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Multi-step Monte Carlo calculations applied to
nuclear reactor instrumentation - source definition
and renormalization to physical values

Vladimir Radulovi€, Loic Barbot, Damien Fourmentel, de@rancois Villard, Gaé,peierovnik, Luka Snoj,
and Andrej Trkov

Abstract—Significant efforts have been made over the last I. INTRODUCTION
few years in the French Alternative Energies and Atomic
Energy Commission (CEA) to adopt multi-step Monte Carlo The detection of neutrons is generally based on the detectio
calculation schemes in the investigation and interpretain of of secondary charged particles which originate from neutro
the response of nuclﬁar tr)eactor instrumdenta};ion detec(i:tors(e.g. induced nuclear reactions. There are two major types of
miniature ionization chambers - MICs and self-powered neuton SRS :
or gamma detectors - SPNDs and SPGDs). The first step consistsdeteCtorS' The mqst _common. are_ Io_nlzatlon chambers with
of the calculation of the primary data, i.e. evaluation of the small amounts of fissile material (fission chambers - FCs) or
neutron and gamma flux levels and spectra in the environment absorptive material which upon neutron capture emits heavy
where the detector is located, using a computational modelfo charged particles (e.g. boron, due to the very high crostese
fjhei Comp'etg ””C'eatrl reaCtgrtCO(;ef_a“d its Su”ofundtilfl‘gsf- ||Thse for the (n, a) reaction of the isotop¥B). The second detector

ata are subsequently used to define sources for the followgn : .
calculation steps, in which only a model of the detector unde type_ are se.lffpov_vered heutron detectors (_SPNDS)’ in which
investigation is used. This approach enables calculationwith ~Particles originating from the product nuclei of neutropicae
satisfactory statistical uncertainties (of the order of a 8w %) reactions are detected directly as a small electric current
within regions which are very small in size (the typical volme SPNDs have an important advantage as their construction is
of which is of the order of 1 mnt’). intrinsically robust and they are completely passive, they

The main drawback of a calculation scheme as described above do not require an external power source.
is that perturbation effects on the radiation conditions caised by With state of the art Monte Carlo particle transport codes (i

the detectors themselves are not taken into account. Depeind . . .
on the detector, the nuclear reactor and the irradiation pogtion, ~this work the MCNP6 [1] code was employed) it is possible

the perturbation in the neutron flux as primary data may reach to perform criticality and transport calculations for rneuts,

10 to 20%. A further issue is whether the model used in the coupled with the creation of photons, electrons and heavy
second step calculations yields physically representativresults. charged particles and the interactions which they undergo.
This is generally not the case, as significant deviations mafise, g enaples the calculation of quantities like electroments
depending on the source definition. In particular, as preseted . L

in the paper, the injudicious use of special options aimed at through su_rfaces and charge deposition rates within cells,
increasing the computation efficiency (e.g. reflective boutary —through which assessments of the response of neutron detec-
conditions) may introduce unphysical bias in the calculatd flux  tors in terms of the electric currents can be made. Genegally
levels and distortions in the spectral shapes. multi-step calculation process is required for multiplagens.

This paper presents examples of the issues described aboveThe sensitive regions of the neutron detectors are typicall
related to a case study on the interpretation of the signal fom dif-  yery small in size (of the order of 10 ni#y which means that
ferent types of SPNDs, which were recently irradiated in thelozZef . . - . .

Stefan Institute TRIGA Mark Il reactor in Ljubljana, Sloven ia, achle\(l_ng .a satlsfac_tory st_atlstlcal uncertalnty of thitiew
and provides recommendations on how they can be overcome, quantities in calculations with a full computational modéa

The paper concludes with a discussion on the renormalizatioof — reactor can be prohibitive in terms of the required compariat
the results from the second step calculations, to obtain aocate  time. Furthermore, depending on the detector type, differe
physical values. mechanisms give rise to the predominant part of the electric
current, e.g. Compton scattering grdecay; the latter, as
described below, requires a further calculation step inctvhi

B particles are transported within the detector geometry.

The multi-step process is outlined as follows:
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are explicitly modelled in the irradiation location in the
computational model of the reactor; neutron and gamma
spectra and flux levels are calculated in its vicinity,

Step 2: a model of the detector including its imme-
diate vicinity is created, neutron and gamma sources
are defined using the calculated spectra from Step 1,



calculations of the reaction rates, charge depositiorsrate
and electron currents are performed,

« Step 3:3 sources are created within the detector model,
the intensity of which follows the calculated reaction sate
from Step 2, calculations of charge deposition rates and
electron currents are performed.

Explicit modelling of detectors and irradiation devices in
Step 1 enables taking into account the perturbation effect
on the experimental conditions caused by the presence of
the detectors themselves. As shown in Section 2 of this
paper, depending on the detector properties and the itiaulia
location, this effect may be significant.

Section 3 focuses on the physical representativeness of
the Step 2 calculations, depending on the particle source
definitions. It is seen that injudicious use of special amio
aimed at increasing the computation efficiency may have a
detrimental effect by introducing unphysical bias in thexflu

.Fuel element Olrradiation channel

levels and significant distortions in the spectral shapes. OControI rod .Neutron source
In Section 4 indications are given on the renormalization of o
the calculated results from Step 2 and Step 3 calculations in ® Measurement position

order to obtain accurate physical values. ! o
h | ted in thi K lated t Fig. 1. Schematic view of the JSI TRIGA Mark Il reactor corabeled are
The examples presented in this work are related t0 a Cg&€veasurement Positions used in the SPND irradiation aignp

study in which different types of SPNDs have been irradiated
in the core of the JSI TRIGA Mark Il reactor in Ljubljana,

Slovenia. The experimental campaign is described more in ) ) )
detail in the conference paper [2]. The perturbation effect has been investigated for two types

of standard SPNDs with Rh and Co emitters, irradiated in
the core of the JSI TRIGA Mark Il reactor. The reactor core

consists of cylidrical fuel elements, 4 control rods, a neut

Depending on the design and material composition of tigrce and several irradiation channels (aluminium tulies fi

wherein the presence of the detector locally affects théroeu 1
flux which is to be measured. This is especially true for large Three Rh and three Co SPNDs have been modelled ex-
detectors and detectors vv_hich featqre rela_tivel_y largetities plicitly in the MP17, MP20 and MP25 positions, along with
of strong neutron absorbing material, which is generali tr 51 minium guide tubes, used to perform the irradiations, in
for SPNDs. I_t is possible to obtal_n experimental mdmaﬂoqhe computational model of the JSI TRIGA Mark Il reactor
on the magnitude of the perturbation effect e.g. by obs@rvigyhich was previously verified and validated for neutronics
the change in the critical control rod positions before ait€ra .5\cylations. The validation first begun with calculatioh o
detector insertion, or, if the reactor is equipped with sséere k.;; and the comparison with the criticality benchmark ex-
online reactivity meter (e.g. [3]), by observing the re@tfi periment, performed in 1991 [4]. Subsequently, in order to
change upon insertion of the detector when the reactor dgnang the applicability of the computational model, compa
critical, keeping the control rod positions unchanged.He tisons were made between calculated and experimentally de-
latter case, if a decrease in the reactor power on inseriond,mined reaction rate distributions for thef Au(n, ) '95Au
observed, this is a clear indication of a large magnitudéef t;, 4 27, (n,a)?*Na reactions in the irradiation E:hannels of
perturbation effect. . . _ the reactor [5] and more recently for tH&Au(n,~)"9%Au

The perturbation effect can be investigated more in det@ilaction within the reactor core [6]. Neutron spectra in the
through Monte (_Zarlo cal_culatlons usmgacompu_tatlonalehodstandard SAND-II 640 energy group structure have been
of the reactor into which a detector in question has be@Q|cylated in the emitter, insulator and sheath of the SPNDs
modelled explicitly, by performing calculations of neutriux 5 several concentric water and aluminium cylindricallshe
levels / neutron spectra or reaction rates inside the d®tect e syrrounding water and guide tubes. Calculations have
regions and in its vicinity for _tWO cases. been performed for the perturbed and unperturbed cases,

1) with the detector materials explicitly modelled, as described. Vertical sections of the computational model

2) with all the detector materials replaced by the materigbntaining the Rh SPNDs are shown in Figure 2.

as for the unperturbed case (typically water or air for Figures 3 and 4 display the calculated neutron spectra in
light water reactors). the Rh SPND components and surrounding water shells and

The effect is quantifiable by taking the ratios of the quarluminium guide tubes for the case in which the SPND was

tities calculated in the first and second case. modelled explicitly and for the unperturbed case, respelsti

Il. PERTURBATION EFFECT



SPND and inner guide
tube modelled

SPND and inner guide
replaced by water

Fig. 2. Side views of a Rh SPND in the MP17 position in the cotatonal
model of the JSI TRIGA Mark Il reactot.eft: SPND with materials explicitly
modelled.Right: SPND with all materials replaced by water.

SPND type | Region | Relative difference in thermal flux
Rh Water 1 -10 %
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Fig. 4. Neutron spectra in Rh SPND components, SPND matagglaced
by water

TABLE |

RELATIVE DIFFERENCES IN THERMAL NEUTRON FLUX IN THE INNERMOS
AND OUTERMOST WATER SHELLS SURROUNDING THESPNDs, RH AND

Co SPNDs

—-—- Vater 1
‘| —--—- Inner guide tube (A1)

| —— outer guide tube (A1)
—--— VWater 3
| —--— VWater 4

In the water shell in the immediate vicinty of the SPND
the decrease in the thermal neutron flux is relatively large
(10 and 15% for the Rh and Co SPNDs, respectively) and
drops to about one half in the outermost water shell in the
model. In order to predict the detector response accurately
using multi-step Monte Carlo calculations, this effectde®
be investigated and taken into account in the further catiari
steps. The calculations with the full computational model o
the reactor as described above were criticality calcutatio
(KCODE calculations in MCNP terminology). The calculated
impact of the presence of three SPNDs of one type in
the measurement positions MP17, MP20 and MP25 on the
Fig. 3. Neutron spectra in Rh SPND components, SPND exlicibdelled  effective multiplication factor of the system is given inbla
Il

Lethargy spectrum

5 102 5 103
Energy (eV)

By comparing the neutron spectra for the two cases, the Ill. REPRESENTATIVENESS
effect of the SPND presence becomes visible. In the SPNDStep 2 calculations are performed with a model of the
regions, a decrease in the thermal spectrum component aeditron detector and neutron and gamma sources defined in
a significant distortion in the spectra at around 1 eV, due #® the vicinity. Reaction rates are calculated in the detec
the resonance in the neutron capture cross-sectiol?*&h
are clearly observed. The presence of the SPND does affect TABLE Il
the spectra in its vicinity as well. In Table | the values ofcaLcuLatep iMPACT OF THE PRESENCE OF THRESPNDSs OF ONE TYPE
the thermal flux in the energy group around 0.0253 eV, WhiCINSERTED INTO MEASUREMENT POSITION$/P17, MP20AND MP250N
corresponds to the conventional thermal flux (at 2200 més) ar ~ THE EFFECTIVE MULTIPLICATION FACTOR OF THE SYSTEM

compared for the innermost water shell surrounding the SPND SPNFE’the jfefcj;n
(labelled "Water 1" in Figures 3 and 4) and the outermost Co 63 Ecm

water shell (labelled "Water 4” in Figures 3 and 4).




Step 2 model

Rh SPND MCNP6, Rh SPND model, inward directed neutron source
located in outermost water shell (Water 4)

Water 1 w0t — T
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Fig. 5. Cross-section of the computational model used ip 3tealculations.

Top: whole modelBottom: Rh SPND. The outside diameter of the outermoskEig. 7. Neutron spectra in the vicinity of a Rh SPND for a Stegaulation

water shell is 31 mm. using an inward directed source located in the outermoservsitell (Water
4), with energy spectrum calculated in Step 1.

MCNP6, Rh SPND model, isotropic neutron source
located in outermost water shell (Vater 4)

components in the spectra are about the same and the slope
B e Y I of the epithermal spectrum component is slightly positive,
cb A e peewe | which corresponds to a slightly negatiseparameter in the
/ ‘ ‘ i commonly usedl /E'T® parametrization. This indicates that
the neutron transport calculations in Step 2 are realistc,
representative of the physical situation.
In order to increase the computational efficiency of the Step
] 2 calculations one may define the neutron source in a differen
‘ way. For example, instead of an isotropic source one may
choose a source in which the initial neutron directions are
predominantly oriented inwards, i.e. towards the SPND. In
MCNP this is possible using th®RM -1 card in conjunc-
tion with a particular surface (in the present case outetmos
007 L cylindrical surface). Using this source definition, the lang
*107% 107t T10% 1ot f1df Ca0® Caot *10® C10® Cwof of the source neutron directions with respect to the surface
ey ) normal is distributed according to a cosine distributioiguiFe
Fig. 6. Neutron spectra in the vicinity of a Rh SPND for a Stemkulation 7 displays the neutron spectra in the water and aluminium
using' an isotropic neutron source Ioc_ated in the outermasemshell (Water shells, calculated using a source defined as described.
4), with energy spectrum calculated in Step 1. . ) - ) A ) .
We immediately notice that important differences arise in
the calculated values of the neutron flux in the regions (ob-
tained by integrating the neutron spectra over the wholeggne
regions, which serve as entry data for Step 3 calculationsiifierval) and that the spectrum shapes do not correspond to
which 3 particles are transported, originating from the regiorthe reference shapes in Figure 3. The effect of the resonance
where they are created. of the 1°3Rh(n,~) in the spectra reaction (the dip at around
The cross-section of the model of a Rh SPND used in StépeV) extends much further into the SPND vicinity than in
2 calculations is presented in Figure 5. An isotropic nautrdhe reference case. This is due to the definition of the Initia
source is defined in the outermost water shell (labelled Watdirection distribution, for which seemingly a larger fract of
4); the neutrons spectrum is taken directly from the calcaeutrons interacts with the SPND than in the refence case.
lations perfomed in Step 1. Figure 6 displays the calculatedAnother choice for the source definition aimed at increasing
neutron spectra in the vicinity of the SPND in the Step the computational efficiency is the use of reflective boupdar
calculations. conditions on the outermost surface in the model geometry.
By comparing Figure 6 with Figure 3 it can be seeifhe neutron source is still isotropic; the incurred advgeta
that the calculated spectra within the water and aluminiui® that all the neutrons which would otherwise escape from
shells surrounding the SPND model bear close resemblancétte system are reflected back, and a smaller number of
one another. The relative magnitudes of the thermal and fastutron histories is needed in the calculations to achiesats

Lethargy spectrum




agreement with results obtained from activation measunésne

MCNPS, Rh SPND model, isotropic neutron source located in within 5-10%. Ideally in neutron detector testing, actioat
outermost water shell (Water 4), reflective boundary conditions
o T e ey measurements are performed as well (e.g. measurements of
T jnner guide tube (A1) %9Co(n,v)%Co or ¥7Au(n,v)!"8Au reaction rates), from
. | —-—- Outer guide tube (A1)

~ Water 8 ‘ ‘ ] which a correction factor for the neutron flux is obtained and

‘ ‘ applied to the results of the calculations in Step 1.

A similar approach is used for the calculation of the gamma
flux. The raw values from Step 1 calculations are normalized
as per Equation 1, however in this case the situation is
more complex. Coupled neutron-photon calculations enable
the determination of the prompt gamma flux levels and spectra
It is possible to calculate the delayed contribution to the
total gamma flux by creating gamma sources in the reactor
model, determined by the reactor operating history. Atgmes
investigations and calculations of the delayed gamma freld i
A e e s the JSI TRIGA Mark Il reactor using the MCNP6 code are

10 10 10 10 10 10 10 10 10 10 . . .

Energy (V) in progress. Recent measurements of the signal of miniature
Fig. 8. Neutron spectra in the vicinity of a Rh SPND for a StegaRulation |on|za_1t|on chambers (MICs) _developeq at the CEA. (French
usiﬁg 'an isotropic neutron source located in the outermasemshell (Water Ato_m'c Energy and Alternative Energ!es Comm'ss'o_n) fol-
4), with energy spectrum calculated in Step 1, with reflectboundary lowing reactor SCRAMs (shutdown with rapid insertion of
conditions on the outermost surfaces of the model. control rods) in three nuclear reactors have demonstratd t
the magnitude of the delayed contribution to the gamma field
is on average of the order of 30% for light water reactors [8]
with satisfactory statistical uncertainties. Figure 8pthys [9]. Analogously as for the neutron flux, MIC measurements
the calculated neutron spectra in water and aluminium shedan provide a correction factor for the total gamma flux, Whic
around a Rh SPND, using a source defined as described. Tdf be applied to the results of the calculation in Step 1.
time the epithermal and fast spectrum components are effect The results determined in the Step 2 and Step 3 calculations
the slope of the epithermal spectrum component is negativging a computational model of the detector and its close
which corresponds to a slightly positive parameter and the yijcinity, e.g. reaction rates, electron currents, chaggogition
magnitude of the fast spectrum component is greatly reducegtes, have to be scaled according to the total neutron and
The use of reflective boundary conditions causes neutrgiismma flux levels. LeX denote the quantity to be calculated
to be excessively "thermalized”. The fraction of neutrong a particu|ar region of the neutron detector, denoted by

which would otherwise escape from the system and not i indexi. The following approach is hereby proposed to
registered in the calculated results are being reflectekl@ad accurately scale the calculated values:

forced to interact with the materials in the model; it is #hes
multiple reflections and interactions with the medium that a X, = x. . Dabsi @)
at the root of this effect. The detectors under investigasie absi = Sealed e

sensitive to the thermal spectrum component, however,dn thh X s th lculat It i L
investigation of fast neutron detectors, the use of reflecti’ o' ¢ “teale 1S ThE calcuiation TESUL in region, Dabs,i

. . . is the absolute neutron or gamma flux in regibras in
lutely. . N X !
boundary conditions is to be avoided absolutely Equation 1, possibly including a correction factor deteraci

IV. RENORMALIZATION from activation measurements for the neutron flux or by_MIC
. ) . measurements for the gamma flux (hence the notation with the
Th_e g_ener?l re]um Iof the presented .cfalcqlatlc])cns is the da?s'terisk as a superscript) ang,.; is the neutron or gamma
termination of t ee e_ctnc currents originating from meat g, i region: from the same calculation. The proposed renor-
detectors under irradiation. The absolute neutron fluxldeve - -vion requires the calculation of the neutron and gamm

It;] the detI(_ac_tor rltqeglonls alre ((jjeterlmmed in ?jt_ep 1 Cﬁlcum'oﬁhx levels inside the detector regions in the calculatioiits w
y normalizing the calcu ate. values according to the mact, e computational model of the detector and its close wigini
power as per Equation 1 [7]: (Step 2 and Step 3 calculations). The rakigc i/ Pcaic,: €aN
Py be viewed as the sensitivity of the quantity to the neutron
Pabs = ¢calc—wk J D) or gamma flux for the neutron detector in question.

eff

where ¢ ;. are the raw values from Step 1 calculatio®,
is the reactor power; is the average number of neutrons per
fission, w is the average energy released as heat per fissiorThis paper presents several issues in the determination of
and k.s; is the calculated effective multiplication factor inthe signals originating from neutron detectors under iatiuh
the Step 1 calculations. through the use of Monte Carlo calculations. It is shown

Monte Carlo particle transport codes generally yield rahat the presence of the detector itself generally causes a
liable results for the neutron flux, which are typically irperturbation of the conditions to be measured which can be

Lethargy spectrum
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V. CONCLUSIONS



significant, depending on the detector and irradiationtlona
Possibilities for quantifying this effect experimentadly well

as through Monte Carlo calculations are discussed. Tha-mult
step calculation process in use at the CEA for the calculatio
of SPND currents is outlined; examples of issues arising in
the multistep process from the use of particular optionién t
source definitions are presented. Finally a discussionvisngi
on how to renormalize the calculated results in the mulftiste
process to obtain accurate physical values.
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