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INFLUENCE OF CORE MODEL PARAMETERS ON THE CHARACTERISTICS
OF NEUTRON BEAMS OF THE RESEARCH REACTOR

IRT MEPhI reactor is equipped with a number of facilities at horizontal experimental channels (HEC). Knowing of
parameters influencing spatio-angular distribution of irradiation fields is essential for each application area. The
research for neutron capture therapy (NCT) facility at HEC of the reactor was made. Calculation methods have been
used to estimate how the reactor core parameters influence neutron beam characteristics at the HEC output. The impact
of neutron source model in Monte Carlo calculations by MCNP code on the parameters of neutron and secondary
photon field at the output of irradiation beam tubes of research reactor is estimated. The study shows that specifying
neutron source with fission reaction rate distribution in SDEF option gives almost the same results as criticality
calculation considered the most accurate. Our calculations show that changes of the core operational parameters have

insignificant influence on characteristics of neutron beams at HEC output.
Keywords: neutron-capture therapy, MCNP, Monte Carlo method, dosimetry.

Introduction

Every research reactor is the unique nuclear
facility designed for carrying out nuclear physics
experiments in both reactor physics and many
applied problems. In the last case there are
horizontal and vertical channels where output
neutron beams are formed with specified spectral
and angular radiation distribution. Regarding the
core as an initial neutron source we can form
neutron spectrum at the reactor channel output with
either changes in the core and the reflector or
selecting peripheral equipment impacting the way of
the neutrons pass through the core to the channel
output. As usual the first method is extremely rare
for functioning reactor and the problem is solved by
modifying peripheral equipment. This becomes
exceptionally important if the experimental task for
the reactor changes. Recently many studies on
NCT-facilities constructions are held at research
reactor (for example at Kyiv Research Reactor
(10 MW) [1] and at Research Reactor in Tashkent
(10 MW) [2]). How changes in construction and
operational parameters of the reactor core influence
neutron beam characteristics is essential for the
estimations of experimental results errors as
physicist has only beam monitoring, and there is no
information on how its characteristics are influenced
by the changes in the core.

Monte Carlo full-sized three dimensional
modeling of neutron spectrums formation during
outputs of the research reactor channels requires
estimation of errors, caused by inaccuracies in
specifications of source parameters. These errors
help to reduce calculation times without losing
accuracy results in multivariate tasks.

In the presented computational research issues of
sensibility of neutron beam characteristics at
horizontal reactor channel to the core modifications
are considered for NCT-facilities at IRT MEPhI. All
calculations are made with MCNP-4¢2 [3].

Description of experimental devices
for NCT at the reactor

IRT MEPhI Research Reactor 2.5 MW pool-type
currently uses IRT-3M fuel assemblies (FA) with
high-enriched (90 %) fuel. The reactor first reached
criticality in May 1967. Reactor has 10 horizontal
experimental channels (two in graphite thermal
column and eight in the pool) and vertical irradiation
channels in the reflector. General view of reactor
IRT MEPhI and the core is shown in Fig. 1. The
core consists of 16 FA: 6 standard FA and 10 FA
with control rod (CR).

Experimental irradiation facility for pre-clinical
NCT-studies has already been created at the IRT
MEPhI. Radiobiology channel HEC-4 started to
operate for NCT [4]. It was decided to create a new
facility at HEC-1 for more opportunities of the
reactor using for NCT. Project of clinical channel
HEC-1 at the thermal column of IRT MEPhI reactor
was developed for NCT with thermal and epithermal
neutrons.

Calculational MCNP model for NCT studies
describing in details real three-dimensional
geometry of irradiation facilities at the HEC-1 and
HEC-4 was developed. Design of the facilities at the
HEC-4 [4] and HEC-1 [5] was based on various
calculations of neutron and contamination photon
fields characteristics at these channels and satisfying
NCT requirements were suggested and partially
realized.
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Fig. 1. General view of reactor IRT MEPhHI and the core.

Problem statement

Characteristics of the neutron beam used for
experimental studies depend on both parameters of
facility (geometry and material composition) at the
HEC and parameters of the reactor core being as
neutron source. Facility parameters at the channel
are studied and selected at the design stage.
Parameters of the reactor core usually come from
general reactor design aspects and are not specia-
lized for the experimental needs.
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Side view

Influence of both the core parameters and their
ways of specifying within the calculation model on
the results of horizontal beam characteristic
calculations was investigated. The parameters are
the following: number of fuel assemblies in the core,
material composition of fuel, material composition
of non-fuel components of the core, geometry of the
fuel assemblies, reflector geometry. The research
was made for NCT-facility at HEC-1 of the reactor
IRT MEPhI.

The geometry of NCT-facility at HEC-1 is shown
in Fig. 2.
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Fig. 2. Design of NCT-facility at the HEC-1. Designation: / — core; 2 — aluminum; 3 — lead shielding; 4 — cavity;
5 — Al + Bi filter; 6 — heavy concrete; 7 — second lead collimator; 8 — beryllium reflector; 9 — thermal column graphite;
10 — first lead collimator; // — heavy concrete shutter; /2 — lead wall; /3 — HEC-1 output; /4 — HEC-4.

Local estimation was used to calculate different
energy neurons fluxes: thermal (E <0.5¢eV),
epithermal (0.5 eV <E <10 keV), fast (E > 10 keV)
and air kerma of secondary photons (tally F5) at the
beam output. The kerma was calculated with DE and
DF cards in MCNP program with formulae

K = f o(r, E)SET (E)dE,
E

where ¢ (r, E) is energy fluence, 57 (E) is fluence-
to-kerma conversion coefficients that were taken
from the Ref. [6].
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Calculations methods to define the core
as a neutron source

Two ways of core modeling as neutron source in
MCNP calculations can be used:

1. To carry out the criticality calculation
(KCODE) and obtain spatio-energy distribution of
the neutron source during this calculation.

2. To specify spatial distribution of the neutron
source with the SDEF option. Fission rate
distribution resulting from preliminary neutronic
calculations using diffusion or Monte Carlo code can
be used as the spatial distribution of the source.

The first option was considered as the most
accurate. Variant with criticality calculation requires
accurate and detailed setting of the parameters of the
core and the nearest to it reflector. In this option the
geometric model for the parameters calculation of
neutron horizontal beams was combined with
detailed geometric core model that was previously
made for calculations of the operational parameters
of the reactor such as excess reactivity and core

Load 1 of the core

power distribution. In the reference criticality
calculation variant the core parameters are highly
close to reality. Real geometry of FA, burnup
distribution and CR location that were actual for
summer of 2009 were considered.

Using this combined model is not always useful.
In this study we use this model as the reference but it
is possible to make faster and less detailed model,
using SDEF option, while accuracy remains the
same.

In variants calculated with SDEF option FA are
represented as homogeneous mixture of fuel,
aluminum claddings of fuel elements (FE) and
water. The central channel thatcan contain either
water or an absorbing rod (B4C) is considered as a
special zone.

Source distribution is given in proportion to the
fission reaction rate in nine levels of different height
and was calculated bydiffusion program. Distri-
butions for two real loads of IRT MEPhI reactor
core are shown in Fig. 3.

Load 2 of the core

Fig. 3. Fission reaction rate distribution in FA of the core at the axial level opposite to HEC-1.
P1 is the nearest to the thermal column. Dash line is uniform fission rate distribution.

Results of calculation of beam parameters at
HEC-1 with different spatial source distribution are
given in Table 1. They are the following: mentioned
above variant with the distribution proportional to
the fission rate distribution («real» distribution for
the load No. 1 of the reactor core — SDEF-1); the
variant with the uniform distribution (SDEF-2) and
the variant with cosine distribution (SDEF-3). As
shown in Fig. 3 the «real» distribution in high level
in front of HEC-1 is 1.5 times higher than the
uniform one.
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Presented results show that thermal and
epithermal neutron flux in the variant with the
uniform source distribution (SDEF-2) is fewer by
12 - 15 % than in SDEF-1 variant. The difference
reaches 25 % in SDEF-3 variant. This difference is
caused by the fact that neutron source in FA adjacent
to thermal column is lower than «real» for the
uniform and the cosine distributions. Contribution of
these FA in neutron flux in HEC-1 is higher than
others’.
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Table 1. Characteristics of neutron beam at HEC-1 with different spatial source distribution

Characteristic | SDEF-1 | SDEF-2 | SDEF-3 | KCODE
Neutron flux, sTem?
Thermal 2.05-10°+£0.012 | 1.81-10°+£0.02 | 1.77-10°+£0.03 | 2.06-10°+0.017
Epithermal 1.19-10°+£0.023 | 1.02-10°+0.04 | 8.75-10°+0.06 | 1.12-10°+0.032

Fast 2.6 -10°+0.05

2.2-10%+0.09

2.35-10°+0.13 2.3 - 10%+0.046

2.57 - 107+ 0.029

Air kerma of photons, Gy/s

3
1.57-10 £0.11

2.76 - 107+ 0.041

3
1.81-10 £0.20

Presented results also show that variant with
homogeneous core and the specified source dis-
tribution (SDEF-1) gives almost the same results as
the wvariant with detailed core model and the
criticality calculation (KCODE).

We considered variants of calculation where
source distribution was specified in the same way
(SDEF-1) but material composition of the core was
given with different levels of details. In the first
variant FA are represented as homogeneous mixture of
fuel, aluminum claddings of FE and water, absorbing
rods are placed at the real depth. Isotopic fuel
composition is the same for all FA and corresponds to

the 30 % of burnup (SDEF-1, see Table 1).

The second variant differs from the first only in
the isotopic fuel composition, corresponding to the
0 % of burnup (fresh core). In the third variant FA
are also represented as homogeneous mixture,
absorbing rods are replaced by water, isotopic fuel
composition is the same for all FA and corresponds
to the 0 % of burnup. The fourth variant differs from
the first one in the hydrogen concentrations of FA
materials which are increased by 1.2 times.

Calculation results for these variants are presen-
ted in Table 2.

Table 2. The HEC-1 parameters for different variants of material composition of the core

Parameter Variant
1 | 2 | 3 | 4
Neutron flux, 10’ s cm™
Thermal 2.05 (£0.012) | 2.03 (£0.012) | 2.07 (£0.017) 2.00 (£0.017)
Epithermal 1.19 (£0.023) 1.15 (£ 0.02) 1.19 (£0.03) 1.10 (£0.03)
Fast 0.26 (£ 0.05) 0.21 (= 0.04) 0.22 (£ 0.06) 0.21 (£ 0.06)

Detalization of material components definition
influences only the results of fast neutron flux
calculation.

Presented results show that if the spatial source
distribution is fixed then specifying parameters such
as a heterogeneous structure of FA, fuel burnup,
control rods location are not needed in details. This is
caused by the fact that only those neutrons reach
HEC-1 output that have not slowed down in the core.
Absolute number and spatial distribution of produced
fast neutrons are fixed in SDEF option. Some of fast
neutrons slow down in the core and at the nearest
reflector; others become a neutron source of the
horizontal channel. Above-mentioned parameters have
little effect on fast neutrons moderating in the core,
they basically influence on absorbing of the thermal
neutrons. Since a fission process is not considered in
SDEF option, the inaccuracy of rate calculation of
thermal neutron absorbing in the core has no effect on
fast neutron source of horizontal channel.

Specifying of spatial source distribution known
from preliminary reactor calculation allows making
significantly easier core model for horizontal beams
calculation. It should be noticed that for criticality
calculation such parameters as FA heterogeneous
structure, fuel burnup, CR location are needed to

specify in details due to the source forms on basis of
real thermal and fast neutron balance in the core. It
should be noted also that criticality calculation time
is higher than time of calculation with SDEF option
by 2 times. Thus, it is important to specify spatial
source distribution for calculation with SDEF
option, as close to real, as it possible.

Influence of core operation parameters

One of the main reactor parameters influencing
on neutron source distribution is a number of FA in
the core. Calculation results for one of the facility
constructions at HEC-1 with the reactor core
contains 16 or 12 FA are presented in Table 3.

The spatial source distribution in SDEF option is
different for the core loads with 16 and 12 FA and is
specified in accordance with fission reaction rate
distribution of these loads.

Within the same reactor power neutron flux per
FA is higher for the load with a smaller amount of
FA. Thermal and epithermal neutron fluxes at the
HEC-1 output are also higher by 25 - 30 % in this
case. It should be noticed that FA number in the core
usually remains the same, except changing fuel type
in the reactor, such as the conversion from high-
enriched fuel to low-enriched.
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Table 3. HEC-1 parameters for IRT MEPhI Reactor core of 16 and 12 FA

Parameter | 16 FA | 12 FA
Neutron flux, 10’ s 'em™

Thermal 0.60(+ 0.016) 0.76(+ 0.021)

Epithermal 0.90(+ 0.02) 1.2(£0.025)

Fast 0.34 (£ 0.033) 0.44 (£ 0.038)

Air kerma of photons, 10” Gy/s 14 1.6

Influence of fuel burnup distribution in the core
and CR location on neutron beam characteristics at
the HEC-1 was investigated. Two real loads of IRT
MEPhI reactor containing 16 FA at different levels
of burnup were considered.

Fission reaction rate distributions in FA of the
core at the axial level opposite to HEC-1 for loads
No. 1 and 2 are shown in Fig. 3. Insertion depth of

absorbing rods for load No. 1: AR =250 mm, CR-1,
2=0, CR-3 =344 mm; for load No. 2:
AR =200 mm, CR-1=0, CR-2=219, CR-3 =
=580 mm (580 mm — rod is fully inserted). AR rod
is located in cell 6-2, CR-2 rods are located in cells
4-2 and 4-5, CR-3 rods — in cells 3-3 and 4-3 (cell
numbering is shown in Fig. 1, the first number is
pattern column, the second number is pattern raw).

Table 4. HEC-1 parameters for two different loads of the core containing 16 FA

Parameter | Load No. 1 | Load No. 2
Neutron flux, 10° s em™

Thermal 2.05 | (£0.012) 1.92 (£0.012)

Epithermal 1.19 | (£0.023) 1.06 (£ 0.023)

Fast 0.26 | (£0.05) 0.199 | (£0.046)

Obtained results show that thermal, epithermal
and fast neutron fluxes for load No. 2 are less than
for load No. 1 by ~5, ~10 and ~20 % respectively.
So, mentioned above HEC parameter changes can be
observed in transition from one load of the core to
another during routine reactor operation.

Both changing of loading pattern and changing of
control rods insertion depth influence parameters of
HEC. Two calculations of load No.1 were per-
formed to estimate possible changes of these

parameters within the entire burnup cycle: at the
beginning of the cycle when CR insertion depth was
AR =250 mm, CR-1, 2 = 0 mm, CR-3 = 344 mm;
and at the end of the cycle when CR insertion depth
was AR =250 mm, CR-1, 2, 3 = 0 mm. The first
variant is KCODE variant from Table 1. The second
variant is also obtained from criticality calculation of
load No. 1 but with another rods location, as shown
in Table 5.

Table 5. HEC-1 parameters for load No. 1 of IRT MEPhI core with different locations of absorbing rods

Parameter | AR=250mm,CR-3=344mm | AR=250mm, CR-3=0mm
Neutron flux, 10° s em™

Thermal 2.06 | (+0.017) 2.00 | (+0.017)

Epithermal 1.12 | (£0.032) 1.09 | (£0.031)

Fast 0.23 | (+0.046) 0.24 | (+0.06)

Changing of the absorbing rods location during
the campaign has insignificant effect on HEC-1
parameters. It should be noticed that this conclusion
is applicable only for mutual location of absorbing
rods and the horizontal channel at IRT MEPhHI.

Conclusions

Studies shows that it is not always useful to use
highly detailed model of the core and horizontal
beams especially with criticality calculation for the
investigation of neutron beams parameters. It is
more useful for operational neutronic calculation to
have special detailed model of the core and the
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nearest reflector. Within this model a spatial
distribution of fission reaction rate is determined by
criticality calculation. For calculations of horizontal
neutron beams parameters it is suggested to use a
model with simplified presentation of the core and
with setting of neutron source distribution in SDEF
option according to mentioned above fission rate
distribution. Fission rate distribution can be taken
from either diffusion model or Monte Carlo model
calculations. We assume that the obtained results are
applicable for any HEC with output located at more
than 1.5 meter from the core.

Model with a homogeneous core and the
specified source distribution (SDEF) gives almost
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the same results as the variant with detailed core
model and the criticality calculation (KCODE). The
difference in SDEF-1 and KCODE -calculations is
not more than statistical error, while SDEF
calculation takes about 2 times less than KCODE.
Changes in the core (burnup, fuel reloads, CR

position) with the same FA number can cause
changes of thermal and epithermal neutron fluxes by
~10 %. The change in fast neutron flux is ~20 %. If
FA number changes dramatically, change of neutron
flux reaches 30 %.
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H. A. XadizoBa, B. K. Caxapos, M. B. lllyposcbka

BILTUB MAPAMETPIB AKTUBHOI 30HU HA XAPAKTEPMCTHUKH HENTPOHHMX IMYYKIB
JNIOCJITHULBKOTO PEAKTOPA

JAPT MI®I — nocmigHuIbKUN peakTop 0aceiHOro THUITy, OCHALIEHHH TOPH30HTAIBHHMH EKCIEPHMEHTAILHUMHU
kananamu (I'EK). Bizomocti mpo mapamerpw, 110 BIUIMBAaIOTh Ha IPOCTOPOBHI PO3IOJLT IOJIiB BUIIPOMIHIOBAHHS, €
KPUTHYHHUM IS OyAb-SKOTO eKcriepuMeHTy. JlocmimpkenHs Oyi MpoBeIeHi Il YCTAHOBKY HEWTPOH-3aXBaTHOI Teparii,
po3ramoBanoi Ha omaomy 3 ['EK. MeTtogamMu MaTeMaTHYHOTO MOIETIOBAaHHS OyJIO 3pOOJIEHO OIliHKY BIUTUBY
mapaMeTpiB aKTHBHOI 30HM Ha XapakTepucTuku myuka Ha Buxoni 3 I'EK. OmiHeHO BIIIMB CrOCO0Y MOIENIOBAHHS
JDKepella HEHTPOHIB y po3paxyHkKax wmeromoMm Monte-Kapmo B mporpami MCNP Ha oTpuMyBaHi mapameTpu
HEUTPOHHOTO i BTOPHHHOTO ()OTOHHOTO TIOJISI Ha BUXOJi KaHaiy. [IpoBeneHi JOCTiKeHHS MOKa3yIOTh, 10 3aBAAHHS
PO3MOiTY JpKepeia HEWTPOHIB 3 PO3MOAUIOM MIBHAKOCTI peakmii momuty B omiii SDEF nae mpaktudno Taki x
pe3yibTaTd, K 1 po3paxyHOK Ha KPUTHYHICTh. PO3paxyHKH NOKa3yloTh, II0 3MiHM €KCIUTyaTalliiHUX IapameTpiB
AKTHBHOI 30HM HEICTOTHO BIUIMBAIOTh HA XapaKTEPUCTHKU HEUTPOHHOTO myuka Ha Buxoni ['EK.

Kniouosi crosa: neiirpon-3axsatHa tepanis, MCNP, metox Monre-Kapio, no3umerpis.

H. A. Xa¢pusosa, B. K. Caxapos, M. B. lllypoBckas

BJUSHUE IMAPAMETPOB AKTUBHOM 30HBI HA XAPAKTEPUCTHUKH HEWTPOHHBIX ITYUKOB
HNCCJIEJOBATEJIBCKOI'O PEAKTOPA

NPT MU®DU — uccnenoBaTenbcKuii peakTop 0acceifHOBOro THIIA, OCHAIEHHBIH TOPU30HTAIBHBIMU JKCIIEPUMEH-
tanpHeIMH KaHasamu (I'DK). CeenmeHust o mapamerpax, BIUSIOIIMX Ha IPOCTPAHCTBEHHOE paclpenesieHue monei
U3JTyUYeHUs], SIBISIETCS. KPUTHYHBIM Uil JIIOOOTO SKcrepuMeHTa. VccnenoBaHus ObUIM TPOBEAEHBI JJIS YCTAHOBKH
HEHTPOH-3aXBaTHOM Teparnuy, pacroyioxkeHHo! Ha oqHoM n3 'OK. MeTogamu MaTeMaTn4eckoro MOJIeIMpOBaHust Oblia
MIPOU3BEICHA OLEHKA BIUSHUS MapaMEeTPOB aKTUBHOW 30HBI HA XapaKTEPUCTHKH Iyudka Ha Bbixone u3 I'OK. Oueneno
BIIMSIHUE CIIOC00a MOJIENIMPOBAHNSI HCTOYHHKA HEWTPOHOB B pacyeTax MeronoM Monre-Kapio B mporpamme MCNP Ha
MOJy4aeMble MapaMeTpsl HEHTPOHHOTO ¥ BTOPUYHOrO (OTOHHOTO TIOJISI Ha BBIXOJAE KaHaua. I[IpoBeneHHBIE
HCCIICIOBAaHMs II0Ka3bIBAIOT, YTO 3aJaHHME DPACHpPEIENCHHs HCTOYHHMKA HEHTPOHOB C pPACHpeleNIeHHEM CKOPOCTH
peakuun aenenust B onuun SDEF naer mpakTudeck Takue >ke pe3ysbTaTbl, KaK M pacdeT Ha KPUTUYHOCTh. Pacuersl
MOKa3bIBAIOT, YTO HW3MEHEHHUS OKCILIYyaTallMOHHBIX I1apaMEeTPOB aAKTHUBHOM 30HBI HECYIIECTBEHHO BIIMAIOT Ha
XapaKTepUCTHKH HEHTpOHHOTO Imy4Ka Ha Beixozne ['OK.

Kniouesvie cnosa: nelirpon-3axsaTtHas tepanus, MCNP, meron MonTe-Kapno, no3umerpus.
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