 to 2004. Mainspring of the MUSE-4 experiments, the GENEPI
(Générateur de Neutrons Pulsés Intenses) neutron generator rested on usud (D,D) and (D,T)
reections producing two different wel-known neutron sources in terms of intendgty and neutron
energy [34].
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The main topics of the MUSE-4 programme were to:

define sub-critical experimenta  configurations of interest (in terms of fud, geometric
arrangement, external source type and operating modes).

devdop new specific experimenta techniques manly in support to the operation of sub-
criticd sysems, but dso for dandard integral parameters to obtain a wide range of
experimenta results to define accurate experimental uncertainties.

experimentally characterize these configurations (in terms of reactivity level and neutron
spectra) by integra experiments using standard or new experimenta techniques.

andyze thee experimentd results by use of different nuclear data files and cdculation
methods (determinisic and Monte-Carlo tools) with the objective to evaduae the
performances of current neutronic code sysems and to contribute to the definition of
reference cdculation routes (including nucler data and caculaion tools) for the neutronic
predictions of an ADS.

propose new drategies dlowing the determination of the resctivity levd of sub-criticd
configurations without the need of acritica configuration.

On the other hand, complementary experiments that were conducted in the frame of the SAD
project (project of a Sub-criticd Assembly in combination with the exiging proton accderator in
Dubna [35]) were amed to vdidate the smulation of physcs phenomenon in heavy materias
bombarded by a high energy proton beam. They have been performed using different Pb targets and
taking advantage of the 660 Mev proton beam supplied by the accelerator avallable a Dubna. The
main gods of these experiments were to:

determine experimentaly the integrd and differentid characteristics of hadron fidd around a
bare spdllation target,

measure the nuclides produced by the spdlation process usng samples of dements of the
main eements composing the spdlation target and surrounding congtruction meterias,

amulate these experiments using various codes and model option in order to contribute to the
definition of areference caculation route,

Snce various experimentad programmes will be peformed in the future SAD fadlity, the
relevance of neutronic experiment and more especially dynamics experiments have to be evauated.
These studies condtitute a natural complement to the MUSE-4 programme. The main objectives are:

to examine the influence of core, reflector and shidding parameters of the SAD core versons
on its experimental properties,

to study the possibilitiesto infer accurately the reactivity level.
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4  Contribution to programme objectives

4.1 Overview of the activities conducted during the project

A large number of activities have been conducted al dong the duration of the project (Fig.
4.1). Since the experiments a the MASURCA facility and a Dubna were a the centre of the
project [4.1, 4.2], saverd activities of interest in the field of reactor physics have been carried out
to improve the andyses of the measurements and to help to the understanding of the results and
the discrepancies observed.

Fig. 4.1: Activities conducted within the project

Facility design Development of basic knowledge

Analysis of the experiments

Development of new
calculation
procedures

Experiments

Development of DAQ systems Sensivity

studies

Benchmarks

Development of Monte Carlo
codes

Fird, in view of the MUSE-4 experiments, new acquidition systems have been developed by
the teams involved in the experimenta programme [4.1]. Most of these sysems have been
desgned with the objective to replay experiments off-line usng various andyss techniques. For
that purpose, a timing of any event detected, such as counts outgoing from detectors operating in
pulse mode, is achieved. These sysems have been successfully used dl adong the measurement
campaigns.

The dmulaion and the andyss of the experiments performed in subcriticd configuraions
focused the effort of mogt of the partners involved in the MUSE experiments [4.3]. Numerous
cdculations have been peformed to understand the experimental results and more especidly
those concerning the key issue of the subcriticdity measurement. First, the smulation of these
experiments confirmed the experimental data obtained in the detectors located in the core. Then,
these cdculations dlowed us to explan why the detectors located in the reflector and the
shidding had not the same behaviour. Lagt, following new cdculation procedures defined and
tested within the frame of the project, these discrepancies among the detectors can be now
corrected [4.4]. A smplified benchmark [4.5] as wdl as a computational benchmark initiated in
the frame of the MUSE project and then managed by the OECD/NEA [4.6] gave aso interesting
trends and conclusions about the possible origin of some discrepancies.

Snce the reactivity level expressed in dollars conditutes the parameter of interest from a
safety point of view, the knowledge of the vaue of the ddlayed neutron fraction is of a prime
importance. Nevertheless, this parameter can not be measured precisdly (i.e. with a reasonable
uncertainty) and most of the time it must be cdculated. Untill now, few neutronic code systems
and none sochadtic tool dlowed to cdculate this parameter following the adjoint formulation.
The mgor development performed during the MUSE project lead to propose a true Monte Carlo
estimator, for the effective delayed neutron fraction assessment, in a single ke calculation [4.7].
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This method was tested and it has been shown that it was faster and more accurate than al the
others formulations.

The features of Monte Carlo codes make these tools very interesting especidly in the case of
complex geometries. These codes are thus often used as a reference to vdidate the results
obtained with deterministic codes. However, their mgor problem is the time needed to obtan
enough datigics for the parameter of interest. The smulaion of time dependent experiments,
more especidly in detectors far from the core is thus very difficult and very time consuming.
The gmulation of noise measurement in degp subcritical configurations is gill much more
hazardous and does not adlow to perform parametric studies. In this context, the development of
the semi-andog Monte Calo method to Smulate pulse-counting experiments with variance
reduction methods is of a great interest [4.8]. Although this work is not yet fully completed,
much work has been aready accomplished.

Congddering that code sysems can not easly address certain problems (for instance,
gmulaion of noise messurement in subcritical configuration), the development of sSmplified
models is of great interest and alows one to have at our digposal tools easy to use. So, within the
frane of the project, the deivation of the Ross-dpha-function [4.9], the Feynman-dpha-
function [4.10] and the CPSD-function [4.11] consdering a pulsed neutron source has been
achieved. Mahematica formulations for the Feynman-dpha-function have been established for
both determinigticaly and randomly pulsed sources. The advantages and disadvantages of the
different methods could be thus andyzed. The conclusions drawn from these studies can help to
define future experiments.

Before turning to new projects and programmes, it is interesting to recal the representativity
of the MUSE configurations on the bass of emerging concepts of eXperimenta Acceerator-
Driven Sygems (XADSs). In this am, specific invedigeations, via data sengtivity/uncertainty
andyses in which the external neutron source has been considered, have been conducted to
assess this aspect of the MUSE-4 programme [4.12].

To conclude this overview, it is obvious that the diversty of the activities briefly presented
above do not dlow that dl these invedtigations and studies are described in detail in this report.
On the other hand, they have been published in various scientific journads and aso presented in
numerous internationa conferences, meetings and workshops. A lis of publications, ord
presentations and posters related to the activities carried out during the contract period is thus
given in anex 1. Last but not least, severd PhD thesis directly connected with the MUSE-4
experiments have been completed from 2000 to 2004. The contributions of these young
researchers were essentia in the success of the MUSE project. These theses are listed in annex 2.

4.2 The MUSE-4 programme

The MUSE-4 programme has been edtablished taking into account the availability of sodium
and leed & MASURCA on one hand, and the important congtraints caused by the eventud
loading of a 100% lead core on the other hand. Thus, it was decided that :

the firgt four configurations would use sodium coolant (MUSE-4 Sodium experiments),

the fifth configuraion would contain an optimised number of subassemblies loaded with
lead ingtead of sodium. Due to the necesdty of cladding the lead bars initidly avaladle at
MASURCA, this sodium and lead cooled configuration was performed at the end of the
programme .
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As concerns the sodium cooled configurations:

one reference criticd date has been carried out for the reectivity scde determination by
dandard reactivity cdlibration measurement, and for core characterization in terms of
neutron flux level and neutron spectra determination.

then, three sub-criticdl States were dudied with the GENEPI generator out and in
operation. Firdt, a dightly subcritical configuration (named SCO), then two States where
subcriticality levels will be more representative of those conddered for the <tandard
operation of an ADS (SC2 with a k-effective close to 0.97 and SC3 with a ket equd
0.956). Static measurements using the « pseudo-continuous » mode of GENEPI have been
performed to characterize the sub-criticd media driven by wel known externa sources by
way of different experimentd techniques proposed by the different partners of the
consortium.

As concerns the partid lead cooled configuration, only one configuration has been carried out
in order to avoid long loading periods.

The wdl-known external neutron sources issued from the GENEP accelerator by (D,D) or
(D,T) reections, have been successvely used in « pseudo-continuous » mode for dl the datic
measurements and in the pulsed mode with different frequencies (from 50 to 5000 Hz) for the
dynamic measurements. However, owing to the subcriticdity level and the low counting rates
obtained, only the tritium target has been used for the two last configurations (SC3 Na and SC3
Na/Pb).

Usng the pulse mode of GENEP (with various frequencies) dynamic measurements have
been peaformed and different experimenta techniques dlowing the sub-criticd dates
determination of the different multiplying media have been invedigated. These measurements
were performed in the frame of an experimental benchmark among the different partners.

These experimental data sets have been then andysed by severd partners with their own
cdculation tools (various nucler data and caculaion methods usng both determinigic and
Monte-Carlo codes). Inter-comparison of the analyss results have been made and lead to shed on
light trends on methods and data. Findly, taking advantage of the large amount of experimentd
data and andysis results available, recommendations for the measurement of the subcriticality in
apower ADS are proposed.

4.3 The SAD project and the PRE-SAD measurements

The idea of an experiment proposed in the Joint Inditute for Nuclear Research (JNR) in
Dubna and redlised as the project SAD (Subcriticdl Assembly in Dubna) is a vauable esponse
to the needs and a natural completion to the project MUSE. The agpplied spdlation neutron
source is of typicd proton energy for red ADS (660 MeV). Also the power generated in the core
(up to ~20 kW) makes it agood tool for precise measurements of hest generation.

The SAD core and its proton beam line are Hill in the phase of designing. So, the activities
carried on during the period 2000-2004 concentrated on :

cdculaions for examining the influence of core, reflector and shidding parameters of the
SAD versons on its exploitation and experimenta properties,
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measurements aming a the verification of codes and data bases gpplied in moddling of
integra  and differentid characteritics of hadron fidd aound a gpdlation target
bombarded by a high energy (660 Mev) proton beam,

neutron shidding efficiency measurements, with a specid atention to a «forward »
direction (behind the target area, in the direction of the primary proton beam)

measurements of radioactivity generated in the spallation target (and its surroundings),

developing of the methodology for neutron spectrum and dose rate messurements for the
energy range above 20 MeV.

post-mortem andyss of the spdlation target and specid samples (transuranic isotopes)
including radiochemical andyss

will be performed and analysed for the validation of neutron shielding calculations of ADS.

4.4 Brief description of the experimental set-up

441 The MASURCA facility and the MUSE-4 cores

The MASURCA facility (Fig. 4.2 and 4.3) is one of the criticd mock-up operated by CEA at
the Cadarache Study Center in the department of "Les Bouches du Rhéne'. This nuclear facility
is dedicated to the neutronic studies of fast lattices. It is an arflow cooled fast reactor operating
a a maximum power of 5 kW and a flux level up to 10™ n/enf/s. The materids of the core are
contained in cylinder rodlets, dong with in square platdets. These rodlets or platelets are put into
wrapper tubes having a square section (4 x 4 inches) and about 3 meters in height. The reectivity
control is fulfilled by absorber rods in varying number depending of core types and Szes. These
safety rods (SR) are composed of fue materid in their lower part, so that the homogeneity of the
core is kept when the rods are withdrawn. A "Pilot Rod (PR)", with a reactivity worth less than
haf a dollar, dlows the fine tuning of the reectivity. The core is cooled by ar. Cores of various
dimensions (1000 tubes maximum) can be smulated.

MASURCA had its criticdity in 1966. Till the mddle of the 90's, programme s were devoted
to the studies conducted in support of the PHENIX, SUPERPHENIX and EFR (European Fast
Reactor) projects. Since, it has been operated to test various reactor concepts that could be used
for plutonium burner cores (CIRANO programme ) and for the transmutation of radioactive
wastes. In particular, from 1998 to 1999, the COSMO programme amed to study the Physics of
the irradiation of LLFP targets in moderated sub-assembly at the periphery of fast reactors. The
effects of various moderators, *'B,C, CaH, , ZrH,, have been investigated. This progranme
helped in particular to the preparation of the ECRIX experiments that have been loaded in the
PHENIX.

The MUSE-4 cores (2001-2004) are based on a basic fud cell, composed of two Mox rodlets
for two sodium rodlets, representative of a fast Pu burner core (Pu enrichment of » 25% with »
18% content of 2*°Pu) with sodium coolant. This pattern is  reproduced ~ sixteen  times in each
fud subassembly (Fig. 44). The fud zone is radidly and axidly reflected by a Sanless
ded/sodium (75 %/25 %) shidding. The GENEPI deuteron guide was horizontaly introduced
a the core mid-plane and the deuterium or tritium target will be located at the core centre (see
Fig. 4.5). To compensate the spatid effect due to the presence of the GENEPI guide in the north
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pat of the loading, the south symmetricd pat was loaded with pure lead (99.99% of Ph)
samulaing the Pb circulation of the target. To smulate the physcd presence of a Pb spdlation
source, a pure square (10 cm thick) lead zone is placed around the GENEP! target. Full detals of
these configurations and the materias used are reported in [4.13].

Fig. 4.2: Bottom view of MASURCA core

Fig. 4.4: Radid cuts of afud assembly

and areflector assembly

Fuel assembly
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Fig. 4.3 : Top view of MASURCA core

Fig. 4.5: Radid cut of the MUSE-4 criticd
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To perform the measurements, various devices are used :

twelve fixed monitors, most of them with 2%°U deposit (from 10 mg to 1g), were used in
the pulse mode mainly for the subcriticality measurements. Their location changed severa
times dl dong the programme to optimise their use (to decrease the dead time or to
increase the counting rate.

two CFUKQ9 high efficiency fisson chambers £%°U deposit is about 4.5g) located in E14-
14 (B1) and W23-14 (B2) poditions (reflector zone) have been used in current mode for
NOISe measurements.

lagt, specid channels have been opened throughout the MASURCA tubes : two horizonta
channds a 90° around the mid-plane (radid channds) and thirteen axid channds. They
dlowed to introduce and eventudly move different devices such as miniature fisson
chambers, foils and also 2°Cf sources.

4.4.2  The GENEPI neutron generator

The carying out of the MUSE-4 experiments needed the use of an intense variable externd
neutron source smulatling the spdlaion source supposed to be used in an “ADS’. Benefiting
from the feedback and the experience gained during the MUSE-3 experiments, the 1SN team
designed and redized a specific pulsed deuteron accelerator, GENEPI (GEnérateur de NEutrons
Pulsés Intense), which produces neutrons by the D(dn)*He (deuteron-tritium) or T(dn)*He
(deuteron-deuterium) nuclear fuson reections on the GENEPI target. The smulaion of the
spdlation source is approached by the lead medium surrounding the GENEFP! target, where
(n,2n) reactions occur.

The accderator is described in details in the reference [4.14] but a schematic description is
given bdow and Fig. 4.6 presents the GENEPI implantation in the MASURCA fadility. In the
250 kV High Voltage Head, the deuterium aoms are ionised by an ac discharge usng a hot
filament and form a plasma into the “duoplasmatron” source. The discharge is triggered by an
auxiliary dectrode a a rate ranging from 10 Hz up to 4,7 kHz and its duration is determined by
an LC dday line. The ions are then extracted and focused creating a deuterons (D) beam. This
beam is acceerated up to 250 kV maximum (3) and deviated by a 45° magnet (5) in order to
sdect the D* ions (and remove the molecular Dy"). This devidion is dso necessay for firgt
dlowing GENEP! to enter in the MASURCA accderator room and second for the withdrawa of
the thimble of GENEPI introduced into the core. Indeed, the thimble is movable and is insarted
into a channd dug aong the North- South direction insside MASURCA core tubes.

The deuteron beam is transported over the 5 m beam line and focused by magnetic and
electrogtatic quadrupoles al aong its trgectory. Magnetic and eectrostatic Steerers associated to
diagnogtics findy adjust the beam podtion down to the copper target (49 mm diameter)
supporting a TiT or TiD depodt (30 mm diameter). The mass of Tritium or Deuterium deposit
isabout 1.2 mg/cn?, which corresponds to about a 12 Curies tritium activity.

A FARADAY cage surrounds the GENEPI dedsign in order to avoid the dectromagnetic
interferences in case of sparking.
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Locad and remote control of the accelerator is provided through a dedicated software,
“LABWINDOWS’, and specific embedded PC cards.

Fig. 4.6: GENEPI implantation in the MASURCA fadility.

EMCEINTE REACTEUR

The GENEPI device performances are summed up in the Tab. 4.1. They are very close to the
initids specifications [4.14].

Tab. 4.1: GENEPI beam characteristics

Beam energy (keV) 140 to 240
Peak current (mA) 50 to 60mA
Repetition rate (Hz2) 10to 4700
Minimum pulse duration (10 ) (at mid height signd) — for the 500 to 700
target current sgna
Minimum pulse duration (10 9) (at mid height Signdl) — for the 400 to 500

neutrons pulse sgnd (a detector)
Mean beam current (nA) ) (to be divided by 1.6 for an effective | 150 (for aduty cycle of 4700

vaue) Hz2)
Spot size diameter(mm) » 25 mm
Pulses reproducibility Huctuations at 1% leve

The GENEP! accderator was designed and constructed by the ISN (now LPSC) team at the
IN2P3 GRENOBLE dgte from September 1996 (first studies and caculations) to December 1998
(End of building of the A track). The physca dudies and qudification were performed during
the year 1999. The remova took place in February 2000 in order to make the implantation in the
MASURCA facility. The set up of the acceerator was completed at the end of June 2000 and the
first D+ beam was delivered to an inert target in August 2000.

The TiD target was mounted in November and the firs neutrons were produced in the

beginning of March 2001. The safety tests (compatibility with the functioning of MASURCA)
were redized in the same period.
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The firg coupling of GENEPI TiD target with MASURCA dl rods up in a dight sub-critica
level (SCO 1086 cells+ISN tube) was performed on the 27" of November 2001.

Thefirgt coupling of GENEPI — TiT target with MASURCA dl rods up in adight sub-criticd
level (SCO 1108 cells) was performed at the end of November 2002.

443 ThePhasotron at the JINR

The exiging JNR proton acceerator caled Phasotron (see Fig. 4.7) is the basc and
unchanging eement of al proposed versons of SAD. Its most important parameters from the
point of view of the present experiment are the following:

the maximum beam power: 2.1 kW

the maximum proton energy: 659 + 0.6 MeV
the proton energy dispersion: 3.1+0.8 MeV
the pulse duration (subject to shortening efforts): 30 ns

pulse repetition frequency 250 Hz

Fig. 4.7: The Phasotron inits hal

All the described below experiments were conducted on the same experimenta stand placed
in the room adjacent to the accderator hall (Fig. 4.8) The principa destination of the stand is the
reseerch in the field of nuclear medicine. For this god a low current beam is sufficient (~ 10'°
p/s obtained from the nomind intensity ~ 10'% p/s by reduction with a narrow carbon collimator)
and only such beam could be used in our measurements.
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presented experiments were :

and the lead taget longitudind axis was
postioned along it (Fig. 4.9). From a practica
point of view, short-lived isotopes were
measured a JNR when long-lived ones were
analysed a UMM Cracow.

one of the applied targets (Ph/sted, f  [1=8501mm,

Fig. 4.8: Postion of the experimental stand — cabin No 7; ML — magnetic lenses

Vaues of the parameters gpplied in the L 1

proton energy: 650 + 4 MeV lonisation

(nomindly 660 MeV) chamber
mex. proton yield:  Ip max = 3410 1% p/s,
irradiation time: tt=10m- 10h,
decay time: t4=2h-2y.

For each experiment the beam was focused

Fig. 4.9: View of the experimentd stand with

L = 500mm) assembled of four cylinders.
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5 Characterization of the coreswith and without neutron external source

5.1 Development of the MUSE-4 experiments— Main events

The loading of a core and the redization of experimenta programme s a MASURCA is
submitted to numerous rules and, in paticula, to authorizations ddivered by the safety
authorities (at loca, departmenta or natiiond leve). In this am, one (severd) experiment safety
report(s) describing the programme and its impact in terms of safety is (are) prepared in support
of the request to cary out the experiments. These reports ae examined and andysed by the
safety authorities.

The specificity and the uniqueness of the MUSE-4 programme probably disrupt usud
guestionings of people generdly in charge of andysng critical experiments In this context, long
negotiations, numerous technica demondgtrations, new procedures and specific tests had to be
achieved to answer to the Safety Authority requests. In the same time, the set-up of GENEPI dso
needed to make severd adds to the safety report of the facility. These requirements created an
important extra work. As a consequence, the authorization to perform the experimenta
programme on subcritica configurations was delivered about one year later than planned. Very
quickly the need to modify the initid work programme became evident and lead to prepare a first
contract amendment including a reduction of the number of experiments and an extenson of the
duration till December 2003. This fird amendment was signed by both parties on  September
2003.

Since the subcriticaity of the cores was adjused by changing the number of fud sub-
assemblies rather than tuning the axiad postion of the control rods, much time is necessary to
move and replace the subassemblies and in definitive to move on from one configuraion to
another one. All these activities have been underestimated and lead to increase the drift
compared to the initid time schedule. On the other hand, the optimisation of the experiments,
more especidly subcriticd experiments, lead to numerous smdl changes of core configurations
and monitor locations. These efforts to improve the experimenta conditions however amplified
the delay. Last, mantenance problems with GENEPI and some operating condrants at
MASURCA did not alow to reduce it. As a consequence, a second then a third amendment were
signed on December 2003 and April 2004. Finally, the contract extended till 31 October 2004.

The progress of the MUSE-4 experiments is presented in annex 3. The main milestones and
eventswere asfollows::

22 September 2000  : Kick-off Medting
1% October 2000 : Start-up of the contract

9 January 2001 . Frg citicdity of the MUSE4 reference core (configuration with
1112 fud cdls)
28 May 2001 . Authorisation to perform the experimenta programme in the reference

critical configuration
19 September 2001 : Authorisation to couple MASURCA and GENEP with dl the safety
rods up

13 November 2001 : Authorisstion to peform expeimenta programme in the three
successive MUSE-4 subcritica configurations
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27 November 2001  : Firgt coupling of the accelerator with the reactor with dl safety rods
up. Thereactivity level was close to —1.8% (~-600 pcm)

January 2002 : Short experimental campaign with areactivity leve doseto —23$.

March-
September 2002 : Full characterisation of the reference critical configuration

October 2002-
November 2003  : Study of the subcritica sodium cooled configurations

19 February 2004 . Authorisation to perform experimental programme on the subcritica
partid lead cooled configuration

May-July 2004 : Measurement campaign on the partia lead cooled configuration
2 August 2004 : End of the experimenta programme

5.2 Configurations studied

After a preparation phase that lasted from November 2001 to March 2002, the full
characterization of the reference criticd configuration was completed from April to June 2002.
This long campaign was conducted in order to have a wdl-established reference measurement
point. In particular, rod-drop experiments and measurements of kinetic parameters have been
achieved with the objective of determining reference reectivity levels.

The study of subcriticad sates began again (a very brief campaign was conducted in January
2002) a the beginning of October 2002 with the investigation of the SCO clean core
configuration using neutron external sources provided by GENEP. After this measurement
phase ended on March 2003, configurations with reectivity levels more representative of an
indugtriad ADS have been gudied : SC2 configuration (Ker around 0.97) was from April to July
2003 and the SC3 configuration with a kes around 0.956 was studied from September to
November 2003. A very last configuration wth a centra zone loaded with lead rodlets instead of
the current sodium rodlets was conducted from May to July 2004.

Main festures of these five main configurations are presented in Tab. 5.1, Fig. 51 and 5.2. In
fact, a totd of thirteen different configurations have been loaded. For more details about these
sub-configurations we refer to the three experimenta reports [4.1].
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Tab. 5.1: Characterigtics of the main configurations studied

Configuration
Refarence SCo SC2 SC3 SC3 NalPb

Number of
eqivaent 1125 1108 1006 972 972
fud cdls
tl?]o:;tll(g:zaf Up Up Up Up Up
;‘{:‘tg‘o‘c Down Down Down Down Down
Reectivity*
" in dollas| -026+001| -186+01 | -872+059 | -1358+ 092 | -11.06 + 0.86
- inpem 86+ 4 622 + 37 22011+ 207 | -4534+322 | -3695+ 299

(date) | (01/09/2001) | (10/21/2002) | (03/26/2003) | (08/27/2003) | (05/26/2004)
Target . D T T [ D T T

. 112 | 01/03 | 04/06 | 07 09/11 05/07
Period 03/092002 | 5002 | 2003 | 2003 | 2003| 2003 2004
Maximum
power with : <10W | <sow |<10w|<2w| <sw <5W
GENEPI ON

* . the reactiviies were determined usng the Modified Source Method (MSM). The
uncertainties correspond to one standard deviaion. The beta effective vaue used to express
the reactivity in pcmis 334 pcm [4.1].
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Fig. 5.1: Radid cuts of the four main sodium cooled configurations
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Fig. 5.1 (cont.): Radid cuts of the four main sodium cooled configurations
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5.3  Coupling of GENEPI and the MUSE-4 cor es

The GENEPI accderator was designed and constructed by the ISN (newly LPSC) team a the
IN2P3 GRENOBLE ste from September 1996 (first studies and caculations) to December 1998
(end of building of the A track). The physcd sudies and qudification were performed during
the year 1999. The remova took place in February 2000 in order to make the implantation in the
MASURCA facility. The set up of the accelerator was completed at the end of June 2000 and the
first D+ beam was ddlivered to an inert target in August 2000.

The TiD taget was mounted in November and the firs neutrons were produced in the
beginning of March 2001. The safety tesdts (competibility with the functioning of MASURCA)
were redlized in the same period.

The firg coupling of GENEPI TiD target with MASURCA dl rods up in a dight sub-critica
level (SCO 1086 cells+ISN tube) was performed on the 27" of November 2001.

The first coupling of GENEPI — TiT target with MASURCA dl rods up in a dight sub-critica
level (SCO 1108 cells) was performed at the end of November 2002.

531 Absolute Source Calibration

To characterize the neutron source produced by the GENEPI acceerator, irradiation
experiments were performed. Nickd foils were disposed on a target holder inserted verticdly in
MASURCA core, as close as possble (~10 cm) to the target producing neutrons under deuteron
impact. These irradiations were peformed with dl the safety rods inserted and & a repetition
rate of aout 4 kHz in order to minimize the activation due to the inherent source. Severd
reactions on Ni were exploited.

After irradiation the activity of each Ni target was messured in the Low Activity Lab of the
CNRS-INP2P3-LPSC, usng a low background germanium detector. These activities, compared
to MCNP smulaions of the activation, dlow deducing the number of neutrons per pulse. The
results are as following: the neutron production rate of the deuterium target was found equa to
3.0+ 0.3 10* neutrons per pulse on the 8" of April 2001 (for a 60 mA pesk current, oscilloscope
measurement).

The neutron production with the tritium target was found equal to 3.3+ 0.3 10° neutrons per
pulse (40 mA pesk current) on the 22" of January 2008. By recording smultaneoudy the
monitoring detectors, which consgt in slicon detectors counting the charged particles associated
to the neutron production, it was dso possble to associate the number of these particle detected
to the absolute neutron production, and then to have an online monitoring of the source. The
detection rate was found equal to 1.92+ 0.20 10 proton per source neutron ((d,D) source
monitoring) and to 2.44+ 0.24 10 dpha-particle per Surce neutron ((d,T) source monitoring).
More details about these measurements and results can be found in [5.1].

A second calibration of the TiT target was performed on the 29 of July 2003, which showed a
decrease of the neutron production of about one tird. In September 2003, a new TiT target was
ingtdled to increase the neutron production but it was not very different from the old one.

5.3.2 Monitoring of the Source

An dectronic ammeter measures the deuteron beam intendty on the target. The neutron
production is measured online with two backward dlicon detectors which detect the charged
particles associated to the nuclear reactions. one is detecting the a-particles and the protons
produced by reactions on the tritium or the deuterium target (the proton being not associated to
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neutron production but to a competing reaction on deuterium), and the other one detects only the
protons, a-particles being removed by a duminium stopping foil. The shgpe of the neutron pulse
obtained by current and charged particles measurements is shown in Fig 5.3. The rather good
agreement between these two methods appears. Fig. 5.4 shows a more precise time shape of the
neutron pulse obtained with a dlicon detector, and from which the FWHM s found equa to 400
ns.

By recording smultaneoudy the monitoring detectors it was dso possble to asociae the
number of these particle detected to the absolute neutron production, and then to have an online
monitoring of the source. The detection rate was found equa to 1.92+ 0.20° 107 proton per
source neutron ((d,D) source monitoring) and to 2.44+ 0.24 107 dpha-particle per source
neutron ((d,T) source monitoring).
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Fig. 5.4: Time shape of the neutron pulse obtained with a silicon detector.
The gaussan fit of the pulse givesa FWHM of 400 ns.
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533 GENEPI Operating feedback

The GENEPI accderator is an experimental device, which has changed during dl the MUSE
4 experiment campaign [34].

In spite of the replacing of severd components (hot filament, pump, eectronic cards...)
operating of GENEPl was satisfactory during the covered period: more than 10000 hours of
pumping and 130 Coulombs integrated charge on the targets.

During the experimentad programme 2 TiD targets and 2 TiT targets, produced by the
SODERN company (subsidiary of EADS company), were used. A new target has been mounted
each time we changed the nature of the deposit.

The main problems were the adaptation of the GENEPI accelerator to the MASURCA reactor
environment:

Congraining sfety rules: adjunction of afire protection and an earthquake protection.
Make the GENEPI operation rules compatible to the MASURCA ones (access, remote
control command...)
Behaviour under neutron irrediation of the embedded eectronic. change of severd
modules
The use of tritium, even if it's confined as a titanium hydride need of specid detectors,
gloves box and air flowed suits for target manipulation.
Training of “loca” technica people to run/operate the accelerator

534  Frequency modulation

The mean deuteron current and neutron production is controlled through the computer control
by the pulse frequency from 10 Hz to 4,7 kHz without changing deeply the shape of the pulse.

For the part of the physics programme concerning the study of the delayed neutrons fraction
evolution, the modulation of the source between two frequencies (typicdly from 300 Hz to 4
kHz) was used.

For safety reasons, the rise rate of the frequency has to be limited in order not to exceed the
neutron doubling time of neutrons in the reactor (5 seconds) and prevent triggering the fal of the
safety rods. So dectronics of the pulse frequency control include a dow ramp for norma
operation. Moreover measurement of the rise rate (log derivative) of the mean current on the
target is used to detect doubling times shorter than usud, to reset the frequency to the lower
vaue and then let it dowly recover. This device is useful after sparking when the beam recovers
quickly from zero to the norma vaue and d<o if rigng fronts of modulation are too fast.

5.3.5  Perspectives and Recommendations

The online monitoring of the neutron production could be upgraded to reach a better
coherence between the beam current measurement and the neutron productions in term of sgnd
shape and of absolute level.

This will dlow the future experiments to teke into account more accurately the neutron
production fluctuations during the acquidtions. Indeed, it has to be noted that the target
behaviour in teem of load (Tritium or Deuterium) evolution during the use is not taken into
account for the present experiments. It is the same for the deuterium pollution in the tritium
target due to the deuteron implantation.
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The preventive service operation frequency should be important to keep the acceerator in
operation, in particular on the eectronic and pumping devices.

A second GENEP  accelerator has been built in CNRS-INP2P3-LPSC facilities at
GRENOBLE with the main improvement concerning the reduction of the pulse width. The pulse
duration should be decreased under 500ns by using cable ddlay lines for the arc discharge and an
IGBT crowbar to short circuit it. These improvements could be transferred to MASURCA.

5.4 Review of the measurements performed

Although many different configuraions were dudied in the framework of the MUSE-4
experiments [4.1], we will retain for reasons of smplicity only the mgor ones in certain parts of
this find report. Besdes the reference critica configuration, the four other configurations SCO,
SC2, SC3 and SC3 Na/Pb can, in view of the experiments performed further, be categorized with
respect to the type of driving source which was used. When the GENEPI accelerator is switched
on, ether a deuterium or a tritium target was inddled. Certan types of measurements were
performed with GENEP! turned off resulting in the intringc source as the driving source. Some
measurements have been adso caried out with a *>>Cf source emitting, via spontaneous fisson,
about 2. 10° neutrons per second with a spectrum close to fission one.

The different kind of measurements performed in the MUSE programme were ether devoted
to the characterization of the core or to the determination of the sub-criticdity leve:

for the characterization of the core the following parameters were measured: criticd mass,
control rod reectivity worth (more especidly for the pilot rod), resction rate distributions
(traverses), spectrd indices by miniature fisson chambers or foil activation, neutron
spectrum by neutron spectrometry, flux importance traverses and kinetic parameters. All
these measurements have been achieved with the four safety rods up. Most of them have
been obtained with the pilot rod down and some with the pilot rod ether at critical postion
or in high pogtion.

for the determindion of the sub-criticdity levd, different kind of measurement techniques
were employed: the Source Jerk technique; the Pulsed Neutron Source (PNS) technique
based either on the Area approach, the fitting of the &decay constant or the kyrompt Method,
the Ross-4 technique the Feynmana method and the Cross Power Spectral Densty
(CPSD) technique.

Tab. 52 gives an oveview of the measurements performed by the different inditutes in the
different configurations.

Usua characterization measurements with FC (rod-drop experiments, fisson rate traverses,
spectrd indices and source importance digtributions) were primarily performed by CEA. Spectra
and spatiad index measurements using foil activation were managed by PSl with the assstance of
CEA. Neutron spectroscopy and source modulation measurements have been achieved by
CNRS/LPSC.

A mgor pat of the experiments in the three sub-critica configurations SC2, SC3 and SC3
Na/lPb, on the other hand, amed a the determination of the sub-criticdity leve. Severd
inditutes (CEA, CNRS, SCK, CIEMAT, IRI) were involved in this programme . Since different
indtitutes sometimes used the same techniques, the analyss procedure and reproducibility of the
measurements can be examined.
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For full details about these measures, refer to the experimentd reports [4.1] and the ligt of
publications.

Tab. 5.2: Overview of the measurements performed during the programme

Carficaration
Referance | SC0 | f={nt] | 503 SC3e
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5.4.1 Critical mass

Firg criticdity has been obtaned on January 9, 2001 with a 1112 fud cdl configuration.
Then, criticd configurations with 1114, 1115, 1119, 1125 and 1132 fud cells have been aso s&t-
up in order to manage : the loss of reactivity due to the 2**Pu decressing, the reactivity effect of
the specid tubes used for bes measurements and the reactivity effect of 1SN (newly LPSC)
measurement tubes.

5.4.2 Rod-drop experiments

In the MASURCA facility, the sub-critica level of the different configurations have been
epecidly determined by the standard method used in critical reactors. At present time, this
reference route is based on the set up of rod drop experiments coupled with the modified source
method (more detals in section ). In this am, rod drop experiments have been performed with
the pilot rod. Conddering the low reactivity effect caused by such a rod (negative reectivity
effect < 0.59%), gpatid effects can be neglected and thus it is not necessary to correct experimenta
vaues deduced from the inverse kinetics equations in the point modd. These rexults ae
presented in Tab. 5.3.
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Tab. 5.3: Core reactivity when the pilot rod is down

Date Configuration | Reactivity

(in cents)
15 January 2001 1112 cels -25.6
29 June 2001 1114 cels -16.3
06 February 2002 1115 cdls -19.4
9 April 2002 1115 cdls -37.1
19 April 2002 1115 cdls -37.9
11 September 2002 1132 cells -25.1
26 September 2002 1125 cdls -24.9

5.4.3 Fissionratedistributions

Vdidation of the deviation (from the criticd reference) of fisson rate didributions conditute
an objective of prime importance regarding the definition of recommended cdculation tools for
the prediction of the neutronic features of future ADSs Thus fisson rate rddive digtributions
close to the beam guide, ingde the lead buffer and in front of the target, have been firs measured
on the reference criticd corfiguration with adl SR up for a lage sample of dements The
objective of such a measurement campaign was not only to quantify initid biases not depending
of the externd source, but aso to alow the assessment of minor actinides nuclear data

Tab. 5.4 givesthe ligt of traverses performed on the reference configuration.

Tab 5.4: Fisson rate relative distribution measurements performed
on the reference configuration with 1115 fue cells.

Position of the pilot rod Criticd postion Down
Reectivity (in dollars) ~0 ~-0.37
Radid channds N/S, W/E N/S, W/E
_ E19-18, E16-15, E19-18, E16-15,
Axid channds
W21-17, W20-18 W21-17, W20-18
232Th, 233U, 235U, 238U
233U, 235U, 238U 237
237Np Np,
| sotopes used 239p,
238Pu’ 239Pu, 24°R1, 242py | 241 Am, 243 Am, \
log 10

Smilar measurements were peformed in subcritical configurations. Neverthdess, owing to
the difficulties with the carrying out of the experiments and, above dl, because of the increasing
of the acquistion time duration due to the low counting rates when the core configurations are
deeply subcriticd, a limited number of measurements could be completed. The full lig of fisson
rate traverses that we were able to perform on subcritical configurationsis presented in Tab 5.5.
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Tab. 5.5: Lig of fisson rate traverses performed on subcritica configurations

Configuration SCO SC2 SC3 SC3 Na/Pb
Reactivity (in dollars) ~-1.9 ~-9.1 ~-13.6 ~-11.1
Position of the safety

rods up up up up

rPoodsmon of the pilot Down Down Down Up Down

Target (D/T) D T T T T

GENEPI frequency 4.5kHz OFF |2kHz |4 kHz| 4kHz | 4kHz | 4kHz | OFF | 2kHz | 2kHz | 2kHz | 4kHz | 2 kHz
Channels N/S|EW ]| NS | NS |EW]| NS | EW |E19-18] N/S N/S | EW | NiIS EW | EW
Isotopes 235 | 23y, | zsy | sy | mey | ey | 2y | 2y | sy | sy | sy | sy | By 235

Although we have few measurements in subcritical configurations, some effects caused by
the source could be clearly highlighted. Fig. 55 and 5.6 shed on light the (D,T) source
dominated mode when the core is deeply subcriticd. Fig. 5 7 and 5.8 show on one hand the
soectra effect caused by the 14 Mev neutrons provided by GENEPI with the tritium target and,
on the other hand, the asymmetry produced by the presence of the beam guide.

Fig. 5.5: *°U fisson rate distribution in the N/S radia experimenta channel
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Fig. 5.6: *°U fission rate distribution in the E19-18 axia experimental channdl
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Fig. 5.7: 28U fission rate distribution in the West/East experimenta channd
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Fig. 5.8: 22U fission rate distributions in the North/South experimental channel
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5.4.4 Spectral indices by miniatures fission chambers (FC)

Spectrd indices by miniatures fisson chambers have been peformed for the man five
configurations previoudy described.

When critical (either with the PR down or a criticd pogtion), the experimentd channds and
the isotopes were smilar to those used for fisson rate traverses. Messurements have been aso
conducted for 2**Cm in the N/W and E/W channds. Mot of the time, three measurement points
by experimenta channd were acquired.

For SCO, SC2, SC3 and SC3 NaPb configurations, a reduced number of measurements have
been achieved. Less isotopes were used (2°U, 28U, 2*'Np, 2*°Pu, #°Py,'°B) and only two
experimenta points have been redized when it was possible (due to time congraints). Moreover,
only measurements with GENEPI ON with the tritium target have been redized.

545 Spectral indices by foil activation

To permit a deeper study of the spectrd variaions due ether to the new heterogeneities of
such system (as the centra lead zone or the accelerator tube) or to the external source, activation
measurements were performed. The choice of foils has been guided mainly by the need to cover
as wide a range of threshold energy vadues as possble. The full lisg of activation reections
employed isgiven in Tab. 5.6.

Tab. 5.6: Ligt of gpecid foils and reactions employed for spectrd studies

Reaction | Threshold | Reaction | Threshold
[MeV] [MeV]
IM15(n,g) - Ni*%(n,p) 2.8
Co>°(n,g) - Zr*(n,p) 2.8
TH*?(n,g) - Fe*(np) 3.1
Zr**(n,g) - Fe>°(n,p) 6.0
AU™'(n,g) - Mg?*(n,p) 6.8
U2 (nfis) - Pb?%4(n,2n) ~7
Np='(n,g) - TH?(n,2n) ~7
Np>'(nfis) 0.7 AP’ (n,a) 7.2
TH*32(n fis) ~1 Nb®nz2n) | 11.0
I-23(n,n) 1.2 Voi(na) 115
TH**2(n/fis) 1.3 Ni*8(n,2n) 135
Co>°(n,p) 2.0

The list of measurements which have been performed is presented in Tab. 5.7. In definitive,
more than 300 samples were activated.
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Tab. 5.7: Lig of foil activation experiments

Irradiation Date Configuration Foilsirradiated
1 17 September 2001 | Reference 1114 cdlls In, Feand U
2 9 October 2001 | Reference 1114 cdlls Ni, Nb, Co, Fe, ZnVa, Pb
3 14 March 2002 | Reference 1115 cdlls Ni, Al, Mg, Th
4 19 March 2002 | Reference 1115 cdlls In, Zn, Fe, Au, Np
5 25 June 2002 Reference 1115 cdls Mg, Au, Co, U
6 24 October 2002 | SC0 1108 cells+ D target | In, Np
7 13 November 2002 | SCO 1108 cells+ D target | In, Au
8 5 February 2003 | SCO 1108 cells+ T target | Ni, Mg, Nb, Pb
9 19 February 2003 | SCO 1108 cells+ T target | Va, In, Ni, U
10 04 March 2003 | SC0 1108 cells+ T target | Ni, In, Au, Al, Th
11 11 March 2003 | SCO 1108 cells+ T target | In, Ni, Co, Fe, Va, Zn, Np
12 9 April 2003 SC2 1006 cells+ T target  |In, Mg, Ni
13 15 April 2003 SC2 1006 cells+ T target [ Ni, In, Va, Al, Fe, Au

5.4.6 Neutron spectroscopy

Neutron spectroscopy measurements were performed in SCO and SC2 configurations using
3He proportiona gas counters. These counters were inserted in the centre of the core region into
specid fud tubes shidded from gamma rays by a 2 cm thick lead blanket. From the specific
response of these detectors to mono-energetic neutrons obtained on Van de Graaff acceerator, it
is possble to establish the response matrix of the detector and then, from the measured spectrum,
by the mean of an iterative subtraction method (darting a 2.2 MeV), to extract the neutron
energy spectrum from 100 keV up to 1.5 MeV. Compared to the expected flux obtained by
MCNP smulations this method show good agreement in the considered energy range (SC2, in

Fig. 5.9).

Fig. 5.9: Measured neutron flux compared to the flux smulated with MCNP.
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5.4.7 Sourceimportance distributions

To edtimate a traverse of source importance experimentaly, a 2°*Cf source is moved in an

experimenta chand and the counting rates of monitors are recorded for each postion of the
source. Therdative adjoint flux traverse in then given by:

fi* _Ci'Cr

where f is the adjoint flux, C the average monitors counting rate, r denotes the measurement

without the source, O describes the measurements with the source in the core centre and i the
measurement with the source in pogtion i.

During the programme , importace traverses have been worked out in the two radid
experimenta channels and in four axid experimenta channes E19-18 (indde the lead buffer and
in front of the GENEPI target), W20-18 (in a trangtion area between fud and lead), E16-15 and
W22-17 (not perturbed areg). The 2°2Cf sources were moved, using a specific device , with a

precison better than 10 mm. These experiments are lised in Tab. 5.8. Fig. 5.9 shows a example
of results that was obtained.

Tab. 5.8: Ligt of importance traverse measuremens

Reference configuration SCO SC2 SC3
with 1114 fud cdls 1108 cdlls 1006 cdlls 972 cdls
Safety Rods Up Up Up Up Up
PFilot rod Down 600 mm Down Down Down
Approximate
reactivity (inf -0.24 -0.11 -1.9 -8.7 -13.6
dollars)
252
Cf source 7 9
9 3.710 2.10° n/s
Radid N/S N/S
channds WI/E WIE WI/E WIE
' E19-18 E19-18
Axid E16-15 E16-15
channds W21-17 W21-17 } } }
W20-18 | W20-18
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Fig. 5.9: Adjoint flux traverse - E/W channel - SC2 configuration
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5.4.8 Kinetic parameters
Two assessments of the Tab. 5.9: b measured vaues close to criticdity
effective  delayed  neutron Reference configuration
fraction have been performed Fud cdls 1132 1115
close to citicdity usng both Reectivity in
the CPSD and the Ross-a cents (T s) -24.6<r $<0 -36.5
methods. The results CPSD Ros a
?ggngdg)are presented below Method (current mode) (pulse mode)
o best (pom) 334+ 6(1s) 317 + 13 (1s)
L (ny) 0.59+ 0.01 0.55 + 0.02

When subcriticd, best

has been assessed using a combination of the kyompt Method and the
source variation method. Results are presented below (Tab. 5.10).

Tab. 5.10: bt measured vauesin subcritical configurations

Configuration SCO SCo
Kett N .
(ko method) 0.9925 + 0.001 | 0.9706 + 0.001
Dett (pom) 342 + 32 313+ 34

549 Sourcejerk techniques

These experimentd techniques and the analysis methods associated are detailed in section 7.6.
Here, we only present some raw experimenta data obtained during the programme .
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The Standard Sour ce Jerk technique

The standard Source Jerk technique is based on the fast remova of the source out of an initia

dationary subcriticad medium. In the MUSE experiments, we performed such measurements on
SCO, SC3 and SC3 Na/Pb with a *°°Cf source located a the center of one of the W/E

experimentd channd. From these experiments one can deduce the reactivity expressed in
dallars. Fig. 5.10 show asample of experimenta data obtained.

Fig. 5.10: Source jerk experiments with a2°2Cf continuous source for two subcritical levels
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Sour ce modulation method

The Source Modulation technique is quite smilar to the Source Jerk Method. For a given
ub-critical level, the externa neutron source rate is suddenly changed from a high count-rate
level P, to alow count-rate level P;.

During the MUSE-4 programme , this technique has been set-up by varying suddenly the
frequency of the GENEPI pulsed source resulting in a decreasse of the average count-rate. Given
the return phase to the high frequency must be adapted to the reactor doubling time (5 s), on pain
to cause a safety rod drop, the source is not switched-off but varies from a high vaue FO (4 kHz)
to a low vaue F1 (300 Hz) in order to decrease the time needed to reach FO from the low
frequency F1 (Fig. 5.11).

Fig. 5.11: Source frequency variation cycle and experimenta
neutrons counting rate for three cycles
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Such measurements have been performed on SCO, SC2 and SC3 Na/Pb configurations (Fig.
5.12). From this measure, one can infer the reactivity expressed in dollars. Combined with the k-
prompt method (analysis strategy proposed by CNRS), bt can be deduced (section 5.7.8).

Fig. 5.12: Experimenta counting rates measured with detector 4 for
the SCO and SC2 configurations
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5.4.10 Pulsed neutron source experiments

The most direct method to study the response of the system to source intendty \ariations, is to
inject a short neutron pulse and record the counting rate following the pulse of detectors
digributed on different reactor postions. Depending on the method used, one can deduce an
experimental vaue of respectively, the prompt multiplication factor kp=(1- &efr)Kerr, the prompt
neutron decay constant a p=( - M)/ L, or the reactivity expressed in dollars fig= fi/ &t

Taking advantage of the GENEPI device, this technique has been gpplied on dl sub-criticd
configurations using both deuterium (SCO, SC2) and tritium target (SCO, SC2, SC3, SC3 Na/Ph)
with frequencies of 0.5 to 4 kHz. Mot of the measurements have been peformed with dl the SR
up and the pilot rod down. Data have been aso obtained with the pilot rod up in order to
invedtigate the posshility of measuring smdl reectivity changes. Vey degp subcriticd
configurations, achieved pulling down one SR or the 4 SR, were dso sudied. As a conseguence,
ahuge amount of data have been acquired.

Looking at the reduced histograms (Fig. 5.13 and 5.14), we dready could make severd
observations:

1-  Theshape of the histogram changes for different detector positions and reactivities,

2- In both cases, the shape of the histograms in the reflector and the shidding shows a
much smoother increase in the counting rate and a rounded maximum, »10-20 ns after
the GENEP pulse. On the other hand, the signds from detectors in a given region
(detectorsin symmetrica positions) show very smilar shape.

3-  Thechange on the exponentid decay raeis very sendtive to the reactivity.

4-  For configurations close to criticality (SC0), smilar decay dopes are observed for al
the detectors (core, reflector, shielding) in the range 75-250 ns. The point kinetic model
isvdidinthis case.

5-  For degp subcritical configurations, reflector and shielding detectors on one hand, and
core detectors on the other hand, have very different behaviours. The point kinetic
mode is no more vdid and dternative andyss models have to be used (see section 7
for more detalls).

6- For deep aubcriticd configurations, dl  higograms, more especidly for
reflector/shielding detectors, exhibit a dope change after a few tenths of ns This
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behaviour is increesed for very drongly subcritical configurations (configuration with
the 4 safety rods inserted, for instance, has a k-effective lower close to 0.85). This effect
occurs when two conditions are fulfilled : @ the neutron population can be divided in
two groups of very different lifetime, b) the neutron population of the shortest lifetime
group is larger than the other group. Then, after a certain time, the amplitude of both
groups invert and produce the change in the dope of the time evolution. In addition, this
effect can be amplified by the use of 2*°U detectors. The large resonance of 2°U at 1 eV
increases the measured amplitude of therma neutrons respect to the fast and epithermd
neutron population.

Fig. 5.13: Responses for detectors located in the core, the reflector and the shielding,
for four reactivity levels
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These measures aso demondrated that smdl changes of reaectivity could be detected. Fig.
5.14 shows the time dependence of the counting rate measured for the three core configurations
SCO, SC2, SC3 with the pilot rod inserted into or removed from the core, giving access to Sx
different levels of reactivity. Since the PR reectivity worth is less than hdf a dollar (i.e. less than
160 pcm), we can see thet the decrease of the counting rate clearly exhibits a sengtivity to such
low reactivity effect.
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Fig. 5.14: Shapes of the reduced time histograms for a detector in core
for ax different levels of reactivity

10°

— SC0O PR up
— 5C PR down
— 5C2 PR uwp
P — SCI PR down
10~ | — SC3 PRup
[ | — SC3 PR down

Normalized counts [arb.u.]

A TR E T S T RS S S M. s "N T
1] 20 40 (1] Bl 1060

Time [11s]

5.4.11 Noise measurements

Noise measurements have been performed with the intrinsic source of MASURCA core (1.4
108 n/s), the 2°2Cf source used for source jerk measurements (»2. 10° n/s), the pulsed source
supplied by GENEP! with the deuterium target (»1.2 10® n/s a 4 kHz) and the pulsed source
obtained with GENEP! equipped with the tritium target (»1.3 10'° n/s & 4 kHz with a fresh
fud). All configurations (critical with the PR or one SR insated, SCO, SC2, SC3 and SC3
Na/lPb) were sudied. Last, severa andysis methods (Ross-a, Feynmanra, APSD and CPSD)
were gpplied.

Given the amount of experimental data acquired, this report cannot even summarizes the main
results from the application of noise methods in the MUSE-4 configurations. In this report, only
conclusons with respect to the applicability of individud noise techniques for the measurement
of the reactivity in ADS are presented (section 7). For more details about these measures, refer to
thelist of publications.

5.5 Analysisand interpretation of the experimental data

5.5.1 Review of the calculation schemes used for the experiments analysis

The MASURCA mock-up is a zero-power nuclear reactor, which implies that therma-hydraulic
feedback do not play a role. Therefore, this section concentrates on the neutronics caculationd
methods which have been used by the different partners within the MUSE project to support the
anadyses of various experiments. The main aspects to be covered by the neutronics anadyses are :

1. datic anadysesfor critical configurations
2. datic andyses for subcriticd configurations
3. dynamic andyses for subcritical configurations
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The firg two types of andyses are "fundamental mode anadyses’; they were used to obtain
globa information about the core configurations and time-integrated detector responses. The effect
of the external neutron source is not taken into account. The main parameters to be caculated are
thevauesof Ket, &g, L and reaction rate traverses.

Dynamic andyses explicitly take into account the time-dependent behavior of the externd
neutron source. The main results from these andyses are time-dependent responses for detectors
located in various pogitions in the core, in the reflector and in the shidd.

The basic ingredients for neutronics anayses are the description of the geometry of the
problem and the cross sections describing the interactions of the neutrons.

Two types of approaches can be used for neutronics analyses:

1. microscopic methods.

These methods use a detailed description of the 3dimensonad geometry of the problem and a
detailed (i.e. continuous-energy) description of cross-section data. Monte Carlo methods are the
best-known in this category, dthough aso finite-dement methods exigt.

2. deterministic methods.

These methods use effective data for the description of neutron interaction cross sections. This
implies that information on the geometry of the problem is included in these (sdf-shidded)
cross-section data. Therefore, an gpproximate description of the 3D geometry is used.

In the andyses of MUSE experiments both Monte Carlo and deterministic methods were
used.

Nuclear data

As mentioned above, nuclear data form a basic ingredient for al neutronics andyses. Severd
basc nucdler data evduations exis; the most important ones are the European JEF-2.2
evduation [5.2], the American ENDF/B-VI.5 evduation [5.3] and the Japanese JENDL-3.2
evauation [54].

It should be noted, that during the MUSE project for each of these evauations new versions
were issued (JEFF-3.0, ENDF/B-VI.8 and JENDL-3.3). However, most partners within the
MUSE project kept usng the older evaudtions in order not to confuse the comparison of
cdculationd results.

Validation

In order to be able to rely on the results of neutronics andyses carried out for the MUSE
configurations a vdidation of the cdculationd approach (the combination of codes and data)
is required. In the MUSE core a rdaively large amount of *°Pu is present, while a fast
neutron spectrum is creeted in the core. A dedicated vdidation of the calculation tools for
such a configuration was felt to be necessary. Therefore, a smplified caculationd benchmark
was defined, which 4ill contans the man festures of the MUSE core Initidly, large
discrepancies were observed between the results from different participants. However, findly
it appeared that an update was needed in the nuclear data for 2°Pu. After correction of these
data consstent results were obtained by the participants to this benchmark [4.5].

As a sequd a redigtic caculaiond benchmark was defined [4.6]. This benchmark contains
3 descriptions of MUSE cores. one is a specification of a core which has dready been built
(COSMO) and the remaning two definitions represent MUSE criticadl and  subcriticd
configurations, dthough the "as built” gspecificaions dightly differ from the benchmark
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description. An overview of the man conclusons of this benchmark is reported in next
section.

Calculation schemes used by BNFL

BNFL supported the MUSE-4 experimentd programme using the reference French
caculation system ERANOS [5.5] (European Reactor Andlyss Optimised System).

Nuclear data based on the JEF-2.2 evaluation were used throughout the work.

Both 3D (TGV) and 2D (BISTRO) 33 energy group neutronic models of the MUSE-4
cores were condructed and the resultant flux solutions and group congants were then
processed using functions embedded within the overal ERANOS calculationd scheme.

Calculation schemes used by the CEA

The CEA Cadarache contributed to the andyses with deterministic calculations carried out
with ERANOS. Monte Carlo andyses with MCNP [5.6] were used for the interpretation of
8er Mmeasurements and to obtain cross checks for the deterministic anayses.

In the determinigtic andyses peformed by CEA cross-section data are used, which are
based on the JEF-2.2 evauation. Probability tables are included for the 37 main isotopes in
the unresolved resonances energy range.

For the Monte Carlo andyses data based on the JEF-2.2 evauation and on ENDF/B-V1.5
were used.

The 1968 energy group library resulting from the pre-processing was subsequently sed in
the cel code ECCO. This code provides multigroup, sdf-shielded, P1 anisotropy order cross
sections. A fine-group, heterogeneous Fij caculation is performed, which yieds spatidly
homogenized data condensed to 62 energy groups.

The code TGV/VARIANT solves the XYZ trangport equation with the variationa noda
method in the SP3 (dmplified sphericad harmonics) gpproximation. The exact core geometry
istreated and 62 energy groups are used.

Calculation schemesused by CIEMAT

CIEMAT contributed to the interpretation of the results with Monte Carlo analyses carried
out with MCNP.

Throughout the CIEMAT andyses nuclear data based on the ENDF/B-VI.5 evduation
were used.

Calculation schemesused by CNRS

CNRS contributed to the analyses with Monte Carlo smulations carried out with MCNP.
Throughout the analyses, nuclear data based on the ENDF/B-V 1.5 eva uation were used.

Calculation schemesused by ENEA

The ENEA participated both to the MUSE benchmark and to MUSE-4 interpretation of the
kinetics experiments by means of the ERANOS deterministic codes system.
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Cross-sections processing at different energy groups (33, 50 and 175) was carried out by
means of ECCO cdl code dating from the 1968 fine energy groups JEF-2.2 reference
nuclear datalibrary.

In order to take into account the core-reflector interface effects, the macrocdl option was
used [5.7].

Keif, Spoectral indices and severd reection rate traverses were caculated by using the
BISTRO and TGV/VARIANT modules in order to solve respectively 2D and 3D transport
problems.

With the am to andyze the MUSE-4 kinetics experiments, two cdculaion procedures
were developed and vaidated usng ERANOS code by means of a static gpproach in order to
evaluate the prompt-a vaue of the sysem and to smulate the PNS area method for different
MASURCA subcritical configurations with DT external source (SCO, SC2 and SC3) [4.4,
5.8].

Calculation schemes used by FZJ

FZJ contributed to the MUSE project with Monte Carlo andyses. The neutron cross
section data used in the FZJ andyses were mainly taken from the MCNP library ENDFE0
which is based on the nuclear data file ENDF/B-VI Release 2. Furthermore, the more recent
libraries ENDF66 (ENDF/B-VI Release 6) and ACTI (ENDF/B-VI Release 8) were used. For
test purposes, calculations were made in which the ENDF/B-VI based probability tables of
Pu-239 were replaced by those obtained with JEFF-3.0.

The Monte Carlo andyses for the OECD/NEA benchmark problems were carried out with
the Monte Carlo code MCNP. A private TALLYX subroutine was used within MCNP in
order to caculate the reaction rate traverses, spectral indices and neutron spectra in specified
positions of the MUSE core on the basis of surface talies.

The Monte Carlo caculations to the andyss of the MUSE-4 experiments were performed
by the MCNPX code [5.9]. The reaction rate traverses in different experimental channds and
the spectral indices a specified pogtions were determined by the use mesh tallies.

Calculation schemesused by FZK

The neutronics analyses performed by FZK were carried out with the KAPROS/KARBUS
deterministic code system [5.10).
The libraries for KAPROS/KARBUS are based on the JEF-2.2 evaludtion.

Calculation schemesused by KTH

KTH made caculations with MCNP and MCNPX of the rdative source efficiency 6*. A
procedure was developed [5.11] to caculate this quantity with standard outputs of MCNP.

Calculation schemes used by NRG Petten

NRG Petten contributed to the MUSE project with detailed Monte Carlo andyses with a
modified verson of MCNP and participated in the benchmarks carried out in the framework
of the project.

The default cross-section library used in the NRG Monte Carlo andyses is based on the
JEF-2.2 evaudion. In order to determine the sengtivity to the nuclear data used in the
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andyses, NRG dso caried out a series of cdculaions in which data from different
evauations were used. Among others, data were used which were produced within the
HINDAS 5" Framework project by Koning et a. [5.12]. Very recent uranium evauations
proposed for inclusion in the ENDF/B- VI evauation were also used.

A new method was developed by NRG with which the vaue of the effective ddayed
neutron fraction, &g, can be cdculated in an MCNP andyss without any approximations
[5.13].

Calculation schemesused by SCK

SCKCEN contributed to the MUSE project with datic caculations for the MUSE
benchmark. The analyses were carried out with MCNP.

The cross-section data used in the MCNP anayses were based on the ENDF/B-VI.5 and
JEF-2.2 eva uations.

Calculation schemesused by TUD/IRI

IRl contributed to the MUSE project by time-dependent Monte Carlo smulations of
detector responses carried out with the code MCNP-DSP [5.14].
Cross-section datain the IRl analyses were based on the ENDF/B-V1.5 evauation.

5.5.2 Feedback fromthe MUSE-4 benchmark

In 2001, the reactor physics and safety subgroup of the NEA/OECD WPPT (Working Party
on Scientific Issues in Patitioning and Transmutation), jointly with the MUSE-4 project,
decided to propose a computationa benchmark based on the MUSE-4 experiments [4.6]. The
intention was to create a benchmark, which in addition to the comparison between codes and
cdculation schemes, would teke advantage of some experimenta results available. The objective
was to provide the guidance on the evduation of systemaic uncertainties and indications of
future development required both, in the smulation codes and the associated nuclear data bases.

Since large experience is avalable on the smulation of fast critical reactors, the benchmark
proposed to divide the exercise in three phases.

In the firgt phase, a typicd liquid metal cooled fast criticd reactor, the COSMO reference
critica  configuration studied a8 MASURCA in 1998/1999, was proposed for the smulation.
Geometrical fluence didtributions, spectrd indices and globd parameters as the ke and kinetic
parameter values were studied and compared with the available experimenta results.

In the second phase, the MUSE-4 reference critica configuration with 1112 fue cdls was
simulated requesting the same kind of evauations asin the COSMO case.

Findly, the third phase proposed the sudy of the former SC2 configuration (with an
expecting number of fud cdls equa to 976) resulting in a subcriticd sysem with ke close to
0.97, and with an externd neutron source based on the D-T reaction with the tritium target
placed in the MASURCA core centre. The Smulation of this configuration included the
cdculaion of the same parameters of the critical configurations with additional attention on two
specific aspects of the subcriticd systems: the propagation and multiplication of the source
ingde the multiplication assembly, and the kinetic behaviour of the coupled system.

In the two later phases, the smulations have been made blindly before the experimenta
results were available.
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The large participation in this benchmark has dlowed the comparison of many combinations
of amulaion methods, including deterministic and Monte Calo methods, and nuclear data
bases. For the comparison of cdculations versus experimenta data, severa differences between
the configurations smulated in the benchmak. and those redly sudied during the MUSE-4
experiments, eventudly needed to gpply corrections. This made dso more complex the anayss
and limited the conclusions drawn from this exercise.

Kerf and global parameters

The inter-comparison among the different codes for the effective delayed neutron fraction
and mean neutron generdion time, shows that there are difficulties with the definition and
underganding of the requested parameters. In addition, it has been found that very different
methods have been used to evaduate the requested parameters, leading to very different
cdculaion uncertainties. Both effects have introduced severe difficulties on the comparisons
and identification of code and nuclear data libraries effects on these globd parameters.
Nevertheless, the average value of the ddayed neutron fraction in MUSE reference
configuretion is very close to the experimenta value. On the other hand, the interpretation of
cdculation results for the mean neutron generation time with Monte Carlo codes has proven
to be difficult and no satisfactory result was obtained.

For the neutron multiplication or criticdity congtant, large differences are found between
different solutions, reaching 2% in the ke vaue. After a careful sdlection of nuclear data and
amulation methods, a reduced disperson of 600 pcm is found on the absolute evauation of
ket usng ENDFB6 versus JEF2.2 libraries. However, the results of probabilisic and
determinigtic codes usng the same data library are in agreement. Findly, irrespective of the
nuclear data library used, the computed change of reectivity between two configurations (100
pcm on 3200 pcm) is nearly the same. Comparing with the experiment, we observe that
JEF2.2 based libraries provide better estimations of the resctivity. On the other hand,
experimentd results for the subcritica configuration are characterised by a large uncertainty
compared with the digperdon of the smulation codes. Hence, no definitive conclusions can be
extracted in this case except that the reectivity variaion between the two configurations is
consistently predicted by the codes.

The computed totd power of the source subcriticdl smulation shows a large poread that
can be explained by the disperson in computed ket vaues and smal differences in neutron
source efficiency calculations (4%).

Reaction rates spatial distributions

In generd, the reaction rates spatid digtributions are rather well reproduced by the
amulations, with digpersons typicdly lower than 5% in the fud core region, away from the
interfaces. The precison of the smulaion get worse (typicdly within £10%) in two cases,
when describing the detector response in the reflector or shidding and when describing the
regions very close to the neutron source. The first point seems to be related to the difficulty of
describing correctly the neutron spectra in the reflector, and the second might be related to the
high neutron energy (14MeV) of the D-T source and its transport.

Comparing with the experimenta values, one observes, in generd, good predictions by the
smulaion codes typicaly within the experimental uncertainties.
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Spectral indices and fluence spectra

Smdl but rdevant discrepancies between smulaions performed with different nuclear
data bases in the critica configurations are observed, indicating sgnificant differences on the
cross sections between ENDFB6, JEF2 and JENDL 3 libraries.

For 2%°py, 24Py, 2%°U, dl smulations provide results in good agreement (< 5%) with the
experiments when available, except in the case of the #*°Pu in the subcritica configuration in
the E-W channd, where dl amulations overestimate the spectral index a 15%.

For 2Py, 2Py, 2*!Am and 2**Am the simulations based on JEFF2.2 provide good resuits
(<5%) but the smulations based on ENDFB6 overestimate the reaction rate between 5% and
10%. No clear status for JENDL 3, since the 2 available solutions show different behavior.

For 2%8U: the sSmulations based on ENDFB6 provide good results (<5%) but the
smulations based on JEFF2.2 underestimate the reaction rate up to 5%. No clear status for
JENDLS3, snce the 2 amulaions show different behavior. In subcritica, large discrepancies
(exceeding 40% in some cases) are observed. This is be produced by a different description of
the neutron source among the Smulations as observed in the neutron spectrum.

For 2%8py, dl sSmulaions overestimate the experimental data between 5% and 10%.

For the capture in *>Mn and 1*°In the difference ranges between 30 and 40%.

For the subcriticd MUSE-4 configuration, there are two kinds of solutions: source driven
and eigenvadue caculaions. Close to the source, the two types of calculations present large
discrepancies that can be attributed to a different evauaion of the fast and high energy
fraction in the neutron fluence. The effect is most pronounced near the source, indde the lead
buffer. In addition, the solutions with source and with the same basic library, show ggnificant
discrepancies that are consstent, comparing different isotopes and different postions, and can
not be judified by datidicd or computation uncertainties. Pending further anadyses, these
differences are dtributed to differences in the trangport (including multiplication) of the high
energy (14 MeV) neutrons from the source. re experimenta results. All these effects have
essentialy disappeared at 34 cm from the source where results very similar to the critica case
are recovered.

The large fluctuaions in the subcriticd smulaions do not dlow us to confirm the smdler
differences induced by the choice of nuclear data library, but the large effects for the *>Mn
and 12°In spectral indexes are till observable,

Experimenta results cannot dlow us to extract further conclusons due to the experimenta
uncertainties and the large dependence of the spectra indices with the distance to the source
at pogitions very close to the source (centre of the E-W and N-S channels).

Time evolution of the neutron flux after a short neutron pulse

A clear corrdation is observed between the kes vaue and the logarithmic dope of the
counting rate decay of the *°U fission detectors located in the fud core a medium times, 50-
120 nrs, after the source pulse. Similar decay rate is observed in the reflector and shidd in this
time interva, dthough the large uncertainties do not alow to reach cler conclusons. At
shorter times the time evolution is very different a different locations.

This correlation between ket and the logarithmic dope could be used to evduae the
resctivity of the sysem. No difference is observed between the MCNP and ERANOS time

evolutions until 150 ns, however adightly higher equivadent L vaueis predicted by LOOP.
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Due to the dependence of the logarithmic dope with the reactivity, no direct comparison
can be peformed with the experimenta data. However, from smulaions performed in
configurations Smilar to the experiments, it has been observed that, @ the core region is well
reproduced for equivdent reactivity, and b) none of the smulaions can reproduce the
behaviour @ long times in the reflector and shidd regions, resulting in an underestimation of
the fisson rate. A possble explanation, related with the capture cross section of *°Fe at
energies below 1 eV, has been proposed in [5.15].

General benchmark conclusions and recommendations

The dmulation of fast neutron sources (14 MeV) indde a subcritica reactor introduces
dightly larger uncertainties on the reactor behaviour. This is probably related to a number of
factors, including: uncertainties on the nuclear data in the region between 0.5 and 20 MeV,
mode deficiencies on some codes and lack of experience on the application of the codes to
thiskind of problems.

In addition, the exercise has been very hdpful to identify the points of the different
gmulation methodologies that should be improved: cdculaion of bef and L in MCNP,
significant discrepancies between different nuclear libraries, possible underestimation of *°Fe
capture cross section, €tc.

Last, MUSE does not provide the answer to al the discrepancies, and additiona
comparisons between smulation and data will be very interesting and helpful, in particular
paying atention to the externd fast neutron source propagation within the multiplier media
and transport of low energy neutrons in large nearly transparent reflectors.

5.5.3 Analysisresultsand interpretation

The andyss of the experiment and the comparison of measurements with determinigic and

stochastic cdculations have given the following conclusons [4.3):

Critica mass

There is an excellent agreement between measured and caculated reactivities from critica
to ket = 0.95, with both sodium or lead coolant; deterministic (ERANOS) and stochastic
(MCNP-X) cdculaions provide comparable results (given the uncertainties) as shown in Tab.
5.11:

Tab. 5.11: ket Measurements and Cdculations (in pcm)

Number of Ezi"/lers',\”/l"‘)ﬂ ERANOS | MCNP-X
fud cdls (1% = 331 pem) Cdculation Cdculation
Cross Section Library ERALIB1 Jgfgg'éilsgg
Reference Configuration 1115 -80+5 - 40+ 315 +11+18*
SCO Configuration 1108 -616 + 36 - 594 + 315 - 689 + 19*
SC2 Configuration 1006 -2884 + 201 - 2873+ 315 | -3036+ 18*
SC3 — Na Configuration 972 -4493 + 313 - 4464 + 315 | - 4126+ 19*
SC3 — Pb Configuration 972 -3661 + 291 - 3604 + 315 -

(* gatidtical uncertainties only)
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Kinetic parameters

Measurements were performed in near-critica conditions, and dso for the SCO and SC2
configurations where a combination of the kp-method and the source modulation method was
applied.

For the critical configuration, the agreement between measurements and cdculaions is
good for the delayed neutron fraction b for both deterministic and Monte Carlo codes within
the reported uncertainties. For the generdtion time L (Tab. 5.12), there is aso a good
agreement  between expariment and determinigic  cdculaions  within - the  reported
uncertainties. However, the caculation of the mean neutron generdtion time based on Monte
Calo methods remains an open problem, since the interpretation of the MCNP removal
timeslifetimes in view of a mean neutron generdion is gill under discusson. With regard to
the vdidity of the standard measurement interpretation methods and the appropriateness of
the used caculdiond schemes for the determination of 8¢ and E in degp subcritica
conditions, the MUSE results don't alow to draw specific conclusions.

Tab. 5.12: Measured and Caculated b+ — Critica configuration

Experiment Cdculation
Pile noise) Ross a CEA, NRG SCK FZJ
BNFL,PS|
Code ERANOS MCNP MCNP-X MCNP-X
Library JEF2.2 JEFF3.0 | JEF+Lal50n | ENDF/B-VI
Pu239 JEFF3
bef (pcm) | 334+ 6 317+ 13 333+ .
averagevaue =331+ 6 326+ 10 2.5 34823
0.63" 0.62 + 0.005
(these values correspond in
L (ng |059+0.01|055+0.02| 0.52+0.01 - £t to the meen if of
neutrons inducing afisson)

( : Satiscd uncertainties only)

For subcritical configurations, further experiments and sudies will be also necessary
before drawing meaningful conclusons. In Table 5.13, we only reported the bess vaue
experimentally measured on the SC2 configuration with the D-T source (usng the
combination of the kp-method and the source modulation method), and the vaues caculated
for the 976 fuel cells configuration congdered in the MUSE benchmark.

Tab. 5.13: Measured and Calculated bt — Subcritica configuration

Experiment
(combinetion of the ky Cadculation
method and the source (NRG [4.6])
variation method [5.16])

Configuration SC2 1004 cells 976 cdls
K eff 0.97060 0.96829
Code - MCNP
External source dT dT -
Method - SDEF KCODE
Library - JEFF3.0 JEFF3.0 JENDL-3.3
best (pCm) 313+ 34 333.7+6.2 326.7+25 | 320.0+ 2.2
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| * parameter

The vdue of | * is higher with the (d,T) source of 14 MeV than with the (d,D) source of
2.6 MeV, because of the (n2n) reactions above 7 MeV, which increase the neutron

multiplication. With the (d,D) source, the vaue of j * is dill greater than one, indicating that
this source is more efficient than the fisson source.

Fisson rate traverses

For the criticad case, the C/E for fisson rate traverses is very good (see Fig. 5.15), except
in the center of the EW channe (owing to the pogtion of this channe) and for isotopes with
high therma cross section near the reflector (see Fig. 5.16). Some measurements show up to
7% underestimation of the caculated fisson rate. The origin of these discrepancies close to
the reflector is a wel-known problem and arises from the difficulties for deterministic codes
to reproduce space-energy corrdated phenomenon at such an interface [5.8]. A solution is
under sudy a this time and should be implemented in ERANOS soon. The MCNP
cdculations match the measurements better (Fig. 5.16 - right), athough resdud discrepancies
indicate that the nuclear data concerned by reflector effects could be ameliorated

Fig. 5.15: Fisson rate traverse for the reference critica configuration
(circle=measurement, square=cal culation)
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Fig. 5.16: Fisson rate traverse for the reference critica configuration
(cirdle=measurement)
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For subcritica configurations, 23°U fission rate traverses in the NS and EW channdls show
a very good C/E agreement better then 2% (Fig. 5.17). For SCO (D,T), the #*®U fisson rate
traverses in the EW and NS channds show a very high C/E (Fig. 5.18). The cause of this
discrepancy is the difficultg/ to reproduce in the cdculaion the exact level of subcriticdity.
Fig. 5.19 show that the #*°U flux shape in the centre of the MUSE-4-SCO (D,T) configuration
isvery sendtive to the exact levd of subcriticdity in the cdculaion [5.17].

Fig. 5.17: >*°U Fission Rate traverse, caculated and measured, in NS Experimental Channel

for the SC3-Na-DT configuration
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Fig. 5.18: 28U Fission Rate traverse, calculated and measured, in NS Experimental Channel
for the SCO-Na-DT configuration
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Fig. 5.19: Sensitivity of the shape of 28U fission rate traverse to the subcriticality level
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The spectrd indices are wdl caculated in the fud but unsatisfactory close to the lead; we
have identified a high sendtivity of these quantities to the dastic and indlagtic cross sections
of lead (see Fig. 5.20), which seem to be overestimated.

Fig. 5.20: sensitivity of the 2*8U/2°U fisson index in the E19-18 channel located in lead
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Spatid Indices

Foil activation messurements [5.17, 5.18] reved the impact of the centrd ADS-type
heterogenaities on caculation accuracy. In paticular, the difficulties of reproducing correctly
gpectral variations a high neutron energies, in and around the central lead region, have been
brought out cealy. The influence of the externd source is dgnificant only to predict
threshold spatid indices. Additiondly, this effect appears just in the proximity of the externd
source. Some paticular aspects have been quantified as the dreaming effect dong the

accderator channd.
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Senditivity to lead cross-sections

Severd different response parameters in the MUSE-4 configuration show a rather large
sengtivity to the high energy part of the lead cross sections, especidly for the (n,2n) and the
indadtic cross sections [5.19].

Kinetics

Codes and data are capable to predict the time dependent behavior in the core only. The
devidion at long times in the reflector and shidding (see Fig. 5.21) has been atributed to low
energy neutrons and may be related to a bad characterization of the thermal capture cross
section of °°Fe [5.15]. Therefore, only PNS area method seems to be reliable for what
concerns the order of magnitude of the gspatial correction factors (see Tab. 5.14) [4.4, 5.8].
Concerning its agpplication, it does not adlow an online subcriticad leve monitoring in ADS,
but can be used as “cdibration” technique with regards to some sdected postions in the
system to be anaysed by aternative methods, like Source Jerk/Prompt Jump.

Tab. 5.14: Reactivity evauation of the SCO configuration by means of PNS area method:
comparison between the experimenta and caculated vaues

Reectivity ($) Dispersion in comparison to the expected vaues
Detector Exp. Cd. Exp. Cd. (E-C)IC (%)

I -14.3 -13.1 1.14 1.06 +7.5

L -12.9 -13.0 1.03 1.03 -0.6

F -11.9 -11.8 0.95 0.94 +0.7
M -12.7 -12.8 101 1.02 -0.8

G -13.0 -12.4 1.04 0.99 +5.0

N -12.1 -11.8 0.96 0.94 +2.2

H -12.6 -12.1 1.00 0.96 +4.3

A -12.7 -12.4 101 0.98 +2.8

B -13.0 -12.8 1.04 1.01 +1.9

Fig. 5.21: Comparison between experimental and MCNP calculated 2*°U time-responses
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5.6 Monte Carlo smulations of neutron spectra and neutron sour ce efficiency

One of the objectives of the studies presented in this section was to study the representativity
of the MUSE experiments of a future ADS, by comparing the effects from the GENEPI-
generated (D,D)- and (D,T)-neutron sources with the effects from a protorrinduced spdlation
source [5.11]. All of the sources were coupled to the second sub-critical state & MUSE-4 (SC2).
MCNP was used for al cdculations with the (D,D)- and the (D, T)-sources, while MCNPX was
used to smulate the configurations involving the 1000 MeV proton-induced spalation source.

5.6.1 Neutron energy spectra
Neutron leakage ener gy spectra from the lead buffer

One way to investigate the neutron source effects is to firsg sudy the sources without the
multiplicative medium present and to compare the different neutron leskage spectra For this
purpose, the surrounding fud and shidding were temporarily removed, as shown in Fig. 5.22.
For the smulation of the spalation source, the lead buffer/target in the model was extended by
one extra sub-assembly towards the proton beam, replacing part of the accelerator tube. Using
MCNPX, 1000 MeV protons were directed towards the lead target, generating the spdlation
source.

Fig. 5.22: Configuration of only the lead buffer region. To the l&ft: (D,D)- or (D, T)-source
neutrons emitted at the centre of the core. To the right: 1000 MeV protons accelerated towards
the extended |ead buffer creating alarge number of spalation source neutrons.
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The energy spectra of the neutrons exiting the lead buffer are plotted in Fig. 5.23 and it is seen
that the spectrum from the (D,D)-source has a large peak between 2 and 3 MeV, which is the
energy range with which the neutrons are emitted by the GENEPI generator. Hence, only a small
fraction of the source neutrons have logt ther initid energy. This is an expected result, since the
energy loss by dadic scattering of neutrons in lead is quite smdl. However, for the (D,T)-
source, the energy of the neutron spectrum has decreased sgnificantly, which is explained partly
by the (n,2n)-reactions in the lead buffer, induced by the 14 MeV neutrons. The (n,2n)-reaction
in lead has a threshold a about 7 MeV, explaining why there is no such effect for the (D,D)-
source. However, about 35 % of the neutrons exiting the lead buffer have not interacted with the
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lead and are Hill in the 14-MeV peak. For the spallation source, most of the source neutrons have
rather low energy compared to the initid proton energy, with the maximum dengty at a little less
than 2 MeV. This is a typicd neutron leskage spectrum for 1000 MeV protons impinging on a
leed target of this sze. About 7 % of the spdlation neutrons, however, dill have energy higher
than 20 MeV.

The GENEPI-generated neutron sources in the MUSE experiments were surrounded by a lead
buffer with the purpose to smulate the neutron diffuson of an actud lead (or lead-bismuth)
target in an ADS. The comparison of the neutron leskage spectra shows that the neutrons from
the (D,T)-source in MUSE-4 have a rather smilar energy spectrum as the neutrons from the
gpalation source have, and can from this point of view be considered more representative for a
spallationdriven system than the (D,D)-source.

Fig. 5.23: Neutron leakage spectrum from the lead buffer/target for a (D,D)-source, a(D,T)-
source and a spallation source (1000 MeV protons).
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The neutron energy spectra for the three different sources have been computed with the entire
core present. The spectra were cdculated in two different postions;, one in the lead buffer and
oneinthefud.

In Fig. 5.24, the neutron energy spectra for the three different sources caculated in the lead
buffer are plotted. The spectra are very smilar to each other, the energy densgity being maxima
a about 500 keV. Severd spectrum characteristics of the multiplying fud can be recognized, br
example the two dips in the neutron fluxes caused by the scattering resonances in sodium (~3
keV) and oxygen (~04 MeV). This indicates that the neutron spectrum in this pogtion is rather
dominated by the fisson multiplication in the fud and that many of the neutrons from the fud
enter into the lead buffer. However, a smdler fraction of the neutrons have energies different
from the average behavior and the two pesks representing the origins of the GENEM -generated
neutron sources and the high-energy tail of the spalation source are very clear in this pogtion. It
should be noted that the pogition in the lead buffer where the energy spectra have been caculated
isonly about 5 cm from the position where the GENEPI source neutrons are emitted.
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In FHg. 5.25, the neutron spectra in the fuel a a point located 21 cm from the center of the core
and about 10 cm into the fud are depicted. Naturdly, the fud spectrum characterigtics in this
case are even more pronounced than in the lead buffer. The three different curves are very
smilar and amost no traces from the origins of the externa neutron sources can be observed.
Only about 0.15 % of the (D,T)-source neutrons are ill in the 14 MeV peak and about 0.04 %
of the neutrons in the spdlation-driven system have energies higher than 20 MeV. The spectra
for the other sub-critical states (SCO, ket ~0.994 and SC3, ke ~0.95) are not shown here, since
they are amilar to the spectra of SC2. However, as there is less fisson multiplication for larger
ub-criticdities, the origin of the sources becomes a little more pronounced in SC3 and vice
versain SCO.

The computed neutron spectra show that the energy spectra in the core, originating from the
three different externa sources are very smilar to each other. These results indicate the vdidity
of one of the basc hypothess of the experiments, namely that the choice of usng a spdlation
source or the source neutrons produced by the (D,D)- or the (D,T)-reections, will affect very
little the neutron spectrum in the fud. Only ingde the lead buffer and a the buffer/core interface
some differences are observed. We therefore conclude that, for the purpose of computing neutron
spectrum-weighted quantities, the energy didtribution of the externad source can be neglected
beyond afew centimeters into the fudl.
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5.6.2 Neutron source efficiency

The neutron source efficiency (j *) was determined for the GENEPI-generated (D,D)- and
(D, T)-neutron sources, both of them coupled to the second sub-critical state (SC2). | * represents
the relaive efficiency of the external source neutrons and can be expressed according to the
following equation;

. 21 0 <Ff_.>
J*: - 15x s .
ékeﬁ B<Sh>

<Ffs is the totad production of neutrons by fisson and <S,> is the totd production of
neutrons by the externd source. The relaion shows that, for given vaues of ke and <S>, the
larger | *, the larger the fisson power produced in the system. The quantities on the right hand
sde of the equation are sandard outputs from MCNP. The reaults, including dtatistica error
esimates, are lised in Tab. 5.15. The neutron source efficiency obtained for the spdlation
source was not included in this report, due to the ambiguity in defining the externad neutron
source in a sysem where the actua source particles are protons and not neutrons. The neutron
source can be defined in severd different ways and the results are directly dependent on the
choice of definition. Therefore, completdy different values of j * are often observed, due to the
different choices of externa neutron source definition.

Tab. 5.15: Neutron source efficiency for the (D,D)- source and the (D, T)-sourcein the
MUSE-4 SC2 configuration and in a centraly lead-cooled configuration.

Source Kest j*
(D,D)-Source 0.97285 1.36 (+ 0.010)
(D, T)-Source (£ 18 pcm) 2.17 (£ 0.020)
(D,T)-Source 0.97382
(centrally lead-cooled core) (& 27 pom) 2:39(+ 0.030)

The energy of the emitted (D,D)-source neutrons (2-3 MeV) is only dightly larger than the
average energy of a neutron produced by fisson. Since j * is 1.0 for an average fisson neutron,
the vaue for the (D, T)-source is therefore expected to be equa or dightly larger than 1, which is
indeed the case. For the (D,T)-source, the reason for the higher values of | * is the larger fisson
rate, pat of which coming from fissons induced by the neutrons multiplied by (n,2n)-reactions
in the lead buffer. The number of fisson neutrons per source neutron is large, gpproximatey
5% larger than for the (D,D)-source. The (n,2n)-multiplication of the 14 MeV neutrons
increeses the number of neutrons lesking out into the fue and inducing fisson chain reactions,
thus enhancing the neutron source efficiency. In average, about 1.5 neutrons leave the lead buffer
per initial 14 MeV neutron, compared to about 1 neutron for each (D,D)-source neutron.

In an extended phase of the MUSE-4 experiments, a configuration with 22 of the centrd
sodium-cooled fud sub-assemblies replaced by lead-cooled sub-assemblies was studied. In order
to mantan the same reactivity for the two configurations, some of the peripherd fud sub-
assemblies were removed. As is shown in Tab. 5.15, the source efficiency for the lead-cooled
configuration is dgnificantly higher than for the sodium-cooled configuration, 2.39 compared to
2.17. The reason for this difference is agan the (n,2n)-multiplicative effect in lead. Since there is
more lead in the centra part of the core in the lead-cooled configuration, where there are 4ill
many neutrons with energy higher than about 7 MeV, there is more (n,2n)-reactions. These
circumgances enhance the neutron multiplication, as wdl as j *. Since the source efficiency
relates the source intendity to the power produced in the system, we conclude that, for a constant
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source intengty, the replacement of sodium coolant by lead coolant in the 22 centra fud sub-
assemblies increases the power by approximately 10%.

5.6.3 Proton Source Efficiency

An important factor when desgning a red ADS, driven by a high-energy proton beam, is to
optimize the beam power amplification, i.e. the core power over the accelerator power, given
that the reactor is operating at a certain sub-criticd reectivity level. Therefore, optimizing the
source efficiency and thereby minimizing the proton beam requirements can have an important
impact on the overal design of an ADS and on the economy of its operation. The neutron source
efficiency parameter j * is commonly used to study his quantity, since it is reaed to the number
of fissons produced in the core (which is proportiond to the totd core power) by an average
externd source neutron. However, cdculaing | * introduces some problems, since the actua
source particles are protons and not neutrons. With the purpose of providing a smple means for
studying the core power over the beam power, a new parameter, the “proton source efficiency”
(y*) has been introduced [5.20]. y * refers to the number of fisson neutrons produced in the
system by each source proton and is expressed in the same way as | *, only with the replacement
of <S> by <S>, according to

O <Ffs>
ékeﬁ + <S,> '

<Ffs/<S> is the totd productlon of neutrons by fisson over the tota number of source
protons. Hence, y* dso represents the product of j * and the number of source neutrons
generated per source proton ), i.e. Y* =] *>Z . In order to optimize the core power over the
beam power, the proton source efficiency has been studied conceptualy & a function of severd
different system parameters, such as the target radius, coolant materid, axia proton beam impact
postion, proton beam energy and fuel compostion [5.20, 521, 522]. A raher drong
dependence was found for al of these parameters, in particular for the target radius.

In the profound dudy of different measurement techniques for reectivity monitoring in an
ADS, peformed within in the MUSE-4 programme , the method based on the current-to-flux
reectivity indicator has gppeared to be the mgor candidate for on-line monitoring (see Chepter

9). The ratio between the neutron flux monitored in a detector (F) in the core and the proton
beam current (ip) can be expressed by the following relation,

|: Kest
M Tk

where e is the efficiency of the detector. Hence, assuming that the reactor is operating a a
congant reactivity and that the detector efficiency does not change, y * is the proportiondity
factor between the monitored neutron flux and the proton beam current. By sudying the
dependence of y * on different possble variations of the target-core properties, a good estimation
of the qability of the current-to-flux reectivity indicator can be obtained. Possble trandents that
might affect y * are, for ingance, a change in the beam direction or the beam impact location, the
proton energy or the target temperature. Over longer periods, the change in isotopic composition
of the fud due to burnup, or the modification of the core geometry during rdoading, might
change the source efficiency. In order to assure the rdiability of the reactivity indicator, these

ex
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factors, potentidly able to affect the proton source efficiency or the detector efficiency, should
be monitored continually or checked on aregular basis.

5.6.4 Conclusions

From the computed neutron spectra, the two following conclusons can be drawn. Fird, the
energy spectrum of the neutrons lesking out from the lead buffer for the (D,T)-source is rather
amilar to that of the gpdlation source. Therefore, from this point of view, the (D,T)-source can
be considered more representative of an ADS than the (D,D)-source. Second, the fact that the
fisson multiplication dominates a distances past a few centimeters into the fud implies that, for
the purpose of core studies, the presence of the source may be ignored in the caculation of
gpectrum-weighted quantities and the MUSE experiments can, from this point of view, be
considered representative of an ADS.

The cdculations of | * for the different sources yidd a condderably higher vdue for the
(D, T)-source than for the (D,D)-source, which is explained by the (n,2n)-multiplications of the
14 MeV neutrons in lead. Moreover, the proton source efficiency parameter y * has been defined
and gudied, in order to provide a bass for the optimization of the core power over the beam
power and for the evauation of the stahility of the current-to-flux reactivity indicator.
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6 Characterization of spallation tar gets bombarded by a high energy proton beam

In this part of the report are described the measurements and caculaions performed within
the frame of the SAD project (see sections 4.3 and 4.4.3). These experiments and analyses,
caried out from 2000 to 2004 (annex 4), amed a the verification of codes and data bases
goplied in modding of: & integrd and differentid characterigtics of hadron fidd around a
spdlaion target and, b) transmutations in target and condruction materids and ther resulting
radioactivity.

Ad. @ Experimenta investigation of neutron spectra a angles of 45°, 75° and 105° to the proton

beam was done with the use of Bonner spheres spectrometer detector. Neutron spectrawere
unfolded and compared with the calculated ones. A combination of the LAHET code with
different nuclear models and the MCNP code was agpplied. The best agreement between
measured and cal culated spectrawas observed in the 0.1 - 3MeV neutron energy range. The
largest differences occurred in the highest energy region (> 50 MeV) and between 5 and 20
MeV. An inherent imperfection of the Bonner spheres method for the former region (weak
dependence of response functions on neutron energy) resulted in the discrepancy.
In order to improve the Stuation, an experiment with the use of track detectors with
heavy metd (Ta, W, Au, Bi, and Pb) radiators was conducted. Its am was the evauation
of the high energy paticle induced fissons in radiators and their gpplication to fast
neutron (~30 — 500 MeV) spectrometry i.e. unfolding the neutron spectrum, basing on
known excitation functions of threshold reactions of heavy metd fisson. As a result of
the measurement and theoretica andyds the near-linear dependence of the fisson yidd
in these metds on the maximum vaue of ther fisson cross-section and computer
smulated dengty of fisson reactions was found. The idea needs further devel opment.

Ad. b) The reaction rates in samples of the main dements composing the spdlation target and
surrounding congruction materias, such as Mg, Al, Cr, Mn, Fe, Ni, Cu, Nb, W, Bi
and Pb, were measured. In the experiments a cylindrica Pb targets were gpplied. As a
result of extendve measurements of induced radioactivity a number of nuclides were
identified. The mgority of them are short-lived with hdf-lives, below 1 month. There
ae dso some exceeding 1 month half-lives and even longer than 1 year. One can
expect that among the produced but not measured (due to low activity) more long-
lived nuclides are present.

In order to take into consideration both, proton and neutron induced reactions for
broad energy range the following spdid didributions of induced activity in
different eements were determined experimentally:

Angular digtribution around the target in samples of polyester (for C) and Al.

Digtribution on the Pb target surface in samples of polyethylene (for C) and Al.

Axid digribution ingde the Pb target and on its front and back surfaces.

Radia digribution in Bi samples for three cross sections of the Pb target.

In the measurements of axid digtributions of radionuclide activity in the Pb target three types of
digribution shapes were didtinguished: digribution of Bi isotopes, distributions of medium mass
nuclides (most possibly products of fisson or/and “degp” fragmentation), distributions of heavier mass
nuclides (products of spdlation of Pb nucle). The most interesting are the distributions of Bi isotopes
(°°’Bi, 2°°Bi, 2°°Bi) obtained from Pb, thus only in proton induced reections like (pxn). They reved a
sharp characterigtic pesk about 30 cm ingde the target in the region where proton energy decreasesto
30 — 80 MeV. It results both from the decrease of proton energy with the penetration depth in lead and
from the shape of the excitation function of respective reactions. These distributions are properly
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reproduced in caculaions by al applied codes (LAHET, MCNPX and FLUKA) and model options.
The observed good agreement of caculation and measurement at the target front and near the end of
primary proton range is observed. It results most probably from the fact that in both cases the activation
sems mainly from reactions induced by the primary protons and for their energy ranges where the
applied reaction models work properly. On the other hand, between the target front and the end of
primary protons range increases the role of secondary protons and neutrons and their transport in lead.
Thus, one can suppose thet in this case worse performance of respective models is responsible for the
discrepancy.

For dl axid didributions some generd regularities were found when compaing the
caculated and measured results: too low values of caculation for fisson fragments, better ones
for heavier nuclides (A > 170). At the word, the comparison shows the agreement within one
order of magnitude. Almost adways the C/E ratio is between 3 and 1/3. For he activity of the
whole target even differences below 10% are observed, in particular for the nuclides - products
of spdlation with DA » 10 - 30. However, one can not point out a single code and/or nuclear
reection modd yidding good results for adl examined nudides. The modd of Cugnon gives the
best agreement with our experimental values - about 70 % of results within 30 % difference.

Veification of the computer evaduations, of integra and differentid characteristics of hadron
fidd and the radionuclide production around a spalation target in the whole energy range by
comparison with the experimentd data is one of the important tasks of the project SAD. All the
described experiments were devoted to these subjects

6.1 Experiments
Different cylindrica Pb targets were applied and different types of measurements performed:

Measurement of neutron spectra around the Pb target with the use of Bonner spheres
method [6.1, 6.2],

Application of track detectors for assessment of fast neutron induced fissons in heavy
elements (excluding actinides),

Activation measurements of angular and surface didributions of hadrons around the target [6.1,
6.2],

Measurement of specific activities of threshold activation detectors in front and behind the
target [6.3t0 6.9],

Measurement of axial and radid didributions of the radionuclides activity induced in the
target.

The proton beam intendty and distribution on the targets front surface has been monitored
with the use of ionisation chamber, Al activation detectors, matrix of thermoluminescent
detectors and profilometer.

6.1.1 Measurement of neutron spectra around the Pb target with the use of Bonner
spheres method

The spectra of neutrons emitted from a thick target bombarded with high-energy protons have
a very wide energy range, darting a the initia proton energy of hundreds of MeV, down to the
energies of the order of keV. Experimentd invedtigation of such neutron gspectra is thus a
vaduable source of data for vdidation of the computer methods of their amulation. In the
presented research neutron spectra a the angles of 45°, 75° and 105° (to the proton beam
direction) (Fig. 6.1) were measured with the use of Bonner spheres spectrometer (BSS).
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Fig. 6.1 Layout of the experiment for the determination of neutron spectra
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Neutron spectra were unfolded with the use of the 2-nd kind Fredholm formula

Ni= GF(E)j (E)dE

Emin

where:

E - neutron energy [keV], F(E) - neutron flux density [cm?s?], f (E) - response function of i
th sphere [cn?], N - thei-thpheresigrd [sY.

The neutron spectra were dso numericdly evauated teking into account the detaled
experimenta  conditions. Two methods were used. In the firsg one a combination of the LAHET
Code Sysem [6.10] (for the nuclear cascade calculation a energies above 20 MeV) and the
MCNP4B code [6.11] (for the neutron transport evauation below this energy threshold), and in the
second the MCNPX code [5.10], were applied. The calculated values are energy dependent neutron
fluences averaged over a sphere corresponding to the volume of spherical moderator of the BS
spectrometer. An example of results of the comparison of cdculated and experimenta neutron
gpectra is presented in the Fig. 6.2. All cdculations with the LAHET code assuming different
nuclear models produced very smilar shagpes of the spectra. Thus, only the results from the Bertini
model are shown in the graph. The relative datistical errors of the caculated results amount to
2+3%, except of the highest energy intervad, above 50 MeV. The largest differences between
measured and caculated spectra occur aso in this region and between 5 and 20 MeV. The man
reason of discrepancy a high energies is the weak dependence of BSS response functions on the
neutron energy in this region, resulting in the poor ability of the technique to unfold respective

61/133



spectra. It is an inherent imperfection of the method. An improvement requires precise knowledge
of the experimentdly verified BSS response function at neutron energies above 20 MeV.

The experimentd and cdculated fluences (per initid proton) in the whole energy range from
3. 10 to 650 MeV, at 277 cm distance from the target centre are presented in Tab. 6.1. As can be
seen the caculation with MCNPX results in dightly better agreement with measurement for 45°
and dightly worse for the larger angles. In both cdculations the differences amount to 17 - 33 %
and the higher vaues correspond to smaler angles.

Fig. 6.2: Experimenta and calculated neutron spectraat 75°
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Tabh.6.1: Experimenta (Bonner Spheres Method) and calculated neutron fluence

at the selected angles
Ange 45° 75° 105°
Experiment (1.40+ 0.05)40° | (1.42+0.06)40° | (1.26+ 0.07)40°
Cdculation by:
MCNPX (9.647 + 0.019)40°| (1.070 + 0.002)407° | (1.013 + 0.002)40™°
LAHET + MCNP4B (9.391 + 0.193)40°| (1.046 + 0.022)40°| (1.053 + 0.276)407°

6.1.2 Application of track detectors for assessment of fast neutron induced fissions in
heavy elements (excluding actinides).

In order to improve the accuracy of measurements of the neutron spectra in the high energy
region, an experiment with the use of track detectors with heavy dement (Ta, W, Au, Bi, and Pb)
radiators was conducted. Its am was the evauation of the high energy particle induced fisson
dengties in radiators and their application to fast neutron (~30 — 500 MeV) spectrometry i.e. to
unfolding of the neutron spectrum, based on known excitation functions of the threshold fisson
reactions.

During the irradiation with 660 MeV proton beam sandwiches conssted of the heavy dement
radiators between two track detectors, were placed behind the Pb target, where no primary
protons could run in. After expodstion and etching of the detectors, the numbers of fisson
fragments tracks resulting from reections induced mosly by high energy neutrons (~99%) in
radiators, were counted and their surface dendties evaluated. Also the track dimensons were
measured. Example of the dimensions distribution is presented in Fig. 6.3.
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Fig. 6.3: Digributions of track diameters for the Au radiator
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Application of a damplified theoreticd goproach gives the following gpproximate formula
for the surface density of tracks (D [cmi?]) from a particular radiator:

f=(Fs ) N;rACRf

Where:

ni - volume densty of fisson fragments in a radiator [cm®], R - range of the average fisson
fragment in the rediator [cm], f - correction factor for the improper assumptions, ss - maximum
vaue of the neutron fission cross section [cnf], FO- fluence of neutrons [n/enf], A - a@omic mass
of the radiator [g], ¢ - content of the radiator dement, rJ- density of radiator [g/cnT], Na -
Avogadro’ s number [at/moal].

The results show (see Fig. 6.4) that the normadised surface density of tracks counted in the
backward direction (in this way the tracks from recoil nucle are avoided), is proportiona to the
caculated fisson dendgty and/or to the maximum cross section for fisson of agiven radiator.

Fig. 6.4: Normdised density of tracks counted in the backward direction versus caculated
fisson dengty and neutron fisson cross-sections for saturation energy (~380 MeV).
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The obtained result is promising but the idea of the detection of tracks of heavy dement fisson
fragments for fast neutron spectrometry needs further devel opment.

6.1.3 Activation measurements of angular and surface distributions of hadrons around
the target.

This pat of the experiment conssted of two measurements. In the firg one the activation
detectors of carbon and duminium were gpplied for investigation of hadrons lesking from the
lead target. The detectors were arranged around the target at the distance of 1 m from its centre
in the horizonta plane of the trget axis at the angles from 0° to 165° to the axis (Fig. 6.1). The
absolute activities of *°F, *C and **Na, induced in the detectors with reaction thresholds of 40,
20 and 6 MeV, respectively, were measured. The angular distributions of measured activities per
one detector atom and one source proton, normaised to saturation vaues, are presented in Fig.
6.5 where they are compared with respective results of caculations. Total error of the presented
experimenta results ranges from 6% for the points near the digtributions maximum up to 15% at
ther minimum. Angular digributions of the specific activity were smulated with the MCNPX
code. The tota activities were obtained as the sums of the two reaction channels the proton and
neutron induced ones. Errors of the smulated activities are determined mainly by the uncertainty

of reaction cross-section data

Fig. 6.5: The angular distribution of the specific activity of the C and Al detectors
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In the second measurement the longitudind didribution of hadron yields was assessed. For
this the lead target was wragpped with layers of activation detectors (AD) i.e. duminium and
polyethylene foils (Fig. 6.6).

Fig. 6.6: Activation detectors (AD) positioned on the side-surface long and at the ends of
the lead target. The distance along the target in cm
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The results of measurements compared with caculations are presented in Fig. 6.7 in the same
way as the angular digtributions.

Fig. 6.7: The didribution of specific activity of the C and Al detectors positioned
on the surface of a Pb target
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The respective experimental errors were estimated to remain between 6 and 15 % for different
pats of the digributions. Generdly, the caculated and experimenta angular distributions show
far agreement with the exception of the back angle (165°) where the low energy protons scattered
from the target front may be underestimated in cdculations Also for the longitudina digtribution
of activity the cdculaion results are smilar to the experimentad ones. The differences reman
within the limits of totd uncertainty of the results It can be seen in the grgphs tha the proton
contribution to the activities grows with the decrease of energy.

6.1.4 Measurement of specific activities of threshold activation detectors in front and
behind the target.

In this initid experiment the samples of different metds were placed directly in the proton beam
of 650 MeV in front of the target, and in the neutron field behind the target. One measurement was
devoted to testing of the applied irradiation and counting procedure. The samples of Al, Fe, Cu, Nb
and Pb were irradiated directly in the proton beam without the lead target. Based on the irradiation of
Fe sample, the cross sections for the primary proton production of some resdue radionuclides in
natural Fe were determined and compared with other results. The obtained vaues agree within
experimental errors with the results of earlier experiments for such nudlides as. **Ar, 42K, %°sc, 8y,
®1Cr and ®?Mn. For ?*Na our result fits better to the expected excitation function than the one of
Lavrukhina [6.12].

In this way the applied procedure of the proton beam intensity monitoring and the absolute
detection efficiency determination was tested and pogtively verified. The evduated average
relative determination error amounted to ~5 %. However, the accuracy can be dill improved,
mainly by better monitoring of the number of protons.

As a reault of extensve measurements of activity induced in samples of man dements (Mg,
Al, Cr, Mn, Fe, Ni, Cu, Nb, W, Bi and Pb) composing the typica construction materids around
200 radionuclides were identified. The mgority of them have short hdf-lives, beow 1 month.
However, there are dso some with hdf-life exceeding 1 month or even 1 year. One can expect
that among the produced but not measured (due to low activity) nuclides the proportion is Smilar
and some more long-lived nuclides are present.
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6.1.5 Measurement of axial and radial distributions of the radionuclides activity
induced in the target.

For assessing the axid didribution the spdlation target was built of severd pieces of 5 cm
and 1 cm thick cylindrical parts and of 31 pieces of 1mm thick lead samples adl 80 mm in
diameter (Fig. 6.8). The Pb samples were placed dong the target in such a way that to best
reproduce the characterigtic digtribution of proton induced activity of Bi radionuclides (evauated
earlier with the use of LAHET code).

Fig. 6.8: Structure of the lead target: (diameter - 80 mm, length - 308 mm).
Samplethickness- 1 mm

protons

e e -1

21 samples

single samples

All parts of the target plus samples together with proton monitors were irradiated and then the
samples and monitors were counted with the use of HPGe coaxid detector. For quantitative evaluation
some nuclides were selected from the ones with the identified lines in the measured g-spectra and for
which axid digtributions ingde the Pb target were obtained. Examples of the results are presented in the
Fig. 6.9.

Mgority of caculations smulating the experiment was done with the code MCNPX (versons
2.5b and 2.5d) [6.13]. Different model options were gpplied in caculations of the induced activity.
For the sake of example, the following representatives of nudlides: ®3Rb (fission), 1#°0Os (spallation)
and 2°’Bi (pxn), resulting from different types of reections, were sdected for comparison of the
experiment and caculations. This comparison is presented in Figs. 6.10, 6.11. One can observe that
in some cases the new mode option called INCL4-ABLA yielded results in better agreement with
the experiment than other model options of MCNPX, for instance the distribution of 2°7Bi.
Comparisons for other nuclides have been presented in earlier reports from our investigations [6.14]
aswell asresaults of our caculations with the code Fluka [6.15].

The axid digributions of the Bi isotopes 205 and 206 have been used for ADS vdidation
work in adiplomathess a the Universty of Karlsruhe [6.16].

Fig. 6.9: Digributions of the specific activity of radionuclides dong the Pb target irradiated with
660 MeV protons.
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Fig. 6.9 (cont.): Didributions of the pecific activity of radionuclides dong the Pb target

irradiated with 660 MeV protons.
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From the practical point of view evauation of the tota homogenised target activity can be of

interest, especidly for the liquid metd one. Such evauation has been done on the basis of both

the experiment and calculations (MCNPX and FLUKA). The experimenta and caculated vaues
were compared and the results of comparison are presented in Table 2.

Tab. 6.2: C/E (cdculation/experiment) ratios for selected radionuclides.

BABL - Betini + Abla, Bdef - Bertini default, CABL - CEM + Abla, CEM - CEM
default, ISABL - Isabdl, ISDRE - |sabdl + Dresner

. - o

Exp. Uncert. |BABL |Bdef CABL |CDRE |[CEM ISABL [ISDRE |FLUKA
*Co 148 6l 050 0,48 0,60 0,60 0,46 0,46 0,50 0,38
" ::Zn 274 8] 0,87 1,71 0,77 0,67 2,04 0,82 1,64 0,78
S [ _Ro 3540 170] 0,49 0,43 0,59 0,63 0,50 0,53 0,37 0,68

=l E 1644 8l 066 | 058 | 080 | 080 | 077 | 075 | 051 m
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M Te 1580 44l 0,63 0,78 0,90 0,85 0,57 0,78 0,71 0,54
I 6640 1200 142 | 186 | 054 | 055 0 0,94 133 [ 007
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Fig. 6.10: Examples of measured and calculated distributions of the specific activity of

radionuclides aong the Pb target irradiated with 660 MeV protons; eq = 1 and eq = 0 means:
with and without taking into account the pre-equilibrium evaporation in the decay of excited
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Fig. 6.11: Example (*°’Bi) of measured and cal culated production rate distribution of Bi
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For the assessment of radid distributions two methods of detection were applied:

Measurement of radioactivity induced in Bi samplesirradiated in the Pb target.

Application of track detectors for assessment of fast neutron induced fissons in heavy
elements (excluding actinides).

In this case the spalation target conssted of 6 Pb cylinders 5 cm thick and 16 cm in diameter.
Between the firg 4 cylinders the sample holders made of lead, Cu foils and track detectors of

the same diameter as the target were introduced. Between the last 3 segments only Pb discs and
track detectors were inserted.

All parts composing the target and the sets of samples are sketched in Fig. 6.12.

Fig. 612 L ayout of the Potarget and thehdlder of Bi samples

Sets o’f track detectors

Al matrix

protons )

Thin Al foil)'/< —\
Cu foil Bi samples

The measured activity of radionuclides induced in Bi samples was compared with the
smulated one. Calculations were done with the use of MCNPX ad FLUKA codes. The radial
digribution of activity generated in lead was adso dudied. An example of the last reaults, for
207Bj, is presented in Fig. 6.13. The measurements of tracks surface densty distributions both

axid and radid dlowed for visudisation of the change of proton beam shape with the depth of
penetration in lead (see Fig, 6.14).

Fig. 6.13: Experimenta radid distribution of 2°”Bi activity in the Pb target,
5 cm from its front
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Fig. 6.14: Experimentd radid didtributions of fisson fragments track dendity in the Pb target a
5, 10, 15, 20 and 25 cm depth
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6.2 Discussion of results, conclusions

6.2.1  Activation measurements

The measurements of hadron angular digtribution around the Pb target exposed to 660 MeV
proton beam show a fair agreement with the caculated ones (6 - 15 % rdative uncertainty). The
agreement is worse only for the back angle (165°) where the low energy protons backscattered
from the target front may be underestimated in caculaions. Also the cadculation results for the
activity on the Pb target surface agree with the experimentd ones. The differences reman within
the limits of total experimenta uncertainty (6 - 15 %).

In the messurements of longitudinad didributions of radionuclide activity in the Pb target
three types of distribution shape were digtinguished (see Fig. 3.9):

that of Bi isotopes,
that of medium mass nuclides (most possibly products of fisson or/and “ deep”
fragmentation),
that of heavier mass nuclides (products of spdlation of Pb nude).
The most spectacular are the distributions of Bi isotopes (2°7Bi, 2%°Bi, 2%°Bi), which can be
produced from Pb in proton induced reactions soldy (eg. (pxn)). They reved a characteristic
sharp peak about 30 cm ingde the target in the region where proton energy decreases to 30 — 80

MeV. The maximum results from the energy spectrum of protons, changing with distance passed

in lead, coinciding a this depth with the maximum of the excitation function of respective
reactions (Fig. 6.15).
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Fig. 6.15: Cross section for reaction Pb(p,xn)2°®Bi [6.17].
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The digtributions of Bi isotopes are properly reproduced in caculations by al applied codes and
mode options (LAHET, MCNPX, FLUKA), however one can observe better or worse compliance
with the experimentd results (see Fig. 3.11). In the pesk of digtribution one can digtinguish the
most deviaing cdculation results from the LAHET2.7-1sabel and the MCNPX2.5b-CEM options.
Smilar Stuaion occurs for the continuum part of the distribution, between the target front and the
place where the peak is observed. The worst performance is shown aso for the LAHET2.7-1sabel
and the MCNPX2.5b-CEM options. A good agreement of caculation and measurement a the
target front and near the end of primary proton range is observed. It results most probably from the
fact that in both cases the activation comes mainly from reactions induced by the primary protons
and for their energy intervals where the gpplied reaction models work properly. On the other hand
in between increases the role of secondary protons and neutrons and their transport in lead. Thus,
one can suppose that in this case worse performance of respective models is the reason of the
discrepancy.

For the medium mass nudlides (eg. ®Rb) — most probably fisson products — the distributions
decrease abruptly when proton energy drops below the respective reaction threshold. Thelr
spatia didribution agrees with the one of beam protons in the target and their production ends
practicaly a the depth of 20 - 30 cm in the target. A comparison with caculations (in the Fig.
3.10) shows that in the first hdf of the target length, where the energy of primary protons is high
(450 - 660 MeV), the agreement is poor independently of the gpplied mode of the excited
nucleus decay. On the other hand the shape of experimentaly determined distribution complies
very well with the excitation function of the respective reaction (Fig. 616).

Fig. 6.16 : Comparison of the
experimentally determined o ©rp T2
distribution of ®*Rb along the ' /’/’/
Pb target (irradiated with 660 e HEoo
MeV protons) with excitation
function for the Pb(p,x)®*Rb
reaction. Theend of &Rb
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For the heavier nuclides (eg. %°0s) - residuds of the spalation process — the distribution is
amilar to that of medium mass nuclides, however, sometimes after the decrease of activity there
is dill observed a measurable low leve activity until the end of target (see Fig. 3.9). It seems to
result from neutron or secondary proton induced reections. The experimental distributions and
computed ones (Fig. 6.10) agree relatively well in the whole target length except for the results
of FLUKA code (see examplein Fig. 6.17).

Fig. 6.17: Comparison of measured and calculated activities [Bg/q] of 8Os along Pb target for
two options of the gpplied codes. 8 MCNPX2.5b CEM df Oel and b) FLUKA
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For dl axid didributions some generd regularities were found when comparing the
cdculated and messured results underestimated in caculaions vdues for fisson fragments,
better ones for heavier nuclides (A > 170). A the wordt, the comparison shows the discrepancy
within one order of magnitude. Almost dways the C/E ratio remains between 3 and 1/3. For the
activity of the whole target the differences even bdow 10% are obsarved (see Table 2), in
paticular for the nuclides - products of spalation with DA » 10 - 30. However, one cannot point
out a sngle code and/or nuclear reaction modd yidding good results Smultaneoudy for dl
examined nudides. The modd of Cugnon gives the best agreement with our experimenta vaues
- about 70 % of results remain within 30 % difference.

6.2.2 Track detectors

The gpplication of track detectors for measurement of fisson product intendty is a well-
known technique in case of gpontaneous and low energy neutron induced fisson. In the
presented experiments the technique was used for the neutron induced fisson of heavy dements,
like Ta, W, Au, Hg, Pb, Bi ec, with high vaues of threshold energy practicaly ranging from
~40 to ~100 MeV. This was amed a the development of an inexpensve method of neutron
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gpectrometry for energies above 30 - 50 MeV when the unfolding based on the measured fisson
reaction rates would yield the neutron spectrum.

The fird measurements and Imulations yidded promisng results. The "infinite" thickness of
heavy dement radiators (i.e. thicker radiators than the fisson fragments range) was applied. A
linear relation of the measured (with the use of sdected plagtic detectors) surface densty of
fisson fragment tracks with the cdculated in computer smulation (MCNPX) volume dendty of
fisson rates for 5 heavy metals (Ta, W, Au, Pb, Bi) was observed. This can be trested as a
confirmation of the feasihility of the technique gpplication for quantitetive determinations.

Also were measured the digtributions of track diameters (the shortest and the longest) and
from them were deduced angles of incidence of fisson fragments on the detector surface. The
efforts to obtan regpective and smilar didributions in computer smulations brought only a
partiad success and were not presented in the report. The overcoming of this obstacle needs
further investigations as well as the find gpplication of the method for neutron spectrometry
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7 Experimental technigues and analysis methodsfor the deter mination of the
reactivity of an ADS

One mgor objective of the MUSE experiments is to determine which experimenta technique
or combination of experimental techniques could be used to control and monitor the reactivity of
an ADS. To this end, many experimental methods are used to assess reactivity levels in various
subcritical  configurations without the need to perform a critica configuration. Such techniques
ae the source jerk techniques, pulsed neutron source experiments and noise techniques. The
reectivity vaues determined with these techniques are then conmpared to these obtained with the
reference experimenta route based on rod drop experiments coupled with the (modified) source
multiplication method (MSM).

In this section, the basc characteristics of the different techniques are recaled. Section 8
summarizes the main results obtained with these messurement methods when section 9 deds
with the gpplicability of the different techniques for gpplication in future ADS and findly
proposes a methodol ogy for reectivity monitoring in ADS.

7.1 Reference method for critical reactors

The reference method which is commonly used for criticd reactors uses firg a rod-drop
experiment to determine the firgt reectivity level. This rod-drop experiment is performed from an
initid critica reactor by means of a rod with a smdl reactivity weght. This smdl reectivity is
necessaty to limit the perturbations and to be able to agpply the point kinetics equations.
Subsequent  reactivity levels are obtained by a Source Multiplication technique where the
counting-rates of two subcriticd dtates are compared to infer the reectivity ratio of the two
reactor states. Since the first reactor state was determined with the rod-drop technique al other
reactivity can hence be derived.

7.1.1 Rod-drop technique

The rod-drop technique [7.1] is based on the rapid insertion ("drop") of a contral rod from a
wdl-defined reectivity dtate, mostly the criticd date. The subsequent time evolution of the
neutron population is recorded. From the recorded time evolution of the neutron population it is
then possible to infer the reactivity by the inverse point-kinetics method.

The inverse point-kinetics method [7.2] 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 cdculate the dynamic
reectivityr (t):

_ d, . n(t) nown o S(Y)
rt)=b +Laglnn(t)ﬁ|- I'b Wexpgl (t-t)gat - LW (1)

In this equation, b andl are the effective delayed neutron fraction and the corresponding

precursor decay constant, and L is the neutron generation time. Often the source strength s(t) is
not known, athough methods exist to determine the source strength from measurement.
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For fast reactors with a very short generdtion timelL , the above expresson can be smplified
using 'micro kinetics . The result for the reectivity in dollars r (t) =r (t)/b reads:

r%t)z%:éq(tﬁno(fo- exp[- 1])- | ;Cp(t')expgl (t- t)EP'tg 2

Compared with the first equation this expresson has two advantages. Firdt, it does not require
the externd source drength to be known (athough the vaue of the initia resctivityr might

seem as hard to get as s,), and secondly it makes no use of the generation time. The latter is a

consequence of the fact that use is made of prompt fisson chains, ingead of individua fissons,
which is only vdid if the reectivity does not change during a prompt fisson chan. For fast
reactors, and certainly for MASURCA, this limitation poses no problem. As sated above, a
prompt fisson chain takes less than 1 ns, while a safety rod drop that reduces the reactivity with
about 10$ takes more than one second. This means that the reactivity changes about 0.001$
during a prompt fisson chain, which indeed is negligible For a sub-critical reactor, the duration
of afisson chainiseven shorter. For Sx delayed neutron groups, this equation reads:

0 & b , N
- al-on(t)ewg | (t- )ity 3
g 2 b 0

”t—lét+ A 2|t
f()—@g’() ”ogro'ja:.lgexlo% j

i
YT

From this equation, it can be seen that two set of input data are needed for the analyss: the
initid reectivityr,and the delayed neutron data (1,,b;) for six families The effective delayed

neutron yields ad the corresponding precursor decay congants for the sx families can be
caculated with dandard neutronic codes. The initid resctivityr, can be derived from the
experiments by the following procedure If the delayed neutron data is caculated for a specific
date of the reactor, eg. (virtud) 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 congant for
that same period bo. This leaves one degree of freedom to fix the initid reactivity r . Because
the delayed neutron data were caculated for a criticd reactor (see next section), the initid
resctivity is obtained by forcing the reactivity to a constant value before the rod drop.

Due to the insartion of the rod a strong locd perturbation of the flux can be present. This
disturbance of the power profile can be so large that the inverse point-kinetics andyss is not
vaid anymore, epecidly for the detectors close to the safety rods. Better values can be obtained
when the influence of the spatid flux digribution on the count-rates of the detectors is taken into
account by means of spatia correction factors.

7.1.2 Source Multiplication method
7.1.2.1 Approached Source Multiplication (ASM) method
The Approached Source Multiplication (ASM) method [7.1] is based on the subcriticad

multiplication in a multiplying medium. The number of neutrons per second N which ae
present in the reactor is proportiona to the injection and multiplication rate, and is given by:

_ S
N=1 @
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If we measure this neutron population with a neutron detector having a detector efficiency
an, the detected count-rate C is given by:

s
C=e,— (5
FEPR

When the effective neutron multiplication factor of the core is modified and the neutron
driving source is unchanged, the retio of the count-rates in both Stuations equates to:

G_Lk
c, 1k (6)

Based on this eguation and the knowledge of the initid reactivity level (by rod-drop) the
reactivity associated to the new reactor state can easily be obtained by the following relation:

fo_l-1k [ k-1_G
r, k-1k, k-1 C,

(7)

By means of this expresson one can eesly rdate different reectivity levels, if a reference
reectivity level was determined with another independent technique such as the rod-drop
technique.

7.1.2.2 Modified Source Multiplication (MSM) method

If the neutron source does not have the same spatid and spectrd digtribution as the induced
fisson source, which in practice is usudly the case, the subcriticd multiplication will not be
decribed by the effective neutron multiplication factor but by the source neutron
multiplication factor ks. To account for this a correction factor 6* has to be introduced as
given by the following expresson [7.3]:

S ., S

Ve T e @

This correction factor, known as the "source importance factor" accounts for the fact that
the source neutrons do not have the same importance in generd as the fisson neutrons. The
expresson for the "source importance factor" is given by [7.3]:

j .S
j*:]-'k» <S> :Ys (9)
1- Kk, gj oNF SZ Y,

(nFj ¢)

One notices that the "source importance factor" to a good approximation can be described
as the ratio of the importance of a source neutron to the importance of a fisson neutron. When
we take this correction factor into account together with the expresson for the detection

effidencye :% ,the ratio of reactivitiesis given by:
nFj
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(10)

Based on this expresson one can relate one reactivity level to another by measuring the
count-rates if the MSM correction factor has been cdculated. When this MSM factor equates
to 1, the MSM method reduces to the ASM method.

7.1.3 The current-to-flux reactivity indicator

The current-to-flux indicator is closdy linked to the source multiplication methods. The mgor
difference between both techniques results from the fact tha the current-to-flux indicator
prerequisites an accelerator as the external source, because the beam current is measured. Hence,
the current-to-flux indicator can be seen as a source multiplication technique dedicated for ADS.

In a subcriticd multiplying medium the flux levd 0 is rated to the effective multiplication

constant Ker (Or reactivity level rpy) and the accelerator current | by means of the proportiondity
constant ¢ as given by [7.4]:

. S_ | _|(1-I’P|) 11
] =C _Cl-k =C i ( )

eff r PI

From expresson (11), we can deive the following expresson for the current-to-flux
reectivity indicator:

(12)

) —a
]

By monitoring the ratio of the beam current and the flux level, one can evauate the deviation

of the actud reactivity from the reference reectivity and take gppropriate actions, when specified

limits are being atained. Since both parameters, flux levd and beam current, can be followed
on-line, the current-to-flux retio provides an on-line indicator for the subcriticdity leve.

7.2 Pulsed Neutrons Sour ce (PNS) methods

The Pulsed Neutron Source methods [7.5] al rely on te existence of a pulsed neutron source
as the driving source of the subcriticad multiplication. The pulsed character of the source makes
it possible to investigate the response of the reactor to a Dirac-shaped impulse which is repeated
with a fixed frequency. Due to the high repetition rate, good datistics can be obtained in a
minimum messurement time,

Different techniques can be applied:

» the PNS prompt decay fitting method which ams to fit the measured prompt neutron decay
curve to one or a sum of exponentids according to an interpretation model; based on this
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modd the fundamentd-mode decay o -'-Pcondant is identified from which the
L
reectivity isinferred.

> the kp-method which dlows to obtain the prompt neutron multiplication congtant by fitting
the recorded response to an interpretation model that makes use of a caculated fisson time
digribution.

» the PNS area method which is based on the ratio of the separated aress in the response
function and alows to obtain the reactivity in dollarsr ¢=r /b

7.2.1 The prompt decay fitting method

The fitting of the time response in PNS can be based on severd modds depending on the
different physca phenomena taken into account. The complexity of fit-function is of course
closly related to the interpretation modd. Depending on the choice of the interpretation modd,
the following fitting functions for the prompt neutron decay were considered:

» amono-exponential based on the point-kinetics mode

» two exponentias based on a two-region (core-reflector) kinetic model

> three exponentias based on athree region — three energy group model

The fird, most draightforward modd is based on the point-kingtics assumption which
supposes the vdidity of the complete separation of the time dependence of the flux from the
spatid, energy and angular dependence. It is thus assumed that the fundamenta eigenmode flux
remans present during the time variaions after a source impulse. This interpretation modd
reults in a mono-exponentiad decay for the neutron population after the source impulse. The

decay constant is the well-known eigenval ue prompt decay constant given bya =" L b

Preiminary messurements (see Fig. 7.1) in MUSE dready pointed out that the fitting of the
recorded to a nono-exponentia is not possble, especidly for the first microseconds. This is due
to the fact that in subcritical systems the point kinetics approximation can no longer be applied
a such. Depending on the subcriticaity leve, the fundamenta mode will be more or less
pronounced and the tota subcritica flux can be gpproximated by a series of elgenmodes. When a
source impulse is gpplied to a subcriticd system, dl these spatid eigenmodes will have an
individual time response with a characterisic prompt decay constant. Since the prompt decay
condants of the higher eigenmodes are dways dgnificantly larger than the prompt decay
congant of the fundamentd eigenmode, a clear separation of the fundamentad egenmode is
present in the time response. The generation of the higher eigenmodes in a subcritical system
will therefore add a rgpid changing contribution in the beginning of the time response, which
will die out a later response times (see Figure 1). Hence, the complex problem could be in a firgt
approximation be described by point kinetics for sufficiently large response times (compared to
the dowest decay of the higher eigenmodes). In this way, an interpretation model based on a
sangle exponentid function could il be gpplied.
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Fig. 7.1: Time response to a Dirac impulse in a subcritica fast core reactor
with a moderating reflector
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In addition to the higher mode excitation, there can exis a sgnificant deviaion from the point
kinetic modd due to the moderation of neutrons in the reflector. It is known that for fast core
sysems that are surrounded with a moderating reflector the mean neutron lifetimes in the core
and in the reflector can be sgnificantly different. Due to the moderation of the neutrons in the
reflector, the mean neuron lifetime in the reflector can be one or even severd orders of
magnitude larger than the mean neutron lifetime in the core. This second reflector time constant
will consequently be present in the time response (see Fig. 7.1) and distort the mono-exponentia
behaviour in Ssmple point-kinetics.

Since a fraction of the neutrons in the reflector will return to the core, the apparent system
mean neutron lifetime (seen from smple point kinetics) will be larger than the core mean
neutron lifetime. Such fast sysems surrounded with a moderating reflector as in the case of
MUSE can therefore not adequately be treated with one region point kinetics and two region
kinetics (core and reflector) has to be consdered. Such a two region point kinetics model was
developed by Avery and Cohn and further on smplified by Spriggs et d [7.6]. In this modd, the
reactor is represented by two regions. the core and the reflector. Neutrons in the core region can
undergo absorption or fisson reactions and are alowed to lesk to the reflector. Neutrons in the
reflector are either absorbed or leak back to the core or are logt from the system. Based on these
simple congderations the following set of coupled differentid equations is obtained:

dN, &N, 0

== (k.0 b)- 1)9—-+fmg— %481,C+s
c 4] rﬂ i
dN, _ &N 6 &N, O (13)
dt ”3@ g
—kcb + IiC.
cﬂ
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When we apply the Laplace transform to these equations, we obtain for the determination of
the time congtants the following modified Nordheim-equation:

ft o bw
W : +d —=— (14)
keff @-f) keff 1- )t rW+1) [ W+Ii

In this equation the effective multiplication factor ke of the complete system is related to the
effective multiplication factor k. of the core (thus without reflector) and the return-fraction
f=f.frc according to:

-k
keff _1_ f (15)

The vdues of the three different roots (in the case of one precursor group) are system:
dependent. One of the roots is related to the decay of the precursor population. The am is then to
relate one of the two remaning roots to a Keri-related parameter. In this way, the fitting of the
recorded prompt neutron decay to the sum of two exponentids will yidd two decay constants
where one of the two contains information on the neutron multiplication congtant of the system
(core).

Since there was not dways a perfect agreement between the recorded prompt neutron decay
data and the fitted sum of two exponentids, an interpretation model based on the sum of three
exponentials was proposed. This modd is based on two systems (core and reflector-shidd — 3
regions) and three energy groups (fast, epithermd and thermd) with strong coupling [5.15].
When physical conditions are imposed, this leads to a description of the flux response with three
decay condants, which must be the same for the two sysems. For the MUSE-4 subcritica
configurations, the decay congant with the highest absolute vaue is very closdy reated with the
prompt decay congtant of the coupled reactor, and as in the case of the two-region kinetic modd,
in first goproximation can be consdered as the equivaent of the & eigenvaue in the point kingtic
modd for a sSmple reactor. However, a correction is necessary to obtan the effective
multiplication factor Ker of the complete system. This correction is formaly equa to equation
(15), but the definitions of k. and f are different as shown in reference [5.15]. The lowest decay
condant, in absolute vaue, is rdaed to the low energy neutron lifetime in the second system,
which is not multiplicative, so it is independent of the reactivity of the sysem. This method
relies on the smultaneous fitting of al detector responses in the core and the reflector/shield to
this sum of three exponentids. In this way, a complex fitting procedure is required to extract a
relidble vaue for the & egenvalue parameter and the associated reactivity. In addition, to obtain
the complete system reactivity, severa Monte Carlo cdculations are required to cdculate the
correction factor f.

7.2.2 Kp method

Since the exact description of the reactor cannot be made by smple point kinetics, one can
choose to make use of calculation tools to provide more detailed information.

Severd approaches based on detailed Monte Carlo smulations are being explored to improve
the precison of the PNS evduation of the reectivity. The am is take into account the spatid and
gpectrd effects which cannot be modeled by smple point-kinetics.

According to the point kinetic model, when a pulsed neutron source is injected into the core of
a subcritica reactor the neutron population decays like a pure exponentid, when the deayed
neutrons and the inherent source are ignored:
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1-k
N(t)=Nge ' =N (16)
with k, being the prompt multiplication factor and | being the average generdtion time of a
neutron.

When the reactor is close to criticdity this decrease, which can be measured through the
reaction rate of a detector located into the core, exhibits a constant dope. But for a subcriticaity

level rlevant for an ADS (typicaly kes= 0.96), the dope becomes time dependent.

This behaviour can be explaned by the fact that when the multiplication factor is low the
neutrons from the firs generations become relaively more important than the ones of the later
generdtions. That means that an average generation time is not sufficient to describe the neutron
cregtion. Therefore a more sophisticated model [5.16, 7.7, 7.8] was proposed which takes into
account the digtribution of the neutron generation times following a fisson P(6), 6 being the time
elgpsad snce the credtion of the neutron that will give hirth to the next generation. This
digtribution can eadly be obtained by Monte-Carlo smulation for a stabilized neutron source.

From that definition we deduce that

gt =k, (17)

and thus we can normalise P(0) to k, = 1. With that normalised distribution P(6), we have
access to the number of neutrons in the core a any time for any kp, value, summing the
contribution of each generation:

N(t) =k, P't)+Kk:P'(t) * P'(t)+ kK P'(t) *P'(t) * P'(t) +.. (18)

where * denotes the convolution operator. The decrease rate ap(t) can then be caculated for
different ky, vaues from the logarithmic derivative:

N

" (19)

1
a,(t) = N

These different functions a,_(t) can then be compared with the one obtained from the

experimental N(t) distribution. The one which fits best the experiment determines the kp vaue
of the reactor.

7.2.3 The Area method

The area method [7.1, 7.5], which is dso referred to as the §ostrand method, is a well-known
technique for the measurement of the subcriticality level. The technique is essentialy based on
the separation of the prompt area response from the total area response after an impulse.

The here proposed pulsed neutron source analyss is based on the fact that the source can be
adequately represented by a series of Dirac pulses, snce the pulse width of a neutron pulse is
about 1us. The time response of the reactor to a Dirac input pulseis given by the expression:

&_"’*'bent Ib L _&[Q
M) =nge - +r———ye " 7(20)

2
(' r +beff) 1]
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Expresson (1) contans two different contributions as illusrated in Fig. 7.2. A fird fast
component (PN) due to the decay of the prompt neutrons introduced by the GENEPI source and
a second dow component (DN) due to the decay of the precursors emitting delayed neutrons.

Fig. 7.2: Thetime response of the reactor to a Dirac pulse.
4 A A A
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Integration of the prompt neutron component over the time inteva [O+¥%[ results in the
following expresson:
L n
PN=n,——=-"2 (21
- r+b, a )

By integrating the delayed neutron component over the time interva [0 +¥[ the following
expression is obtained:
b L

(22
(-1 +bg)(-r) 22

DN =DN1+DN2+DN3=n,

The ratio of both surfaces alows one to determine the reactivity expressed in dollars by the
relaion:

When usng a pulsed neutron source with a duty cycle frequency larger than the smalest
frequency of the response function, the integration of the delayed neutron component cannot
amply be peformed as illusrated in Fig. 7.2. Fig. 7.3 shows that the emisson of new neutron
pulses during the decay of the precursors cregtes an overlgp of the different responses and hence
the response of a single neutron pulse can no longer be distinguished.

Fig. 7.3: Accumulated response to a series of Dirac pulses

Pulse 1 Pulse2 Pulse 3 Pulse 4 Pulse 5
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When however examining the obtained response into more detail, one notices that the time
window between two Dirac pulses contains a sum of contributions from previous pulses. The
sum of the contributions (DN1 of pulse i, DN2 of pulse i-1, DN3 of pulse +2, ..) in such a
window, becomes identicd to the totd ddlayed neutron contribution DN. This is only true if the
number of neutrons crested with every Dirac pulse is constant over time. Since this number can
be reproduced with an uncertainty of 1%, this condition is satisfied. Hence, by subtracting the
prompt neutron contribution PN from the total response observed in the pulse window, the
delayed neutron contribution is obtained.

The determination of the ratio of the prompt neutron contribution PN and the delayed neutron
contribution DN dlows determining in a sraightforward way and without any input from code
calculations the reactivity level expressed in dollars.

Monte Carlo and determinigtic codes [5.8, 5.15] have shown that spatid effects may be
needed to take into account when anayzing the area method reactivity results. The spatid
dependence of the reactivity implies that a correction may be needed to obtain the effective
multiplication of the system. In references [4.4] and [5.8] two procedures based on simulation
codes to correct the reactivity are proposed, one based on Monte Carlo MCNP. The other based
on deterministic ERANOS code.

7.2.4 PNSInvestigation of SAD kinetics: the reflector/shield effect

Snce the main expeaimenta fadlity in MUSE - the MASURCA core has been driven by the
14 MeV neutron generator GENEPI, the project SAD [3.5] has been a naturd completion to
MUSE. It uses a typicd for red ADS spdlation neutron source (driven by the beam of 660 MeV
protons). In this framework, cdculations were peformed for examining the influence of core,
reflector and shielding parameters of the SAD versons on the kineticsin PNS methods [4.2].

The caculations based on the LAHET (partcicles with an E> 20 MeV) code and MCNP
(neutrons with E < 20 MeV) code showed that the properties of the shild have a strong
influence on the lifetime of long lived neutrons. As a reault, it affects the shape of neutron pulse
decay and thus posshilities and conditions of planned measurements of the system parameters
on the bads of the dl PNS methods. In consequence paticular efforts were amed a the
reduction of the influence of shidd presented in [7.9, 7.10]. In the efforts amed a decoupling
(i.e. a reduction of dgnificance of the core surroundings) strong neutron absorbers (Cd, B) have
been added to the concrete and reflector and the properties of such system have been evaluated.
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Fig. 7.4: Neutron field decay after the d-shaped neutron pulse in the SAD mode

1E-1 | | | | | | | | |

F
S.F
1E-2 |
[arb. \
units] [
1E-3 2\\ mean flux in outer concrete /no B at all/
- \ fissioning (no B at all)
1E-4 =% =
3 N PP e o ——— T
1E-5 mean flux in outer concrete
= = /B in inner zone/
| b l
] N 4!!\ fissioning (B in shield, Cd in Pb)
1E-6—o NG
E N
= NGT ‘
- [] ! Ay I
7] Wi
1E-7—4mean flux in concrete ‘ ”'
3 (B overall) |
168 ' T 1l T |
0 1 1 2 3 [ms] 4

time

The picture presented in the Fig. 7.4 demondrates the preponderant influence of shield on the
shape of the neutron pulse a large neutron lifetimes in the sysem. It should be reminded here
that the decay of neutron field in the concrete shidd is a lengthy process with time constants well
exceeding the ones regarding decay of the fisson chain. Consequently, this has been an
indication that the origin of neutrons in this time is jug the shidd. Thus, it has been concluded
that the bulky shidd and Pb reflector play the role of neutron storage, of quas "a source' even
determining the neutron fidd in such assambly. In addition to this a vdidaion of numerica
tools in such conditions proves more difficult than it could be expected before. Namdly, the exact
parameters of the shidd (eg. its H and B content) must be known, and the pertinent experimenta
check /prior to insating of fissle materid/ rather necessary. In such circumdances, the shied
influence on long lived neutrons will complicate the andyss of the PNS and hence the
determination of the reactivity.

The peformed cdculations have confirmed thet it is the shidd that determines the behaviour
of long lived neutrons in the sysem. The decisve proof was supplied by smulation of neutron
pulse course without neutron multiplication in the system. It has indicated that the fisson chain
has no vigble influence on the shape of the neutron decay for long lived neutrons. The neutrons
entering the Pb reflector and the bulky concrete shidd a the pulse beginning and preserved in
there survive long enough to play the role of an additional delayed neutrons group. Thus, some
experimenta  subcritical assemblies (i.e. SAD in these conditions) should be treated as two-
region systems.

In Tab. 7.1 you can find the respective vaues of ket (prompt/total), ks (prompt/tota) and
different characteristics tims for different shidld materias.
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Tab. 7.1: Parameters of the neutron field decay in the SAD mode

Option Prompt Tota ts t
/decay | fiisson | Pulse Pulse decay
sope, Fixed| life span, |decay time time
Keft Ks Keft Ks Sourcel | KCODE/ [mg] /no fissond
[s] [] [ms]
Regular (0.9445+| 0.9507 |0.9480+| 0.9536 36.5 15.8 0.66 0.70
Shidd | .0005 .0005
Regular* | 0.94597 " 0. 9544|0.94931|"0.9570
Shidd |+ .00008 + .00009
No H,0 [0.9500+| 0.9563 |0.9537+| 0.9588 235 5.6 0.47 0.44
in* .0005 .0004
shidd
No H,0 [0.9460+| 0.9523 |0.9500+| 0.9541 4.5 15 0.098 0.05
in*shiedd | .0006 .0006
+Cd

*kerr dightly adjusted with fuel content “MCNPX calculated spectrum of source neutrons

The content of the Tab. 7.1 shows quite interesting Smulation properties of subcritical systems
with the MCNP code. One of the mogt significant is the discrepancy between the fisson life span,
evauated directly in the KCODE mode and those ones deduced from the decay dope (Fixed
Source). The scae of these inconsstencies has been so great that they cannot be accidenta. The
explandion of this effect lies in the different neutron didributions in the sysem in these two
cdculation modes corresponding to different physica states (KCODE — fundamental mode, Fixed
Source — dl harmonics plus the fundamentd mode). In the KCODE dl neutron histories aways
dat from fissons i.e. in the fue zone, whereas in any moment of the pulse decay many neutrons
day out of there, i.e. where the neutron life-times are much longer.

It seems purposeful to mention here a particularity of the MCNP regarding the vaues neutron
lifetimes provided in its Fixed Source mode standard output. In that case, in contrast to the
KCODE mode, neutron higtories are not terminated by fissons (hold as non-terminating indagtic
scattering events) and the firg emerging neutron is further trangported. Since neutrons are not
killed by fisson, the given lifetime actudly does not concern an individua neutron but the chain
of dl subsequent generations.

The difference between the keir and ks (Tab. 7.1) should not be a surprise, since the space-
energy digributions of the source neutrons (generation 0) and in the first generation are wel
different from the didribution in the fundamentd mode. The observed reation ks > ket iS
explanable in view of the high importance of the source neutrons characterised by harder
spectrum. Besides, it is reflected dso by the effective ddlayed neutron fraction in the system: &
and &s ¢t approximated as (Kerr — Kestp )/Kerr and (Ks — Ksp)/ Kst respectively (Tab. 7.2.).

Tab. 7.2: Effective & in the SAD model

et [pCm] & et [pCm]
393+30 252+70
"352+20 "292+40

“MCNPX spectrum of source neutrons
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A lesser difference between the totd and prompt equivaent neutron multiplication factor k as
compared with the andogue difference between the Kerr vaues results nearly soley from higher
contribution of prompt component in the fissons caused by the source neutrons of harder

spectrum.

In this way it has been proved how the delayed component in the resultant source-driven fidd
is lessened as compared with the one in fundamenta mode. In view of dl these remarks it seems
dso that a vdidation of numerica tools (by confrontation with the experiment) in such cases will
be more difficult than it was expected before.

7.3 Source Jerk techniques

7.3.1 The Sandard Source Jerk technique

The standard Source Jerk technique [7.1] is based on the fast remova of the source out of an
initid dationary subcriticdl medium. Before the removd of the source the neutron and precursor
populations are given by:

n=—— and ¢, = %no (24)

When the source is gected dmog indantly, we can eadly obtan the remaning neutron
population if the precursor populaion has not changed meanwhile. Hence with S=0 and without
time variation of the precursor population, the neutron population n; immediaey &fter the
remova after the sourceis given by:

LI LI b
C, =- N,
r-b r- bLI

n,=- (25)

From these two equations, one can now determine the reactivity in dollars by:

ry=2"" (26)
n

In the MUSE experiments a Ck252 source has been used for the Source Jerk technique by
means of the SRRANEAU measurement device.

7.3.2 Source modulation method

The Source Modulation technique [5.16, 7.8] is quite Smilar to the Source Jerk Method.  For
a given sub-criticd leve, the externd neutron source rate is suddenly changed from a high
count-rate level Py to a low count-rate level P;. This can be obtained here by varying suddenly
the frequency of the pulsed source resulting in a decrease of the average count-rate.

For the high count-rate level, the totd count-rate averaged over the pulse period contains a
prompt and a delayed contribution which are given by:
L

(reo)T,, 20

> Prompt averaged count-rate: By ) =S
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bL
-rae P,, =S
> Delayed averaged count-rate: F, (Cr +B)C 1T, (28)

L
> Totd avereged count-rate: B =R, +R , =S—— (29)

)T
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For the low count-rate level smilar expressons are found:
> Prompt averaged count-rate: B, | = SW (30)
- [

bL

(-r +b)(-r)T,

low

ow

> Delayed averaged count-rate: B, =S (31

> Totd averaged count-rate: B =F _+ R, = S; (32

P ’ (_ r-)Tlow

Fig. 7.5: Schematic representation after the measured
count-rate levels in the source modulation technique
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The average count-rate immediately after the change in frequency is characterized by:

> the presence of the delayed average count-rate during the high count-rate level
> the presence of the prompt average count-rate during the low count-rate level

» the absence of the delayed average count-rate during the low count-rate level

Hence, the average count-rate immediately after the change in frequency is given by:

: 3 bL - L
Pp_PO,d+Pl,p_S(_r+b)(_r)_|_low+u(_r+b)_|_high (33)

Based on these measured count-rates we can define the following quantity:
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The measurement of the count-rate levels Py, P. and R hence dlows the determination of
the reectivity expressed in dollars.

7.4 Noise methods

Noise methods are al based on the study of the neutron fluctuations in the reector. Severd

anadlyss methods and variants can be applied:

> the Rossi-apha method
» the Feynman-dphamethod
» the Cross Power Spectral Dengity (CPSD).

These experiments can be peformed with or without an externd neutron source. Fird, the

application of these noise methods with a Stationary driving source is discussed, since these are
wel known techniques. When usng a time-dependent driving source, new expressons were
derived in the framework of this project.

74.1  Sationary source as the driving source for the noise methods
7.4.1.1 The Rossi-alpha method

The Ross-dl technique [7.11, 7.12] is based on the detection of neutrons which are
corrdlated in time. Since with every fisson on the average 2 to 3 neutrons are emitted at the
same time, the neutron multiplication chains initiated by these neutrons are corrdated in time.
Neutrons from two separate fissons, beonging to the same multiplication chan will dso be
correlated in time, since they can be traced back to the same time origin, the fisson event.
The detection of these corrdated neutrons will provide information about the die-away of the
neutron multiplication chain as wdl as about the amplitude of the fisson process.

The detection of neutron pairs will dso contain uncorrelated neutron events, snce most of
the neutrons present in the reactor will not come from the same initid fisson event.
Therefore, the Ross-dpha digtribution will be the sum of an uncorrdated pat and a
corrdlated part. When point kinetics without delayed neutrons is used for the description of
the neutron multiplication process, the Ross-dpha digribution is represented by the
following expresson:

Pros (DAt =A.dt +R.€* adt (35)
with

a&: the fundamenta-mode decay constant: a= by - 1 :(1+ r $) ,"l}?

L by 5

A the amplitude of the uncorrelated contribution
R: the amplitude of the correlated contribution

The fitting of the measured didribution to the above expresson will yield the fundamenta
mode decay constant from which the reactivity can directly be derived.
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In deep subcritical systems, the applicability of point-kinetics cannot be taken for granted
and hence the vaidity of expresson has to be investigated.

7.4.1.2 Feynman-alpha

The Feynmanralpha method [7.11, 7.12] is closdly related to the Ross-apha technique. In
this technique the number of counts in a certain time interval AT is measured. Hence the mean
and standard deviation of the digtribution of countsin thistime interva is caculated.

The number of counts ¢ in a time gate AT deviates from a Poisson distribution because of
the fluctuations of the neutron population diven by the fisson chain process. For a given time
gate AT, the deviation is measured by the y-vaue defined as:

_ variance _<Cz>'<0>2
“Tmen @ b

That expresson can be generdized to the case of two different detectors k and | with
detection efficiencies & and &, respectively:

ony={ae) (ke

@)

where &, is the Kronecker symbol. For k * |, the numerator of the y-vaue is a covariance
term.

The y-vaue is related to the Rossi-apha digtribution through the average number of pars
counted in atime gate AT :

Ck(cl B dk,l)

DT t,
2 = @ dtc@ dtg Prossi (tc - tg) (38)

One thus obtains the following expresson for the y-function assuming a point kinetic
model and consdering prompt neutrons only:

B /e(eD 1- e 5
Y, (OT) = 2’2 DT B (39)

where D isthe so-cdled Diven factor, defined as
(h(n- D)
(n)*

By conddering different time intervas AT, a Feynman-adpha digtribution is obtained which
can then befitted to the expression to yield the fundamental mode decay congtant.

D= (40)

Agan for deep subcritical systems point kinetics might not be valid and a modified form
for the Feynman-alpha expression needs to be introduced.
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7.4.1.3 Power Spectral Density

The measurement of a Power Spectrd Dendty [7.11, 7.12] essentidly comes down to
taking the Fourier trandform of the time corrdation between two dgnds. When the two
ggnds are the same (1 detector), the Fourier trandform of the autocorreation will yied the
following auto- power spectra dengty function:

~N

e aF O ¥ 1 0, (
L R et F CERL TR pcrewe SR oy

2a (L)’ EaL 4

Q-0

When however two different detectors are used, the white-noise component will vanish
and one obtains for the Fourier transform of the cross-corrdation the following cross-power
Spectrd dengty function:

éFlul U l
CPSD = S U D +FO U - Da—— (42
D’DZ(W) 2a(a )ZgaL Wu-DrRul H(a2+vvz) (42)

From the break frequency in the response of both spectral dengties, the a-vdue of the
system can be obtained. These expressions dso rely on the point-kinetics assumption and
neglect the low-frequency part due to delayed neutrons.

7.4.2 Pulsed neutron source as the driving source for the subcritical noise methods

Since in degp subcriticd systems the corrdated sgnd is strongly reduced due to the
shortening of the neutron multiplication chain, one would like to increese the dgnd-to-noise
ratio by increesng the corrdated sgnd. One efficient way is to inject neutron pulses into the
reactor and hence increase the correlated signdl.

The expressons commonly used in neutron noise techniques needed however to be modified
to incdude a time-dependent neutron source insead of a daionary one. In the following
paragraphs the expressions for the different noise methods will be described and the deviations
with the stationary case pointed out.

7.4.2.1 The Ross-alpha method

When the accderator is switched on, the  gatisticsin a reasonable measurement time.
corrdation beween neutrons  will  be
enhanced. The Ross-adpha expresson for a
periodicaly pulsed source bascaly comes

Fig. 7.6: Ross-dphadigribution for a pulsed
neutron source

down to a convolution of the reactor

response with a train of Dirac pulses in the b i A k
time domain (Fg. 7.6). When the pulsaion | _ i {»I\ Z\\ I'
period is not too small in comparison with | 3 | ! [\ [$ |
the apha decay congtant, there is no | £ 41 I8 $1
overlap between the consecutive responses | § li [l Ji ii ‘X }7 5{ 1‘ L

to a source Dirac pulse. Since in practice ]
this decay congant is rather smdl in fast Ve W W e, %d W
reactor cores, it is easy to find a pulsation

frequency which <isfies this condition 0 0.001 0.002 0.003 0.004 0.005
and is dill high enough to obtain sufficient Time (9
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When such a pulsation frequency is chosen, the response to the first pulse @n be isolated
and can be described by [7.13]:

p(t) = A+Be®' (43

So, we obtain a Smilar expresson as in the case of a daionary source with the same
fundamenta mode decay congtant (when point kinetics is vaid). The man difference of this
expresson compared to the one with a daionary source is the magnitude of the amplitudes.
Here, the amplitude of the corrdated sgnd is drongly increased. In this way, an increased
ggnd-to-noise ratio is obtained for the determination of the correlated part and hence the
fundamental mode decay congtant.

Ancther particular festure of this measurement technique is related to the fact that the
resctivity expressed in dollars can directly be determined from the uncorrdaied amplitude
sgnd A, the tota average count-rate Cr and the average count-rate Cy of the intrindc source
by means of the following expression:

2 &2r, +10
A/:A+C,N zclgcT _ 1 2 rs*10
(CT - CIN) r$+1e r$+1ﬂ

This additiond information is srongly relaed to the reactivity in dollars obtained with the
PNS Area method.

7.4.2.2 Feynman-alpha

The theory of the Feynmana method was origindly eaborated for continuous, single
emisson sources, i.e. for traditiona radioactive sources that emit one neutron a a time, and
whose intendgty is congant. Nevertheess, when the operating mode is time dependent, the
corresponding Feynman-apha formulawill differ from the continuous one.

Actudly, one can peform such pulsed measurements in two different ways. In the firg
one, we will congder each measurement gate time is synchronized with the sart of a pulse.
This dternative will be cdled deterministic pulsng. Another dterndive is when the gate dart
time is not synchronized with the pulsng. This variant will be cdled stochadtic pulsng. For
both types of measurements andytical expressons were derived [7.14, 7.15] and we will only
recall here the main results.

In gochadtic triggering, the dart of each time interva is chosen randomly with respect to
the source pulses. Because of the tempord correlaion between source neutrons, the variance-
to-mean ratio as a function of the width of the time interva shows ripples tha can be
described by periodic functions as follows:

2 dznp-1) g 8l STa &
Y(t):s (t)-lz f(Gz ))(1_1 C 4 22 ST, 2 12 2
m(t ) a at tWp? 5 nw’@?+w?)

o WW, . o wt
2 Wh 2V 45
sin’( 2)sm(2) (45)

wheres ? is the variance, r the mean value, T, the period of the pulsed source, W is the

pulse width, and the parameter w, isdefined asw, = 2_Ir_l_p

p
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Here the firg term on the right hand dde corresponds to the Feynman -curve with a
continuous (congtant) source, wheress the lagt term conditutes an oscillating deviation from
it. This deviation is non-negative, and thus the curve of the continuous source conditutes a
lower envelope of the stochadticaly pulsed system.

It is dso worth mentioning that the oscillating part contains both the source § and the
prompt neutron time condanta . In the conventional Feynman dpha method both the mean
and the variance are linear in the source term, and hence it disgppears from the reative
vaiance. In the gtochagtic pulsed method the variance has a term which is quadratic in the
source, which hence does not disappear from the Feynman Y-function. The presence of S
and a in the expresson means that the reaive amplitude of the oscillating term (compared
to the traditional smooth term) depends on the source strength and the subcritical reactivity. A
strong source in a deep subcriticd core can lead to very large oscillations in the Feynman Y
curve. An illugraion of such a Feynman Y-curve with stochadtic pulsing is shown beow

(Fig. 7.7).
Fig. 7.7: Feynman Y-function for sochadtic pulsing.

A second type of andysis is a Feynmana technique usng delerminidic pulsng. In this
case, the gates used in the anadlyss are synchronised with the accelerator pulses. The solution
can be given asfallows.

The following notations and parameters will be used:

T - messurement time length
W- pulse width
To - the pulse repstition period
b-r

L
Z(T) = the expected vaue of detector counts during measurement time T;

a - the prompt neutron time congtant, a =

2
Y(T):SZ—(T)- 1:m is the Feynman Y-function, where s 2(T) is the variance of the
Z(T) Z(T)
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counts, and m(T) =s 2(T) - Z(T) isthe modified variance.
The quantity w;, = 2_'|c_)n

0

is the same as before, i.e. the n-th hamonic of the pulse

repetition frequency. |, =d , and |, are the detection and fisson probabilities per neutron
per unit time.
By introducing the notations
_a(l- coswW) +w, sinw,W

n(w; +a’) ’

then the expected number of detector countsis given as

WT 10 1
Z(M)=d .S (o +23 =
(") ‘S)(Toa pqwn

_asinwW-w,(1- cosw,W)

n(w; +a’)

b, (46)

{a,(1- cosw,T)+h sinwT}) (47)

For the modified variance we introduce the following quantities:
_asinwT +w,(e"" - coswT)
p.(@.T) W+ ) (48)
A(M)=p,0T)-2p(aT)+ p(2aT)
_ a(coswT - €°7) +wsinwT
qn(alT) (V\ﬁ +a2)
B.(T)=q,(0,T)-2q(a,T)+q,(2a,T)

Then the modified variance becomes

| 2| 1- 37
m(T) a’ aT
_ yaT 210 -aw, +2ha
e ey

WrT, 1o 1
(n(n- 1)>So[_|_0a\1 )+p§11 V\{]{anAn(T) +b B, (T)} +

(49)

From these equations one then obtainsthe Y (T) function as

_m(T)
Y(T)= 2T (50)

This second type of andyss has the advantage that the oscillating deviations from the
snooth Feynmarra curve are much smdler, but the extraction of the correct apha vaue is
dill quite difficult. A big disadvantage is that, because of the synchronization, much less data
Is actudly used and that much longer measuring times are needed to arive a well-converged
results.

The effect of the pulse repetition frequency is illudtrated in Fig. 7.8. As expected, for a
high pulse repetition frequency the deviation from the continuous source is smdl. For low
frequencites, or large pulse periods compared to 1/a, the deviations from the case with the
continuous source become large. This is actudly the case in the MUSE experiments, partly
becausein afast coreas MASURCA, the 1/a vaueis smal even for smdl subcriticdities.
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Fg. 7.8: Feynman Y-curves for alow (left) and high (right) pulse repetition frequency, for
two different pulse widths with determinigtic pulsing
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7.4.3 Monte Carlo investigations of the Feynman-a method

The man generd quedtion is what conditions should be fulfilled so thet the smple formula
(39) holds. There are severd factors affecting the result of red experiments. The ingruments are
in principle nonlineer eg. as a result of the dead time effect. In the source-driven neutron fidd
the harmonics accompany the fundamental mode, i.e. the k proves generation dependent or k [
ketf, the Diven factor for the source (spalation) neutrons is different than in fisson. Therefore,
seeing difficulties in andyticd expressng of the influence of such effects they have been
numericaly tested.

For the above purpose a smple FORTRAN code smulaing the multiplication chain, confined
to pertinent time-dependent phenomena has been written. In al the cadculations discussed here
kert = 0.95. The independence of the Feynman-& method of the reflector/shield influence has been
demongtrated (Fig. 7.9). It has been assumed here, as usud, that the neutron source driving the
subcritical system is a pulsed one with the period long as compared with decay of the prompt
neutron chain but short, as compared with that of delayed neutrons.

Fig. 7.9: The effect of areflected system on the Y- parameter
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The "excursons' of neutrons to the zone surrounding the core, with probabilities p = 0.05,
0.1, 0.2 have been smulated with randomised neutron lifetime being there 100 times longer than
in the core. The evident identity of the values of Y for sufficiently long times of collecting events
confirm the insengtivity of the Feynmana technique to the influence of the second region.

The next investigated effect has been the influence on the Feynman Y of harmonics in the neutron
pulse meking the efective multiplication of neutrons not to correspond to the sole ke but to another
vaue named k-source i.e. k. These changes sem in generd from two factors generation dependent:
the number of neutrons per fisson and the probability of fissoning, which both depend eg. on the
neutron energy. The formulae used for smulation of the dependency of multiplication factor on
the generation number are;

Type I: ki =0.95(1+exp(-2))
Type ll: ki =0.95(1+1.5(1-exp(-2i)))/2.5

The reaults of cdculations obtaned by didorting the multiplication factor in initid neutron
generations according to the Type | formula for detector with efficiency dare shown in the Tab.
7.3.

Tab. 7.3: Effect of the discrepancy ks [ Kers on the detector response for (1-ks) » 0.5(1-Kegt)

3
10°° 10 10°
Y (KsJKeff)/Y (Ks=Keff)|1.23+0.03 [1.13+ 0.06(1.21 +0.1

It can be seen that the sgnificance of the k-source though not particularly strong, cannot be
neglected: for the case when the number of neutrons i.e. power of the system is doubled the Y is
changed by about 20% on the average.

The next tested effect was the fluctuation of the number § of spalation neutrons [7.16]. The
neutron multiplicity didribution moddled in Smulations is shown in the Fig. 7.10 together with
the experimental didtributions. The spectrum of iy, was obtained for fixed number of spdlation
neutrons ispo =N s With the use of standard random generator of uniform distribution.

Fig. 7.10: The neutron multiplicity digtribution for the spalation process
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The gspdlation Diven factor, for such neutron multiplicity, amounts to 1.32. Its role has been
checked by comparison of the respective Y vaue with that one obtained for a fixed number iy =
ispo =12 of gpalation neutrons. i.e. the ratios of Y (isp rand)/Y (ispo const) have been calculated. The
obtained results confirm a certain influence of source neutron multiplicity. Generdly, the ratio
Y (i) Y(ispc) is > 1. However, since the observed increase in this ratio with decrease in the
detection efficiency has not been satisfactorily proven (due to insufficient caculation Satigtics)
further studies in this respect are required.

One of the most important digtortions of measurements seems to be caused by the detector
dead time. This effect has been smulated by regidration of only one event of any if closer to
each other than say, 100 ns. The cdculaions showed that soldy in cases of few neutrons per
burs and low detector efficiencies the influence of the detector dead time has proven negligible.
To the contrary, for strong neutron pulses, even a relaively low detection efficiencies [JUthe dead
time effect can extremey bias the results Meanwhile, in exception of rare cases of extremely
wesk sources driving the sysem, usudly the number of initid neutrons in a pulse is very high
and the measurement results are distorted in dependence on the number of source neutrons per
burst.

Then one may ask whether common dead-time correction techniques can be a remedy in this
case. It seems, however, tha a mere correction of the expected number of events (the first
moment) is usdess without knowledge of its variance. For adequate correction one would have
to know the true number of events log due to temporary detector overload in each neutron burst
that seems to be a problem.

7.4.3.1 Power Spectral Density

To amplify the mathematica derivation of the CPSD for a pulsed neutron source, we assume
that the time dependence of the source can be described by a train of Dirac delta pulses, as has
been done for the other techniques like the Ross-a and Feynmata. Assuming that the number
of pulses per time window in the andyss is N, then after some manipulation the CPSD is given
by [4.11]:

é_ _ & . u
e, &M P8 el ) 0 1 @
CPSD w) = & = nnh-H)+Fn, (n -DU
DlDz( ) 2a(rTL)2(:e al ( ) Ny, )@‘(m)
&

H

From this expresson we can conclude that the CPSD,; depends on the source frequency
(Q =2% ) and the reactor break frequency a. Both the inherent source and the pulsed source
p

have been incduded in the derivaion of this equation. It is seen that the CPSD shows peaks
corresponding to the source frequency and its harmonics (Fig. 7.11).
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Fig. 7.11: Cross power spectral density for a pulsed neutron source
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To avoid the pesks in the fitting, one can use a weight function proportiona to the inverse of
the variance function a each point, except in the pesks, where the weight function was taken
zero (infinite variance). The second method we propose conssts of removing the pesks before

fitting. In this way, again a first order low-pass filter transfer function is obtained as was the case
for a stationary source and the break frequency can be determined.
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8 Experimental resultsfrom the M USE-4 programme

In this paragraph, the main results of the different partners using different kind of techniques
as lad out in the previous paragraphs are gathered. Only the four main configurations SCO, SC2
(1006 cdls), SC2 (1004 cdls) and SC3 with the pilot rod in bottom postion are considered to
dlow a direct comparison between the different results Tab. 8.1 gives an overview of the

different reectivity's (in dollars) with their respected uncertainties (16 between brackets)
obtained.

Tab. 8.1: Reativity levels with uncertainties for different configurations obtained with different

measurement techniques
Rod | Rod PNS fittin PNSArea’ i-
drop | drop ? m;ﬁ]od Source | Source RC;SSI
+ + lexp [2exp |3 Direct | Corrected | Jerk Mod. (Area)
MSA | MSM exp value | value
SCo -19 | -1,86 | -193 | -1.921 -2,2 -2,00 -1.96 -1,92 | 1,957 | 204
(0.09) | (0.1) | (0.03) | (0.006) 03) | (0.02 (0.09) (0.1) | (0.004) | (0.19)
%026 91 | -87 87 89 | -85 8.8
calls (05 | (0.5 (0.7) 0.3 (0.4) 0.2
el 97 | - 97 -9.23
calls (05) | (0.6) 0.3 (0.12)
sC3 -14.1 | -136 -156 | -11,7| -141 -137 -123 -14.6 -134
0.8) | (0.8 06 | (09 | (03 (0.5) (1.0 (0.9 (0.5)

" The direct vaue is obtained by applying equation (23). The corrected vaue was obtained
by applying a correction factor based on caculations [5.15] to teke into account Spatia
effects

The results from Tab. 8.1 are dso depicted separately for every configuration in Fig. 8.1, 8.2,

8.3, 8.4 and 85 respectively for the configurations SCO, SC2 (1006 cells), SC2 (1004 cdlls) and
SC3.

Fig. 8.1: Reactivity ($) of the SCO configuration obtained
with different measurement techniques
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Fig. 8.2: Reectivity ($) of the SC2 configuration (1006 cells)
obtained with different measurement techniques
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Fig. 8.3: Reactivity ($) of the SC2 configuration (1004 cells)
obtained with different measurement techniques
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Fig. 8.5: Reactivity ($) of the SC3 configuration obtained

with different measurement techniques

Reactivity ($)

SC3 Configuration
o)
O
MSA |IMSM PNS fitting Kp | PNS Area [SourceSourcgrossi-a
methogl Jerk | mod. [(Area

M easur ement technique

From the table and the figures, it can be concluded that the reectivity level can be obtained
with different kind of techniques with an accuracy in the order of 10%. The correction induced
by the MSM-factor with regard to the smple MSA method remains very smadl, in the order of
-5% in the core and less of —20% in the shidlding (table 8.1).

Table 8.1 : MSM factors (reference configuration= 1125 fud cell configuration)

Perturbed configuration

Detector Zone SCO SC2 SC2 SC3Na |SC3Na/lLead
positions 1108 cdls | 1006 cdlls | 1004 cdls | 972 cdlls 972 cdls
W16-17 Core 0,99 0,97 0,96 0,94 0,94
W19-17 Core 0,98 0,96 0,95 0,94 0,94
E22-17 Core 0,97 0,96 0,92 0,98 0,97
E22-16 Core 0,97 0,97 0,94 0,97 0,96
W14-14 | Reflector 0,99 0,93 0,93 0,88 0,88
E14-13 | Reflector 0,99 0,95 0,94 0,89 0,88
W22-14 | Reflector 0,96 0,94 0,92 0,93 0,92
E22-13 | Reflector 0,97 0,94 0,91 0,93 0,92
W11-11 | Shidding 0,99 0,87 0,87 0,83 0,82
E11-11 | Shidding 0,99 0,88 0,87 0,83 0,82
W26-12 | Shidding 0,95 0,87 0,85 0,89 0,88
E26-11 | Shidding 0,96 0,87 0,85 0,90 0,89

Among the different measurement techniques PNS fitting

techniques show the largest

deviations from the reference MSM vaue. One aso notices that the correction for spatia effects
in the PNS Area method by means of calculated correction factors remains in the order of 10%
for the most pendizing configuration SC3.
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9 Applicability of the differ ent measurement techniques for reactivity monitoringin
ADS

9.1 Current-to-flux reactivity indicator

By monitoring the ratio of the beam current and the flux levd of an ADS providing a
continuous accelerator current, one can evauate the deviation of the actua reactivity from the
reference reactivity and take appropriate actions, when pre-sat limits are being attained. Since
both parameters, flux levd and beam current, can be followed on-ling the current-to-flux ratio
provides an on-lineindicator for the subcriticaity leve.

The strong advantage of this ontline subcriticdity indicator is its amplicity. The measurement
of a beam current and a flux levd (with eg. fisson chambers) are well established techniques
which don't require any sophisticated electronics or data treatment. Since the measurement of he
beam current and the flux can be performed with an expected uncertainty of 1%, the precison on
the current-to-flux reectivity indicator will be in the order of 1%. The bias of this resctivity
indicator will depend on the cdibration technique which has been used and the dability of the
current-to-flux indicator. Based on the measurement performed in the MUSE project, it is fet
that an absolute determination of the reactivity leved by means of a dedicated cdibration
technique will yidd the exact reactivity vaue with a maximum uncertainty of 10%. In practice,
the on-line reactivity indicator will only be used to monitor the deviations of the reactivity leve
from a presst-vdue vaue and hence the expected uncetainty on the measurement of the
reectivity level will be in the order of 1 %. Since no additiond time condants are introduced in
these measurements, an on-line, delay-free measurement of the subcriticdity isfeasble.

However, some precautions should be taken to guarantee an accurate determingtion of the

subcriticdity leve:

» The proportiondity congant should be determined in advance by means of caculaion
tools or even better by absolute measurement techniques.

» Since this proportiondity constant depends on the forward and adjoint flux digtributions
and on the source didribution, this constant should be verified regularly by independent
measurement techniques. Hence, the need for reactivity cross-checking techniques.

> The stability of the current-to-beam indicator due to changes in source characteristics
and detection efficiency has to be guaranteed in between cross-checking calibrations:

o0 The impact of variations of the source importance can be limited by monitoring
operdiond parameters that ae in grong reation with the different source
characteristics influencing the source importance, eg. the horizonta and verticd
beam position, the proton energy,..

0 For a solid target, the burn-up of the target can dso have an influence on the
proportiondity factor. However, since a circulating fluid Pb(-Bi) spdlaion target
is consgdered in most ADS designs, this aspect can be neglected.

0 The vaiations of the detector efficiency due to a different flux profile and the
burn-up of the fissle depost of the detector are dow processes which can be
accounted for by cross-cdibraion of in-core and ex-core detectors and by
caculation input.

Basad on these theoretical consderations, we can consder the current-to-flux measurement to

be a smple and robust on-line reectivity indicator. However, we have to be clear that this
datement ill has to be verified by extensve measurement campaigns in future programmes,
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snce we did not have the opportunity in MUSE to invetigate it due to the pulsed nature of the
GENEPI source.

When the externd source of an ADS is not continuous, but for indance pulsed, it is not yet
clear under which experimenta conditions the current-to-flux indicator could be used as an on+
line indicator. Future programmes will have to point this out.

9.2 Reference Techniques
9.2.1 The Rod-drop technique

The rod-drop technique has been a standard method of reactivity measurement from the
beginning, and many consder it the most accurate and rdiable. It a0 is used to determine sub-
critical reference reactivity for other techniques such as source multiplication.  However, it is
very unlikey that the cassc rod-drop technique will be used as a reference measure of sub-
criticd reactivity for an ADS. In this technique one begins from the known criticd date (k=1)
and then performs the drop. Through inverse kinetics, the sub-critical reactivity after the drop is
obtained in a draightforward manner. But, it is not envisoned that a power ADS will be able to
achieve criticdity, as tha would defeat much of the safety bads.  Withou gSarting from that
known state (k=1) one cannot infer the absolute reectivity leve after the drop.

On the other hand, it is dill an open question as to whether an ADS will have some form of
control rods. If there are control rods, these could be used to provide some sort of monitoring of
the operation provided the initid sub-criticd State was determined via other means. A wadl-
characterized absorber could dso play arolein asmilar manner.

9.2.2 The MSA/MSM Source Multiplication technique

Some form of source multiplication technique will dmost certainly be required in an ADS,
The fact is that an ADS is essantidly a sub-criticd multiplier, and dl aspects of the behavior
(power higtory, for example) are driven by the levd of sub-criticdity. These techniques will
likdly be used to infer initid reectivity's as well as provide monitoring in operation. It must be
noted that to obtain an absolute reactivity level, as in the rod-drop, it is required to have some
reference levd determined by other means. Not being able to achieve criticdity will put
additiona uncertainties on these methods.

The MSM/MSA technique is closdly related to the current-to-flux power indicator and will
hence be characterized by the same properties as described in the previous paragraph.

The rod-drop and MSM methods have been the staple of sub-criticd measurements for years,
and most people fed that measurements with uncertainties of less than 5% could be feasble a
levels of 5000 pcm if uncertainties on neutron delayed data could be reduced. However, our
experience in the MUSE programme was not very satisfactory. Severd changes of the reference
reactiviy, due to monitor movings and eectronic changes, lead to higher uncertainties. We must
emphasze tha for future experiments more dtention must be pad to ensure high qudity
measurements.
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9.3 Pulsed Neutron Techniques

9.3.1 PNSArea method

Since in the PNS method a pulsed neutron source is required such a technique is not suitable
as an online reactivity indicator. Even as a cross-checking of the ontline reaectivity indicator
during operation the PNS Area Method cannot be used, since during power operation the
accelerator source will not be operated in pulsed mode. However, during the start-up phase or at
low power this method could be used for absolute calibration purposes if the accelerator could
operate in pulsed mode or a separate pulsed neutron source is available. Using the accelerator in
pulsed mode would have the advantage of generating the same source characteridtics as at
nomind power levd.

One of the main advantages of the PNS Area method lies in its rdaively smple andyss The
experimenta results have aso pointed out that this is a quite robugt technique, since the different
patners (with different hardware and software) obtaned the same experimentd results.
Moreover, this technique does not seem to be very sendtive to the detector postion when the
detector is placed in the reflector region or far from very absorbent specid regions as safety rods.
In addition, the corrections necessary to obtain the standard reectivity are smdler than 10%
according to Monte Carlo smulations.

It is obvious that this technique can be used in fast as wdl as in thermd reactors. The only
difference will be the time scale that will have to be looked at.

9.3.2 PNSFitting technique

Since the PNS fitting is also based on the presence of a pulsed neutron source, this technique
cannot be used as an ontline reactivity indicator. The PNS Fitting technique as it was sudied in
the MUSE experiments cannot be gpplied as such, since no pulsed source is present. One can
however impose during power operation repetitive beam trips (or make use of accidental beam
trips). After every beam trip the decaying neutron populaion can be neasured. In such a way the
PNS fitting technique can be used as a cross-checking technique for the online reactivity
indicator.

The time dructure of this response will essentidly be the same as the one dudied in the
MUSE experiments. Therefore, the results from the MUSE experiments can essly be
extrapolated to application of this PNS Fitting technique in a real ADS in power operation. The
fact that during the MUSE experiments the system was operated at low power compared to the
high power in a red ADS will result in an adapted choice of the neutron detector sensibility and
detector operation mode (pulse or current mode).

Based on the MUSE experiments certain recommendations can be given with regard to the
beam trip structure for red ADS systems. For a sysem with a mean neutron lifetime of 0.56 ps
(asin MUSE), the trip period should be in the order of about 300 us to alow the recording of the
rdevant pat of the decay of the neutron population from which the reactivity indicator can be
determined. Hence, a maximum repetition frequency of 1 kHz has to be used. Of course, a lower
repetition frequency can be used, but this will incresse the overdl measurement time. The
measurement time which was needed to obtain sufficient Statistics was in the order of severd
minutes for an average count-rate of about 1000 cps and a repetition frequency of 1 kHz. When
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in the conddered red ADS system the mean neutron lifetime is different from the one in MUSE,
this proposed trip period and maximum repetition frequency will have to rescded accordingly.
The measurement time in a red ADS sysem to obtan sufficient Statistics will srongly depend
on the sengbility of the detector and system power. Anyway, the detectors can be chosen in such
away to minimise the measurement time in the considered operating conditions.

One of the man issues with regard to the gpplicability of the PNS Fitting method is the
andyss (or fitting) procedure which is used and subsequently which kind of interpretation model
is gpplied. In the framework of the MUSE experiments four different kind of andyss techniques
and associated interpretation models were used:

» Mono-exponentid fitting
» Two exponentid fitting
» Three exponentid fitting
> kp-method

9.3.3 Mono-exponential fitting

The mono-exponentia fitting of the recorded decaying neutron population is the standard
technique used in (near-) critical reactors to obtain the fundamental mode decay congtant from
which the effective neutron multiplication can be infered. The measurements performed in
MUSE have however pointed out that in deep subcritical systems representative for a red ADS
(Kerf = 0.95 =>» 0.97) the measured neutron population decay cannot adequately be fitted with a
mono-exponentid  function, even after dimination of the firg part. The first part of the measured
decay function is grongly perturbed by the presence of harmonics introduced by the large
subcriticdity levd and non-fundamenta mode didribution of the flux in presence of the externd
source.

The fact that the measured decay function cannot be fitted by a mono-exponentid is for a
large pat due to the reflector effect which perturbs the mono-exponentia behaviour. If one
nevertheless infers a reectivity from the decay congtant, one obtains a large bias with respect to
the reference reectivity vaue. As a result we will not retain the mono-exponentid fitting as a
potentid way to exploit the PNS data in a red ADS system. It might still be useful for detecting
and probably esimating very smdl reectivity changes [5.15], but ill has to be confirmed by
further measurements.

9.3.4 Two-exponential fitting

In the two-exponentid fitting procedure, the measured decay curve is fitted with two
exponentids after dimination of the firg pat (due to higher harmonics). Gengrdly this fitted
curve fits very well with the measured curve and two decay congtants can be obtained. The vaue
of these two decay congtants however depends to a nontnegligible degree on the fitting
parameters, especidly the darting point of the andysed region. This is due to the fact that the
proposed two-exponentid model is not perfect. The interpretation of these decay condants is
based on the so-cdled two region kinetic model where the core and the reflector are considered
as two separate regions. Based on this modd one can deduce that in the case of fast cores it is not
adways guaranteed that one of the two decay congdants can directly be related to the effective
multiplication congant. This will depend on the time congant of the reflector, the subcriticaity
level and the core mean neutron lifetime.
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In the MUSE experiments, it was demondtrated that for large subcriticaity levels (Kerr = 0.95),
the smadlest decay time could be related to the core fundamenta mode decay constant which is
different from the sysem fundamental mode decay constant (kesf). By means of some additiond
cdculated parameters the core fundamental mode decay congtant can be linked to the effective
neutron multiplication factor. Hence, it is easly understood that the obtained reactivity is closdy
related to ker @nd not to the source multiplication congtant k. Since the applicability of the two
exponentia fitting srongly depends on the characterigics of the sysem (core — reflector), its
goplicahility in ared ADS cannot be completely evaluated based on the MUSE experiments.

9.3.5 Three-exponential fitting

Since the fitting of the messured curve with two exponentias reveded that no perfect fitting
is obtained, an interpretation model based on the sum of three exponentias was proposed. This
mode is based on two systems (core and reflector-shidd — 3 regions) and three energy groups
(fast, epitherma and thermd) with strong coupling. When physicd conditions are imposed, this
leads to a description of the flux response with three decay congtants that must be the same for
the two systems.

This method relies on the smultaneous fitting of al detector responses in the core and the
reflector/shiddd to this sum of three exponentids. In this way, a complex fitting procedure is
required to extract a reliable vaue for the & eilgenvalue parameter and the associated reactivity.
This more complicated data trestment makes the agpplication of this andyss procedure less
suited to area ADS where arobust and "smple” technique is preferred.

The andyss of the measurements has dso demondrated that the contribution of the third
exponentia is negligible in core detectors but necessary to understand the behavior of reflector
detectors. Within the interpretation model and under the conditions described a [5.15], fulfilled
by MUSE-4, the decay congtant with the highest absolute vaue is very closdy reaed to the
prompt decay congtant of the coupled reactor, and can in a first approximation be consdered as
the equivdent of the & egenvaue in the point kinetic modd for a smple reactor. The lowest
decay condant, in absolute vaue, is rdated to the low energy neutron lifetime in the second
sysem, which is not multiplicative, so it is independent of the reactivity of the system. Further
experiments will have to be point out whether the interpretation modd is sufficiently robust for
different experimental configurations and different ADS systems.

The results about the applicability of dl the above mentioned fitting techniques in thermd
systems cannot be extrgpolated in a draightforward manner from the MUSE experiments, since
the time characteristics and decay behaviour of the neutron population will strongly depend on
the core (moderator) characteristics.

9.36 ky-method

The last method which was used in the course of the MUSE experiments to obtain a reactivity
indicator from the decay of the neutron population after a Dirac pulse or a beam trip is the kp-
method. The kp-method is based on the caculation of the detaled time response via a MCNP
KCODE run which means tha in fact the fundamentad mode decay of the prompt neutron
population is obtained.
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In a subcriticd medium not dl the neutron generations have exactly the same P(6) behaviour.
In fact, the first generations are Hill strongly influenced by the source characterigtics. The older
neutron generations (N>5 is a good approximation) have gpproximately the same digtribution
gnce a that time a dabilised "fundamenta mode" fisson source didribution exisgs. Since the
fird generations have only an important influence in the fird pat of the measured response
(some ps), an andyss which only takes the remaning pat into consderation will not biased.
Therefore, in practice these contributions can be neglected and a cdculation of P(0) for the
dabilised "fundamental mode’ fisson source didribution via an MCNP KCODE cdculaion will
be sufficient.

When moreover the detector deposit does not have the same composition as the average fuedl
in the reactor, the measured response will not be completely described by the proposed k-
formdism. In order to take this detector effect into account, the response of a detector to a
fundamenta mode fisson source digribution can be caculated and incorporated into the overal
formaism as described in the introduction.

One of the gpparent concerns in the robustness of this technique is the sengtivity of the
obtained k, to the geometricd modeling and data libraries in Monte Carlo codes. The MUSE
cdculaions (experiments) have pointed out that the method is not very sendtive to these kinds
of effects[Vollare].

As the other PNS fitting techniques, the kp-method will yield a reectivity indicator which is
rdlaed to the effective multiplication congtant ke, rather than to the source multiplication
condant ks. The kp-method needs the value of the effective delayed neutron fraction to finaly
arive a the reactivity, but this is the same for the other PNS techniques. One of the mgor
advantages of the kp-method is that no multi-exponentia fitting is used which is a source of
uncertainty and a detailed time structure can be used.

With respect to gpplication in a red ADS, the possbility to apply this technique with reflector
detectors is important. In MUSE, the main focus was directed to core detectors since the cleanest
response is observed in the core. Another issue important for its implementation in a red ADS is
the measurement time needed to obtain adequate statistics to derive the reactivity indicator.

9.4 SourceJerk Techniques
9.4.1 Sandard Source Jerk Technique

The gandard Source Jerk technique is a well-known technique in reactor physics. To
accurately determine the prompt jump fraction appropricte fitting routines are required.
Generdly, the most accurate results are obtained with fitting routines based on inverse kinetics.
The drawback of such fitting techniques is of course the obligatory knowledge of other kinetic
parameters which have to be provided by caculations.

To obtan sufficient gatigtics with the sandard Source Jerk technique, a sequence of repeated
experiments has to be peformed. In this way, the individua responses can be summed up to
obtain one averaged response with sufficient datigics. In the MUSE experiments sgnificant
problems were encountered to obtain a sufficient stable repetition leve to endble to an easy and
unbiased summing up of the different contributions.
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It is clear that the standard source jerk technique can only be used during Start-up or
loading/unloading or specific cdibration procedures when the accelerator is turned off. In order
to limit in these cdrcumgances the measurement time a vey high source srength and high
efficient detectors are needed which both are difficult for red ADS systems. It will be difficult to
ingdl an isotopic CF252 source with a source drength which will be sufficiently large
compared to the intringc source of the spent fuel in the core The posshility of obtaning high
efficient detectors in fast ADS cores which are not designed for having large volume detectors is
rather limited. Hence, large measurement time will be needed. Therefore, the standard source
jerk technique will probably not be gpplied for reactivity determination in an ADS.

9.4.2 ADSsourcejerk technique

The ADS source jerk technique is based on the determination of the remova of the prompt
neutron part as in the rod-drop technique. Since the beam trip is practicaly ingtantaneous and
there is no need to wait for the delayed neutrons to decay, the levels before and after the beam
trip will be measured. By averaging the leve after the beam trip over a certain time period (in the
order of some hundreds of microseconds), the uncertainty will be srongly decreased, but a
possble smdl bias may arise due to the decay of the delayed neutron population. Measurements
will have to point how the investigated period can be optimized in terms of uncertainty and bias,
but dso with respect to operationd conditions of the ADS. The main advantage of this technique
is related to the fact no fitting based on an interpretation model has to be performed.

9.4.3 Source Modulation Technique

The source modulation technique (SMT) dlows the determination of the reectivity expressed
in dollars. The SMT as used in the MUSE experiments will not be easy to implement for red
ADS, dnce the rgpid variation of the pulse frequency from a high frequency to a low frequency
will not be envisaged. Moreover, other measurement techniques such as the PNS Area Method
ae ale to provide the same information with a much smpler time sructure of the beam.
Therefore, this technique will not have a direct gpplication for reactivity monitoring in a red
ADS.

9.5 Noise methods

9.5.1 Noise methods without an external neutron source (only intrinsic source)

It is obvious that noise techniques without an external source cannot be used as an ontline
technique or cross-checking technique, since in these cases one supposes that an external source
is present. Hence, noise methods with the intrinsic source can only be used in the exploitation of
an ADS as a cdibration method. They can be applied during start-up or in a calibration phase,
when the externd beam current is switched off and dedicated experimental conditions can be
met.

When one uses such noise techniques at degp subcritica levels, very long measurement times
ae encountered, even with very efficient detectors. From a practicd point of view long
measurements are dways to be avoided. High efficient detectors in fast cores moreover cause the
problem of strong loca reactivity perturbations which is not desirable.
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Since as in PNS methods the reactor response cannot be described by smple point-kinetics
due to the break-down of the fundamentd-mode approximation, the measured distribution
cannot adequately be fitted to a mono-exponentid. Due to the fact that noise methods rely on the
convolution of the reactor response function in the time domain (and the quadrate of the response
function in the spectrd domain), this effect will be even more pronounced and more difficult to
fit and interpret.

One of the points which make the noise methods attractive to gpply for the determination of
the reactivity is the fact that in generd three different measurement quantities can be obtained
from the digtribution: decay congant, amplitude of the corrdated sgnd and the amplitude of the
uncorrelated dgna. This makes it easer to determine the reectivity in an absolute way
independent  from caculated parameters. The following points make it however difficult to
extract this supplementary information in ADS:

> Difficult to obtan sufficient gatisics on dl of the measurement quantities
0 High efficient detectors are needed

> No fundamenta mode
> Knowledge of detector efficiency or source strength is essential

0 Large uncertainty on the inherent source strength (spent fuel)
o Cdibration of detector in representetive conditionsis difficult

Hence, noise methods without a pulsed neutron source are not very suited for the determination
of the reectivity leve in an ADS.

9.5.2 Noise methods with a pulsed neutron source

Due to the limited interest in usng noise methods without a pulsed neutron source it was
congdered more useful to invedigate the posshility of usng noise methods in combination with
a pulsed neutron source. It is however dso clear that such a technique is not suited as an on-line
monitoring technique due to the imposed pulsed beam dructure and long measurement time.
Whether it can be used as a cross-checking technique is not completey ruled out, but will
depend on the beam dructure one can obtain and on the measurement time one can dlocate to
the cross-checking procedure. Probably noise methods with a pulsed neutron source will have
more success in ADS reactivity determination as a cdibration technique, since in that case the
measurement conditions can be optimized.

9.5.21 Ross-alpha method with a pulsed neutron source

The use of a pulsed source makes it possble to goply noise methods such as the Ross-
apha method in deep subcritical systems due to the increased correlation. As a consequence
aufficient datisics are obtained in an acceptable measurement time, something which cannot
be achieved without a pulsed neutron source.

The fact that point-kinetics is no longer vaid is not changed, because it is inherent to deep
subcritical  systems. Hence, the fitting of the measured didribution to obtain the fundamentd
mode decay condant will suffer a leest the same degree of difficulty as in the PNS fitting
methods due to the fact the Ross-adpha method relies on the corrdaion of the reactor
response function.
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Based on the experiments it was adso shown that the reactivity in dollars could easly be
derived from integrd parameters obtained from the measured digtribution. This measurement
quantity cannot be derived from a Ross-adpha distribution recorded without the presence of a
pulsed neutron source. This determination of the reactivity in dollars has in fact the same
characterigtics as the PNS Area method.

This additiond measurement quantity, the reactivity in dollars, could then be usad in
combination with the sandard three measurement quantities obtained from a Ross-dpha
method to derive the reectivity in absolute way. The practicd feesbility of this procedure 4ill
has to be checked.

9.5.2.2 Feynman-alpha method with a pulsed neutron source

As it was outlined in the description of the Feynman-apha method with a pulsed neutron
source, two different  implementations can be didinguished: determinigic  pulsng and
dochestic pulsng. Since for both types andyticd formulae were derived and they were
confirmed by experiments, it is in principle possble to use this technique in an ADS.
However, the andyticd formulae and hence the subsequent fitting procedure is much more
complicted in the Feynmandpha method compared to the Ross-apha technique.
Nevertheless, the dochastic pulsed Feynman method was gpplied successfully for the
determination of reectivity with high accuracy in recent messurements in a themd system
[7.15].

Both techniques applied in a degp subcritical system suffer from the break-down of point-
kinetics, but the way the Ross-apha technique can ded with it is more graightforward due to
the ampler andyticd expressons.

Since no additiona information can be obtaned from the Feynman-dpha technique
compared b the Ross-apha technique, the Feynman-apha technique with a pulsed source is
less attractive than the Ross-dpha technique for the determination of the reactivity in an
ADS.

9.5.23 CP3D with a pulsed neutron source

As dready mentioned the use of a pulsed source will result in an increased corrdation. As
a consequence sufficient dtatistics are obtained with CPSD in an acceptable measurement
time, something which cannot be achieved without a pulsed neutron source.

The fact that point-kingtics is no longer vdid is dso true in this case, dnce it is a
characteristic of degp subcriticd systems. Hence, the fitting of the measured didtribution to
obtain the fundamenta mode bresk frequency will suffer a least the same degree of difficulty
as in the PNS fitting methods. The fitting is made even more difficult by the presence of
harmonics of the pulse frequency.

The posshility to derive from the CPSD other measurement quantities besides the bresk
frequency in order to obtain a more absolute determination of the reectivity dill has to be
investigated for various messurement conditions.

Compared to the Ross-dpha technique, which is based on pulse detection, the CPSD
method, which is based on current measurement, has the advantage that it can be applied at
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higher power levels but has a the same time the disadvantage that a low ("zero") power the
technique has more difficulty to obtain sufficient gatistics.

9.6 General methodology for reactivity measurement in ADS

Based on the results of the different measurement performed in the different configurations
with various methods it is clear tha no unique measurement technique can be proposed to
measure the different kinetic parameters and especidly the reectivity.

As the find god is to provide an accurate and robust on-line messurement of the reectivity
during power operation and during loading operations no sngle experimenta technique can
accomplish this task. Since only few techniques can act as an on-line indicator for reectivity and
these techniques require additiond information to extract the reactivity, additiond measurement
techniques are needed. Therefore only a combination of techniques will be able to solve the task
and a step-wise and in-depth gpproach of reactivity determination is proposed.

For ontline reactivity monitoring, the current-to-power indicator seems the most appropriate
choice dnce as outlined in paragrgph 3.1 it is dmple, robugt indicator with a smdl rdative
uncertainty. This reactivity prerequisites the knowledge of a proportiondity factor containing the
detector efficiency and the source importance. Since both parameters can change during reactor
operation and loading, it is important to check this proportiondity congtant on a regular basis. In
between checks, one should then be able to guarantee that the proportiondity congstant remains
condant over the congdered period. This can be accomplished by monitoring sgnas which
together determine the source characteristics such as the beam postion, proton energy,.. By
cdculaing the reectivity sengtivity coefficients for these source signds, the overdl bias due to
an unknown variation in the proportionality constant can be limited by bounding the acceptance
range of the source sgnds. In this way, the current-to-power reactivity indicator can serve as a
reliable and accurate on-line reactivity monitoring technique.

The veification of the proportiondity condtant of the current-to-power indicator will have to
be accomplished by independent measurement techniques. To limit the perturbation to the power
operation of the ADS, benefit would be taken from the unavoidable occurrence of beam trips. At
every beam trip the response of the reactor could be recorded. Since the repetition-rate of these
beam trips is unpredictable and probably not sufficient to obtain desred datisics on the
measured parameters, an imposed repetition of induced beam trips will have to be foreseen.

The candidate measurement techniques to be used in these experimental conditions are either
a PNS fitting technique or the ADS source jerk technique. The ADS source jerk technique is
based on the determination of the remova of the prompt neutron part as in the rod-drop
technique. In practice, the levels before and after the beam trip will be messured. By averaging
the levd &fter the beam trip over a certain time period (in the order of some hundreds of
microseconds), the uncertainty will be strongly decreased, but a possble smdl bias may arise
due to the decay of the delayed neutron population. Measurements will have to point how the
investigated period can be optimized in terms of uncertainty and bias, but dso with respect to
operationd conditions of the ADS. The main advantage of this technique is related to the fact no
fitting based on an interpretation model has to be performed.

In the PNS fitting technique, the investigated period after a beam trip can be much shorter,

ance only the die-away of the prompt neutron population is recorded. From the measurements in
MUSE it was demonstrated that he decay of the prompt neutron population cannot adequately
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be represented by a mono exponentid. Therefore more complex interpretation models are needed
among which the kp-method seems to be the most robust and promising one. The kp-method
however heavily depends on caculation input which could be consdered as a drawback. One
dill has to be cautious in extrgpolating the results obtained in MUSE for the PNS fitting
techniques to a red ADS, since the beam dructure in both Stuations is different. For a rea ADS
the decay after the interruption of a continuous beam will be investigated instead of the response
to an impulse as in MUSE. Since the prompt neutron decay in both gdtudtions is different, the
extrgpolation of the results with regard to the applicability has to be confirmed by future
experiments.

In order to cdibrate the above mentioned techniques, additiona independent and robust
measurement techniques have to be applied. The standard approach followed in criticd reactors
by usng a rod-drop and in combination with the MSM-technique is not feasble in ADS, since
the criticd date of the system is not intended to be reached. For the purpose of calibration
dedicated experimental conditions can be envisaged, such as zero-power conditions. These
cdibrations could be incorporated in the loading and dart-up procedures of the ADS. In these
circumstances, dedicated externad sources could be used to solicit the system. One possbility
could be to use a pulsed neutron source as in MUSE and apply the PNS Area method which has
been shown to be a very smple and robust measurement technique. The use of an externd
isotopic source in a standard source jerk measurement was seen to be less attractive for reasons
of radioprotection, practicd implementation and measurement accuracy. The possbility of using
the Cf source driven technique was not investigated in the framework of the MUSE project. This
technique cannot be excluded from consderation, but the need for a high measurement precison
might lead to an unpractical source-strength of the Cf source.

9.7 Conclusions

Different measurement techniques for the determination of kinetic parameters and more in
particular the reectivity were investigated in the framework of the MUSE project.

The man experimenta results obtained by the different partners showed that the reactivity
level for an ADS (with kets=0.95) can be calibrated with an accuracy in the order of 10%. In
MUSE, the correction induced by the MSM-factor with regard to the smple MSA method
remans vey smdl, in the order of 5%. This amdl correction is probably due to the quite
homogeneous MUSE core and the averaging over a lot of different core detectors in the MSA
method which reduces the overall spatid effect.

Based on the measurements performed in the MUSE project and the envisaged conditions of a
future ADS the agpplicability of the different methods towards future gpplication in an ADS were
investigated. It was concluded that a combination of techniques will be needed to provide an
accurate and robust monitoring of the reactivity.

The monitoring of the reactivity is achieved through an in-depth philosophy of calibration and
vdidation. The current-to-power indicator provides a smple and on-line reactivity indicator,
which is regularly checked. A cross-check can be performed a beam trips (imposed or not) with
an ADS source jerk technique or a PNS fitting technique such as the kp-method. An absolute
determination of the reactivity level can be obtained by use of PNS based techniques.
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10 General Conclusions

Two mgor objectives of the MUSE programme were: (1) the characterization of a typica
ADS type core, eg., core parameters, source importance, spectra indices, reaction rate traverses,
by means of experiments and caculaions, thereby edtablishing a reference cdculationa route,
and (2) the invedtigation of techniques for sub-criticd measurement and monitoring.  Particularly
towards the latter, it is wel recognised by the community that MUSE was an essentid step in the
gudification of a future ADS. With MUSE, we were able to investigate in depth methods of
reactivity measurements in cold conditions with four sources. intrindc, Cf, DD neutrons, and
DT neutrons. A pat of these measurements has been repeated in TRADE phase | in 2004 and
should be continued in 2005 providing thereby a sort of "generic vdidation”. In the immediate
future, experiments should be carried out in the IP-Eurotrans DM2 to include therma feedback
properties, since this effect was out of scope due to the zero-power nature of the MASURCA
fadlity.

In addition to the MUSE-4 project, activities performed in the frame of the SAD project were
amed (1) to tex and develop caculation tools for the characterization of spdlation targets
bombarded by a high energy proton beam, by means of measurements performed a Dubna and
(2 to dudy the influence of the SAD core characteridics on the applicability of different
methods of subcriticality determination, providing thereby complementary information to the
andyses performed in MUSE.

With regard to the core characterization effort, it is recognised that some of the measurements
in subcriticdl dates ae very time-consuming. This lead to a reduction of the number of
measurements that could be done within the frame of the project. Certain aspects of the MUSE
core were very dtractive to the consortium of the project. This includes the behaviour of the lead
buffer, reflector effects, source spectrum effects, and the last configuration studied, SC3 with a
leed centrd zone. The invedtigation of different caculation routes for these parameters yieded
some interesting conclusons. The C/E vdue for the determination of keff was found to be very
satisfactory for both deterministic and Monte Carlo codes. The smulation of the experiments in
the lead phase, in paticular, did not bring out any specific problem. The comparison between
experiment and deterministic codes for the kinetic parameters &g and E measured in near-
critical conditions was very satisfactory. With regard to Monte Carlo methods, a new and fast
technique was developed for the caculation of &« which dso yielded a very good C/E vaue in
near-critical conditions. Neverthdess, the interpretation of the mean neutron lifetime E is ill an
open issue within the Monte Carlo caculation route. What concerns fisson rate distribution, an
overdl good agreement was found for measurements a deayed criticd. In  subcritica
configurations, we found good agreement (with predictions) for U235, and less for isotopes with
threshold reactions. The U-238 flux traverse in the centre of the configuration was shown to be
very sendtive to the exact levd of subcriticdity in the caculaion. Spectrd indices with fisson
chambers exhibited some problems that are gill © be resolved where as foil activation technique
lead to very interesting conclusons. In spite of some discrepancies that need further studies, the
MUSE-4 programme has produced an impressve amount of data which helped the andydss in
therr underganding of the behaviour of a sub-critica fast assembly. Findly, Monte Carlo-based
representativity studies showed that the buffer-leskage neutrons coming from the (D,T)-source
has an energy spectrum smilar to that of the spdlaion source and from tha point view can be
considered representative of an ADS. Moreover, the energy spectra in the core were found to be
completely dominated by the fisson multiplication in the fud and therefore are independent of
the digribution of the externd source. Hence, conddering the sudy of spectrum-weighted
quantities, the MUSE-4 experiments can be assumed to be representative of an ADS.
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In addition to the above, the expeiments conducted a Dubna concentrated on the
measurements with the bare lead target exposed to 660 MeV proton beam, hadron distributions
aound the target and assessment of its activation. Andyses of results of experiments and
cdculations demondrated that angular didtribution of hadrons around the target shows an
agreement within 6 - 15 % when much larger discrepancies, a the worst within one order of
magnitude, were observed for the axid distributions of activity. Almost dways the C/E rétio was
between 3 and 1/3. From these results, it was concluded that one cannot point out a single code
and/or nudear reaction modd yielding good results smultaneoudy for dl examined nuclides. In
definitive, the modd of Cugnon gave the best agreement with experimenta vaues - about 70 %
of results remain within 30 % difference.

Turning to the reactivity measurement aspect of the MUSE programme, there were five teams
that devoted a great ded of time and effort in trying to understand the physics of sub-critica
gysgems. We sudied the traditional rod drop/MSM method, source jerk methods, variaions of
the PNS methods, and variations of noise methods. There were problems with the MSA/MSM
measurement (which is normaly the reference method) owing to essentid modifications that hed
to be redized on severd deectors during the programme. These modifications lead to
uncertainties on the reectivity measurements, in the range 6-8% (1s), that unfortunatdy limited
the conclusons of our andyses. There has been a vauable lesson learned from this experience,
and it will be caried forward to IP-Eurotrans DM2 and hopefully beyond; that is, more atention
must be given to the base-line measurements, whatever they may bein an ADS.

Much effort was devoted to dynamic methods. We had some difficulties with the standard
source jerk method that demondtrated that this technique could only be used during start-up or
loading/unloading phases. Neverthdess, in that case, the source strength should be sufficiently
large compared to the intrindc source of the spent fud in the core. The source modulation
technique gave better results but cannot be serioudy envisaged for the reactivity monitoring of a
rel ADS. A rapid vaiation of the pulse frequency from a high frequency to a low frequency
seems indeed difficult to set-up in a power resctor. We found that traditiond noise methods
(driven by the intrinsic or Cf source) such as the CPSD, Ross- and Feynman-a were usable only
in the case where the reactivity was close to criticd. A Ross type technique driven by the
neutron generator is more promisng, but it remains to be seen if these kinds of methods will
have a role in the reactivity monitoring of an ADS. At this point, it gppears that some form of the
PNS method will be the most useful. Severd PNS models based on the interpretation of the dope
of the 9gnd (2-region, 3-region, kp-method) were investigated. Andyses based on the fitting of
the prompt neutron population was shown very sendgtive to the kinetics modd and fitting
parameters, but seems promising for detecting smdl reactivity changes. On the other hand, the
so-called kp-method has the advantage of a smple and robugt interpretation agorithm but needs
extensve Monte Carlo smulations. In definitive, sudies in MUSE have shown that the so-cdled
PNS “area method” is quite forgiving in relation to other PNS modes based on the study of the
dope of the ggnd. It seems that this method could be used in a cold start-up configuration of an
ADS, particularly since smal neutron generators are easly obtained. Ladt, studies carried out on
some versons of the SAD, PDS-XADS and MYRRHA cores demonstrated that the reflector and
the shidding properties could affect the possbility of measuring the reactivity. This aspect
should be considered in future core design projects.

For the day-to-day monitoring however, it appears that some form of a proton
current/power/reactivity relation will be used. In generd, under dable conditions when
everything remains congtant, the ratio of the flux and proton current are proportional to a smple
function of the reectivity, and smple red time monitoring (as in a typica power resctor) will
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yidd suffident information for control in norma operations. The potentid problem occurs if
there is an unknown configuration change, leading to change in source importance or a change in
local reectivity values. In order to provide a Smple means to study the stability of the current-to-
flux method to unexpected changes in the target-core properties, the proton source efficiency
parameter (Y*) was defined. Snce Y* conditutes the proportiondity factor between the
monitored neutron flux and the proton beam current, its dependence on those factors, which
potentidly is able to change the current-to-flux raio, will give an esimaion of the sengtivity of
the reactivity indicator.

Smply monitoring the flux and current will not provide any information for such a change
Thus, some form of independent, periodic, dbsolute determination will be required that can yield
an independent measure of the reectivity. At the present time, it is envisoned that some sort of
beam chop will be used, but it was not possble to test such a technique in MUSE-4. This,
together with the continuous on-line monitoring will be a mgor task for the IP-Eurotrans CM2 in
the future.

In summary, despite some technica problems, overal the MUSE-4 project was a great
success. It brought together some of the best experimental reactor physcigts in the world, and
produced many daa for subsequent andyss. Numerous advances were made in the
undersanding of the behaviour of sub-criticd systems and the viability of various methods of
reactivity monitoring athough the uncertainty assessment related to the andyses ill needs to be
completed. Moreover, it is cler hat we do not undersand (or a least cannot fully predict)
some effects, and this leaves the door open for future lines of research. It is dso clear that the
fully coupled space-time problem has yet to be solved in its entirety.

Last, but not least, the programme produced some of the best collaborations seen in recent
years, certainly in the reactor physics world. It produced eight Ph.D. theses since the year 2000,
and a great many publications in conferences and journas. It can safely be sad that the MUSE
programme has made a truly dgnificant contribution to experimenta reector physcs in the last
four years.
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Annex 4: Time schedule of PRE-SAD measur ements

1. June 2000 Experiment 1 (JNR Dubna):
" Measurements of neutron spectra around the lead target F 8.5 x 50 cm,
irradiation of samples around the target for the measurements of generated radioactivity.

2. Jly - December 2000 Measurements of short-lived radioactivity (JNR Dubna).
3. January - December 2001 Messurematsdf long-lived redicectivity (UMM Craoow). Haboration of theresLits Smulating cdauationsof the
epaimats
noReaults: Activities generated in metallic eements compared with results of computer smulation. Cross sections
for selected reactions of 650 MeV protons with natura Fe.
4. June 2001 Experiment 2 (JNR Dubna), preparatory irradiation of samplesingde the lead target F 8.0 x 30 cm for the
measurement of axia digtributions of target radioactivity.
5. November 2001 Experiment 3 (JNR Dubna), irradiation of samplesinsde the leed target F 8.0 x 30.8 cm for the above
measurement.
6. November - December 2001 Measurements of short-lived radioactivity (JNR Dubna).
7. January - December 2002 Elaboration of the results. Measurements of long-lived radioactivity (UMM Cracow). Smulating calculations of
the experiments.
oReaults: Axid digtributions of activities generated in P target compared with results of computer smulation.
8. March 2003 Experiment 4 (JNR Dubna):
irradiation of Bi samplesinsde the lead target
F 16.0 x 30 cm, for the measurement of radid distributions of target radioactivity,
irradiation of track detectors with heavy metd radiators behind the lead target, for the measurement of intensity
of the high energy neutron induced fisson.
9. March - June 2003 Messuramantsof short-lived redicedtivity (INR Dubng). Eiching thetradk detectors and messuning thetraok dandty.
10.  duly - December 2003 Elaboration of the results. Measurements of long-lived radioactivity and fisson fragment dengty (UMM Cracow).
Smulating caculations of the experiments.
oReaults: Radid digtributions of activities generated in Bi target (represented by Bi samplesin Po target)
compared with results of computer smulation.
0Resllts Didributions of intengty of heavy metd fissons behind the target compared with results of computer
amulation.
11. January - September 2004  As above, plus preparation of equipment for microdos metric measurements.
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12. September 2004 Experiment 5 (JNR Dubna):
irradiation of Pb samplesinsde the lead target with higher proton beam intensity, for the measurement of axia
digtributions of target radioactivity,
measurements of microdosmetric spectrain radiation fields generated by 660 MeV protons around a heavy
metal target.
October 2004 Elaboration of the results. Smulating caculations of the microdosmetric spectra

133/133



