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Determination of the Neutron Fluxes Energy Spectrum
of the WWR-SM Reactor of the INP AS RU

The article presents the results of analyzing the energy spectrum and spatial distribution of neutrons in the
core of the WWR-SM (Water-Water Reactor, Serially Modernized) research reactor after switching to low-
enriched fuel (19.75 % 2*3U). The increase in the number of fuel assemblies (FAs) from 18 to 24 altered the
neutron characteristics of the reactor. A combination of computational methods (IRT-2D and WIMS codes)
and experimental data obtained from neutron activation analysis enabled a detailed study of flux distribution.
Fast neutrons dominate in the central part of the core, while the proportion of thermal neutrons increases sig-
nificantly in the beryllium reflectors. Measurements showed that in vertical channels, the thermal neutron
flux density is 2.3 times higher than that of fast neutrons. In horizontal experimental channels, values up to
1.8-10'2 neutrons/(cm?-s) with a cadmium ratio of 28 were recorded, confirming their suitability for research.
Analysis of the thermal power of FAs revealed its maximum values in the center of the core with a gradual
decrease toward the periphery, correlating with the 2*U burnup distribution. The obtained results have practi-
cal significance for optimizing fuel loading, planning refueling campaigns, and testing prospective fuel com-
positions (UO2+Al, UsSia+Al). The study emphasizes the need for further verification of computational mod-
els and more detailed investigation of neutron spectra under various core configurations. The presented data
contribute to enhancing the efficiency and safety of WWR-SM reactor operation while expanding its research
potential in nuclear physics and materials science.
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Introduction

In the field of research related to radiation: processes of interaction of radiation with matter [1-3], pro-
cesses of material production using radiation of different spectral composition [4-7], and others are widely
applied and studied. In this area, the processes related to radiation in nuclear reactors are of particular inter-
est. In the core of a research reactor, the energy spectrum of radiation (neutrons) is a key characteristic that
determines the efficiency and safety of nuclear experiments.

The energy spectrum of neutrons in the core of a research reactor is a key characteristic that determines
the effectiveness and safety of nuclear experiments.
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Knowledge of the spectrum is necessary for accurate planning of neutron physics studies, assessment of
fuel burnout, dose loads on materials, and accuracy of activation analysis [8—10].

Classification of neutron spectra.

In research reactors operating primarily with thermal neutrons, the spectrum is conventionally divided
into three regions [10, 11]:

Thermal range (£ < 0.5 eV);

Epithermal region (0.5 eV < E < 100 keV);

Fast range (£ > 100 keV).

Methods for determining the neutron spectrum.

Experimental methods:

Activation methods using standard foils (Au, Mn, Co, etc.) [12];

The method of responses and convolution [13];

The TOF (time-of-flight) method [14].

Calculation methods:

Montecarlo programs: MCNP, SERPENT [15];

Deterministic codes: WIMS, DRAGON, IRT-2D [16-18];

The use of ENDF/B-VII, JENDL, JEFF, and others nuclear data libraries [19].

The features of the spectrum in research reactors are determined by the moderator, reflector and config-
uration of the core. In the VVR-SM reactor, for example, there is a pronounced predominance of thermal
neutrons in the central core zone and an increase in the proportion of fast neutrons in the periphery [20]. The
spectra significantly depend on the degree of fuel burnout and loading of experimental devices [21].

Application of spectral analysis data:

Calculation of reactivity and fuel burnout [22];

Planning of radiation testing of materials [23];

Preparation of macroscopic constants [24];

Activation analysis and isotope production [25].

The WWR-SM research reactor is a key facility for fundamental and applied research in nuclear phys-
ics. Since 2009, the reactor has been using low-enriched IRT-4M fuel (19.75 % uranium-235) with a urani-
um concentration of 2.8 g/cm?® [26]. In the near future, it is planned to test new types of fuel: UO>+Al
(3.3 g/em?) and U;Si>+Al (3.6 g/em?) [27], which requires a detailed study of the neutron-physical character-
istics of the core. Previously, studies of neutron fluxes in WWR-type reactors were carried out in works [28—
30], where methods for calculating and measuring neutron spectra were developed. However, for the WWR-
SM reactor with its unique core configuration and beryllium reflectors, such studies require updating. This
work uses modern calculation methods, including the IRT-2D code and the ASTRA program [31], as well as
neutron activation analysis to verify the results [32].

The purpose of the work is to determine the energy spectrum of neutron fluxes, the distribution of neu-
tron density in the core and channels of the reactor, and to analyze the thermal power of the FA. The data
obtained will help optimize the operation of the reactor and prepare for the use of new types of fuel.

The analysis of the neutron energy spectrum is a fundamental part of neutron physics calculations.
Combining experimental data with numerical simulation results provides the most accurate representation of
neutron fields in the core and contributes to improving the reliability and efficiency of nuclear installations.

Calculations of neutron fluxes in vertical channels

The IRT-2D code was used to calculate the neutron flux density distribution in the WWR-SM reactor
core. Two-group macroscopic cross-sections for each FA obtained using the WIMS code [33] were used.

The reactor core is loaded with 24 FAs with different degrees of uranium-235 burnup. Fresh FAs with
minimal burnups are located in the central part of the core, and fuel assemblies with high burnups are located
on the periphery. Beryllium reflectors are placed around the 24 FAs.

Figure 1 shows the results of calculating the distribution of thermal and fast neutron fluxes in the core
of the WWR-SM research reactor.
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Figure 1. Distribution of thermal and fast neutron fluxes in the WWR-SM research reactor’s core.
The upper row in red shows the results of calculations of fast neutron fluxes with energy £> 0.1 MeV,
and the lower row shows the results of calculations of thermal neutron fluxes with energy £ < 0.625 MeV

Figures 2 and 3 show the distribution of fast and thermal neutron fluxes in the WWR-SM reactor core.
As can be seen from the figures, in the center of the core, where the FAs are located, there is an increase in
the number of fast neutrons, which is 2 times greater than the number of thermal neutrons. On the periphery
of the core, where the beryllium reflectors are located, the number of thermal neutrons exceeds the number
of fast neutrons. It is also clear that the thermal neutron flux density is greater where 6FAs are located in se-
ries (column index), compared to the section where 4 FAs are located in a row (row index).
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Figure 2. Distribution of fast neutron flux in the WWR-SM reactor’s core
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Figure 3. Distribution of thermal neutron flux in the WWR-SM reactor’s core

Measurement of neutron fluxes in the core and vertical channels

The measurement of the neutron flux density in the core and in the beryllium reflector of the WWR-SM
reactor was carried out using the well-known method of neutron activation analysis of samples (foils) intro-
duced into the neutron flux. The activity of the irradiated sample was determined by the formula

4, = 1.628*10lsq)cmp(l—exp(@n*exp(%j/l1, (1

where ® — neutron flux, neutron/(cm?*s); ¢ — activation cross section, mbarn;  — weight of activated
sample, mg; p — isotope abundance, %; A — atomic weight of the irradiated isotope; 7 — half-life of the
product isotope, seconds; ¢, t; — irradiation time and cooling time (in the same units as T), seconds.

And was measured using a GC1020 germanium detector with a diameter of 46 mm, a length of 29 mm
and an efficiency of 10 % with a GENIE 2000 spectrometric system from CANBERRA. The spectrometer
resolution for the ®°Co y-radiation line Ey = 1332 keV was 1.8 keV, and the calibration accuracy in the 0—
1500 keVy-radiation energy range was +2 keV.

In measurements of the thermal neutron flux in the channels of the WWR-SM reactor, an aluminum-
cobalt alloy containing 0.1 % *Co with a mass of 2 mg was used as a sample. A comparison of the results of
measurements and calculations of the thermal neutron flux density for different vertical channels is presented

in Table 1.

Table 1
Thermal neutron flux densities in the WWR-SM reactor core
Channel number Monitor weight, Result of measurements of thermal |Calculation result of thermal neutron
according to Fig. 2 mg neutron flux density, (103 n/cm2 s) flux density, (103 n/cm2 s)
2-4 2.1 7.41 7.26
2-5 2.3 7.62 7.50
3-1 2.8 3.9 3.82
3-8 3.3 5.28 5.17
4-1 24 5.07 4.89
5-1 22 4.92 4.87
6-8 3.0 4.19 4.00
7-1 2.5 2.69 2.61
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Energy spectrum of neutrons in the WWR-SM reactor core

The energy spectrum of neutrons was calculated depending on their energy in the WWR-SM reactor
core. Using a program written in PYTHON, the energy spectrum of neutrons was constructed on a logarith-
mic scale.

Figure 4 shows the energy spectrum of neutrons in the vertical channel 4-1 of the WWR-SM reactor. As
can be seen from the figure, in the vertical channel 4-1, where the beryllium reflector is located, there are 2.3
times more thermal neutrons than fast neutrons. This is due to the fact that most neutrons are slowed down in
distilled water, which is located in the gaps of the beryllium reflector.

As can be seen from Figure 5, the vertical channel 4-2 is located inside the fuel assembly in the reactor
core, so the fast neutron flux density is 1.6 times greater than the thermal neutron flux density. This is due to
the fact that during the fission of uranium-235, neutrons with an average energy of 2 MeV are born, and they
do not have time to slow down inside the nuclear fuel.

The obtained neutron spectra are in good agreement with the results obtained at the VVR-K reac-
tor [34].
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Figure 4. Neutron flux density depending on neutron energy in vertical channel 4-1 of the WWR-SM reactor

Figure 5 shows the neutron spectrum in channel 4-2.
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Figure 5. Neutron flux density depending on neutron energy in vertical channel 4-2 of the WWR-SM reactor
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Measurement of neutron fluxes and cadmium ratio in the horizontal channel and thermal column

To determine the neutron flux values in the horizontal channel of the reactor, a mass spectrometric
measurement technique was used. For this purpose, gold foils 10-20 um thick and weighing 1-5 mg were
placed in pairs in the mass spectrometer input arm near the bottom of the channel, in the middle, and at the
output in the mass spectrometer. One of the gold foils in each pair was placed in a 0.5 mm thick cadmium
case. Irradiation was carried out for 10 minutes, and then the samples were kept for 24 hours in the biological
shield of the mass spectrometer. Before measuring the activity of the sample, the background N® of the set-
up was measured. The exposure time was selected based on the condition of collecting sufficient statistics.

The measured number of N decays was determined by the formula

N=(N—- NO)-n/(W-S-K-Q-e), 2)
where n — correction for the resolution of the installation; W — solid angle correction; S — attenuation ad-
justment; K — self-shielding correction; Q — backscatter correction; € — efficiency of the measuring setup.

The resolving power R of the installation was determined by the formula:

1
T1-10°N ®

Here the following values were used: n = 1.005, W = 0.95, € =1, and due to the small thickness of the
gold foils, corrections for backscattering, attenuation and self-shielding were neglected.

The measurements and calculations carried out showed that the thermal neutron flux inside the 6th hori-
zontal channel is:

@1 =1,8:10"2n/(cm? s) + 12 %. 4)
Cadmium ratio:
Rca =28 £ 3. %)
At the exit of the channel:
@1 =1,1-10"%/(cm? ) + 12 %. (6)
At the outlet of the thermal column:
@1 =1,3-10"%/(cm? s) + 12 %. @)

Calculation of the thermal power distribution of the IRT-4M type FA
in the WWR-SM reactor core

There are several types of application programs for calculating certain reactor parameters. One of them
is the IRT-2D program, developed by the staff of the Kurchatov Institute of Atomic Energy of the Russian
Academy of Sciences. Calculations according to this program are carried out in a 2-group approximation on
a plane in two-dimensional geometry.

The IRT-2D program was used to calculate the thermal power for 24 IRT-4M fuel assemblies with dif-
ferent uranium-235 burnup values. The results of the IRT-2D program are in good agreement with the exper-
imental data [9].

The results of calculations of power distribution in the active zone with 24 fuel assemblies (FA) are
given in Table 2.

Table 2
Results of calculations of thermal power for 24 cells of the WWR-SM reactor core
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It is evident from the data presented in Table 2 that the maximum power is observed in the central sec-
tion of the reactor core, and the minimum is at the edges of the core.

The center of the table shows the vertical channels inside the fuel assemblies (FA). The FAs with black
circles in the center represent the emergency protection rods (AP-1, AP-2, AP-3) and the compensating rods
(KS-1, KS-2, KS-3, KS-4).

The top row of cells in the table shows the fuel assembly power in percent, and the bottom row of cells
shows the uranium-235 burnup in percent.

Conclusion

A comprehensive study of neutron fluxes in the WWR-SM research reactor core of the INP AS RU is
carried out in this work. The main attention is paid to determining the energy spectrum of neutrons, their flux
density distribution in vertical and horizontal channels, as well as the analysis of the influence of the core
configuration on the neutron-physical characteristics of the reactor.

As a result of the analysis of the neutron flux distribution and its energy spectrum in the reactor core,
the following was established:

The calculated and experimental data showed good agreement, which confirms the correctness of using
the IRT-2D and WIMS codes for modeling neutron fluxes and thermal modes of the reactor.

It was found that the neutron fluxes distribution in the core depends on the location of the FAs and the
fuel burnup degree: fast neutrons predominate in the central part, while the proportion of thermal neutrons
increases in the beryllium reflectors.

Measurements in the vertical channels demonstrated that the thermal neutron flux density in the reflec-
tor zone exceeds that for fast neutrons by 2.3 times, which is due to the effective moderation of neutrons in
water.

In the horizontal channels and the thermal column, thermal neutron flux values of up to 1.8-10'% n/(cm? s)
with a cadmium ratio of Rcq = 28 were recorded, which confirms the suitability of these channels for experi-
ments.

The thermal power of the FA is maximum in the center of the core and decreases towards the periphery,
which is consistent with the distribution of uranium-235 burnup.

The results obtained are of great practical importance for:

Optimization of fuel loading and planning of refuelling campaigns.

Efficient use of experimental reactor channels for applied and fundamental research.

Preparation for testing new types of fuel (UO»+Al, U;3Si>+Al) with increased uranium concentration.

Further research prospects may include:

In-depth study of neutron spectra for various core configurations.

Verification of calculation models for new types of fuel.

Development of methods for improving the accuracy of neutron flux measurements in reactor channels.

Thus, the work carried out confirms the uneven distribution of neutron flux and power in the WWR-SM
reactor core, which must be taken into account when operating reactor installations to ensure their efficient
and safe operation.
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HeiiTpoH arbIHIapbIHBIH JHEPTEeTUKAJIBIK CIIEKTPiH AaHBIKTAY
O3P F'A SIPU CCP-CM peakTopaapsl

Byn 3eprreyne (O306excran Snponsik ¢m3uka mHCTHTYTH) CCP-CM peakTopbIHBIH OelceHi aifMarbIHAa
HEWTPOH aFbIHJAPBIHBIH CIIEKTPi MeH Tapamybl KapacTeIpsuinbl (19,75 % U-235 a3 GaHBITHUIFaH OTBHIHFA
KOIIKCHHEH KeWiH, OTBIHIBIK JKHHaKTap caHel 18-meH 24-ke geitin ecrti). IRT-2D xone WIMS
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HporpamMmaiapbl MEH HEHTPOH[BIK-aKTHBALMSIIBIK TalAay NEpeKTepi MaiiladaHblIbll, HEHTPOH aFbIHBIHBIH
TBHIFBI3JIBIFBI JKOHE 3HEPTEeTUKAIBIK CIIEKTpi 3epTreni. HoTmxkenep peakTopaslH OpTaibIK OemiriHae Kbuigam
HEUTpoHIap 06ackIM eKeHiH, ajl OepIIHi pedieKTopIapbiHAa KbUTYy HEUTPOHIAPBIHBIH YJIECi apTaThIHBIFbIH
kepcerTi. Tik KaHanmapmarel eimeMaep peQiIeKTOpIarsl JKbUTy HEHTPOHIAPBIHBIH aFBIHBI  KBLIIAM
HeWTpoHIapra KaparaHaa 2,3 ece yKOraphl eKeHIH aHBIKTabl. KenneHeH kaHanmapaa KaaMuid K03 QUIeHTI
28 Gonarbid 1,8-10'2 u/(cM?¢) NeHinTi KbUTy HEWTPOH aFbIHAAPHI TIPKENi, OV oJapabl THKIpUOenep yimid
KOJIaluIel etefti. OTBIHIBIK )KUHAKTap IBIH JKBUTY KyaThl OPTaIbIKTa MaKCHMAaJIIBI OOJIBIIL, Iepuepusra Kapai
azasapl, Oyn U-235-TiH >kaHyBIHa colikec KeyieAi. AJIBIHFaH HOTIDKENEp OTBIHABI THIMII MalgaiaHy, OHBI
ayBICTBIPYIBI JKOCTIapIIay koHe skaHa oThIH Typiepin (UO2+Al, UsSiz+Al) ceiHay yImiH MaHBI3IBL.

Kinm ce30ep: SOpONBIK OTBIH, SHEPIETHKAIBIK CIICK KBUIJAM HEHTPOHAAp, JKbULYy HEHTPOHIApHI
2 2 e
peaxkTopAbIH OelceH i aiiMarbl, HeUTPOHIBIK-aKTUBAIMAIBIK Tanaay, CCP-CM peakTopbl, OTBIHHBIH JKaHYbI

N.N. Canuxos, T.b. ®aiizues, C.A. baiirenecos, ®@.P. Kynrypos,
I.A. Amukynos, JI.I1. Tamxubaes, [I.E. Tamxu6aes, A.C. Kyaycos

Omnpenesenne YHEPreTUYECKOT0 CNIEKTPA HEMTPOHHBIX MOTOKOB
peaktopa BBP-CM USI® AH PY

B nanHOM HccenoBaHUM M3yU€HBI CIIEKTPHI M PACTIpe/ieIeHre HEHTPOHHBIX TOTOKOB B aKTUBHOM 30HE peak-
topa BBP-CM (MHcTuTyT sinepHOi ¢u3Hky, Y30eknucraH) nocie rnepexoja Ha HI3K000O0ralieHHOe TOIUTUBO
(19,75 % U-235) c yBennuenuem gucna temioBsaersiomux coopok (TBC) ¢ 18 no 24. C npuMeHeHneM Ko-
noB IRT-2D u WIMS, a Taxke 1aHHBIX HEHTPOHHO-aKTUBAILIMOHHOI'O aHAJIM3a MCCIEIOBAHbI IIOTHOCTH I10-
TOKa HEWTPOHOB M MX SHEPreTHUYECKUH CIeKTp. Pe3ynbraThl mokasaiy, YTo B HEHTPATbHON YacTH aKTHBHOM
30HBI IPE00IaTAIOT OBICTPBIC HEUTPOHBI, TOTJa KaK B OEPUIUIMEBBIX OTPa)KaTeNsIX BO3PAcTaeT IO TEIUIOo-
BBIX HEUTPOHOB. VI3MepeHns B BepTHKANBHBIX KaHAJIAaX BBIIBHUIIM, YTO TIOTOK TETIIOBBIX HEHTPOHOB B OTpaXa-
Tene B 2,3 pasa BBIIE, 4eM MOTOK OBICTPBIX HEHTPOHOB. B ropH30HTaNBHBIX KaHATax 3a(HUKCHPOBAHBI TEIl-
J70BBIE NOTOKHK 110 1,8-10'? H/(cM?C) ¢ KaAMMEBBIM OTHOLIEHHEM 28, 4TO JeaeT UX HPUTOAHBIMU JUIsl SKCIIe-
pumenToB. Temtosas MomHocTs TBC mocTuraer MakcumMyMa B LIEHTPE U CHIDKAeTCsl K epuepru, 94To Kop-
penupyert c Beiropanuem U-235. [TosrydeHHbIe JaHHBIC BaXKHBI U1 ONTHMH3AIMH 3arpy3KH TOIUIMBA, IUIAHH-
pOBaHUs MEPErpy30K U UCIBITaHU HOBBIX BUI0B TommBa (UO2+Al UsSix+Al).

Kniouesvie cnosa: sinepHOE TOIUIMBO, SHEPTETUYECKUI CIIEKTp, OBICTpBIE HEHTPOHBI, TEIJIOBBIE HEHTPOHEL,
aKTHBHAS 30HA PEaKkTopa, HeUTPOHHO-aKTHBALIMOHHBIN aHaim3, peaktop BBP-CM, Beiropanue Tormsa
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