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The radiation parameters such as radionuclide content and activities, fluxes and energy spectrum of gamma and neutrons
of spent nuclear fuel are essential when planning further spent fuel management options — interim wet or dry storage or disposal
into a geological repository. Radiation parameters determine the design of a storage or disposal facility, what materials, structures and
thicknesses of structures should be used to provide adequate biological shielding.

Experimental measurements of spent fuel radiation parameters are rather complicated and expensive, therefore numerical methods
are widely used. Various computer codes (APOLLO, BOXER, CASMO, FISPACT, ORIGEN-S, WIMS, etc.) have been developed to simulate
the irradiation processes of nuclear fuel and to obtain resulting radiation parameters. Irrespective of the used computer code, the input
data firstly must be entered into that code. When simulating nuclear fuel irradiation and burn-up in the reactor core, the geometrical
parameters of the fuel assembly, materials’ data (chemical compositions, densities), the operating parameters of the reactor (power,
operation time, coolant parameters, etc.) shall be entered into the program as initial data. Fairly often approximations of the input data
are performed, for example, fuel rods in a fuel assembly are homogenized and geometrically described as a solid cylinder, the reactor
operation time is assumed as continuous and at constant power. The particularity of the input data and accepted assumptions depend
on what initial information is available and on the capabilities of the computer code. The modelled spent fuel radiation parameters
depend not only on the input data and assumptions, but also on the cross-section databases that are used in computer codes. Computer
codes TRITON, ORIGEN-S and FISPACT have been used to model the concentration of actinides and fission products in the spent fuel
from the RBMK-1000 reactor. The obtained results are compared and possible reasons for the differences in the modelling results are
discussed.
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and thicknesses of structures should be used
to provide adequate biological shielding. Also,
knowledge of the radiation parameters is

he radiation parameters such
as radionuclide content and activities,
fluxes and energy spectrum of gamma

and neutrons of spent nuclear fuel are important
when planning further SNF management
options, for instance, interim wet or dry
storage or disposal into a repository. Radiation
parameters determine the design of a storage or
disposal facility and what materials, structures

necessary when assessing long-term effects
on the structures and materials of the storage or
disposal container. Experimental measurements
of SNF radiation parameters are rather
complicated and expensive and therefore
numerical methods are widely used. Various
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computer codes (APOLLO, BOXER, CASMO,
FISPACT, ORIGEN-S, WIMS, etc.) have been
developed to simulate the irradiation processes
of nuclear fuel and to obtain resulting radiation
parameters. Irrespective of the used computer
code, the input data firstly must be entered
into that code. When simulating nuclear fuel
irradiation and burn-up in the reactor core,
the geometrical parameters of the fuel assembly,
materials’ data (chemical compositions, densities)
and the operating parameters of the reactor
(power, operation time, coolant parameters, etc.)
shall be entered into the program as initial data.
Fairly often approximations of the input data
are performed, for example, fuel rods in a fuel
assembly are homogenized and geometrically
described as a solid cylinder, the reactor
operation time is assumed as continuous
and at constant power. The particularity
of the input data and accepted assumptions
depend on what initial information is available
and on the capabilities of the computer code.
The modelled SNF radiation parameters depend
not only on the input data and assumptions,
but also on the cross-section databases that are
used in computer codes.

Problem definition

After the permanent shutdowns
of the Chernobyl NPP (Ukraine) and the Ignalina
NPP (Lithuania) with RBMK type power reactors,
numerous amounts of spent fuel assemblies need
to be further managed. A dry storage facility
currently is the most efficient way for spent fuel
interim storage for at least 50 years. In evaluating
the safety of the spent fuel storage facility, one
of the most essential tasks is the determination
of the SNF radiation parameters. Subsequently,
these parameters are used in shielding analysis,
source term estimation or in the criticality safety
analysis if burn-up credit is applied.

Accuracy of determining the radiation
parameters depends on computer codes used and
on what assumptions and approximations were
made describing the numerical model. Computer
codes TRITON, ORIGEN-S and FISPACT
have been used to model the concentration
of actinides and fission products in the spent fuel
from the RBMK-1000 reactor.

. [LEPXABHE MIANPUEMCTBO
[LEPYKABHUI HAYKOBO-TEXHIYHWN

R s LEHTP 3 SAEPHOI TA PAZIALIHOI
BE3MEKM

Methodology

The computer code TRITON is the module
of the SCALE system, which performs transport,
depletion, sensitivity and uncertainty analysis
for 1D, 2D, and 3D configurations of complex
fuel assemblies and other nuclear systems.
FISCPACT is a computer code that performs
modelling of activation, transmutations and
depletion induced by neutron, proton, alpha,
deuteron or gamma particles interaction with
matter. Also ORIGEN-S was used as a standalone
code to calculate time-dependent isotopes
concentrations and activities generated or
depleted by fission and radioactive decay.

The main problem thatall mentioned computer
codes solve is the time rate of the concentration
change of certain nuclide N,. In general, the rates
of three processes determine the concentration
change of nuclide N;:

dN;,

dtl = Formation — Destruction — Decay

More detailed expression of the mentioned
processes can be written as follows:

dN;

ZY]ZGf]N]¢+GCl 1N l¢+

+7‘iNi_Gf,iNi¢_ccx Ni$ - &;N;

where: X, ;0N s the yield of N, due
to the fission of all nuclides Njiso; ;N ¢ is
transmutation into N; due to neutron capture
by nuclide N, s )\ 'N,” —is the formation of N,
due to the radloactlve decay of nuclide Ni’;
GﬁiNl.q) is the destruction of N, due to fission;
o, ;N;¢ is the destruction rate of N; due to all
forms of neutron capture (ny), (n,a), (n,p),
(n,2n) (n,3n); AN, is the radioactive decay rate
of N,.

Based on the previous modelling methods
of RBMK-1500spentfuelradiationcharacteristics
(1, 2], the RBMK-1000 fuel assembly inside
the reactor’s fuel channel surrounded with
coolant and the channel surrounded with
graphite blocks was described as a 2D model
in the TRITON code (figure 1). The RBMK-1000
fuel of initial 2.0 % U-235 enrichment was
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Figure 1 — RBMK fuel assembly inside the fuel channel
(I — fuel pellet; 2 — fuel rod cladding; 3 — central
FA tube; 4 — channel tube; 5 — void; 6 — coolant)

accepted in the calculations. It was assumed
that at constant specific reactor power the burn-
up of the fuel varies from 1 to 20 MWd/kgU,
the burn-up profile of FA in the z-axis is uniform,
and the average coolant density is 0.43 g/cm?.
Additionally, influence of the neutron spectrum
on the nuclide concentration variation with
burn-up thermal and total neutron fluxes with
corresponding normalization of energy groups
was analysed in the ORIGEN-S and FISPACT
models.

The TRITON code performs neutron transport
modelling and therefore, while modelling
the fuel depletion process, automatically takes
into account the build-up of various actinides
and fission products due to the fuel burn-up and
the corresponding changes of neutron fluxes and
energy spectrums, time-dependent cross-section
libraries are produced.

Although FISPACT is able to calculate
irradiation effects for a wide range of actinides,
the code was developed mainly for irradiation
modelling of materials with natural actinide
content (U and Th). EAF activation libraries
that are used in the FISPACT code contain
cross-sections for infinitive medium (infinitely
dilute cross sections) and therefore, if actinides
constitute a significant part of the initial input
data, the results will not be representative, since
the effects of the neutron spectrum change due
to attenuation and self-shielding during the fuel

burn-up are not taken into account. Therefore,
when simulating the irradiation of actinides or
nuclear fuel, the FISPACT results will not be
as accurate as those of specific computer codes
developed for reactor depletion calculations.
The developers of the FISPACT code warn
that if the data on the neutron spectrum is not
comprehensive enough, the FISPACT code with
EAFlibraries will give approximate results when
irradiation modelling is performed for a large
amount of actinides. In addition, the FISPACT
code does not take into account the geometry
of materials in the modelling. In terms of input
data and modelling capabilities the ORIGEN-S
as a standalone code 1is rather similar
to the FISPACT. Therefore, the same input
information on neutron spectrums and fluxes
was used for FISPACT and ORIGEN-S codes.

Discussion of results

Modelling results of U-235, Pu-239, Pu-242, Cm-
242, Cm-244 and Cs-137 concentration variation
with fuel burn-up are presented in figure 2-7. Since
the aim of performed analysis was to compare
the results obtained with different computer codes,
therefore, calculated concentrations only of some
isotopes are presented below.

The smallest difference in fuel burn-up
modelling results obtained by different codes is
for U-235 concentration. For other isotopes that
were considered, calculated concentrations with
the ORIGEN-S and FISPACT are overestimated
in comparison with the values obtained with
TRITON code. The main reason of the TRITON,
ORIGEN-S and FISPACT simulation result
differences is that while the fuel burn-up is
increasing, the buildup of actinides and fission
products in the fuel occurs, and this process
influences the neutron fluxes and their energy
spectrums. This process in the TRITON code is
taken into accountby specifyinga certain number
of burn-up steps. The nuclide composition and
concentrations of the previous step is accepted
as the initial material input data for the next step,
also time-dependent cross-section libraries are
produced to reflect fuel composition variations
during irradiation.

Further analysing the influence of the neutron
spectrum on the nuclide concentration variation
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Figure 2 — U-235 concentration variation with burn-up
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Figure 4 — Pu-242 concentration variation with burn-up
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Figure 6 — Cm-244 concentration variation with burn-up

with burn-up, the FISPACT modelling has been
performed for the following two cases:

- Case 1: assuming the average spectrum
for thermal neutron flux and spectrum of other
energies;

- Case 2: assuming the total neutron flux and
spectrum.

The FISPACT modelling results (see tables 1-3)

are compared with the data presented in [3].

The [3] report contains comparison between
experimentally measured isotope concentrations
of the RBMK-1000 fuel samples with different
burn-upsand the modelling results performed also
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Figure 3 — Pu-239 concentration variation with burn-up
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Figure 5 — Cm-242 concentration variation with burn-up
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Figure 7 — Cs-137 concentration variation with burn-up

with the TRITON computer code. Also the similar
comparison but using modules TRITON/T6-
DEPL and ORIGEN-ARP of computer code
system SCALE 6 was presented in [4].

The  performed  comparative  analysis
of the results obtained with different computer
codes and available experimental measurements
of RBMK fuel samples confirms the earlier
assumption that in order to perform accurate
simulation of irradiated fuel characteristics, it
is necessary to know neutron fluxes and energy
spectrums during the fuel burn-up. Otherwise,
only a qualitative assessment of irradiate nuclear
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Table 1. Comparison of measured and modelled concentrations (values are
grams per U-238 gram) for a sample with burn-up 6.96 GWd/tU

Measured [3] TRITON [3] FISPACT (Case 1) FISPACT (Case 2)
U-235 1.41x1072 1.39x1072 1.30x1072 5.07x1073
Cm-244 4.30x1078 1.88x10°8 1.27x10~° 1.43x1078
Pu-239 1.65x1073 1.96x1073 7.73x1074 1.67x1073
Cs-137 2.45x1074 2.48x1074 2.28x107* 5.53x1074
Table 2. Comparison of measured and modelled concentrations (values are
grams per U-238 gram) for a sample with burn-up 11.56 GWd/tU
Measured [3] TRITON (3] FISPACT (Case 1) FISPACT (Case 2)
U-235 7.47x1073 7.74x1073 4.38x1073 1.37x1074
Cm-244 6.16x1077 4.33x1077 3.54x1077 4.90x1076
Pu-239 2.40x1073 2.50x1073 1.22x1073 1.71x1073
Cs-137 8.50x1074 8.48x10~* 5.98x10~4 1.06x1073
Table 3. Comparison of measured and modelled concentrations (values are
grams per U-238 gram) for a sample with burn-up 23.47 GWd/tU
Measured [3] TRITON [3] FISPACT (Case 1) | FISPACT (Case 2)
U-235 2.89x1073 3.07x1073 1.19x1073 2.49x107°
Cm-244 9.44x1076 1.02x107° 3.24x107° 4.74x107°
Pu-239 2.52x1073 2.55x1073 1.28x1073 1.69x1073
Cs-137 9.42x1074 9.18x10~* 8.32x1074 1.62x1073

fuel nuclide composition and concentrations
is possible. The most subtle difference between
the modelled results is for the fission products,
since their concentrations mainly depend
on the decay reaction, which does not depend
on the neutron flux and spectrum. The difference
in the actinides production increases not linearly
with the irradiation time and the burn-up due
to the cross section resonances and a large number
of the generated daughter isotopes, which are not
considered correctly in the FISPACT. A good
convergence of the results is obtained when
simulating the neutron transport by the Monte
Carlo method at different irradiation steps, where
the effects of material compositions, the neutron
flux and other changes are automatically taken
into account by the code. However, although these
effects are considered, the different computer
codes will provide different results due to their

model description peculiarities, used cross-section
libraries and numerical methods. For instance,
the same model of PWR fuel assembly was described
in APOLLO2, KORIGEN, and ORIGEN2 codes
and irradiation simulation was performed [5].
The obtained concentration values with various
codes for U and Pu isotopes was different by 10 %,
for Am isotopes — 20 %, for Cm-242, Cm-244 —
25 %, and for Cm-245, Cm-246 — 70 %.

Conclusions

1. In order to perform accurate spent fuel
irradiationmodellingandtoobtainrepresentative
results for the FISPACT and ORIGEN-S codes,
the neutron flux and the spectrum and their
variations during the irradiation must be
considered.

S
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2. Numerical modelling must also take into
account the build-up of various actinides and
fission products in the irradiated fuel, since
these products change the neutron fluxes and
the energy spectrums.

3. RBMK irradiation modelling using
TRITON can be more precise if the burn-up
profile of a fuel assembly is considered.
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AHanus HeKOTOPbIX NPOrpaMm, NCNOIb3yeMbIX
ANA OLeHKN paAnaLMOHHbIX NapamMeTpoB oTpa-
60TaHHOrO AAepHOro ToNIMBa

Wmanxuc A'., HapkyHac 3',, Pyabiues B2, Pygbiues E23,
! lumosckuti uHcmumym sHepzemuku, KayHac, Jlumea

2XapbKoscKuli HAUUOHATbHBIL yHUBEpcumem um. B.H. Kapa-
3UHa, XapeKos, YkpauHa

3HHL| «XapbKkosckuli pu3uKo-mexHUYecKul uHCmumym»,
Xapekos, YkpauHa

PaduayuoHHble napamempsl ompabomaHHo20 A0epHo20
monsiuga, makue KAk paduoHyKnuoOHsIli cocmas u akmus-
HOCMb, NOMOKU U 3Hepzemuyeckue cnekmpsl 2amMmMa KedH-
mog u HelimpoHO8, A8/AMCA CyujecmeeHHbIMU NPU NJIAHU-
posaHuu daneHelwux wazoe 06pawjeHus c ompabomasuwium
MmonsiugoM — 8peMeHH020 MOKPO20 UJIU CyX020 XPaHeHUs
U/IU NoMeweHUA 8 2e0/102udeckuli Mo2usIbHUK. PaduayuoHHsle
napamempsi  onpedesiAlm  KOHCMPYKMUBHble — pelleHus
Npu NPOEKMUPOBAHUU XPAHUMUWA USIU MO2UJTbHUKA, Kakue
Mamepuansi, MONUUHbI KOHCMPYKYUl ciedyem Ucnosb30-
8ame 0714 obecheyeHuUA buoo2u4ecKol 3awumel.

JKcnepumeHmManeHsle  U3MepeHUs  PAOUAYUOHHbIX
napamempos ompabomaHHo20 monsued A8AAMCA 00-
80JIbHO CJIOXHbLIMU U 00PO2UMU, NO3MOMY WUPOKO UCNOJIb-
3yl0mcA YucsieHHble Memoosl. Paspabomarel pasaudHeie
KomMnetomepHselie npozpammel (APOLLO, BOXER, CASMO,
FISPACT, ORIGEN-S, WIMS u 0p.) 0na moOenuposaHus npo-
yeccog 0b6syyeHus A0epHO20 monsiued U NoJyyeHus pd-
OUAYUOHHbIX napamempos. Hesasucumo om ucnosb3ye-
Mol KomnelomepHoU Npo2pammel, CHaA4anaa Heob6xooumo
s8eecmu 8x00Hble OaHHble. [lpu modenuposaHuu obsyye-
HUA U 8bl20paHUsA A0epHO20 monjued 8 dKmugHoU 30He
peakmopa, 2eoMempuyeckue napamempsl Mmensossi-
denaroweld cbopku, OdHHble Mamepuasnos (xumuyeckul
cocmas, niaomHocms), pabodue napamempsl peakmopd
(MowHOCMb, 8pema pabomel, napamempsl MenIoOHO-
cumena u m. 0.) 00/KHbI GbiMmb 88e0eHbI 8 NPO2PAMMY
KAk UCXOOHble OdHHble. JocmamoyHO 4acmo 8binoJiHAem-
CA annpoKcuMayus 8xo0HbIX OdHHbIX, Hanpumep, menJso-
sbidesiAlOWue 37eMeHMbl 8 cbopKe 20MO2eHU3UPYIMCA
U 2eoMempuy4ecKu onucel8alomMca Kak cnaowHoul YuauHop,
s8pemMa pabomsl peakmopd npednosidzaemcs Henpepebis-
HbIM npu nocmoaHHoU MowHocmu. TwjamesibHOCMb 8X00-
HbIX OAHHbLIX U cOesIaHHble 0onyujeHus 3agucam om mozo,
Kakas ucxoOHAs UHgopmayus 00CMynHAd U OmM B03MOX-
Hocmel kKomnelomepHoU npozpammel. CMoOesIupoB8aHHbIe
paouayuoHHele napamempsl ompabomaHHo20 monausa
3a8UCAM He MOJIbKO Om UCXOOHbIX OAHHbIX U donyujeHud,
HO makxe om 6a3 OdHHbIX CeYyeHUA, Komopble UCNO/b3y-
fomca 8 KoMnblomepHbIx npozpammax. KomnsiomepHoie
npozpammel TRITON, ORIGEN-S u FISPACT ucnone3osasnuce
0719 M00enupoBaHUs KOHUeHmMpayuu akmuHudos U npo-
0yKkmos OesieHUs 8 ompabomaHHOM monJiuge peakmopa
PBMK-1000. [lony4yeHHble pe3ynbmamel CpasHUBAOMCA
U 06CyX0aomca 803MOXHble NPUYUHbI pacxox0eHul 8 pe-
3y1lbmamax Mooesnupo8aHus.

Knwouyegsie cs08a: ompabomaHHoe A0epHoe mon-
J1U80, U30MONHBIU cocmas, KoHmeliHep, paduayuoHHas 6es-
0NAacHoCMb, Mamemamuy4eckoe MoOeslupo8aHue.
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AHanis pgesaknx nporpam, BUKOPMUCTOBYBaHUX
ANA OUiHKM papiauilHuX napameTpiB Bignpa-
LbOBaHOro AAepPHOro nanmBa

Wmaiixuc A'., HapkyHac E'., Pyauues B2., Pygnues €23,
! Tumoscekuii iHcmumym eHepeemuku, KayHac, Jlumea

2Xapkiecbkuti HayioHaneHUl yHisepcumem im. B. H. Kapasina,
Xapkie, YkpaiHa

3HHL| «Xapkiecbkuti gpisuko-mexHiyHul iHcmumym» Xapkis
YkpaiHa

PadiayitiHi napamempu 8i0npayb08aHo20 A0epHO20 Nnd-
nuea, maki AK paodioHyknioHUl cknad ma akmugHicme, no-
MOKU Ma eHepaemu4Hi chekKmpu 2aMmMa K8aHmis i Heimpotis,
€ CymmesuMu Npu NJIGHY8AHHI NOOANbWUUX KPOKI8 NOBOOXeH-
HA 3 8i0NPAULOBAHUM NAIUBOM — MUMYACOB8020 MOKPO20
4u cyxo2o 36epi2aHHA ab6o NoMiujeHHA 00 2e0s102i4H020 MO-
2unbHUKY. PadiayitiHi napamempu, npu Npoekmy8aHHi cxosu-
wa abo MozusIbHUKA, BU3HAYAIOMb KOHCMPYKMUBHI pilleHHs,
AKI Mamepianu, moswuHU KOHCMPYKUiti nompibHO sukopuc-
mosysamu 014 3abe3neyeHHs 6iooziuHo20 3axucmy.

EkcnepumeHmarnoHi  8umipiosaHHa padiayiliHux napa-
Mempis 8i0npaubo8aHo20 nanued € 00CUMb CKAAOHUMU
i KOWMOBHUMU, MOMY WUPOKO BUKOPUCMOBYIOMbCA Yu-
cenlbHi Memoou. Po3pobneHo pi3Hi KomnlomepHi npoepa-
mu (APOLLO, BOXER, CASMO, FISPACT, ORIGEN-S, WIMS i iH.)
/[lna molesno8aHHA npoyecie onpomiHeHHs A0epH020 Nasu-
8a MA OMpUMAHHA paodiayitiHux napamempig. He3anexHo
8i0 8UKOpUCMOBYBAHOI KOMN'tomepHoi npoepamu, choyam-
Ky HeobxiOHo eeecmu exiOHi OaHi. Mpu mModenosaHHi onpo-
MiHeHHA | 8U2OPAHHA A0epHO20 NAiUBA 8 AKMUBHIU 30Hi

peakmopa, 2eoMempuyHi napamempu mensiogudinaoyor
36ipku, 0aHi mamepianie (ximi4yHUl cknao, wineHicme), poboyi
napamempu peakmopa (nomyxHicms, yac pobomu, napame-
mpu mensioHocis ma iH.) [ToguHHi 6ymu 8sedeHi 8 npozpamy
AK 8UXIOHI OaHi. JJocumb 4acmo BUKOHYEMbCA ANPOKCUMA-
uis 8xiOHUX 0dHUX, HANPUKIAO, mens1osudinswyi enemeHmu
8 36ipyi 20M0O2eHi3ylombCs | 2e0MeMPUYHO ONUCYIOMbCA AK Cy-
uineHUU YuniHop, yac pobomu peakmopa nepedba4aemecs
6e3nepepsHUM npu NOCMIliHIti nomyxHocmi. PemesnsHicme
8XiOHUX OaHUX i 3po6seHi npunyweHHa 3anexame 8i0 moeao,
AKa noYamkoea iHgpopmayis 00cmynHa ma sio Moxsaugocmeti
kKomn'tomepHoi npoepamu. 3Mo0en1bosaHi padiayiliHi napame-
mpu 8i0Npaybo8aHO20 NAUBA 3aexXame He MisbKu 8i0 8u-
XiOHUX OaHUX i npunyujeHs, ane makox ei0 6a3 0aHuUx nepe-
pi3ie, AKi BUKOPUCMOBYIOMbCSA 8 KOMNIOMEPHUX NPO2PAMAX.
Komn’tomepHi npoepamu TRITON, ORIGEN-S i FISPACT sukopu-
cmosysanuca 0518 MOOe8AaHHA KOHUeHmMpauii akmuHioie
ma npodykmie nodiny y 8idnpaybosaHomy nasausi peakmopa
PBMK-1000. Ompumati pe3ynsmamu nopigHiolomsca ma ob-
2080PIOIOMbLCA MOXJ/IUBI NPUYUHU pO36ixHOCMel 8 pe3ynbma-
max MoOesIto8aHHS.

Kniouoei cnosa:sionpayvosaHe sdepHe nasauso, i3o-

monHuli cknad, koHmeliHep, padiauiliHa 6e3neka, mamema-
MmuyHe MOOesII08AHHH.

Ompumano 01.03.2019
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