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FOREWORD

Within the framework of the NEA Nuclear Science Committee, an international benchmark
exercise for an accelerator-driven system was undertaken. The model chosen for the exercise was a
|ead-bismuth-cooled subcritical system driven by abeam of 1 GeV protons.

Except for the subassembly geometry, the design of the subcritical core was based on the advanced
liquid meta reactor (ALMR) reference design of a sodium-cooled actinide burner. To reduce the high
pumping power for the lead-bismuth coolant, the reference subassembly was replaced by a subassembly
with a smaller number of pins, and the fission power of the system was proportionally reduced.
L ead-bismuth was chosen as the target material to reflect the generally increased interest in this materia
for high-power spallation target applications.

An interesting role for accelerator-driven systems is to burn actinide waste from nuclear reactors
using conventional fuel cycles. The benchmark reactor was therefore assumed to operate as a minor
actinide burner in a“double strata’ fuel cycle scheme, featuring afully closed fuel cycle with atop-up
of pure minor actinides. Two fuel compositions for a start-up and an equilibrium core were considered,
both differing considerably from normal U-Pu mixed-oxide fuel compositions.

Seven organisations (ANL, CIEMAT, KAERI, PSI/CEA, JAERI, RIT and SCKeCEN) contributed
to the benchmark exercise. The results were based on deterministic transport as well as Monte Carlo
calculations using data from ENDF/B-VI, JENDL-3.2 and JEF-2.2. Significant differences in important
neutronic parameters were observed, indicating a need for further investigation of the nuclear data as
well as the cal culation methods.
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EXECUTIVE SUMMARY

In nuclear power generation, the treatment of spent fuel produced during the operation of
commercia power plants is one of the most important issues not only to the nuclear community but
aso to the general public. Complementary to the option of long-term geological disposal of spent fuel
together with other nuclear waste is that of separating minor actinides (MA) and long-lived fission
products from the spent fuel and transmuting them into short-lived or stable radionuclides in
appropriate reactor systems for the reduction of the toxic potential into the nuclear waste stream.
Various systems, such as existing reactors and fast reactors for minor actinide and fission-product
transmutation, have been considered to optimise the transmutation scheme. Recently, many countries
have shown interest in accel erator-driven systems because, in the future, these systems may play arole
as efficient minor actinide and fission-product burners and/or as energy producers with an enhanced
safety potential.

However, the current analysis methods for minor actinide and fission-product burners are not as
well established as those for conventionally fuelled reactor systems. Recognising a need for code and
data validation in this area, the NEA Nuclear Science Committee, through its Task Force on
Transmutation, therefore initiated a first benchmark exercise in 1994. This exercise was based on a
transmutation strategy involving light water reactors, fast reactors and an accelerator-driven system
(ADS). The latter, a sodium-cooled system with a tungsten target and MA-Pu nitride fuel, was only
analysed by three institutions (JAERI, PSI and IPPE). Considerable differencesin calculated initial Keft
values and burn-up reactivity swings indicated a need for refining the benchmark specification and
continuing the exercise with awider participation.

The present benchmark was therefore launched in July 1999 to resolve the discrepancies observed
in the previous exercise and to check the performances of reactor codes and nuclear datafor ADS with
unconventional fuel and coolant. The choice of lead-bismuth as a coolant and target material reflects
the increased interest in this technology.

The ADS is designed to operate as a MA burner in a “double strata’ strategy, featuring a fully
closed fuel cycle with atop-up of pure MA. Two fuel compositions are prescribed in accordance with
this strategy. In the start-up core, MAs are mixed with plutonium from UOX-fuelled LWRSs. In the
equilibrium core, the fuel represents an asymptotic composition reached after an indefinite number of
cycles. Both fuel compositions differ strongly from the usual U-Pu mixed oxide (MOX) composition.
The fuel is diluted with zirconium as an inert matrix for the core to give a ket of about 0.95 at BOL.
Since the emphasis is on code and data validation in the energy region below 20 MeV, a predefined
gpallation neutron source, produced with HETC assuming a proton energy of 1 GeV and a beam radius
of 10 cm, was provided to the participants.

Seven ingtitutions (ANL, CIEMAT, KAERI, JAERI, PSI/CEA, RIT and SCKeCEN) have
contributed to this exercise using different basic data libraries (ENDF/B-VI, JEF-2.2 and JENDL-3.2)
and various reactor calculation methods. The analysis of the results shows significant discrepanciesin
important neutronic parameters such as one-group microscopic cross-sections, Kirr, initial Ker, burn-up



reactivity swing, flux distribution and safety parameters. Strong discrepancies also appear in the
estimation of the external neutron source, an important parameter for an ADS because it determines
the requested accel erator power.

As demonstrated by a separate parametric study, the discrepancies are mainly due to deficiencies
in the nuclear data of actinides which are abundant in minor actinide dominated cores but do not
significantly influence the reaction rate balance of conventional MOX cores. However, the impact of
the different nuclear data could not fully explain the discrepancies observed in the results. In future
benchmark exercises, attention should therefore be paid to both the data processing route and the
neutron transport approximations. Concerning the burn-up calculations, attention should be given to
the treatment of the fission products and to the actinide decay chains, taking into account that minor
actinide burner cores feature unusua fuel compositions.

The causes for many of these discrepancies still require clarification, and efforts in this direction
should continue if the calculation tools are to be applied to detailed design calculations for minor
actinide dominated ADS cores. A benchmark based on experimental results would be necessary to
better understand the origin of discrepancies observed.



Chapter 1
INTRODUCTION

In nuclear power generation, the treatment of spent fuel produced during the operation of
commercial power plants is one of the most important issues not only to the nuclear community but
aso to the general public. Complementary to the option of long-term geological disposal of spent fuel
together with other nuclear waste is that of separating minor actinides (MA) and long-lived fission
products from the spent fuel and transmuting them into short-lived or stable radionuclides in
appropriate reactor systems for the reduction of the toxic potential into the nuclear waste stream.
Various systems, such as existing reactors and fast reactors for minor actinide and fission-product
transmutation, have been considered to optimise the transmutation scheme. Recently, many countries
have shown interest in accelerator-driven systems because, in the future, these systems may play arole
as efficient minor actinide and fission-product burners and/or as energy producers with an enhanced
safety potential.

However, the current analysis methods for minor actinide and fission-product burners are not as
well established as those for conventionally fuelled reactor systems. Recognising a need for code and
data validation in this area, the NEA Nuclear Science Committee, through its Task Force on
Transmutation, therefore initiated a first benchmark exercise in 1994. This exercise was based on a
transmutation strategy involving light water reactors, fast reactors and an accelerator-driven system
(ADS). The latter, a sodium-cooled system with a tungsten target and MA-Pu nitride fuel, was
analysed by groups from JAERI, PSlI and IPPE [1]. Considerable differences in calculated initia
ket values and burn-up reactivity swings indicated a need for refining the benchmark specification and
continuing the exercise with awider participation [2,3].

The present benchmark model is designed to resolve the discrepancies observed in the benchmark
exercise of the Task Force on Transmutation and, in general, to check the performance of reactor
codes and nuclear data for acceerator-driven systems with unconventional fuds. The benchmark
specification was distributed to participants in July 1999. With regard to the first objective, the model
is similar to that used previously, except for the target and the coolant. The choices of aliquid metal
target and lead-bismuth coolant reflect the generally increased interest in this technology. Since
emphasis is on code and data validation in the energy region below 20 MeV, a standard spallation
neutron source spectrum and distribution is prescribed.

Asin the previous exercise, the ADS is assumed to be a component of a uranium-based advanced
nuclear energy system with integrated partitioning and transmutation (P&T). In this context, an
obvious role of the ADS is to burn minor actinidesin the (fully closed) P& T cycle of a*“double strata”
fuel cycle scheme [4]. Fuel compositions for a start-up and an equilibrium core are specified in
accordance with this strategy.



Seven ingtitutions (ANL, CIEMAT, KAERI, JAERI, PSI/CEA, RIT and SCKeCEN) participated
in the benchmark. The final results of these contributions are presented and analysed in this report.
Preliminary results from six institutions were presented at the 2™ Workshop on Utilisation and
Reliability of High Power Proton Accelerators held on 22-24 November 1999 in Aix-en-Provence,
France [5]. To clarify the discrepancies observed in some parameters, a questionnaire on calculation
methods and assumptions was circulated in mid-January 2000. In the following some results were
revised and an additional solution by was included.
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Chapter 2
BENCHMARK MODEL

The detailed benchmark specification can be found in Appendix A and thus only a brief
description of the benchmark specification is given here. For the P& T cycle, the appropriate concept is
a modular plant which allows the MA burning capacity to be adjusted flexibly to the requirements of
the nuclear park. Considering that a MA burner supports some 15 to 17 energy producers of the same
thermal power and burner cost-effectiveness is therefore not a primary issue, as the (relatively small)
module of the 471 MW advanced liquid metal reactor (ALMR) reference system has an optimum
size. Adopting this system as the basis for the benchmark cal culations has the advantage that a detailed
plant concept is available and the performance of the plant with normal cores has already been
analysed in great detail, including transient and beyond design basis behaviour [6].

For the accderator-driven ALMR core, a simplified R-Z model was prepared as shown in
Figure 2.1. The model comprises a central lead-bismuth target zone, a void zone in the beam duct
region, a multiplying region consisting of homogenised fuel and lead-bismuth coolant and an outer
steel reflector zone. The core dimensions are those of the ALMR burner reference core. Reflector and
radial shield materials consist of an average homogeneous mixture of HT-9 stedl (70% by volume) and
coolant (remainder). The target top position is a compromise: an optimisation with regard to the
neutron source importance and the axial power distribution would give zr = 120 cm; in the benchmark
model, the target top was set to coincide with the top of the core (i.e. zr = 150 cm) to reduce possible
calculation uncertainties due to the presence of avoid in the beam duct region.

To reduce the high pumping power for the lead-bismuth coolant, the coolant volume fraction of
the subassembly was increased compared with that of the sodium-cooled subassembly. An adequate
pitch-to-diameter ratio of 1.6 was achieved by replacing the reference 271-pin subassembly by a
217-pin subassembly. If the pin diameter is preserved, the thermal power reduces proportionally from
the 471 MW of the reference system to 377 MW, for the benchmark reactor.

As for the fuel, dense and non-moderating metals and nitrides are preferable because they
improve the neutron economy of the system. Reprocessed by the “dry” technique, they are particularly
suitable for the P& T cycle of the double strata concept. With a view to Japanese and French project
preferences, nitride fuel was chosen for the benchmark reactor. The nitrogen is assumed to be pure *°N.

Fuel compositions (and hence neutronic characteristics) of MA burner cores differ considerably
from those of normal U-Pu mixed-oxide (MOX) cores and also between start-up and equilibrium
cores. For determining the composition of the minor actinides transferred to the P& T cycle, the nuclear
park was assumed to consist of a mix of uranium-fuelled LWRs (71%), MOX-fuelled LWRs (11%),
and CAPRA-type fast reactors (18%) which burn the plutonium in a closed cycle after two recyclesin
the LWRs [7,8]. From this MA composition, start-up and equilibrium core compositions were
determined as follows:

11



e For the start-up core, the minor actinides are mixed with plutonium from the uranium-fuelled
LWRs using a fixed mixing ratio which gives a ket of about 0.95 at the beginning of life
(BOL).

e For the equilibrium core (fully closed cycle with MA top-up or “feed”), the cycle averaged
equilibrium composition was calculated directly using the algorithm described in Ref. [9], and
aBOL correction based on an evolution cal culation was applied.

Because an equilibrium core with undiluted fuel is too reactive, an actinide-zirconium mixture in
the form of mononitridesis used. The actinide-to-zirconium ratio was set to give a ket of about 0.95 at
BOL. This (fixed) actinide-to-zirconium ratio is also used for the start-up core. Diluting the actinides
in an inert matrix has the additiona benefit of reducing the activity of the irradiated fuel. The operating
temperature of the fuel is 980 K. The target and reflector temperature is 650 K.

The fuel is assumed to be irradiated during five years at an average thermal power of 320 MW,
corresponding to a load factor of 0.85; at the end of life (EOL), it reaches a burn-up of approximately
200 GWd/thm.

The spallation neutron source was produced with the PSI version of HETC assuming a proton
energy of 1 GeV and a beam radius of 10 cm. To ensure consistence between different calculations,
the participants were provided with a fine group source with lethargy width 0.1 and a collapsing
program, developed by JAERI, which enables the user to produce broad group sources for different
group structures.

From homogenous cell calculations, one-group fission and capture microscopic cross-sections,
kint, B2 and M? are requested. The requested results from reactor calculations are: reaction rate
balance components for the fuel zone at BOL, axial and radia neutron flux distributions, neutron
spectrum and reaction rate ratios relative to “°Pu at the core centre, burn-up, ke, with and without
fission products, source strength for five burn-up steps, fuel isotopic composition at EOL, coolant void
and fuel Doppler reactivity effectsat BOL and EOL, Be at BOL, etc.
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Chapter 3
PARTICIPANTS, CODESAND DATA

Seven institutions participated in the benchmark. The complete list of participants, basic libraries
and codes used are presented below and summarised in Table 3.1. Calculation details provided by the
participants can be found in Appendix B.

1. ANL,USA
Participants: W.S. Yang and C.G. Stenberg
Basic library: ENDF/B-VI and ENDF/B-V for lumped fission products
Codes used: MC*2, TWODANT, REBUS-3

2. CIEMAT, Spain
Participants: M. Embid, JM. Garcia-Sanz, E. Gonzalez, D. Cano-Ott and D. Villamarin
Basic library: JENDL-3.2, EAF-3.1 (burn-up) and ENDF/B-VI (fission yields)
Codes used: EVOL CODE system (NJOY, MCNP-4B and ORIGEN-2.1)

3. KAERI, Korea
Participants: Won Seok Park and Y ong Nam Kim
Basic library: JEF-2.2 and JENDL-3.2 for Pbna and **"Am
Codes used: TRANSX-2.15, TWODANT, DIF3D-7.0 and REBUS-3
Remarks: Diffusion approximation

4. PSI/CEA, Switzerland/France
Participants: M. Cometto (CEA/PSI), P. Wydler (PSI) and J-C. Bosg (CEA)
Basic library: JEF-2.2 (ERALIBL1 library)
Codes used: ERANOS and ORIHET (activity and decay heat calculations)

5. JAERI, Japan
Participants: K. Nishihara, K. Tsujimoto, H. Takano
Basic library: JENDL-3.2
Codes used: ATRAS (SCALE, TWODANT, BURNER, ORIGEN-2)

6. RIT, Sweden
Participants: K. Tucek, J. Wallenius and W. Gudowski
Basic library: JEF-2.2
Codes used: NJOY, MCNP-4B, MCB (burn-up) ORIGEN-2

7. SCKeCEN, Belgium
Participants: H. Wienke, Ch. De Raedt, H. Ait Abderrahim, Th. Aoust and E. Maambu
Basic library: JEF-2.2 (except for Pb and *U which are from ENDF/B-6)
Codes used: NJOY 97.95, MCNP-4B, ORIGEN-2, BATEMAN2
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Chapter 4
RESULTSAND DISCUSSION

Originaly, six ingtitutions (ANL, CIEMAT, KAERI, JAERI, PSI/CEA and RIT) contributed
preliminary results. The analysis of these revealed significant differences in important neutronic
parameters such as initia ke, burn-up reactivity swings, safety parameters and flux distributions.
The results were presented at the OECD/NEA Workshop on Utilisation and Reliability of High Power
Proton Accelerators, in Aix-en-Provence, France, in November 1999 [5].

To clarify the origin of the discrepancies, a questionnaire on cal culation methods and assumptions
was distributed to the participants in mid-January 2000. The questionnaire is provided in Appendix C.
Following the replies to the questionnaire, some results were revised. Table C.1 in Appendix C
summarises the answers of the participants to the questionnaire. SCKeCEN joined in the benchmark
activity afterwards.

Therefore, atotal of seven final contributions are presented and analysed in this report.

Homogeneous cell calculations
One-group fission and capture microscopic cross-sections

The benchmark specification asked for one-group cross-sections produced by means of a cell
code which calculates the fundamental mode neutron spectrum of the cell and averages the
cross-sections with this spectrum. Two separate sets of values were requested, one for the start-up core
and one for the equilibrium core. Whereas ANL, KAERI and PSI/CEA performed the fundamental
mode cell calculations, the other organisations derived one-group microscopic cross-sections from the
reactor calculations. The latter cross-sections represent averages over the core fud zone and, therefore,
differ from those obtained from cell calculations. PSI/CEA carried out an additional calculation to
derive the core-averaged cross-sections for comparison, and SCKeCEN submitted a second series of
cross-sections obtained from aMonte Carlo calculation for a homogeneous critical sphere. The results,
including the complementary results from PSI/CEA and SCKeCEN, are presented in Tables 4.1.1
t0 4.1.6 and plotted in Figures4.1.1t0 4.1.16.

The cross-sections show some correlation with the basic data used. The results reported by
CIEMAT and JAERI using JENDL-3.2 can easily be compared because both refer to a core
calculation; their results are very close for both capture and fission cross-sections. When anaysing
JEF-based results, it should be taken into account that KAERI and RIT results cannot be directly
compared because of the difference in the averaging method. Furthermore, the JEF library used by
KAERI includes Pbra and **"Am data from JENDL, and the ERALIB1 library used by PSI/CEA has
been adjusted from the original JEF-2.2 data. Comparing the JEF-based cross-sections obtained by an
average over the core, RIT and SCKeCEN results are in very good agreement, but deviate from the
PSI/CEA result by more than 5% for the mgjority of the isotopes. The JEF-based cross-sections
obtained from a cell calculation show aless clear trend: KAERI and PSI/CEA vaues are close for U,
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the majority of Cm isotopes and for the captures of #'Np, **Pu, ®°Pu, *!Am, **Am, whereas the
SCKeCEN values are considerably different. In other cases (**Pu, ?*Pu, fission cross-sections of
ZNp, 2%Pu, **Am and ***Am) SCKeCEN and PSI/CEA results are closer, but different from those
submitted by KAERI.

In order to investigate the differences between the one-group cross-sections obtained from the
fundamental mode cell calculation and those averaged over the whole core, the two series of results
provided by PSI/CEA and SCKeCEN for the equilibrium core are compared in Figures 4.1.17 to 4.1.20.
Both PSI/CEA and SCKeCEN show the same trends:. the capture cross-sections of all isotopes and the
fission cross-sections of fissile nuclides are dways larger when condensed with the core-averaged
spectrum. However, the fission cross-sections of fertile nuclides show an opposite trend. This indicates
that the spectrum in the core is softer than that in the cell. The differences due to the averaging
methods are between 4.5% and 13% for the one-group capture cross-sections and between -6% and
5% for the one-group fission cross-sections, indicating that the comparison of the cross-sections
obtained with different averaging methods require caution.

Nevertheless, the following comments concerning individual actinides can be made:

e Uranium cross-sections are found to be in good agreement except for some differences in the
capture cross-sections of 2*U and #°U.

e For neptunium, a maximum difference of 13% in the ®'Np capture cross-section and very
large differences in ?*Np capture and fission cross-sections are found. Due to the low
concentration of ®*Np in the fuel, however, cross-sections for this nuclide do not significantly
influence the reaction rate balance of the core.

e Plutonium exhibits differences particularly in the capture cross-sections, ENDF/B-VI giving
the highest value for the isotope 238 (+25% relative to JENDL and +48% relative to JEF) and
always the lowest values for the other isotopes. JEF-2.2 and JENDL-3.2 capture cross-sections
are closer, but there are systematic discrepancies for the isotopes 238 (JENDL 17% above
JEF) and 241 (JEF 14% above JENDL).

e For americium, significant differences in capture cross-sections are found for all isotopes,
ENDF/B-VI giving lower values than JENDL-3.2 for the isotopes 241 (-12%), 242m (-40%)
and 243 (-16%), and JEF-2.2 giving consistently higher values than JENDL for the isotopes
241 (+10%) and 243 (+6%). A striking feature is the high ENDF ratio for fission-to-capturein
2mAm which exceeds the respective ratio derived from the other libraries by a factor of two.

e Considerable deviations of ENDF/B-VI from the other libraries can aso be noticed for curium,
especialy for *Cm (capture two times and fission more than three times smaller). Relative to
JENDL-3.2, the ?*Cm capture cross-section is large for ENDF (+15%) and small for JEF
(-28%); for al other isotopes, JENDL gives consistently the highest capture cross-section.

I nfinite multiplication factor (kinf), buckling and migration area

The results of kinr, critical buckling and migration area are presented in Table 4.2.

ANL, PSI/CEA, KAERI and JAERI obtained kit by a cell calculation and the other three
participants by a separate Monte Carlo calculation for the fuel zone with reflective boundary conditions.
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The kint results show a considerable spread: the difference between the highest and the lowest
values is about 2.5% for the start-up core and about 3% for the equilibrium core. No clear correlation
with the cross-sections used can be observed. Significant discrepancies are observed between the two
JENDL-based results (about 2.0%). The four JEF-based results can be grouped into two classes
characterised by high (RIT and SCKeCEN) and low (PSI/CEA and KAERI) kint vaues. Another
interesting effect is that JEF predicts similar kinr values for both core configurations, whereas ENDF
and JENDL predict akint difference of about 1.5% between the start-up and the equilibrium cores.

Only four participants provided the results of the critical buckling and migration area. The results
are rather discrepant depending on kit and the transport cross-section cal cul ated.

Reactor calculations

Tables 4.3.1 and 4.3.2 summarise the main results of the reactor calculations for the start-up and
the equilibrium core. Before discussing these results, it is necessary to dwell on the reactor calculation
methods used by the participants. In evaluating the nuclear power, ANL, PSI/CEA, CIEMAT and
KAERI took into account the energy coming from both fission and neutron capture, JAERI and
SCKeCEN considered only the energy coming from fission and RIT neglected both the energy from
capture and from delayed gamma. An additional calculation performed by PSI/CEA using ERANOS
shows that the neutron capture contribution to the total power is about 4%; RIT estimates that the
energy coming from capture and from the delayed gamma together is about 9% of the total.

Neglecting some reactions in the power calculation increases the absolute value of the neutron
flux (which is normalised to atotal power of 377 MW) and hence affects reaction rates, neutron flux
distributions and burn-up calculations. It is easy to appropriately scale the results for the BOL cores,
however it is more difficult to estimate the impact of the flux-to-the-power adjustment on the results
involving a burn-up calculation, as the ket variation and the isotopic composition at EOL.

ket at beginning of life

For the ket Of the start-up core at beginning of life, RIT provided in addition to the JEF-2.2 value
an ENDF and a JENDL value.

The ket at beginning of life (Tables 4.3.1 and 4.3.2) show a maximum discrepancy of 4% for the
start-up core; the spread in the ket values is slightly reduced for the equilibrium core. The ket values
do not show a clear correlation with the library used, indicating that the sensitivity of the results to
the data processing route and/or the neutron transport approximation should also be investigated.
Relatively large ket differences of more than 1% arise in the two ENDF/B-VI calculations and a
maximum of 0.8% is observed between the three JENDL-3.2 based results. The multiplication factors
calculated with JEF-2.2 and MCNP (RIT and SCKeCEN) agree well, but exceed the JEF-based values
from KAERI and PSI/CEA by about 1.0%. However, interpreting these results is difficult, because
only RIT used a pure JEF-2.2 library. PSI/CEA used the adjusted ERALIB1 library and KAERI and
SCKeCEN used lead datafrom JENDL and ENDF, respectively.

KAERI performed a systematic sensitivity analysis for the start-up core in order to assess the
impact of the nuclear data for the important actinides, lead, bismuth and nitrogen on ket values and
reaction rates. For this purpose, the code ONEDANT (P: and Sg approximation) was applied to a
one-dimensional spherical core model which preserves the volume of the 2-D R-Z model. The library
ENDF/B-VI was used for al nuclides as the reference, and JEF-2.2 and JENDL-3.2 cross-sections
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were generated for actinides and other important nuclides. NJOY was used to produce 175-group
(Vitamin-J) cross-sections in MATXS-format. The sensitivities were examined by exchanging the
isotopes one after another.

Table 4.4 summarises the results for ke, and the complete set of results can be found in
Appendix D. Taking the ENDF-based ket as the reference, the substitution of Np, Am, Z°Pu and *Pu
isotopes JEF or JENDL aways has a negative effect, while the substitution of “*Pu and Cm isotopes
results in a positive effect. The absolute differences in ket when exchanging all the actinides sum to
more than 4 000 pcm for JEF and 2 000 pcm for JENDL; however, due to the compensation of
positive and negative effects, the total differencesin ket reduce to 2 250 pcm for JEF and 1 160 pcm
for JENDL. The substitution of *°N from JEF and JENDL decreases the reference ke by 423 and
450 pcm, respectively. Similar sensitivities for JEF and JENDL are aso obtained when replacing the
bismuth nuclear data: the ket decreases by approximately 75 pcm. The biggest discrepancies between
libraries arise from the lead data: the ket changes are +680 pcm for JEF and -1 108 pcm for JENDL.
The effect of al nuclides together is about -2 070 pcm for JEF and -2 800 pcm for JENDL. For JEF
and JENDL, the largest contributions arise from heavy metals, lead and >N while the contribution of
bismuth is smaller.

In a contribution to the 1999 Winter Meeting of the ANS, W.S. Yang, et al. reported a strong
dependence of ket on lead and bismuth cross-sections, substitution of JENDL-3.2 data for lead and
bismuth reducing ket by about 1.0% [10]. It is interesting to note that the JEF library used by KAERI
contains lead data from JENDL, and that the ket difference between KAERI and RIT/SCKeCEN
agrees with the bias observed by Yang. A sensitivity calculation showed that the adjustments in
ERALIB1 lower ket by 0.3% and are therefore not sufficient to explain the deviation of the Kes
calculated by PSI/CEA.

Complementary information can be obtained by comparing the three RIT values for the ket of the
start-up core. The highest ket is obtained with ENDF data; the values obtained with JEF and JENDL
data are 3.9% and 3.5% lower. For JEF, the difference is bigger than that predicted by the sensitivity
analysis of KAERI.

The multiplication factors for the start-up and the equilibrium core do not exhibit consistent
biases. This can be explained by the fact that the reaction rates in the two cores are not dominated by
the same producers and absorbers (see Figures 4.6.3 to 4.6.6). The reaction rate balances show that the
neutron production is dominated by ?°Pu (about 40% of the total production) in the start-up core, and
by #®Pu (about 25% of the total production) in the equilibrium core. The most important absorber is
#Am, followed by ®°Pu and **Am in the start-up core, and by **Am and **Pu in the equilibrium core.
The unusual reaction rate balance of the equilibrium core means that the neutronic characteristics of
this core are sensitive to nuclear data that do not play an important role in norma MOX-fuelled cores.

The reduction in the spread of initid ket values arising from the substitution of the more
conventional start-up by the unusua equilibrium core must be due to compensation effects. It appears
that, thanks to these compensation effects, the move from a start-up core to an equilibrium core does
not introduce additional uncertaintiesin the multiplication factor.

ket variation with burn-up

The ket variations with burn-up are shown in Figures 4.2.1 and 4.2.2, and the respective burn-up
reactivity drops, ksoc-keoc, including decompositions of the globa reactivity drop into actinide and
fission product components, are givenin Table 4.5.
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The burn-up reactivity drop, ksoc-keoc, ranges from 0.036 to 0.069 in the start-up core, and from
-0.004 to 0.036 in the equilibrium core, ANL predicting, in both cases, by far the highest reactivity
drop. For the start-up core, CIEMAT, KAERI, JAERI, RIT (JEF) and SCKeCEN caculate smilar
values between 3 900 and 4 100 pcm, but this is due to compensating effects between fission product
and heavy metal contributions and is, therefore, fortuitous. The results are more spread out for the
equilibrium core.

Three of the four JEF-based actinide components of the burn-up reactivity drop are consistent;
otherwise neither the actinide nor the fission-product components are well correlated with the data
library used. It is important to note that three participants (CIEMAT, RIT and SCKeCEN) used
explicitly represented fission products whereas al the other participants used lumped fission products.
PSI/CEA used lumped fission products representing only solid nuclides. The impact of the different
fission-product treatments was examined by PSI/CEA for the equilibrium core. Using lumped fission
products that include solid and gaseous isotopes increases the reactivity drop due to the fission products
by 440 pcm or about 10%.

Possible causes of the discrepancies observed in the reactivity drops are differences in the
actinide burn-up chains and the treatment of fission products (fission-product chains, lumped fission
products and fission yields); they should be investigated thoroughly. It is, for example, questionable
whether lumped fission products generated from U and Pu are representative for a system where a
non-negligible fraction of the fission (about 30% in the start-up core and about 40% in the equilibrium
core) arises from minor actinides with a higher mass number such as Am and Cm. However, no
obvious correlation related to the use of individual or lumped fission products can be observed.

The spectrum change and possible variation of the power during burn-up are other potential
causes of discrepancies in the reactivity loss per cycle and the power shapes. As demonstrated in a
sengitivity study by RIT, significant differences in burn-up reactivity drop arise from inadequate
choices of the burn-up interval after which the neutron spectrum is recaculated and/or the power
re-normalised (Figure 4.2.3): 73 day steps give a steeper reactivity loss than 1 year steps (39-10° Ak
against 22-10° AK).

Neutron spectrum

The participants provided the neutron spectrum for both the start-up and the equilibrium cores at
R =56 cm and Z = 100 cm; this point corresponds to the centre of the fuel region where the neutron
spectrum is dominated by fission neutrons.

Neutron spectra per unit lethargy are presented in Figures 4.3.1 to 4.3.4. The spectra are
normalised to a total flux of 1. The “hardness’ of the spectrum may be characterised by its median
energy. From the submitted neutron spectra, median energies have therefore been calculated. The median
energies, shown in Tables 4.3.1 and 4.3.2, indicate that the spectrum in the equilibrium core is aways
softer than that in the start-up core, and that, for both cores, the spectra are in good agreement except
for the JAERI spectrum which is clearly softer. For the start-up core, the median energy of the
KAERI, RIT and SCKeCEN spectra is only about 4% higher than that of ANL, CIEMAT and
PSI/CEA spectra. For the equilibrium core the highest values are those of the CIEMAT, RIT and ANL
spectra; the values for the PSI/CEA, SCKeCEN and KAERI spectra are about 3% lower. For both
cores the median energy of the JAERI spectrum is about 20% lower then that of the other spectra.

A comparison of the spectra themselves is more difficult because the participants used different
group structures; however the spectra of KAERI, RIT, ANL, CIEMAT, PSI/CEA and SCKeCEN are
in good agreement especially in the energy range above 5-10 keV which covers approximately 95% of
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the neutrons. Only in the lower resonance region (between 100 €V and 1 keV) do the differences
between the results become pronounced. The fraction of neutrons in this energy range is larger for
PSI/CEA, JAERI and CIEMAT than for ANL, RIT and SCKeCEN.

Neutron flux distributions

One radia neutron flux distribution corresponding to the mid-plane (Z = 100 cm) and two axial
flux distributions corresponding respectively to the centre of the target and the fuel zone (R =0 and
56 cm) were requested. The neutron flux distributions had to be normalised to the maximum reactor
power of 377 MW. The results are compared in Figures 4.4.1 to 4.4.6.

Except for two calculations which feature very low (ANL) and very high (KAERI) target fluxes,
the radial flux distributions in the start-up core are in reasonable agreement. In the equilibrium core,
the flux distributions are more spread and the ANL and KAERI digtributions deviate less from the
others.

The axia flux distribution along the target shows particularly large discrepancies, the ENDF-based
results (ANL and RIT) giving by far the lowest neutron flux. The other results are closer, but the
differences are nevertheless significant. Other big discrepancies arise when analysing the shape of the
flux distributions: the CIEMAT result shows a distinct shape in the lowest part of the target region and
the KAERI result has a vanishing flux in the zone corresponding to the duct (void region). The shape
reported from CIEMAT can be explained by the fact that they used a symmetric geometry model in
which the lowest part of the target (first 50 cm) was replaced by a void region. Therefore, the leakage
increases and the neutron flux gradient is steeper. The shape obtained by KAERI is probably due to
the diffusion approximation not being valid in the duct.

In the axial flux distributions in the fuel zone, differences in flux levels and peak flux positions
appear; the PSI/CEA result shows the lowest and RIT (JEF) the highest flux. In the latter case, no
correlation with the library used can be observed.

The discrepancies in the flux distributions can partially be explained by different subcriticality
levels. A system with alower ket needs more externa neutronsin order to maintain the chain reaction,
and thisresultsin:

o Morepeaked radial and axial flux distributionsin the centre of the reactor (target region).

o A displacement of the peak of the axia neutron flux in the fuel region towards the upper part
of the core.

The effects are particularly important for the ENDF-based flux distributions which correspond to
a significantly higher ket and therefore a much smaller number of spallation neutrons than the other
solutions. For example, in the start-up core the total number of spallation neutrons of the ANL solution
isonly about 27% of that of the PSI/CEA solution.

In the axia flux distributions a R = 56 cm the effect is mitigated since most of the neutrons in
this region come from fission reactions. However, at R = 0 cm, the ANL flux level is much lower than
the others. For the same reason, the radial distribution of ANL is the lowest in the centre region.

The RIT flux distributions in the equilibrium core, which are aso based on ENDF/B-VI, show
behaviour similar to that of the ANL distributions. The fact that the ratios of RIT fluxesto ANL fluxes
are fairly constant (about 1.2) indicates that the differences between the two distributions are mainly
due to the different power normalisation.
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Additional ERANOS calculations for the equilibrium core were performed by PSI/CEA to
quantitatively assess the impact of the subcriticality on the neutron flux distribution. By modifying the
v values to reproduce the Ker Values submitted by the participants, Keit-dependent ERANOS neutron
flux distributions were calculated. From these distributions, spatially dependent correction factors
were obtained. Finally, the neutron flux distributions supplied by the participants were adjusted to the
reference ket value of 0.95 using the spatially dependent correction factors. The adjusted neutron flux
distributions are presented in Figures 4.4.7 to 4.4.9.

In the fuel region, the shape of the axial neutron flux distributions is now in good agreement for
most participants. However, the peak position reported by KAERI is shifted to the core centre
(Z=100cm). The spread in the absolute value of the flux is still significant and the difference
between the highest and the lowest value (obtained by RIT and PSI/CEA respectively) is about 20%.
As expected, the discrepancies of the axia neutron distributions in the target region become
considerably smaller after the adjustment. The shapes of the flux distributions have a similar trend and
the values are less spread. Similar observations apply to the radial neutron flux distribution
corresponding to the mid-plane. It is interesting to note that, after the ket adjustment, the neutron flux
distributions evaluated by PSI/CEA and ANL become very close.

Asto the flux-to-power normalisation mentioned earlier, the neutron flux values provided by RIT,
SCKeCEN and JAERI are overestimated relative to the other participants and should be reduced by
9%, 4% and 4%, respectively.

Even after the ket and the flux-to-power adjustment there still remain discrepancies in both the
absolute value of the flux and its shape. Large discrepancies are observed in the shape of the axia flux
in the target calculated by CIEMAT and KAERI. The CIEMAT result for the equilibrium core shows
aunique radial distribution within the target region, with alocal minimum at R = 0. The KAERI result
exhibits a particular trend for the radial flux at the interface between the target and fuel region, and the
peak position of the axial flux in the fud is shifted to the core centre in comparison with the other
results. Finally, the RIT result with ENDF data exhibits a “reflector effect” at the interface between
fuel and reflector (radial distribution) and features that are not understood in axial distributions along
target and fuel regions, neither of which are present in the JEF-based results.

Burn-up

Unexpected discrepancies arise between burn-up values as a function of irradiation time
(Tables 4.3.1 and 4.3.2). The burn-up, defined as the total energy released from the fuel divided by the
mass of heavy metal at BOL, can be directly derived from the specification using the given thermal
power and irradiation time and the cal culated burn-up was expected to be close.

For the start-up core, four participants (CIEMAT, KAERI, PSI/CEA and RIT) quoted the value of
185.7 GWd/tnm. The value obtained by JAERI is dightly higher (+0.9%), and the value provided by
ANL is considerably lower (-5.5%). The values supplied for the equilibrium core are close to those of
the start-up cores with the exception that RIT reports a burn-up of 193.7 GWd/thw, i.e. +4% compared
with the start-up core.

In the ANL case, the burn-up value in the table only considers the energy released by fission.
However, in the flux normalisation and in the depletion calculation the energy released from radioactive
capture was correctly included. ANL estimated that about 94.8% of the total power was due to the
fission, thus explaining the above deviation of -5.5%.
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It should be noted that some codes could not compute the total thermal energy release. In these
cases, the burn-up was derived from the specified thermal power and irradiation time.

Ancther important aspect concerning the burn-up calculation is that some calculation routes
cannot perform burn-up calculations at constant power but use a congtant flux. In these cases, the
burn-up depends on the number of time steps between the flux re-normalisation and on the method
used to simulate a constant power depletion.

Source strength

The source strength, i.e. the number of neutrons per second that the subcritical reactor needs to
maintain the chain reaction, is an important parameter in an ADS calculation because it is directly
proportional to the required accelerator power. Its valueis given by the following equation [11]:

sz.(l_l). !
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where N is the number of neutrons/s, Pin the thermal power, vk and Er the averaged number of neutrons
and the averaged energy released per fission in the fuel, k the multiplication factor of the system
without source and ¢ the importance of spallation neutrons relative to fission neutrons. The variations
of the spallation neutrons with the burn-up are showed in Figures 4.5.1 and 4.5.2.

The neutron source strengths at BOL and EOL presented in Tables 4.3.1 and 4.3.2 show quite a
spread. At BOL, the ratio between the highest and the lowest values is about 7 for the start-up core and
3 for the equilibrium core. Consistent with the ket values, ANL predicts the lowest value a BOL.
KAERI predicts by far the highest vaue for both start-up and equilibrium core. The other three
JEF-based results lie in a similar range (maximum difference of about 10%) and the two JENDL -based
results show a difference of about 30% for both core configurations. A correlation with the libraries
can be observed: JEF predicts the highest number of spallation neutrons, followed by JENDL and
ENDF.

As the above equation indicates, the required number of spallation neutrons is strongly dependent
on the multiplication factor of the subcritical system. It may be interesting to isolate that effect by
dividing the source strength value by (1/k—1), in order to remove the differences due to the
multiplication factor (keeping in mind that ¢ is also dependent on k). The numerical value obtained in
this way is dependent only on P, Ef, vk and (p*, and the results should be closer. The ket-corrected
neutron source strengths for the start-up core are presented in Figure 4.5.3.

Surprisingly, the values obtained are quite discrepant, KAERI presenting by far the highest value,
and the correlation between the three other JEF-based results turns out to be fortuitous. RIT and
SCKeCEN results are closer and the PSI/CEA vaue is similar to that obtained by ANL. The two
JENDL-based results lie in a similar range. The ratio between the highest and the lowest values is
about 2 and istoo big to be explained only by differencesin libraries and cal culation methods.

Reaction rate balance components

The production and absorption reaction rates at BOL were reported for the fuel zone and for a
total power of 377 MW. The absorption reaction rates take into account only the capture and fission
contributions and the production reaction rates refer only to the neutrons from fission; no correction
for (n,Xn) reaction is made. Theresults are given in Tables 4.6.1 t0 4.6.6.
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From the reaction rates provided by the participants for both core configurations, the total production
and absorption reaction rates are computed by summing the contributions of all heavy nuclides and the
production-to-absorption (P/A) ratio is aso calculated. The P/A values are given in Tables 4.3.1 and
4.3.2, and the total reaction rates and the P/A ratios are presented in Figures 4.6.1 and 4.6.2.

The results for the total production and absorption reaction rates can be grouped in three classes
characterised by high (RIT, SCKeCEN and JAERI), medium (ANL and PSI/CEA) and low values
(KAERI and CIEMAT). The difference between these classes is significant. The capture and the
production rates estimated by the first group exceed the ones caculated by the second group by
10-15% (RIT and JAERI) and 6-7% (SCKeCEN), and the results provided by KAERI and CIEMAT
are always between 9-14% lower then those provided by ANL and PSI/CEA. According to different
normalisations of the neutron flux to the power, discussed earlier, the reaction rates provided by RIT,
JAERI and SCKeCEN should be reduced by about 9% (RIT) and 4% (JAERI and SCKeCEN).
Thiswould reduce the differences among the results.

The P/A ratios are not sensitive to different normalisations of the neutron flux. ANL (ENDF)
predicts by far the highest P/A ratios for both core configurations, whereas the other results are closely
grouped. The two JENDL-based results are similar and, among the four JEF-based results, SCKeCEN
gives the highest value and RIT the lowest value for both core configurations. The P/A in the start-up
and the equilibrium core are similar for ENDF and JENDL. However, JEF gives systematically larger
values (+2.5%) for the equilibrium core than for the start-up core. Interestingly, the ket values are not
correlated in a systematic way with the P/A ratios as one would expect. In particular, al four
JEF-based results give a lower P/A ratio but a higher ket in the start-up core. ANL, CIEMAT and
JAERI caculated similar P/A values but different multiplication factors for both cores.

The two cores are not dominated by the same producers and absorbers, as seen in Figures 4.6.3 to
4.6.6. The majority of fission neutrons come from “°Pu, #**Pu and **Am in the start-up core and from
8Py, #°Cm, *Pu and ***Cm in the equilibrium core. The majority of absorptions are due to **Am,
9Py and **Am (about 28%, 20% and 17%, respectively) in the start-up core, and to **Am, **Am and
8Py (about 20%, 15% and 15%) in the equilibrium core.

Figures 4.6.7 to 4.6.10 present reaction rates per nuclide normalised to the tota reaction rate.
There is a strong correlation with the nuclear data for the absorption rates but not for the production
rates. For JENDL, the absorption reaction rates are in good agreement, the maximum difference being
aways less than 1% for all the important nuclides. Interestingly this is not the case for the production
reaction rates for which the differences are pronounced. For JEF both absorption and production rates
are very close, taking into account that the JEF library used by KAERI includes ***"Am from JENDL,
and that the ERALIB1 library used by PSI/CEA has been adjusted, especially for Pu isotopes.

As already noted when analysing the microscopic cross-sections, there are large discrepancies for
some important isotopes. The ***Pu and *Cm absorption rates calculated with ENDF data are
considerably higher than JEF-based (+25% and +30% respectively) and JENDL-based absorption
rates (+15% for both nuclides). The JEF-based absorption rates for *Am and **Am are larger than
those obtained from ENDF (+12% for both) and JENDL (+8% and +6%). Compared with the other
results, JENDL predicts a higher *’Np absorption rates for the equilibrium core (+6%).

It is interesting to note that the normalised production rates for the two JENDL solutions differ
considerably, athough the respective one-group fission cross-sections are in good agreement.
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Reaction rate ratios relative to 2°Pu fission

The reaction rate ratios relative to “°Pu fission are presented in Table 4.7.1 (start-up core) and in
Table 4.7.2 (equilibrium core) and in Figures 4.7.1 to 4.7.4. In general, the ratios for capture are more
discrepant than those for fission. The agreement among the results is better for the start-up core than
for the equilibrium core.

With regard to fission ratios, all four JEF-based results generally show a good agreement whereas
the discrepancies between the two JENDL -based fission ratio results are quite large. Compared to the
JAERI results, CIEMAT obtains higher fission rate ratios for most isotopes (between +5% and +17%)
and lower fission rate ratios for 2*'Pu, **"Am, 2*Cm and ***Cm (between -3% and -4%) in the start-up
core. A similar trend is observed in the equilibrium core. The CIEMAT results are more consistent
with those obtained using JEF data, except for *?Cm (20%). These discrepancies are probably related
to the softer spectrum calculated by JAERI.

In comparison with the results obtained with JENDL or JEF data, ANL ENDF-based results
report higher fission ratios in both cores for **"Am and **Am (between 10% and 20%) and lower
fisson ratios for *?Cm, **Cm and 2*Cm. Large discrepancies are observed for **Np in the
equilibrium core: the ANL vaue is 9 times smaller than those reported by PSI/CEA, RIT and
SCKeCEN and isfive times smaller than those obtained by CIEMAT, JAERI and KAERI.

Concerning capture ratios, the difference between the two JENDL -based results are pronounced
in both cores (more than 6% for al isotopes). The agreement among the four JEF-based results is good
for most nuclides (less than 6%) except for 2*Cm (10%) and the Pu isotopes (up to 20%), for which
the PSI/CEA results deviate from the others. The **Np capture ratio reported by KAERI is similar to
the value from CIEMAT, i.e. 140% larger than that from other JEF-based results. Large discrepancies
between JEF- and JENDL-based results are observed, especialy for /U, 2°U, ®®pu, ?*Pu and Cm
isotopes. ANL ENDF-based results are closer to the JEF-based results for %*U, *°U, ®'Np, *°Pu,
2Py and Cm isotopes (except for **Cm) whereas they differ strongly from both JEF and JENDL
results for the 22pu, ?*'Pu, **Cm and all Am isotopes.

| sotopic composition at EOL

The isotopic composition a EOL for both the start-up and the equilibrium core are given in
Tables 4.8.1 and 4.8.2, respectively. Significant discrepancies in the results are observed. The results
are only partialy correlated with the nuclear datalibraries used.

Before discussing the isotopic composition of the irradiated fudl, it is interesting to compare the
fractions of heavy metal that fissioned during the five years of irradiation. Surprisingly these fractions
are strongly different and can be grouped into two classes characterised by a high “burn-up” (KAERI,
RIT and SCKeCEN, al using the JEF library) and a low “burn-up”. For the start-up core, the high
values are between 21.3% (RIT) and 22.0% (SCKeCEN) and the low values between 18.5% (PSI/CEA)
and 18.8% (ANL). Similar observations apply to the equilibrium core. The difference in the “burn-up”
between the two “classes’ islarge (more than 15%) and cannot be fully understood.

As mentioned earlier, the differences in power calculation have consequences on the fraction of
heavy metal that fissioned. RIT, JAERI and SCKeCEN did not take into account some reactions when
calculating the power and therefore they obtained higher neutron fluxes and higher reaction rates
which increase the fraction of fissioned heavy metals. The magnitude of this effect (about 9% for RIT
and 4% for SCKeCEN and JAERI), however, is not sufficient to explain the discrepancies observed in
the total concentration of heavy nuclides at EOL.
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The nuclide densities at EOL reported by the participants are plotted in Figures 4.8.1 to 4.8.2
together with the prescribed densities at BOL. As expected, a strong dependence of the isotopic
composition on the “burn-up” is observed. In comparison with the other participants, RIT, JAERI and
SCKeCEN (high burn-up) report lower densities for burnt isotopes, such as *Np, #°Pu, **Pu, **Am
and **Am and higher densities for built-up isotopes, such as ??Pu, Cm and 2*Cm.

The anaysis of the uranium composition at EOL shows a different trend for the two cores.
The discrepancies are considerably higher in the start-up than those in the equilibrium core. In the
start-up core, SCKeCEN and KAERI obtained a significantly lower concentration of *°U at EOL
compared to that obtained by the other participants (the values are about 6 and 16 times smaller).
Interestingly, SCKeCEN gives a very low *°U concentration (-25% compared to the average of all the
participants), whereas KAERI reports a high concentration of this isotope (+13%). When considering
the equilibrium core, the results provided by SCKeCEN and KAERI are closer to the other results
except for 2°U, for which KAERI obtains a value that is 15% above the average. These discrepancies
may be due to a different treatment of the (n,2n) reaction for *’Np which generates ?°U. In the
start-up core, the uranium is not present at BOL and the majority of “*U is therefore generated from
Np, whereas in the equilibrium core the concentration of uranium a BOL is significant and the
production of ?°U and “*U is mainly due to the capture reactions in 2*U and *U (the capture reaction
rates at BOL for the equilibrium core were found to be in a good agreement).

The differences for *’Np are similar for both cores. The maximum deviation from the average is
about 6%. Higher discrepancies arise for the plutonium compositions at EOL. In particular the values
for ?®Pu show a considerable spread, SCKeCEN and ANL reporting the extreme values (+10% and
-9.5% relative to the average for the equilibrium core). The results for the two other fertile isotopes,
0Py and **?Pu, are more closely grouped, with the exception of SCKeCEN which predicts far lower
values (-15% and -26% respectively in the start-up core).

The densities of the fertile Am isotopes show a correlation with the cross-section data used,
ENDF and JEF giving the highest and the lowest concentrations, respectively. Some discrepancies in
the results are related to differences in branching ratios or to a different treatment of some reactions.
For example, the differences observed in the **"Am and *Cm concentrations are due to discrepancies
in the branching ratios for the (n,y) reaction of **Am. Most participants used the 0.2/0.8 value for
22 Am/#?Am, whereas RIT used 0.225/0.775, PSI/CEA used 0.15/0.85 and SCKeCEN used 0.09/0.91.
Consequently RIT obtains the highest and PSI/CEA and SCKeCEN obtain the lowest concentration of
22MAm. As expected, the opposite effect is observed for 2Cm.

Regarding the Cm isotopes, large discrepancies are observed for **Cm and **Cm. The results
seem to be correlated with the library used. JEF gives the highest ***Cm and the lowest **Cm
concentration. Good agreement is observed for **Cm, especially for the equilibrium core.

Safety parameters

The results for the coolant void reactivity effect, the fuel Doppler effect and the effective delayed
neutron fraction (Berr) are givenin Tables 4.3.1 and 4.3.2.

Coolant void reactivity calculations are traditionally difficult. Only integral values for the coolant
void reactivity from ket difference calculations are available. The JENDL-based calculations by
CIEMAT and JAERI give similar results (agreement within about 10%). Assuming that the
Monte Carlo calculations by CIEMAT and RIT can be considered as reference calculations which are
only sensitive to differences in nuclear data, the decrease in the BOL coolant void reactivity arising
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from the substitution of JENDL-3.2 by JEF-2.2 is about 30% (26% for the start-up core and 32% for
the equilibrium core). For the other JEF-based coolant void reactivity predictions, one observes a
maximum deviation of 30% with respect to the RIT prediction. It isinteresting to note that in the ANL
and JAERI cases, the voided core becomes supercritical.

A genera observation regarding the fuel Doppler reactivity and Berr values is that they are small
compared with typical values of MOX-fuelled fast reactor cores due to the absence of ***U and due to
the harder neutron spectrum. The results of the B+ cal culations depend mainly on the delayed neutron
data.

The calculated Doppler reactivities are dmost zero. The ability to predict the magnitude of the
Doppler reactivity in more conventional fast reactors was demonstrated with an uncertainty of +15%,
which corresponds to an uncertainty of about £100 pcm. It is therefore difficult to compare the values
in the tables, all very small and dispersed around zero. Since the Doppler reactivity comes essentially
from capture and fission reactions in the resonance energy region, a more thorough insight into the
calculation procedures used by the participants, especialy the resonance self-shielding treatment,
would be necessary to understand the discrepancies. In the case of Monte Carlo calculations, attention
should be paid to statistical uncertainties in the safety parameters (in the case of CIEMAT, datistica
errors reported are about £100%).

The Ber values lie in the expected range; they are smaler than typica values for normal,
MOX-fuelled fast reactor cores by about a factor of 2. Group and isotopic component-wise Best vaues
predicted by ANL, PSI/CEA and JAERI are presented in Tables 4.9.1 and 4.9.2. ANL and JAERI
applied the ENDF/B-VI library for their calculations, while PSI/CEA used the JEF-2.2 library. Both
libraries give similar isotopic components of B«r. However, ANL (ENDF/B-VI) gives a total vaue
smaller than that of JAERI because the Ber contributions of 2?"Am, #*Am and Cm were not taken into
account (the respective delayed neutron data are not available in the ENDF/B-VI version of ANL).
JAERI used the delayed neutron data of **"Am, **Am and **Cm isotopes from JENDL-3.2.
PSI/CEA took into account the contribution of al the isotopes. Therefore, PSI/CEA predicts larger Be
values than ANL and JAERI. It is interesting to observe that the Monte Carlo calculations give even
larger Ber values, although RIT used the delayed neutron data from ENDF/B-VI and did not consider
22MAm, **Am and Cm isotopes (CIEMAT used the delayed neutron data based on JENDL-3.2).

Activity, decay heat, neutron source

Five participants provided partial results for the activity from actinides, fission products and
activation products, the decay heat, and the neutron source due to spontaneous fission and (c,n)
reactions. They are summarised in Tables 4.10.1 to 4.10.5 and shown in Figures 4.9.1 to 4.9.10.

Activity

Only JAERI and PSI/CEA provided the results for the activity of the activation products.
The results are close at the end of irradiation but the difference increases with cooling time. JAERI
predicts a faster drop of the activity with the cooling time than PSI/CEA. Both participants predicted a
higher activity in the equilibrium core than in the start-up core.

Four participants provided results for the activity of the heavy metals. The results reported by
CIEMAT and JAERI are close and those obtained by PSI/CEA are lower at the end of irradiation
(-40% for the start-up core and -10% for the equilibrium core). The results from SCKeCEN are more
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than 6 orders of magnitude lower. Interestingly, the activity caculated by PSI/CEA becomes larger
than that calculated by CIEMAT and JAERI after two years of cooling time; the discrepancy between
the results is always lower than 6% for the following time steps.

Only JAERI and CIEMAT performed the calculation for the fission product activity. The variation
of the activity during the cooling time is similar, but the initial values differ considerably, JAERI
predicting an activity about 2.5 times higher than CIEMAT (it should be noted that JAERI used
lumped fission products in the burn-up calculation).

RIT provided only the total activity, without a breakdown into the different components. Activity
at the end of irradiation is lower than that obtained by CIEMAT and JAERI, but the difference
becomes smaller with increasing cooling time. The largest discrepancies in the activity calculation
arise from the fission products and, therefore, the results are more spread at short cooling times.
Activity from heavy metals, which dominates at longer cooling times, is calculated more accurately.

Decay heat

Decays of heavy metds, fission products and activation products contribute to the decay heat.
PSI/CEA did not cal culate the contribution due to the fission products, which is dominant at the end of
irradiation, and CIEMAT did not consider the contribution due to the activation. It is therefore
difficult to make a direct comparison of the results. As expected, the four results show large
discrepancies at the beginning of the cooling time. JAERI reports the highest and PSI/CEA the lowest
value. The results show a better agreement after two years of cooling when the maximum differenceis
about 13%. As for the activity, the decay heat calculated by PSI/CEA and RIT becomes larger than
those calculated by JAERI and CIEMAT after two years of cooling.

Neutron production

RIT, JAERI and CIEMAT provided the neutron production from (o,n) reactions. The results are
very close between CIEMAT and JAERI. RIT predicts a slightly higher value (+15% at the beginning
of cooling time). The values are even closer when the cooling time increases. At the end of cooling
time, the difference among the results is less than 4%. The number of neutrons produced by (c,n)
reactionsin the start-up core is about 28% higher than that in the equilibrium core.

RIT, JAERI, PSI/CEA and CIEMAT reported the neutron production due to spontaneous fissions.
Except for the results from PSI/CEA, which are considerably higher than the other results, there is a
relatively good agreement. RIT obtains a higher value than JAERI and CIEMAT. The difference is
about 10% for both core configurations and is approximately constant during the cooling time.

2190 activity of target
The calculated activity of the ?°Po in the target region for the start-up core is given in Table 4.11.

Only RIT and JAERI provided the results. The two results are relatively close. However, the value
reported by JAERI is higher by 23%.
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Chapter 5
CONCLUSIONS

An international benchmark exercise for an accelerator-driven minor actinide burner was
undertaken in the framework of the OECD/NEA. Seven organisations contributed to this benchmark
exercise using different basic data libraries and reactor analysis codes and applying both deterministic
and Monte Carlo methods. The analysis of the results shows significant discrepancies in important
neutronic parameters such as one-group microscopic cross-sections, kint, initial ke, burn-up reactivity
swing, flux distribution and safety parameters. Strong discrepancies also appear in the estimation of
the externa neutron source, an important parameter for an ADS because it determines the requested
accelerator power.

As demonstrated by a separate parametric study, the discrepancies are mainly due to deficiencies
in the nuclear data of actinides which are abundant in cores dominated by minor actinides but do not
significantly influence the reaction rate balance of conventional MOX cores. However, the impact of
the different nuclear data could not fully explain the discrepancies observed in the results. In future
benchmark exercises, attention should therefore be given to both the data processing route and the
neutron transport approximations.

Concerning the burn-up calculations, attention should be paid to the treatment of the fission
products and to the actinide decay chains, taking into account the unusual fuel compositions featured
by minor actinide burner cores.

The causes for many of these discrepancies still require clarification, and efforts in this direction
should continue if the calculation tools are to be applied to detailed design calculations for ADS cores
dominated by minor actinides. A benchmark based on experimental results would be necessary to
better understand the origin of discrepancies observed.
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Table 3.1. Participating organisations, data libraries and codes

Organisation Basic datalibraries Codes/code systems
(country)
ANL ENDF/B-VI MC*-2
(USA) ENDF/B-V (lumped fission products) | TWODANT
REBUS-3
CIEMAT JENDL-3.2 EVOLCODE system
(Spain) EAF-3.1 (burn-up) (NJOY, MCNP-4B, ORIGEN-2.1)
ENDF/B-VI (fission yields)
KAERI JEF-2.2 TRANSX-2.15 and TWODANT
(Korea) JENDL-3.2 (Pb,,, “*"Am) DIF3D-7.0
REBUS-3
PSI/CEA JEF-2.2 (based ERALIB1) ERANOS

(Switzerland/France)

ORIHET (activity and decay heat)

JAERI JENDL-3.2 ATRAS

(Japan) (SCALE, TWODANT, BURNER,
ORIGEN-2)

RIT JEF-2.2 NJOY, MCNP-4B, MCB (burn-up)

(Sweden) ORIGEN-2

SCKeCEN JEF-2.2 (except for Pb and U which |NJOY 97.95, MCNP-4B,

(Belgium) are from ENDF/B-V1) ORIGEN-2, BATEMAN2
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Table 4.2. Infinite multiplication factor, buckling and migration area

(a) Start-up core

kinf Bz M ’
ANL 1.15894 1.0114E-03 157.15
1.13732
CIEMAT (+0.00059) - -
KAERI 1.13256 6.8650E-04 193.10
PSI/CEA 1.13141 8.6493E-04 214.69
JAERI 1.15920 - -
RIT 1.14900 - -
SCK eCEN 1.14729 9.561E-04 154
(b) Equilibrium core
kinf Bz M ’
ANL 1.14420 8.7295E-04 165.21
1.11629
CIEMAT (+0.00043) - -
KAERI 1.13366 6.5130E-04 205.20
PSI/CEA 1.13165 8.5179E-04 230.17
JAERI 1.14192 - -
RIT 1.15000 - -
SCK eCEN 1.14884 9.589E-04 155
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Table 4.4. Effect on k,, of each actinide, “N, Bi and Pb,, of different libraries
Reference k,, = 1.00007: All ENDF/B-VI data

Exchanged JEF-2.2 JENDL -3.2

nuclide Ko Ak (pcm) | Ak/atom* Kt Ak (pcm) | Ak/atom*
“*Np 0.998257 -181 -4.14 0.997425 -265 -6.05
“'Am 0.986861 -1321 -16.34 0.99744 -263 -3.25
*TAm 0.996619 -345 -316.8 0.997574 -250 -229.57
“*Am 0.992768 -730 -12.53 0.99502 -505 -8.67
“*py 1.00073 66 15.62 1.00067 60 14.2
“*Cm 1.00008 1 245.16 1.00008 1 245.16
**Cm 1.00102 95 285.63 1.00065 58 174.38
*Cm 1.00118 111 4.68 0.999148 -92 -3.88
**Cm 1.00675 668 211.13 1.00266 259 81.86
“*Cm — - - 1.00006 -1 -18.67
Py 0.996104 -397 -7.86 0.999828 -24 -0.48
“Puy 0.998555 -152 -6.55 0.997618 -245 -10.56
*'py 0.999424 -65 -5.28 1.00114 107 8.69
“’Py 1.00007 0 0 1.00007 0 0
“N 0.995843 -423 - 0.99551 -456 -
“Bi 0.99934 -73 - 0.999303 -77 -
Pb,. 1.00687 680 - 0.988994 -1108 -

* Ak/atom, in units of 1E-24.
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FIGURES






Figure 2.1. R-Z model of accelerator-driven minor actinide burner system

200
kel Reflector
o
>
150
g Core
_\C: (Fuel region)
2
[
@
=
©
|_
50
0 T
0 20 92 142

Radius (cm)

69



Ndzyz

adojos|

Ndyyz Ndgye Ndeee Ndge, dNge, dN, e, Ngez

Ngez

Nyez

(430) N3OMOS [
(430) 193wy O

(33r) v3onsdO

(4an3) INVE

- ¢0

- ¥'0

- 90

- 80

A

(pebe Jone |jp2) SUOI108S-8S0.10 8 N1de) 2100 dn-11els “T'T 9inbi4

A’

(ureq) suonoas-ssoi)

70



adojos]

Ndzyz Ndyyz Ndgyz Ndgez Ndgez dNgez AN ez Nogz Ngez Nyez
; ; “ } } 0
+ 2o
|| +vo
+ 90
+ 80
(7an3c) 19aveg
(7aN3c) Lvw3ain |
+1
(430) N3OOSO
(43r) 1190
+271
(430) v3o/ISdm
A

(pabe Jone 8 100) SUO11385-550 40 @ Jn1de) 9100 dn-1.1e1s "z T794nbi4

(ureq) suonoas-ssoI)

71



WOgyz WO,z

(43r) NTOMOS |
(330) 143wy O
(33r) v30/11sd0O

(4aN3) INV R

adojos|

EO@#N EOmvN EOva C‘_Omvw EONvN E(mvw E(vaw

E(ﬁvw

-¢o0

-0

- 90

- 80

rCT

-1

- 9T

(pabe Jone |j92) SUOI1095-8S0 40 8 INjde) 8100 dn-1rels Ty 9.nbi4

8T

(useq) suon2as-ssoId

72



adojos|

C\_Omvw C\_Ohvw C\_vaw EOmvN C\_Ovvw C\_Omvw C\_vaw E(mvw E(vaw E(iN
t t t t t - 0
+zo
+ 0
+ 90
+ 80
+1
(laNap) rMaves Tl
(7aN3c) Lvyw3iom
(43r) N3OOSO +¥7T
(430) L1y O
(43r) v30/1Sd M +97T
8T

(pabe Jone 8 100) SUO11385-550 40 @ Jn1de) 9100 dn-1.1e1s T 94nbi4q

(ureq) suonoas-ssoid

73



adojos|

Ndzye Ndyye Ndoye Ndgee Ndgee dNgez dN,ez Nogz Ngez Nyez
-0
+20
+ 70
+90
+ 80
+1
(430) N3O*MOS |
+2T
(330) 19avy O
(33r) v3onsdOo
+vT
(4aN3) INVE
97

(pabe Jone |jp2) SUOI11995-8S0 40 8 JndeDd 2100 wniql|inb3 ‘G T a.nbi4

(useq) suon2as-ssoId

74



adojos]

Ndzyz Nd1ye Ndoye Ndgee Ndgee dNge, dN,e. Ngez Ngee

(laNac) 19ave e
(laN3r) Lywaio |
(430) N3oeMOS O
(430) L9 O

(43r) v3o/1sdm

Nyez

- ¢o0

- ¥0

- 90

- 80

rcl

T

(pabe Jone 8 .102) SUO11985-550 40 @ Jnjde) 2100 wnliqljinb3 "9 Ty aInbi4

9T

(ureq) suonoas-ssoI)

75



EOmvN w Ohvw

adojos]

EO@#N EOmvN EOva EOmvN EON#N E(mvw E(EN#N

(430) NIOXOS |
(430) Iyawvy o
(33r) v3onsdO

(4aN3) INVE

E(ﬁvw

-0

- ¥0

- 90

- 80

¢l

A

9T

- 871

(pabe Jone |jp2) SUOI11995-8S0 40 @ Jn1ded 2100 wnliql|inb3 2 T aInbi4

(ureq) suonoas-ssoid

76



adojos]

EOmvN thvw EO@#N EOmvN EOva EOmvN EON#N E(mvw E(EN#N

(7an3e) i93aveg

(laN3r) Lyw3a1om
(430) N3OoeXOSH
(430) LiEO

(43r) vao/sdm

E(avw

-0

- ¥0

- 90

- 80

rcl

A

9T

- 8T

(pabe Jone 8 .102) SUO11985-550 10 @ Jnjde) 2100 wnliqljinb3 ‘8T aInbi4

(ureq) suonoas-ssoi)

7



Ndzye

Nd1yz

adojos]

Ndoye Ndgee Ndgee dNgez dN,ez Noez Neez Nyez
“ “ “ “ “ 0
- G0
- T
- ST
1 - e
- 6C
(43r) N3OMOSH
(430) Iyawvyo
] (430) v3onsdOo - e
(4aN3) INVE
g'e

(pabe Jone |jp2) SUOI109S-SS0 IO UOISSIH 2100 dn-1.1e1s ‘6 T794nbi4

(useq) suon2as-ssoId

78



Ndzyz

Nd1yz

adojos]

Ndgye Ndgee Ndge, dNge, dN,e. Ngez Ngez Nyez

(7aN30) 19aves
(7an3e) Lvyw3aiom
(43r) N3OOSO

(43r) 1190
(43r) v30/1ISd I

- G0

- GT

- G'¢

(pabe Jone 8.102) SUOI1995-SS0 IO UOISSIH 9109 dn-1.1e1s 0T T'24nbi4

S'€

(ureq) suonoas-ssoi)

79



WOgy WO,z

(430) N3OMOS |
(330) 193wy O
(33r) vaonsdo

(4an3) INVE

adojos|

EO@#N EOmvN EOva C‘_Omvw EON#N E(mvw E(vaw

E(ﬁvw

-GS0

ST

- G¢

(pebe Jone [jp2) SUOI108S-SS0 10 UOISSIH 9109 dn-14e1s "TT' T a.nbiq

g€

(ureq) suonoas-ssoi)

80



adojos]

EOmvN C‘_ODNN EO@#N EOmvN EOva EOM#N EON#N E(mvw E(EN#N

(7aN3c) 19aveg

(7an3c) Lvwan e

(43r) N3OOSO

(43r) 1190

(430) v3o/ISdm

E(avw

-GS0

ST

- G¢

(pabe Jone 8.102) SUOI1995-SS0 IO UOISSIH 9100 dn-1.1e1s g1 T'24nbi4

g€

(ureq) suonoas-ssoi)

81



Ndzyz

Ndyyz

adojos|

Ndoye Ndeee Ndge, dNge, dN,e. Noge Ngee

Nyez

(43r) N3oMOS [
(330) 193wy O

(43r) v3o/sdO

(4an3) INVE

- G0

-GSl

- G'¢

(pabe Jone |j92) SUOI109S-SS0 IO UOISSIH 2400 winliqljinb3 €T T 94nbi4

SR

(ureq) suonoas-ssoi)

82



_\._ﬂ_NvN

_\._ﬂ_HvN

adojos|

Ndoyz Ndgez Ndgez dNge, dN,¢, Noez Ngez

Nyez

(7an3c) 193vee
(7aN3c) Lvywaiom
(430) N3OOSO

(430) L1¥O

L (430) v30/1ISdm

- G0

-GT

- G'¢

(pobe Jone 3 102) SUO11985-SS0 JO UOISSIH 9100 Winliqi[inb3 T 11 84nbi-

g€

(ureq) suonoas-ssoI)

83



WDgyz WO,z

adojos|

EvaN EOmvN EOva C‘_Omvw EON#N E(mvw E(EN#N

(430) N3OMOS [
(430) 193wy O
(33r) v3onsdO

(4an3) INVE

E(avw

(pabe Jone |jp2) SUOI108S-8S0 10 UOISSIH 9100 Wnligl{inb3 'GT T 94nb14

q'¢

(ureq) suonoas-ssoI)



adojos|

EOmvN C\_Ohvw C\_vaw C\_Omvw EOva C‘_Omvw C‘_ONQN E(mvw E(EN#N E(iN
| WH_H- | A
+ g0
+71
+971
+z
(7aN3c) 193ve g + 52
(7aN3c) Lvw3aiom
(43r) N3oeMOS O
+e€
(330) 11O
(33r) v3o/1ISdm
ge

(pobe Jone 3 102) SUO11985-SS0 JO UOISSIH 9100 WiN1iqi[inb3 9T T 84nBi-

(ureq) suonoas-ssoI)

85



Ndzyz

adojos]

Nd1ye Ndgye Ndge Ndgee dNge, dN,e. Noge Ngez Nyee

3100 |ISd @

1®21sd0

8103 N3OeXOS O

(193 NIOeXOS |

-0

Al

- 90

- 80

¢l

T

(®400 wn1igljInba) suo1198s-ss0 40 8 IN1ded U0 spoyew Buibe oAe jo uosiredwo) 2T T ainbi

97T

(ureq) suonoas-ssoid

86



Ndzyz

adojos]

Nd1ye Ndgye Ndeee Ndge, dNge, dN, e, Ngez Ngee Nyee

9l00 |ISd @

192 1sdO

8100 N3DOMOS O

(190 N3OeXOS |

-GS0

-GSl

- G¢

(8400 win1ig1Inba) SUO11995-550 0 UOISSI) J0) spoyew Buife jeae Jo uosiredwo) 8T T8 4nbi4

g€

(ureq) suonoas-ssoid

87



adojos|

EOmvN C‘_ODNN EvaN EOmvN EOva EOmvN EON#N E(mvw E(EN#N E(ﬁvw

39100 |ISd

182 1SdO

8100 N3DMOS O

(193 NIOeXOS

- c0

-0

- 90

- 80

rcT

-1

9T

87T

(®400 wn1igljInba) suo1198s-ss0 40 8 1N1ded U0 spoyew Buibe oAe jo uosiredwo) 6T T 2Inb1

(useq) suon2as-ssoId

88



adojos]

EOmvN C‘_ODNN EO@#N EOmvN EOva C‘_Omvw EONvN E(mvw E(EN#N E(avw

9100 |ISd @

192 Isd O

8100 N3OOSO

183 NIO*MOS H

- G0

-GSl

- G'¢

(8400 win1iqg1Inba) SUO11985-550 0 UOISSI) J0} Spoyew Buife jeae Jo uosiredwo) "0z T8 4nbi4

g€

(ureq) suonoas-ssoid

89



(sreak) dn-uing

060

(aN3C0) LIY-- o --
N3IDOMNIOS —m—
LIy —e—

v3ao/ISd ——
43IV —e—
1IVINTIOD--e--
INVY - —- -

- 16°0

- ¢6°0

- €6°0

- 76°0

- G6°0

96°0

+ .60

+ 860

660

uollelfen *#y 9102 dn-1reis ‘Tz a4nbi4

i )

90



(s1eak) dn-uing
14 € 4 T
t } } t ¢6°0
+— €60
NIOeMOS —m—
Lid—— 1 €60
143vC------
T ¥6'0
- ¥6°0

v3d0/ISd ——
143VH —e—

LYW~ o --
INY - —- -

160

uollelfen *#y 2100 wntiqljinb3 'g'z'y 91nbi4

91



0'S

00

(sreah) dn-uing
ot o€ 0C 0T
“ “ “ “ 260
1 €60
1 €60
+ 60
_ 1760 &
+ G6°0
) + 660
dois AT (2'z4ac) ¥ ------
dais Aep £/ (z'z43r) #* T 960
96°0

9100 dn-1.Je1s Joj uoire|nofed | |y :doip AlIAI10ES 1 8y) Uo SfeAeiul dn-uing Jo 109113 €2y 9Inbiq

92



c0+30°T

(naIN) ABusu3

T0+30°T 00+30°T T0-30°T ¢0-40°T €0-30°T ¥0-30°'T

S0-30°T

T B

P

- Fl

T

Vv30/ISd ——
NIOeHIS + ===

90-30°T

- G0-30°T

- ¥0-30°T

- €0-30°T

- ¢0-30°'T

- T0-30°T

(suonnjos passeq 43r) 8102 dn-1.ueis ay) Joj wnJoads uoineN T oinbi4

00+30°T

(T 01 pasijew.ou) xn|j uoJlnaN

93



¢0+30°T

(AaIN) ABiau3g

T0+30°T 00+30°T T0-30°T ¢0-30°T €0-30T 70-30°T S0-30°T

1VYINTID

(suonnijos peseq 1ANIC pue 4AN3T) 8400 dn-11eis8y] Jo) WwN.10ads uoJIneN ‘Z'syainbi4

90-30'T

S0-30'T

¥0-30°'T

€0-30'T

¢0-30°T

T0-30°T

00+30°T

(T 01 pasijewsou) xnjj uoJinaN



¢0+30°T

(AaIN) ABiau3g
TO+30°T 00+30°T TO-30'T ¢0-30'T €0-30'T 70-30

T

S0-30°T

143V
Vv3J/1Sd

NIDeHOS

90-30°T

- S0-30°T

- ¥0-30°T

- €0-30°T

- ¢0-30°T

- 10-30°T

00+30°T

(suonnjos paseq 43r) 102 wniigijinba ay) 4o} wn1309ds uo JINBN "€'€ a.nbi4

(T 01 pasijewliou) xnjj UoIINaN

95



¢0+30°T

(naIN) ABuau3
T0+30°T 00+30°T TO-30°T ¢0-30°T €0-30°T 70-30°T G0-30°T

f t f f f f T 90-30°T

-G0-30°'T

-70-30°'T

-€0-30°'T

-¢0-30°'T

-T10-30°T

00+30°T

(suonnjos psseq TANIC pue 4aN3) 8Jod wniigljinbd ayl Jo} wnJ10ads uoIneN 'S 91nbi4

(T 01 pasijewsou) xnjj uoJinaN

96



(w2) uonisod [eIXY

N B = = = = = = P
o © [o0) ~ o a1 N w )
o o o o o o o o o
Py o o b & ] 1 1 1
v v v T T T T

= I
= o © o)
o o o o
] ] 1 ]
T T T T

T 0L
T+ 09
T 0§
T Ov
T 0€
T+ 0
T+ 0T
0

00+30°0

ST+30°¢C

n
-
+
L
<
<

(OSS/ZLUO/U) XN|} uoJinaN

NIDeNIS —m— T GT+30°9
(430) L1y —e—
[4ave------
v32/ISd—— + S1+30°8
4V —e—
IVNTID -~ --
NV - == 4+ 9T+30°T
9T+32'T

0 =¥ Te uonNguIsIp Xn|} eIXY 2100 dn-1Je1s T aInbiq

97



(wo) uonisod eixy

O © ® N o a A W N B O © 0 N o g » W N B
© © &6 o © © o © © o 6 © © o O o o o o o o

¢ 4 4 * f f f f t t f f f f f f f f t 00+30°0

+ GT+30°¢

+ GT+30'Y

4 s1+30°9
NIOeMOS —=—
(4aN3) LY --o0-- | T SFF308
(430) L1y —e—
I EN /.
4 97+30°T
v3D/ISd ——
43V —e—
WYWIID-- o | | gragzT
INY - —-—
o
OT+3V'T

0 =¥ Te UONINQUISIP XNJ} [RIXY D100 WN1IgINb3 g4y aInbi4

98

(OSS/ZLUO/U) XN[} UOJINSN



(w2) uonisod [eIxy
—L
—L
o

©

- 002
T 061
T 081
T 04T
T+ 09T
T 0ST
T OVT
T OET

—L
N
o
1
T

T 00T

[0} ~ (2] a
o o o o o
1 I I I I
T T T T T

T OV

T+ 0€
T 0¢
T+ 0T

00+30°0

NIOeHOS —m—

(43r0) L1y —e—

v30/ISd ——
IV —e—
1YW3ID--o--
INY - —- -

¥1+30°S

ST+30'T

ST+3G'T

ST+30°¢C

GT+3G9°¢C

ST+30°€

ST+3G°€

0G =¥ Te uonNQLISIp XN|} RIXY 3100 dn-11eis €'y 94nb

14

(OGS/ZLLIO/U) XN[} UOJINaN

99



(w2) uonisod [eIxy

[E=N

- 00C

B = = = = = = B =

© o) ~ o a1 N w N} = o © ® ~ o a1 N w N =

o o o o o o o o o =) o o o o o o o o o o

t } } } } } } t } t t } } } } } } } } 00+30°0
YT+30°G
GT+30°7T

ST+3G'T

ST+30°¢C

GT+35°C
NIDOeHNOS —m—
(daN3) 11y - = -
(430) Ly —— | T ST*30%€
[43ave------
v30/ISd—— + gT+35°€
43V —e—
LYW3ID--0-- 1 c14309
INY - —-—
GT+3S'P

9G = Je uolNQLIISIp XN} [eIXY 402 wnligiinb3a ¥ 8Inbi4

(OSS/ZLUO/U) XN[} UOJINSN

100



44"

(wo) uonisod [eipey

R =

W N B O © © ® N N oo o a a b~ B W OW N DN P B

O © o © N OO0 & o o o0 o o & ;o ¢ O u O u o tu o

—t+t—t—+—+—+—+——+—+——+——+—F+——F+—F—+—+—+—1+00+30°0
+ GT+30°T
+ GT+30°¢

- ST+30°€

-rST+30°V

NERD . | c1+30'S
LI —e—
I4aVC--- - ,
v30/ISd—— Ve 4 GT+30°9
143V —e—
LYW3ID -0 --
INY - — - — GT+30°L
® GT+30°8

00T = Z Te uolINgLIsSIp Xn|} eipey 2400 dn-11e1s 'Sy 2 Inbi4

(OSS/ZLUO/U) XN[} UOJINSN

101



T ¢6

(wo) uonisod [eipey

~ (o2} (o2} a1 a1
0 C._ 0 C._ 0
_ _ _ _ _
_ _ _ _ _

+s8
+ 08
+ 5L

N N w w
[6)] o [6)] o
1 ] 1 1
T T T T

T G¢
T 0¢
T 9T
T OT
S
0

t 00+30°0

NIOeMOS —m—
(4aN3) 11y - - -
(z'243c) L1y —e—

v30/ISd——
43IV —e—
LYWN3ID--o--
INY - -

ST+30'T

ST+30°¢C

ST+30°€

ST+30'V

ST+30°'S

ST+30°9

ST+30°2

ST+30°8

- GT+30°6

00T = Z Te uonNqLIISIp Xn|} elpey 9409 wnligljinb3 '9'y'v 9 Inb1

(OSS/ZLUO/U) XN[} UOJINSN

102



(w2) uonisod [eIXY

N P P P = = B P P P P

o © © ~ o a N w ) P o © © ~ o a1 TN w N =

S S o o o o o o o o S o o o =} o s} o o s} o

¢ * + + * t f f f f f f f f t f f } f t 8 00+30°0
T ST+30°¢
T ST+30°V

- GT+30°9

- GT+30°8

NIOeMOS —m—
(HaN3) LY - - 1 o1+30T
(43r) L1d —e—
[43ave------
v30/ISd —— IR
43V —e—
LVNIID--0-- 1 orsapt
INY - —- -
9T+39°'T

G6°0 = ) 01 pasnipesanfen ‘0 = ¥ Je UolINgUIISIP XN} [eIXY L7 81nb14

103

(OSS/ZLUO/U) XN[} UOJINSN



(wo) uonisod eixy

P =
= o © o)
o ) o )
1 1 1 1
T T T T

T 0L
T+ 09
T 09
T v
T 0€
T+ 0¢

NIOeMOS —m—
(4anN3) 11g -~ -
(430) L1y —e—

v30/ISd ——
IV —e—
1VNIID-- e -
INY - —- -

00+30°0

r ¥T+30°S

+ ST+30°'T

- GT+39'T

- GT+30°C

- GT+3G°¢C

- GT+30°€

- GT+3G°E

- ST+30'v

ST+3SV

G6'0 = *) e 01 pasnipesanen ‘oG = Y e uonNgISIP XN|} BIXY ‘88 InB14

(OSS/ZLUO/U) XN|} uoJinaN

104



(wo) uonisod [eipey

o o o o N a1 o )] o )] o )] o & o )] o (&) o (&)] o 9] o

———————+—+—+——+——+——+—+——+—+——+—+—+—+—+—+—+—+—+00+300
TST+30T
- ST+30°C
- ST+30°€

- ST+30°

NIOeMOS —m—
(4anN3) 11y - - -
(43r0) L1y —e—

- ST+30°G

- ST+30°9

v30/ISd ——
143V —e—
LYW3ID--o -
INY <= - -

GT+30°8

¢ GT+30°6

G6'0 = ") e 01 paisn[pe sanfen ‘00T = Z Te UolNgIISIp Xn|} [eipey 6 8.nb14

(OSS/ZLUO/U) XN[} UOJINSN

105



(sreak) swin uoneipe.

NIDOeHNOS —m—
1l —e—

v30/ISd ——
43IV —e—
1YW3ID--o--
INY -—- -

9100 dn-11es 8y Joj yibus J1s804nos ‘T'Gya4nbi4

00+30°0

8T+30'T

8T+30°¢C

8T+30°C

8T+30'v

8T+30°S

8T+30°9

8T+30°L

8T+30'8

(s/u) y1busiis a21nos

106



(sreak) awn uolneipell)

NIOeHOS —m—
11—
v3J/ISd——
|43V —o—
1VINFID--0--
INY - —- -

00+30°0

8T+30'T

8T+30°¢C

8T+30°¢

8T+30'V

8T+30°S

9100 wniigijinbs ay1 Joj yiBue 11s 821N0S Z'G 94nb14

8T+30°9

(sy/u) y1busiis 221nos

107



(sreak) awn uolneiped)

S 174 € 4 T 0
} } } } 6T+30°E
............................................................................................................. 1 6T+35°€
o o R H
................................ o nenn
+ 6T+30'V
.................. t6T+35Y
w
o)
<
1 67+305 @
f 4]
)
>
) ter+ass @
>
Lt ¥ 67+30'9 £
IVE A
Vv3ao/ISd ——
143V —e— 1 6T+359
1IVN3ID--o--
INY -~ -
—— . N +6T+30°L
6T+3G° .

(10848 Py 8Y1 J0} Pa198.1109) 8100 dn-11eis ayl Jo) yibus 11 821n0S €6 91nbi4

108



NIDeHIOS 114 143avH v32/1Sd 143ve 1VINTID NV

“ “ " __ " Z1+30'8
3102 wnuqiinba ul uondiosqy —e—
9102 dn-pess ul uondiosqy - - o - -

9102 wnuqinba ur uononpold T<¢1+30°6
9109 dn-Jels ul uononpold - - - - - -

-rET+30°'T

FETHAT'T

rET+3ACT

rET+3IET

FETHAV'T

rET+3AG'T

€T+39'T

So1e . UoI1oes J uoid Josge pue uoipnpoid [e10] "T'9Y 84nbi4

109

(033/£w0/suo!1oeaj) salel uoljoeay



NIDeHOS

114

143V v32/Isd 143ve

1VYINTID

INV

9100 wnuqynby - - = - -

2100 dn-uels —=—

0T

TacT

T vl

T 9T

T8¢T

- 0€'T

Ol Uo110ea 1 uoid Josge 01 UoIPNPO id '2'9Y 8 4nbi-

ceET

110



N3IDeMDS 11 143V v32/ISd 143vre 1VINFIO INY
1 1 Il 1 1 1 1
dN,e. dN,e¢, dN,e, dN,e, dN,e, dN,e, dN,e,
Ndgez 4= Ndgez = Ndgez = Ndgez = Ndgez = Ndgey = Ndgez 4=
Ndeee Ndeee Ndeey Ndeee Ndgez Ndgez Ndgez
nd nd nd nd
ove [0}74 ove ore JQOQN JQOQN JﬂowN
Ndyye Nd1yz Ndryz Nd1ye
DAn_Nwm _)_ﬁ_NvN = DAn_Nwm —_= _)_ﬁ_NvN = Dﬁ:vm Dﬁ:vm _\._An_HvN
Ndzyz = Ndzy; 1= Ndzyz 4=
WYz Wz Wz WV Wz Wz Wz
W¥uzyz WV uizpe WY uzpz WY uizpz WY yzpz WY wizpz WV wzpz =
WV ez WVeyz WVeyz WVeyz WVeyz WVeyz WVeyz
WDy WOy WOppz WOy WOy WOy WOy
WOy WOgpz—= WOgyz—+= WOgypz+= WOgy—= WOgye—= WOgpz—=

S91e. Uo110ea J uoNdiosqy @400 dn-1.1e1s '€'9 2 InB14

%0

%0T

%0¢

%0€

%0t

%09

%09

%0.

%08

%06

%00T

111



N3OeXOS 11d 143V v32/I1Sd |d3ave 1VINZIO INY
Nyt Nyet ) Nyes A Nyez Nye Nyet Nveg
Neez Ngéz Nz Dmmm\ Ngz Nes? Dmm&
dN,e. dN,¢, dN,¢, dN,e. dN,¢, dN,e, dN,e.
Ndge, Ndgez Ndgez Ndge, Ndger Ndgez Ndge,
Ndeez Ndeez Ndgez Ndeez n
d 6€¢C nd 652 n
deez
Ndgye Ndoye Ndoye nd Ndgye Ndoye Ndoye Ndgye
Nd1yz_| Ndyy—| Ndryz Tre—
Ndqyz—| Ndryz—] n
Ndzyz— Ndzy Ndzyz— Ndzyz— :n_MHI sn_MHI snn_:wml
e
WYz WYz WYz Wz WYz WYz Wz
W¥uzyz WV uzyz ] WY uzyz ] WV uzyz ] WY uizpz | WY uzyz WY uizpz]
WVeyz WV ez WVeyz WVeyz WV ez WV ez WVeyz
WDz WOype WOyye WDype WOype WOyye WDyye
WOgpg Wgypy Wgyz WOgpg WDgypy WOgyz WOgpg

sa1e. Uoioes J uondiosqy @400 wniiglinb3 494 8Inbiq

%0

%0T

%0¢

%0€

%0t

%09

%09

%0.

%08

%06

%00T

112



N3IDeNDS 114 143V v32/1Sd 143ave 1VINTIOD INY
dN,e, dN,e. dN,e, dN,e. dN,e, dN,e, dN,e,
Ndgez ™| Ndgez ™| Ndgez | Ndgez ™| Ndgez Ndgez— Ndgez
Ndgez Ndgez Ndgez Ndgez Ndgez Ndgez Ndgez
Ndoyz Ndoyz Ndoyz Ndoyz Ndoyz Ndove
Ndoyz
Ndryz Nd1yz Ndryz Nd1yz Ndryz Ndryz Ndryz
_ | — Ndo,—
Ndy,z Nelgyr Ndzyz Ndzye Ndzy7— ere
Ndzye |
Wz WY1z Wz WYz Wz Wz Wz
_ — w —
WY yzpz WY yz07 ] WY wzpz | WY yzpz Wy — WV 7 Vwzyz
WVeyz WVeyz WVeyz WV ez Here WVeyz WVeyz WVeyz
WDyye WDype WDype WDype WDyye WDyye WDype
Wgpp Wgpp WOgpy Wgpg Wgpe Wgpe Wgpe

S972. U011088 J U0I19Npo id 2109 dn-11eis '5'9'y9inbiq

%0

%0T

%0¢

%0€

%0t

%08

%09

%02

%08

%06

%00T

113



INEOL 101 114 143vA v3a2/1Sd 1493ave 1VIN3ID INV
Nye? ) Nyez ) Nyed Nyez) Nyet Nyet ] Nyet )
mew\ dN,e. Ng&z dN,e. Nes dN,e. mew\ dN,e, Dmx ONyez| N dN,e. N dN,e,
Nogz Nogz Nogz Noge Nog? Ngez Ngez
Ndgez Ndgez Ndgez Ndgez Ndgez Ndgez Ndgez
Ndge Ndgee Ndge Ndgez Ndgee Ndgez
Ndgez
Ndoyz Ndoyz Ndoyz Ndoyz Ndoyz Ndoyz
Ndoyz
Nd1yz Nd1yz Ndqye Nd1ye Ndrpz Ndypz
Ndzyz ] Ndzyz | Ndzyz ] Ndevz Ndyyz| Ndgy Ndzyz ]
WV WV WV e WV | Ndevz] WY1,z WV 142
wy
E<EN<N E<EN<N E<EN<N E(EN*N we E(ENQN E<EN#N
WVeye WVeye WVeye WW¥epz WY uizrg WYy wy
WDz WD¢z WD¢;z WDeyz WWere| WDgyz wo ere
wo eve
Wyppz Wy Wy WOy gve w
EOva OSNN EO??N
WOgyz WOgyz WOgyz WOgpg w
C\_UQNN Umvm Eomvm

S37eJ U01108s J Uo119Npo Jd @400 wniiqijinb3 '9'9' 8 Inbi-

%0

%0T

%0¢

%0€

%0t

%09

%09

%0.

%08

%06

%00T

114



Figure 4.6.7. Start-up core: Absorption reaction rates (normalised to 1)

>
o
()]
Q
|
>
o
o)
&
o |
= |
2
g
|
: : : :
Lo o Lo o Lo o
N N =~ = S S
o o o o o o

(T 01 pasijew.ou) ajel uoljoeay

115

NIDeHIOS
11d
Vv32/1sd
143V
143ve
1YINTID
NV

N3OeXOS
119
Vv30/1Sd
143VvA
143avre
1VIN3IO
NV

N3OeXOS
11d
Vv30/1Sd
143V
143ve
1YINTID
NV

N3OeXOS
119
v32/Isd
143V
143avre
1VIN3IO
NV

N3OeXOS
119
Vv30/1Sd
143V
143avre
1VIN3IO
NV

N3OeXOS
11d
Vv30/1Sd
143V
143ve
1YINTID
NV



Figure 4.6.7. Start-up core: Absorption reaction rates (normalised to 1) (cont.)
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Figure 4.6.8. Equilibrium core: Absorption reaction rates (normalised to 1)
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Figure 4.6.8. Equilibrium core: Absorption reaction rates (normalised to 1) (cont.)
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Figure 4.6.9. Start-up core: Production reaction rates (normalised to 1)
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Figure 4.6.9. Start-up core: Production reaction rates (normalised to 1) (cont.)
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Figure 4.6.10. Equilibrium core: Production reaction rates (normalised to 1)
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Figure4.6.10. Equilibrium core: Production reaction rates (normalised to 1) (cont.)
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Figure 4.7.1. Start-up core: Fission reaction rateratio relative to “*Pu fission reaction rate
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Figure 4.7.1. Start-up core: Fission reaction rateratio relative to “*Pu fission reaction rate (cont.)
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Figure4.7.2. Start-up core: Capturereaction rateratio relative to “’Pu fission reaction rate
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Figure 4.7.3. Equilibrium core: Fission reaction rateratio relative to *’Pu fission reaction rate
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Figure 4.7.3. Equilibrium core: Fission reaction rateratio relative to “’Pu fission reaction rate (cont.)
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Figure 4.7.4. Equilibrium core: Capturereaction rateratio relative to “*Pu fission reaction rate
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Figure 4.7.4. Equilibrium core: Capturereaction rateratio relative to “*Pu fission reaction rate (cont.)
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Figure 4.8.1. Start-up core: Isotopic composition at EOL
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Figure 4.8.1. Start-up core: Isotopic composition at EOL (cont.)
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Figure 4.8.2. Equilibrium core: | sotopic composition at EOL

*BOL — Beginning of life
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Figure 4.8.2. Equilibrium core: | sotopic composition at EOL (cont.)
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COMPARISON CALCULATIONSFOR AN
ACCELERATOR-DRIVEN MINOR ACTINIDE BURNER

Peter Wydler Hideki Takano
PSI JAERI

Background and introduction

In 1994, the NEA Nuclear Science Committee (NSC), through its Task Force on Transmutation,
initiated a benchmark exercise on a transmutation strategy based on light water reactors, fast reactors
and an accelerator-driven system (ADS). The ADS, a sodium-cooled system with a tungsten target and
MA-Pu nitride fuel, was analysed by groups from JAERI, PSI and IPPE. Considerable differencesin
calculated initial ket Values and burn-up reactivity swings indicated a need for refining the benchmark
specification and continuing the exercise with awider participation [1,2]. This need was strengthened
when the participants of the NSC Workshop on Utilisation and Reliability of High Power Accelerators,
held in Mito, Japan, from 13-15 October 1998, proposed transient benchmark calculations with
emphasis on the beam trip problem of liquid-metal cooled accel erator-driven systems.

The benchmark model described below is suitable for resolving the discrepancies observed in the
benchmark exercise of the Task Force on Transmutation and can later be extended for transient
applications such as the beam trip problem. The model is similar to that used before, except for the
target and the coolant. The choices of a liquid metal target and lead-bismuth coolant reflect the
generally increased interest in this technology.

As in the past exercise, emphasis is on the ADS as a component of an advanced nuclear energy
system utilising uranium as energy resource. In this context, an obvious role of the ADS is to burn
minor actinides in the P& T cycle of a*“double strata”’ fuel cycle strategy [3]. Fuel compositionsin the
new benchmark exercise are chosen in accordance with this strategy.

The new benchmark exercise was approved by the NSC at its meeting of 2-4 June 1999.

Benchmark specification
General plant concept

For the P&T cycle, the appropriate concept is a modular plant which allows the MA burning
capacity to be adjusted flexibly to the requirements of the nuclear park. Considering that a MA burner
supports some 15-20 energy producers of the same therma power and the influence of the size of a
module on the overall eectricity production cost is therefore small, the module of the ALMR
reference system has an optimum size. Severa features of the ALMR have been incorporated in
proposed ADS designs. Adopting this system as the basis for the benchmark calculations has the
advantage that a detailed plant concept is available and the performance of the plant with normal cores
has already been analysed in great detail, including transient and beyond design basis behaviour [4].
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Target/coref/reflector geometry and composition

The comparison calculations are carried out for an R-Z model with the dimensions given in
Figure 1. The model comprises a central lead-bismuth target zone, a void zone in the beam duct
region, a multiplying region consisting of homogenised fuel and lead-bismuth coolant, and an outer
steel reflector zone. The core dimensions are those of the ALMR burner reference core. Reflector and
radial shield materials are simulated by an average homogeneous mixture of HT-9 steel (70% by
volume) and coolant (remainder). The target and reflector temperature is 650 K. Homogenised atom
number densities for the target and the reflector are given in Table 1.

A heavy coolant like lead-bismuth requires a high pumping power. This can be compensated by
an increased coolant volume fraction which reduces the pressure drop in the core. In the case of the
benchmark reactor, an adequate pitch-to-diameter ratio of 1.6 is achieved by replacing the reference
(sodium-cooled) 271 pin subassembly by a 217 pin subassembly. If the pin diameter is preserved, the
thermal power reduces proportionally from the 471 MW, of the reference system to 377 MW for the
benchmark reactor.

As for the fuel, dense and non-moderating metals and nitrides are preferable because they
improve the neutron economy and the toxicity reduction potential of the system. Reprocessed by the
“dry” technique, they are particularly suited for the P& T cycle of the double strata concept. Following
Japanese and French project preferences, the comparison calculations concentrate on nitride fuels.
The nitrogen is assumed to be pure *N.

Fuel composition and burn-up

Fuel compositions (and hence characteristics) of MA burner cores differ considerably from those
of normal MOX cores and also between start-up and equilibrium cores. For determining the composition
of the minor actinides transferred to the P& T cycle, the nuclear park is assumed to consist of a mix of
UOX-fuelled LWRs (71%), MOX-fuelled LWRs (11%) and CAPRA-type fast reactors which burn the
plutonium in a closed cycle after two recyclesin the LWRS (18%) [5]. From this MA composition [6],
start-up and equilibrium core compositions (cf. Table 1) were determined as follows:

e For the start-up cor e, the MAs are mixed with plutonium from the UOX-fuelled LWRs using
afixed mixing ratio which gives a ket of about 0.95 at BOL.

e For the equilibrium core (fully closed cycle with MA top-up or “feed”), the cycle averaged
equilibrium composition was calculated directly using the algorithm described in Ref. [7], and
a BOL correction based on an evolution calculation was then applied. MA feed and (BOL)
equilibrium composition are compared in Figure 2.

Calculations are performed for both compositions to ensure that the benchmark exercise is
representative for awide range of cores. The operating temperature of the fuel is980 K.

Because an equilibrium core with undiluted fuel is too reactive, an actinide-zirconium mixture in
the form of mono-nitrides is used. The actinide-to-zirconium ratio is set to give a ket of about 0.95 at
BOL. This (fixed) actinide-to-zirconium ratio is also used for the start-up core. Diluting the actinides
in an inert matrix has the additional benefit of reducing the activity of the irradiated fuel.

Thefuel isirradiated during five years at an average thermal power of 320 MW, corresponding to
aload factor of 0.85; at EOL, it reaches a burn-up of approximately 200 GWd/tuw.
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External neutron source

A standard spallation neutron sour ce, produced with the code HETC by PSI assuming a1l GeV
proton beam, is prescribed. The source is provided in a fine group structure to enable the participants
to prepare sources for their own broad group structures. The source data are given in a separate
neutron source specification. The target top is set to coincide with the top of the core to reduce
possible calculational uncertainties due to the presence of avoid in the beam duct region.

Requested results

Homogenous cell calculations

1

2.

One group fission and capture microscopic cross-sections.

Kint, BZ, M2,

Reactor calculation (transport theory)

1

8.

Reaction rate balance components (production, absorption, leakage) for fuel zone at BOL,
decomposition by nuclide.

Radial neutron flux distribution (z = 100 cm), axial neutron flux distributions (r = 0 cm, 56 cm).
Neutron spectrum and reaction rate ratios relative to “Pu fission at r,z = 56 cm, 100 cm.

Burn-up (GWd/tum), Kert, Kett Without fission products (set fission-product concentrations to
zero), and source strength (neutrons/s at the full power of 377 MWh) for five burn-up step
(5x 365d).

Fuel isotopic composition at EOL .

Pb-Bi void reactivity effect of fuel zone at BOL and EOL, defined as kg% —k'¥ and
kv0|ded kref /k

Fuel Doppler reactivity effect at BOL and EOL, defined as (kg™ — k™) /(K™ - k).

Bei at BOL.

9. Activity, decay heat, and neutron source strength of irradiated fuel.

10. #°Po activity of target.
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To simplify the processing of the results, empty Exce tables are supplied to the participants.
The deadline for submitting the tables with the results is 30 September 1999. The results should be
sent to:

Byung Chan NA Tel: +3314524 1091
OECD/NEA Fax: +3314524 1110
Le Seine Saint-Germain E-mail: na@neafr

12, Boulevard desiles
F-92130 I ssy-les-Moulineaux
France
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Figure 1. R-Z model of accelerator-driven minor actinide burner system
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Figure 2. Minor actinide feed and equilibrium composition
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Table 1. Homogenised atom number densities (1.0E+24/cm?)

Target
Pb 1.320E-02
“Bj 1.632E-02
Reflector

*Fe 2.990E-03
*Fe 4.560E-02
*Fe 1.075E-03
*Fe 1.344E-04
*Or 3.458E-04
*0Or 6.422E-03
*0r 7.134E-04
*Or 1.741E-04
*Ni 1.977E-04
*Ni 7.305E-05
*Ni 3.111E-06
*Ni 9.724E-06
“Ni 2.388E-06
Mo 3.565E-04
Mn 3.412E-04
B2y 2.140E-05
W 1.155E-05
W 2.465E-05
oW 2.280E-05
Pb 4.075E-03
“Bj 5.039E-03

Fuel
Equilibrium Start-up
=2y 6.214E-10 —

=Y 6.524E-09 -

=y 1.039E-04 -

U 1.895E-05 —

=y 1.018E-05 —

=U 6.214E-09 —

U 2.019E-08 —
“Np 2.745E-04 4.377E-04
“*Np 2.051E-07 —
“*py 4.147E-04 4.226E-05
“*Puy 9.449E-05 5.051E-04
Py 5.293E-04 2.321E-04
“py 4.330E-05 1.232E-04
**py 1.623E-04 9.102E-05
*“Am 4.978E-04 8.084E-04
#2MAm 2.982E-05 1.089E-05
“Am 4.378E-04 5.827E-04
*Cm 8.855E-08 4.079E-08
*Cm 3.379E-06 3.326E-06
*Cm 3.591E-04 2.371E-04
“*Cm 8.122E-05 3.164E-05
“Cm 4.104E-05 5.355E-07
*'Cm 3.682E-06 —
“Cm 1.065E-06 —

*“Zr 3.847E-03

“Zr 8.465E-04

*Zr 1.285E-03

“Zr 1.292E-03

*Zr 2.064E-04

N 1.058E-02
*Fe 9.759E-04
*Fe 1.488E-02
“Fe 3.507E-04
*Fe 4.386E-05
*Cr 1.128E-04
*Cr 2.096E-03
*Cr 2.328E-04
*Cr 5.682E-05

*Ni 6.451E-05

*Ni 2.384E-05

*Ni 1.015E-06

*Ni 3.173E-06

“Ni 7.792E-07

Mo 1.163E-04

Mn 1.114E-04
W 6.984E-06
B 3.770E-06
W 8.045E-06
oW 7.439E-06

Pb 6.360E-03
29Bj 7.865E-03
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Appendix A
SPALLATION NEUTRON SOURCE SPECTRUM AND A COLLAPSING PROGRAM

The spalation neutron spectrum is given in Table A.1. The calculation was carried out by PS|
using the HETC code. A height of 100 cm and a radius of 20 cm of the Pb-Bi spalation target were
assumed. The injection proton beam was assumed to have an energy of 1 GeV and aradius of 10 cm.
The resulting spallation neutron is the volume averaged one in the region with a radius of 10 cm.
The collapsed source is in units of neutrons per broad group — normalised to one neutron — and
conforms to the definition of the external neutron source in the inhomogeneous neutron transport
equation. The maximum energy is 20 MeV and lethargy width is 0.1.

Table A.1. Spallation neutron spectrum and energy structure

Group | Energy boundary (eV) | Spallation Group | Energy boundary (eV) | Spallation
number |  Upper L ower spectrum number | Upper L ower spectrum
1 2.00E+07 | 1.81E+07 | 9.078E-03 28 1.34E+06 | 1.22E+06 | 2.669E-02
2 1.81E+07 | 1.64E+07 | 1.013E-02 29 1.22E+06 | 1.10E+06 | 2.488E-02
3 1.64E+07 | 1.48E+07 | 1.136E-02 30 1.10E+06 | 9.96E+05 | 2.310E-02
4 1.48E+07 | 1.34E+07 | 1.274E-02 31 9.96E+05 | 9.01E+05 | 2.138E-02
5 1.34E+07 | 1.21E+07 | 1.439E-02 32 9.01E+05 | 8.15E+05 | 1.961E-02
6 1.21E+07 | 1.10E+07 | 1.612E-02 33 8.15E+05 | 7.38E+05 | 1.793E-02
7 1.10E+07 | 9.93E+06 | 1.801E-02 34 7.38E+05 | 6.67E+05 | 1.633E-02
8 9.93E+06 | 8.99E+06 | 2.003E-02 35 6.67E+05 | 6.04E+05 | 1.483E-02
9 8.99E+06 | 8.13E+06 | 2.208E-02 36 6.04E+05 | 5.46E+05 | 1.342E-02
10 8.13E+06 | 7.36E+06 | 2.418E-02 37 5.46E+05 | 4.94E+05 | 1.210E-02
11 7.36E+06 | 6.66E+06 | 2.623E-02 38 4,94E+05 | 4.47E+05 | 1.085E-02
12 6.66E+06 | 6.02E+06 | 2.831E-02 39 4.47E+05 | 4.05E+05 | 9.724E-03
13 6.02E+06 | 5.45E+06 | 3.012E-02 40 4,05E+05 | 3.66E+05 | 8.681E-03
14 5.45E+06 | 4.93E+06 | 3.171E-02 41 3.66E+05 | 3.31E+05 | 7.736E-03
15 4.93E+06 | 4.46E+06 | 3.330E-02 42 3.31E+05 | 3.00E+05 | 6.904E-03
16 4.46E+06 | 4.04E+06 | 3.449E-02 43 3.00E+05 | 2.71E+05 | 6.129E-03
17 4.04E+06 | 3.65E+06 | 3.540E-02 44 2.71E+05 | 2.46E+05 | 5.405E-03
18 3.65E+06 | 3.31E+06 | 3.595E-02 45 2.46E+05 | 2.22E+05 | 4.792E-03
19 3.31E+06 | 2.99E+06 | 3.623E-02 46 2.22E+05 | 2.01E+05 | 4.242E-03
20 2.99E+06 | 2.71E+06 | 3.612E-02 47 2.01E+05 | 1.82E+05 | 3.766E-03
21 2.71E+06 | 2.45E+06 | 3.574E-02 48 1.82E+05 | 1.65E+05 | 3.325E-03
22 2.45E+06 | 2.22E+06 | 3.503E-02 49 1.65E+05 | 1.49E+05 | 2.907E-03
23 2.22E+06 | 2.01E+06 | 3.408E-02 50 1.49E+05 | 1.35E+05 | 2.552E-03
24 2.01E+06 | 1.81E+06 | 3.295E-02 51 1.35E+05 | 1.22E+05 | 2.258E-03
25 1.81E+06 | 1.64E+06 | 3.156E-02 52 1.22E+05 | 1.10E+05 | 1.988E-03
26 1.64E+06 | 1.49E+06 | 3.003E-02 53 1.10E+05 | 9.98E+04 | 1.763E-03
27 1.49E+06 | 1.34E+06 | 2.839E-02 54 9.98E+04 | 9.03E+04 | 1.559E-03
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Table A.1. Spallation neutron spectrum and ener gy structure (cont.)

Group | Energy boundary (eV) | Spallation Group | Energy boundary (eV) | Spallation
number Upper L ower spectrum number Upper L ower spectrum
55 0.03E+04 | 8.17E+04 | 1.350E-03 89 3.01E+03 | 2.73E+03 | 1.910E-05
56 8.17E+04 | 7.40E+04 | 1.196E-03 90 2.73E+03 | 2.47E+03 | 1.635E-05
57 7.40E+04 | 6.69E+04 | 1.047E-03 91 2.47E+03 | 2.23E+03 | 1.468E-05
58 6.69E+04 | 6.06E+04 | 9.147E-04 92 2.23E+03 | 2.02E+03 | 1.280E-05
59 6.06E+04 | 5.48E+04 | 8.183E-04 93 2.02E+03 | 1.83E+03 | 1.173E-05
60 5.48E+04 | 4.96E+04 | 7.100E-04 94 1.83E+03 | 1.65E+03 | 1.002E-05
61 4.96E+04 | 4.49E+04 | 6.305E-04 95 1.65E+03 | 1.50E+03 | 9.417E-06
62 4.49E+04 | 4.06E+04 | 5.552E-04 96 1.50E+03 | 1.35E+03 | 7.641E-06
63 4.06E+04 | 3.67E+04 | 4.930E-04 97 1.35E+03 | 1.23E+03 | 6.334E-06
64 3.67E+04 | 3.32E+04 | 4.274E-04 98 1.23E+03 | 1.11E+03 | 5.563E-06
65 3.32E+04 | 3.01E+04 | 3.778E-04 99 1.11E+03 | 1.00E+03 | 5.697E-06
66 3.01E+04 | 2.72E+04 | 3.384E-04 100 1.00E+03 | 9.08E+02 | 0.00E+00
67 2.72E+04 | 2.46E+04 | 2.949E-04 101 9.08E+02 | 8.22E+02 | 0.00E+00
68 2.46E+04 | 2.23E+04 | 2.648E-04 102 8.22E+02 | 7.43E+02 | 0.00E+00
69 2.23E+04 | 2.02E+04 | 2.390E-04 103 7.43E+02 | 6.73E+02 | 0.00E+00
70 2.02E+04 | 1.82E+04 | 2.059E-04 104 6.73E+02 | 6.09E+02 | 0.00E+00
71 1.82E+04 | 1.65E+04 | 1.847E-04 105 6.09E+02 | 5.51E+02 | 0.00E+00
72 1.65E+04 | 1.49E+04 | 1.675E-04 106 5.51E+02 | 4.98E+02 | 0.00E+00
73 1.49E+04 | 1.35E+04 | 1.436E-04 107 498E+02 | 4.51E+02 | 0.00E+00
74 1.35E+04 | 1.22E+04 | 1.295E-04 108 451E+02 | 4.08E+02 | 0.00E+00
75 1.22E+04 | 1.11E+04 | 1.109E-04 109 4.08E+02 | 3.69E+02 | 0.00E+00
76 1.11E+04 | 1.00E+04 | 1.035E-04 110 3.69E+02 | 3.34E+02 | 0.00E+00
77 1.00E+04 | 9.06E+03 | 8.915E-05 111 3.34E+02 | 3.02E+02 | 0.00E+00
78 9.06E+03 | 8.19E+03 | 7.758E-05 112 3.02E+02 | 2.73E+02 | 0.00E+00
79 8.19E+03 | 7.41E+03 | 7.212E-05 113 2.73E+02 | 2.47E+02 | 0.00E+00
80 7.41E+03 | 6.71E+03 | 6.270E-05 114 2.47E+02 | 2.24E+02 | 0.00E+00
81 6.71E+03 | 6.07E+03 | 5.503E-05 115 2.24E+02 | 2.03E+02 | 0.00E+00
82 6.07E+03 | 5.49E+03 | 4.799E-05 116 2.03E+02 | 1.83E+02 | 0.00E+00
83 5.49E+03 | 4.97E+03 | 4.213E-05 117 1.83E+02 | 1.66E+02 | 0.00E+00
84 497E+03 | 4.50E+03 | 3.787E-05 118 1.66E+02 | 1.50E+02 | 0.00E+00
85 450E+03 | 4.07E+03 | 3.237E-05 119 1.50E+02 | 1.36E+02 | 0.00E+00
86 4,07E+03 | 3.68E+03 | 2.959E-05 120 1.36E+02 | 1.23E+02 | 0.00E+00
87 3.68E+03 | 3.33E+03 | 2.611E-05 121 1.23E+02 | 1.11E+02 | 0.00E+00
88 3.33E+03 | 3.01E+03 | 2.192E-05 122 1.11E+02 | 1.01E+02 | 0.00E+00
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The spallation neutron source distribution is shown in Table A.2. The incident face of the proton
beam is 150 cm.

Table A.2. Relative axial distribution of spallation neutron

Axial mesh :
sourery ()| 008 dependence
Higher z | Lower z
150 140 0.33369
140 130 0.26611
130 120 0.17754
120 110 0.10825
110 100 0.06085
100 90 0.03193
90 80 0.01131
80 70 0.00571
70 60 0.00300
60 50 0.00161

Lower reflector (z< 50 cm): source assumed to be zero.
Radial dependence: flat for r < 10 cm, zero for r > 10 cm.

A collapsing program is given with a sample input. With this program, participants can prepare a
broad group source from the given fine group source.

Asfor theinput requirements for the program, two parameters are required as follows:
o Number of broad energy groups needed (NG).

e Broad energy group boundaries (NG + 1 values).

Program

C
DIMENSION SPCF(200) ,ENGF (200)
DIMENSION SPCB(200),ENGB(200)

C

C ______________________________________________________________________________
C Argument list

C SPCF ------ Spallation Neutron Spectrum (Fine Group)

C ENGF ------ Energy Boundaries (Fine Group)

c (max. 20MeV and 0.1 lethargy width)

C NFMAX ----- Maximum Energy Group in which Spallation Neutron

c Spectrum Value is not Zero.

C SPCB ------ Spallation Neutron Spectrum (Broad Group)

C ENGB ------ Energy Boundaries (Broad Group) (User Defined)

C NG -------- Number of Broad Energy Group (User Defined)

C ______________________________________________________________________________
C Spallation Neutron Spectrum (Fine Group)

C ______________________________________________________________________________

DATA SPCF /
1 9.077813E-03,1.012502E-02,1.135525E-02,1.274015E-02,1.438940E-02,
2 1.612079E-02,1.800880E-02,2.002510E-02,2.207799E-02,2.417684E-02,
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.622826E-02,2.831017E-02,3.011647E-02,3.171274E-02,3.330298E-02,
.449215E-02,3.539787E-02,3.594954E-02,3.622908E-02,3.612481E-02,
.573763E-02,3.502797E-02,3.408120E-02,3.295011E-02,3.156411E-02,
.003249E-02,2.839161E-02,2.668770E-02,2.487513E-02,2.310057E-02,
.137692E-02,1.961305E-02,1.792636E-02,1.632955E-02,1.482981E-02,
.341559E-02,1.209983E-02,1.085395E-02,9.723592E-03,8.681344E-03,
.736486E-03,6.903799E-03,6.128924E-03,5.405224E-03,4.792020E-03,
.241554E-03,3.766159E-03,3.324580E-03,2.906963E-03,2.551883E-03,
.257631E-03,1.987543E-03,1.762664E-03,1.558565E-03,1.349907E-03,
.195676E-03,1.047209E-03,9.147288E-04,8.182757E-04,7.100258E-04,
.304973E-04,5.552250E-04,4.930232E-04,4.273694E-04,3.777688E-04,
.383900E-04,2.948554E-04,2.647934E-04,2.389877E-04,2.059430E-04,
.846952E-04,1.675025E-04,1.436406E-04,1.294642E-04,1.109311E-04,
.034575E-04,8.914701E-05,7.758471E-05,7.212194E-05,6.270453E-05,
.502984E-05,4.799192E-05,4.212699E-05,3.787072E-05,3.237444E-05,
.959279E-05,2.610734E-05,2.191810E-05,1.910293E-05,1.635479E-05,
.467909E-05,1.280231E-05,1.172987E-05,1.002066E-05,9.417409E-06,
.641173E-06,6.334130E-06,5.563309E-06,5.697365E-06,101*0.0/

U wWNhRFRETHEHOQmE M WOWoLJo Ul Ww
LRERNURRWOARNMEIRDWWWN

c
PARAMETER ( NFMAX = 99 )
c
O m o m e e e e
C User Defined Broad Energy Group Number
@
READ (5, *) NG
O m o o e e e
C User Defined Broad Energy Group Boundaries
C _______________________________________________________________________
READ(5,*) (ENGB(I),I=1,NG+1)
C
@
C Define Fine Energy Boudaries
@
ENGF (1) = 2.0E+7
DO 100 I=2,200
ENGF(I) = ENGF(I-1) / EXP(0.1)

100 CONTINUE
@
C Initialization of Broad Spectrum Values
C _______________________________________________________________________

DO 101 I=1,NG
SPCB(I) = 0.0
101 CONTINUE
C
NF = 1
NB = 1
SUMF = 0.0
c
C ______________________________________________________________________________
C Procedure to Collapse Spectrum to User Defined Energy Structure
C NF ----- Index of Fine Energy Group
c NB ----- Index of Broad Energy Group
C ______________________________________________________________________________
C
IF ( ENGF(NF) .LE. ENGB(NB) ) THEN
NF = NF + 1
GO TO 203
END TIF
C
201 CONTINUE
IF ( ENGF(NF) .GT. ENGB(NB) ) THEN
NF = NF + 1
GO TO 201
END IF
c

202 CONTINUE
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EU = ENGB (NB)
EL = ENGF (NF)
IF ( ENGF(NF-1).GT.EU) THEN
FL1 = LOG (EU/EL)
FL2 = LOG (ENGF (NF-1) /ENGF (NF) )
FLL. = FL1 / FL2
SPCB (NB) = SPCB(NB) + SPCF(NF-1) * FL
NF = NF + 1

END IF
C
c
C ______________________________________________________________________________
C Case in which Fine Energy Boudary Exists within Broad Energy Group
C ______________________________________________________________________________
C
203 CONTINUE
IF ( ENGF(NF) .GT. ENGB(NB+1l) ) THEN
SPCB(NB) = SPCB(NB) + SPCF(NF-1)
NF = NF + 1
IF ( NF .GT. NFMAX ) THEN
GO TO 300
END IF
EU = ENGF (NF - 1)
EL = ENGF (NF)
GO TO 203
c
C _______________________________________________________________________
c Move to Next Broad Energy Group
C _______________________________________________________________________
c
ELSE
EU = ENGF (NF-1)
EL = ENGB (NB+1)
FL1 = LOG (EU/EL)
FL2 = LOG (ENGF (NF-1) /ENGF (NF))
FLL. = FL1 / FL2
SPCB (NB) = SPCB(NB) + SPCF(NF-1) * FL
END IF
NB = NB + 1
IF ( NB .LE. NG ) GO TO 202
C
300 CONTINUE
c
C _______________________________________________________________________
c Normalization of Broad Spectrum to Unity
C _______________________________________________________________________
SUMB = 0.0
DO 301 I=1,NG
301 SUMB = SUMB + SPCB(I)
DO 302 I=1,NG
302 SPCB(I) = SPCB(I) / SUMB
c
C _______________________________________________________________________
c User Defined Broad Energy Group Spectrum Edition
(S e e e e
WRITE(6,’ (6E12.5)’) (SPCB(I),I=1,NG)
c
STOP
END
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Sampleinput

7

cNeoNoNoNoNoNoNoNeoNoNeNeNeN0v]

.20000E+08
.47237E+07
.10540E+07
.23518E+06
.52475E+05
.11709E+05
.26126E+04
.58295E+03
.13007E+03
.29023E+02
.64760E+01
.14450E+01
.32242E+00

[eNeoNeoNoNoNoNoNoNoNoNoNeoNe)

.16490E+08
.36788E+07
.82085E+06
.18316E+06
.40868E+05
.91188E+04
.20347E+04
.45400E+03
.10130E+03
.22603E+02
.50435E+01
.11253E+01
.10000E-04

[eNoNoNoNoNoNoNoNoNoNoNe]

.12840E+08
.28651E+07
.63928E+06
.14264E+06
.31828E+05
.71017E+04
.15846E+04
.35357E+03
.78893E+02
.17604E+02
.39279E+01
.87642E+00

[eNoNoNoNoNoNoNoNoNoNoNe]

.10000E+08
.22313E+07
.49787E+06
.11109E+06
.24788E+05
.55308E+04
.12341E+04
.27536E+03
.61442E+02
.13710E+02
.30590E+01
.68255E+00
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[eNoNoNoNoNoNoNoNoNoNoNe]

.77880E+07
.17377E+07
.38774E+06
.86517E+05
.19305E+05
.43074E+04
.96112E+03
.21445E+03
.47851E+02
.10677E+02
.23824E+01
.53157E+00

[eNoNoNoNoNoNoNoNoNoNoNe]

.60653E+07
.13534E+07
.30197E+06
.67380E+05
.15034E+05
.33546E+04
.74852E+03
.16702E+03
.37266E+02
.83153E+01
.18554E+01
.41399E+00



Appendix B

DETAILSTO BE PROVIDED ABOUT THE CALCULATIONAL SCHEME USED
(Preferred format is WORD)

1. Author(s) of the solution.

2. Establishment.

3. Name(s) of code system(s) used.

4. Bibliographic references for the codes used.

5. Origin of cross-section data (ENDF/B-VI, JEF-2.2, JENDL-3.2, etc., describe deviations from
standard libraries, e.g. mix from different libraries).

6. Cell calculation and cross-section condensation (describe your scheme, provide details about
assumptions made):

a) Resonance shielding including unresolved resonance treatment and mutual shielding: specify
method(s) and energy range depending on nuclides (actinides, clad, fission products, oxygen).

b) Fission spectra: specify whether only a single spectrum was used or a weighted mix from all
fissile nuclides, explain procedure.

c) Describe how the (n,2n) reaction was treated.

d) Weighting spectrum for scattering matrices, e.g. correction of the out-scatter and self-scatter
terms, considering the differences between original weighting spectrum and redlistic cell
spectrum.

€) Method used for spectrum calculation, treatment of |eakage.
f)  Number of energy groups used in the different phases.

7. Method(s) used for reactor calculation (source calculation).
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8. Burn-up caculation:
a) Time steps between spectrum calculations.
b) Actinide and fission product chains.
c) Fissionyields.

9. Method(s) used for decay calculation.

10. Other assumptions and characteristics, comments useful for interpreting correctly the results.
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Appendix C

RESULTSTO BE REPORTED
(Preferred format is EXCEL)

A. Homogeneous cell calculations

1. One-group fission and capture microscopic cross-sections (barn)

Start-up core Equilibrium core

Fission Capture Fission Capture

2. Infinite multiplication factor and buckling

Start-up core | Equilibrium core

Koo

B? (cm™)*
M? (cm?)
* B% Critical buckling.
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B. Reactor calculations

1. Reaction rate balance components (production, absorption, leakage) for fuel zone at BOL
(reactions/cm’/sec)

Start-up core at BOL Equilibrium core at BOL
Production |Absorption* | Leakage | Production |Absorption* | Leakage

* Absoprtion = Fission + Capture
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2. Neutron flux distribution (neutrons/cm?/sec)

2.1. Radial distribution at z= 100 cm

Radial Start-up Equilibrium
position (cm) core core

0.0
5.0
10.0
15.0
20.0
25.0
30.0
35.0
40.0
45.0
50.0
55.0
60.0
65.0
70.0
75.0
80.0
85.0
92.0
100.0
110.0
120.0
130.0
142.0
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2.2. Axial distributions (r = 0 cm, 56 cm)

Axial Start-up core Equilibrium core
position (cm)| r =0cm r =56 cm r=0cm | r=56cm
0.0
10.0
20.0
30.0
40.0
50.0
60.0
70.0
80.0
90.0
100.0
110.0
120.0
130.0
140.0
150.0
160.0
170.0
180.0
190.0
200.0

239

3. Neutron spectrum and reaction rateratios relative to " Pu fission at r, z= 56 cm, 100 cm

3.1. Neutron spectrum [group fluxes, Fi(u)]*

L ower energy boundary
(MeV)

Emax = - _

Start-up core |Equilibrium core

Y our energy mesh
for the reactor calculation
(start with Emax)

* According to your energy group mesh, the size of the table can be modified.
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3.2. Reaction rate ratios relative to “’Pu fission, F(**Pu)

Start-up core

Equilibrium core

Fission/F(“*Pu)

Capture/F(*°Pu)

Fission/F(“°Pu)

Capture&/F(*°Pu)

4. Burn-up (GWdAtHM), kq;, k4 without fission products, and source strength (neutrons/s at the full
power of 377 MWih) for 5 burn-up steps (5 x 365 d)

4.1. Sart-up core

Parameters

Start-up core
0.0 1¥step | 2Vstep | 3%step | 4Mstep | 5" step
(0d) (365d) |(2x365d)|(3x365d)|(4x365d)|(5x365d)

Burn-up (GWd/t)

Kef

ket without FPs*
Source strength (n/sec)

* For kg without FPs, set FP concentrations to zero.
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4.2. Equilibriumcore

Parameters

Equilibrium core

0.0
(0d)

1% step
(365 d)

2nd Step
(2 x 365 d)

3rd Step
(3x 365 d)

4th aep
(4 365 d)

5th Step
(5 365 d)

Burn-up (GWd/t)

Keft

Kert Without FPs*
Source strength (n/sec)

* For kg without FPs, set FP concentrations to zero.

5. Fuel isotopic composition at EOL (atoms/barn cm)

Start-up core
at EOL
(5% 365d)

Equilibrium core
at EOL
(5% 365d)
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6.7.8. Safety parameters. Coolant void reactivity effect of fuel zone, fuel Doppler reactivity effect

and B

Parameters

Start-up core

Equilibrium core

BOL

EOL

BOL

EOL

Coolant void reactivity effect (pcm)
Kett (voided) — ket (ref)
[Kett (voided) — kest (ref)]/Kesr (ref)

Fuel Doppler effect (pcm)

[Ker (980 K) — Kerr (1 580 K)]/[Kerr (980 K) x ketr (1 580 K)]

Bet (pcm)

9. Activity, decay heat and neutron source strength of irradiated fuel at different cooling times

9.1. Sart-up core

Parameters

Start-up core

0.0

2years

Syears

10 years

100 years

Activity (B
— Activation products
— Actinide and daughters
— Fission products

Decay heat (W)

Neutron source (neutrons/sec)

— (o,n) neutron production
— Spontaneous fission neutron production

9.2. Equilibriumcore

Parameters

Equilibrium core

0.0

2years

S5years

10 years

100 years

Activity (B
— Activation products
— Actinide and daughters
— Fission products

Decay heat (W)

Neutron source (neutrons/sec)

— (a,n) neutron production
— Spontaneous fission neutron production

10. *°Po activity of target at the end of irradiation (start-up core at EOL)

1*°Po activity of target (Bq)
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APPENDIX B

Calculation details
supplied by the participants






ANL

1. Author(s) of the solution.
W.S. Yang and C.G. Stenberg
2. Establishment.
Reactor Analysis Division, Argonne National Laboratory
3. Name(s) of code system(s) used.
MC?*2, TWODANT, REBUS-3
4. Bibliographic references for the codes used.

H. Henryson II, B.J. Toppel and C.G. Stenberg, “MC?%2: A Code to Calculate Fast Neutron
Spectra and Multigroup Cross-sections’, ANL-8144, Argonne National Laboratory (1976).

R.E. Alcouffe, F.W. Brinkley, D.R. Marr and R.D. O'Dédll, “User's Guide for TWODANT:
A Code Package for Two-dimensional, Diffusion-accelerated, Neutral-particle Transport”,
LA-10049-M, Los Alamos Nationa Laboratory (1990).

B.J. Toppd, “A User's Guide to the REBUS-3 Fuel Cycle Analysis Capability”, ANL-83-2,
Argonne National Laboratory Report (1983).

R.P. Hosteny, “The ARC System Fuel Cycle Anaysis Capability, REBUS-2", ANL-7721,
Argonne National Laboratory Report (1978).

5. Origin of cross-section data (ENDF/B-VI, JEF-2.2, JENDL-3.2, etc., describe deviations from
standard libraries, e.g. mix from different libraries).

ENDF/B-VI data was used for al isotopes except for lumped fission products. The cross-sections
of lumped fission products were generated from ENDF/B-V datafor 180 individual fission product
i sotopes.

6. Cell calculation and cross-section condensation (describe your scheme, provide details about
assumptions made):

a) Resonance shielding including unresolved resonance treatment and mutual shielding: specify
method(s) and energy range depending on nuclides (actinides, clad, fission products, oxygen).

The resolved resonance integral calculation assumes the narrow resonance approximation,
allows for Doppler broadening, and accounts for interference scattering and the effects of
overlap with neighbouring resolved resonances (~20). Resonance “screening” procedure
determines which resonances are pre-processed and placed into the “smooth” data and which
resonances should be modelled by their resonance parameters. ETOE-2, which prepares the
MC?-2 library, pre-processed the wide resonances (which are temperature independent and
represented by the ultra-fine-group (i.e. 2 082 groups) MC?2 structure) and extremely weak
resonances (which do not contribute significantly to the self-shielding or Doppler effects).
Self-shielding effects of the remaining resonances are explicitly evaluated in the MC?2
calculation.
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b)

c)

d)

f)

The unresolved resonance integral calculation assumes a narrow resonance approximation
and accounts for interference scattering, the effects of overlap with resonances in other spin
sequences, and the effects of self-overlap with resonances of the same spin sequences.

The resolved and unresolved energy range used is specified by the ENDF data and is unique
for each nuclide.

Fission spectra: specify whether only a single spectrum was used or a weighted mix from all
fissile nuclides, explain procedure.

A weighted fission spectrum from all fissionable nuclides was used. In the group
condensation, a set-wide fisson spectrum vector was obtained by weighting the
ultra-fine-group isotopic fission spectra with the fission sources of individual isotopes.

Describe how the (n,2n) reaction was treated.

The (n,2n) reaction was treated as a source term in the ultra-fine-group spectrum calculation.
For the secondary energy distribution, tabulated function, evaporation spectrum and discrete
levels were used. The discrete ultra-fine-group (n,2n) scattering source was approximately
treated by neglecting the energy-angle correlation.

Weighting spectrum for scattering matrices, e.g. correction of the out-scatter and self-scatter
terms, considering the differences between original weighting spectrum and realistic cell
spectrum.

The contributions from the ultra-fine-group library and the unresolved resonances were
obtained from the ultrafine-group flux weighting. The contributions from the resolved
resonances were determined using the resonance reaction rate and the probability of scattering
a neutron by aresonance into a group. The resonance reaction rate is calculated directly from
the resonance integrals, which take account of overlap, self-shielding and Doppler broadening
effects.

Method used for spectrum calculation, treatment of leakage.

For individua materials of given nuclide densities and temperatures, homogeneous
ultra-fine-group flux calculations were performed. The consistent P1 method was used with
group-independent buckling search for the fundamenta mode spectrum calculations
performed with 2 082 groups. In these calculations, **Pb was added to *®Pb since **Pb data
is not available on ENDF/B-VI data.

Number of energy groups used in the different phases.

From the homogeneous ultra-fine-group MC?2 calculations (2082 energy groups),
230-group cross-sections were determined for individual materials of given nuclide densities
and temperatures. Using these 230-group material-dependent cross-sections, region-dependent
33-group isotopic cross-sections were generated from the 230-group full-core TWODANT
calculations. In this 33-group cross-section generation, the fuel was divided into three radial
regions and the reflector was divided into top, bottom and radial reflectors. The target was
treated as a single region. On the other hand, the 33-group cross-sections of lumped fission
products were directly obtained from MC?-2 calculations for the homogenised atom densities
of the equilibrium core.
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7. Method(s) used for reactor calculation (source calculation).

The flux distributions were computed by solving fixed source problems using the TWODANT
transport theory code. An R-Z computational model was employed in these calculations with
~2.5 cm mesh size and vacuum boundary condition. Except for the reactivity effect calculations,
the 33-group cross-sections collapsed with the 230-group flux obtained from the full-core
TWODANT calculation for the equilibrium core fuel composition was employed. Specifically, this
cross-section set was used for al flux and reaction rate calculations a8t BOL and burn-up
calculations. For the reactivity effect evaluations for the start-up core, the 33-group cross-sections
were generated by separate TWODANT cal culations using the start-up core fuel composition.

8. Burn-up calculation:

a)

b)

Time steps between spectrum calculations.

Each burn-up interval was one year. However, the fuel zone was divided into 20 burn regions
and the region density iteration was performed with a relative convergence criterion of 0.001.
That is, the depletion calculation for each region was performed with the average of the
beginning and end of time interva fluxes. The end of time interval flux was iteratively
computed by iteration on the final nuclide densities. Four region density iterations were
typically performed for each burn step to satisfy this convergence criterion.

Actinide and fission product chains.

The depletion calculations were performed using burn-up changes for nuclides ranging from
22 to ®Cm. Five lumped fission products were used to represent the fission products. Using
the MC?%2 calculation performed for the equilibrium core fuel composition, 33-group
cross-sections were generated for 180 fission products. By weighting these cross-sections
with fission yields of 2°U, 28U, #°Pu, ?*Pu and **'Pu, respectively, 33-group cross-sections
of five lumped fission products were generated. These five lumped fission products were
named FP35, FP38, FP39, FP40 and FP41, respectively. A dummy isotope was aso used to
represent the other end products not included in the chains.

Capture, (n,2n), and fission reactions were considered for all actinide isotopes included in the
problem specification. In the capture and (n,2n) reactions, short-lived intermediate products
were neglected. As a result, the products of capture reactions of 22U, **Np, *Pu and **Am
were represented by 2°Pu, %°Pu, ***Am and **Cm, respectively. The capture reaction of
#Am was modelled to yield Cm, **"Am and ***Pu with yield fractions of 0.66, 0.20 and
0.14, respectively. The products of (n,2n) reactions of **Pu and **Am were respectively
represented by #’N and #°Pu. The (n,2n) reaction of ***Am was assumed to yield **?"Am,
2Py and **Cm with yield fractions of 0.5, 0.086 and 0.414, respectively. *Cm was assumed
to yield *Am in 99% of its (n,2n) reactions and *'Np in 1%. It was assumed that 37.4% of
(n,2n) reactions of *'Np yield U and the remaining 62.6% yield a fictitious dummy isotope.
The end products of ?*Cm capture and ??U (n,2n) reactions were represented by a fictitious
dummy isotope.

Important oe and B decays of actinide isotopes were also considered. Specifically, o decay was
considered for all actinide isotopes except for Np and *'Pu. The B~ decays of “*Np, #*Pu,
#2Am and the B* decay of **"Am were also included in the burn chains. The employed
decay constants for the B~, B*, and o decays of **"Am were 1.189E-10, 2.487E-11 and
7.225E-13, respectively.
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c) Fissionyields.

For full reactor depletion calculations, the lumped fission product FP35 was used to represent
the fission products of 22U, 22U, 2*U, #°U and **U, while the fission products of Z2'U, 2*U,
ZNp, #Np and 2Pu were represented by FP38. The lumped fission products FP39 and
FP40 were respectively used to represent the fission products of ?°Pu and **°Pu. The fission
products of **Pu and higher actinides were represented by FP41.

Even though it has not been completed, the decay heat calculation employs much different
fission yields. In decay heat calculations performed with the ORIGEN code, much more
detailed fission yields are used with the conserved actinide reaction rates of the full core
depletion calculation.

9. Method(s) used for decay calculation.

10. Other assumptions and characteristics, comments useful for interpreting correctly the results.

The burn-up calculations were performed at the constant power of 377 MW by adjusting the
source intensity.

The reaction rates and flux distributionsin Section B were obtained from fixed source calculations.
However, the ket values and reactivity coefficients were calculated using the corresponding
homogeneous eigenval ue prablems.
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CIEMAT

1. Author(s) of the solution.

M. Embid, JM. Garcia-Sanz, E. Gonzdlez, D. Cano-Ott and D. Villamarin
Contact e-mails; jgarcias@ciemat.es, enriques@ciemat.es

2. Establishment.

CIEMAT, Nuclear Fission Department, FACET Group
Avda. Complutense, 22
28040 Madrid, Spain

3. Name(s) of code system(s) used.
EVOLCODE
4. Bibliographic references for the codes used.

[1] E. Gonzdlez, D. Cano, M. Embid, R. Fernandez, J. Garcia-Sanz and D. Villamarin,
“EVOLCODE: ADS Combined Neutronics and Isotopic Evolution Simulation System”,
Presented at MC’ 99 Conference, Madrid, September 1999.

[2] R.E. MacFarlane and D.W. Muir, “The NJOY Nuclear Data Processing System,
Version 91" (1994).

[3] “MCNP-—A Genera Monte Carlo N-particle Transport Code, Version 4B” J.F. Briesmeister,
ed., LA-12625 M (1997).

[4] M.J Bédl,“ORIGEN — The ORNL Isotope Generation and Depletion Code V", ORNL-4628
(2973).

5. Origin of cross-section data (ENDF/B-VI, JEF-2.2, JENDL-3.2, etc., describe deviations from
standard libraries, e.g. mix from different libraries).

The cross-section database used in this benchmark for neutron transport calculations and reaction
rates calculation is the JENDL-3.2. In total, 245 isotopes have been used at different temperatures
(650 K, 980 K, 1580 K) representing not less than 99% of the total mass inventory at any time.
From those 196 are fission fragments. In addition, the EAF3.1 database (about 650 isotopes) has
been used for depletion calculations whenever the isotopes considered are not available in the
transport library. For this purpose, the EAF3.1 library has been converted to ENDF format.

6. Cell calculation and cross-section condensation (describe your scheme, provide details about
assumptions made):

The method used is a complete 3-D neutron Monte Carlo simulation with continuous energy
Cross-sections.

a) Resonance shielding including unresolved resonance treatment and mutual shielding: specify
method(s) and energy range depending on nuclides (actinides, clad, fission products, oxygen).

Not required for our continuous energy Monte Carlo simulation.
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b)

d)

f)

Fission spectra: specify whether only a single spectrum was used or a weighted mix from all
fissile nuclides, explain procedure.

Specific fission used for each fissile isotope according to the JENDL-3.2 database.

Describe how the (n,2n) reaction was treated.

Continuous energy (n,2n) reaction simulation according to the JENDL -3.2 database.
Weighting spectrum for scattering matrices, e.g. correction of the out-scatter and self-scatter
terms, considering the differences between original weighting spectrum and realistic cell
spectrum.

No weighting applied.

Method used for spectrum calculation, treatment of leakage.

For burn-up calculations, 8 000 bins have been used in the neutron flux energy spectra.
Number of energy groups used in the different phases.

Continuous energy is used in the transport phases. For burn-up calculations one-group

cross-sections are used. They are obtained by weighting each reaction cross-section with the
neutron flux energy spectrum (8 000 energy bins) in each cell and each time step (see #7).

7. Method(s) used for reactor calculation (source calculation).

See #8.

8. Burn-up calculation:

The simulations have been made using the EVOLCODE [1] simulation procedure developed at
CIEMAT. The system is a combination of various codes able to perform a coupled neutronic and
isotopic time evolution calculation. A scheme of the EVOLCODE system is presented in Figure 1.
EVOL CODE combines the following codes:

NJOY94.61 for nuclear data processing [2]. The cross-section database used in this
benchmark for neutron transport calculations and reaction rates calculation is JENDL-3.2.
In total, 245 isotopes have been used at different temperatures (650 K, 980 K, 1580 K)
representing not less than 99% of the total mass inventory at any time. From those 196 are
fission fragments. In addition, the EAF3.1 database (about 650 isotopes) has been used for
depletion calculations whenever the isotopes considered are not available in the transport
library. For this purpose, the EAF3.1 library has been converted to ENDF format.

MCNP4B [3] for the complete 3-D neutron transport simulation. It calculates the neutron
multiplication, the energy release by fission, the neutron flux intensity and specific power
spatial distributions and the neutron flux energy spectra at different positions.

ORIGENZ2.1 [4], with ad hoc cross-sections libraries, for burn-up calculations.

176



Figure 1. Combined neutronic and isotopic combined time evolution calculation scheme

LAHET&MCNP simulation

For each core division n ("cell") there is an
estimate at time T of:

Energy release by

Neutron flux Neutron flux fission per proton
intensity energy spectrum
<¢>n,T
New material
composition for cell
n attime T=T_,
ENDF6R4
One group cross / (245 isot.)
sections:
__o(ExE), .
x,nT —
JoEe [N EArad
(=650 isot.)
\ 4
ORIGEN calculation _
for celln attime T, Toew=ToatAT

EVOL CODE couples these codes as follows:

e The core has been divided into 90 cells mesh as shown in Figure 2. Each core division will
have its own neutron flux estimate, energy release by fission and neutron flux energy

spectrum estimators. The target isalso divided in 10 cells.

e A MCNP4B complete simulation of the neutron transport in steady state is done using the

provided external source, in the BOL configuration of the system.

e Thefollowing phaseis a set of ORIGENZ2.1 burn-up calculations, one for each core division.
For this purpose, one-group cross-sections are abtained for each core zone integrating the
depletion reaction cross-sections weighted by the neutron flux energy spectra, obtained in the
MCNP4B phase. The ORIGENZ2.1 calculations use these ad hoc one-group cross-sections and

the neutron flux intensity corresponding to each cell, normalised to the required total power.
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Figure 2. Geometrical description of the ADMAB used for the simulation
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MCNP4b R-Z simulation
Reflector = 3 cells
Core = 90 cells
Target = 10 cells

o When al ORIGENZ2.1 calculations are finished, the resulting materia descriptions are trandated
from the ORIGEN2.1 format to MCNP4B format, preparing a new MCNP input datafile.

e A new time step is performed beginning a new neutron MCNP4B transport simulation.

e Thisprocedureis repeated for each time step.

In burn-up calculations:

a) Time steps between spectrum calculations.
365 days.

b) Actinide and fission product chains.
ORIGEN2.1.

c) Fissionyidds.
From ENDFB VI R.3 database.

9. Method(s) used for decay calculation.

ORIGEN2.1

10. Other assumptions and characteristics, comments useful for interpreting correctly the results.

Note: Because of shortage of time to verify quality of data after the last source redefinition not all the
requested results are included in the attached Excel file. The remainder will be provided as

soon as possible.
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KAERI

1. Author(s) of the solution.
Won Seok Park and Y ong Nam Kim
2. Establishment.
Korea Atomic Energy Research Institute (KAERI)
3. Name(s) of code system(s) used.
TRANSX 2.15, TWODANT 3.0, DIF3D 7.0, REBUS-3
4. Bibliographic references for the codes used.

R.E. MacFarlane, “TRANSX-2: A Code for Interfacing MATSX Cross-section Libraries to
Nuclear Transport Codes’, Los Alamos Nationa Laboratory Report LA-12312-M S (1993).

R. E. Alcouffe, “User's Guide for TWODANT: A Code Package for Two-dimensiona,
Diffusion-accelerated, Neutron Transport”, Los Alamos National Laboratory Report LA-10049-M,
LANL (1990).

K.L. Derstine, “DIF3D: A Code to Solve One-, Two- and Three-dimensional Finite Difference
Diffusion Theory Problems’, Argonne National Laboratory Report ANL-82-64 (1984).

K.L. Derstine, “The DIF3D Noda Neutronics Option for Two- and Three-dimensiona Diffusion
Theory Calculations in Hexagonal Geometry”, Argonne National Laboratory Report ANL-83-1
(1983).

B.J. Toppdl, “A User’s Guide for the REBUS-3 Fuel Cycle Analysis Capability”, Argonne National
Laboratory Report ANL-83-2 (1983).

5. Origin of cross-section data (ENDF/B-VI, JEF-2.2, JENDL-3.2, etc., describe deviations from
standard libraries, e.g. mix from different libraries).

Most from JEF-2.2, two for Pb,, and 2**"Am from JENDLE-3.2.

6. Cell calculation and cross-section condensation (describe your scheme, provide details about
assumptions made):

We have used the cross-section library KAFAX-F22. It was developed not by us but by the team
of The Nuclear Data Evaluation Laboratory of KAERI for the burn-up calculation of the Korea
Advanced Llquid MEta Reactor (KALIMER) in 1997. Therefore we have no idea of preparation
for cross-section library and cannot give any detailed description of the below items from a) to €),
related with treatment of cross-section data, just now. We apologise for this unfaithfulness. We
will give a description after obtaining the information, as soon as possible.

a) Resonance shielding including unresolved resonance treatment and mutual shielding: specify
method(s) and energy range depending on nuclides (actinides, clad, fission products, oxygen).
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b) Fission spectra: specify whether only a single spectrum was used or a weighted mix from all
fissile nuclides, explain procedure.

The weighted mix from all fissile nuclide.
c) Describe how the (n,2n) reaction was treated.

Capture cross-section is estimated as the corrected value with subtraction of the cross-section
of (n,2n) reaction.

d) Weighting spectrum for scattering matrices, e.g. correction of the out-scatter and self-scatter

terms, considering the differences between original weighting spectrum and realistic cell
spectrum.

€) Method used for spectrum calculation, treatment of leakage.

f)  Number of energy groups used in the different phases.

i) Stage 1. Preparation for cross-section library KAFAX-F22 with MATXS format —
80 group.

i) Stage 2. Production of ISOTXS formatted cross-section data using TRANSX as an input
data required to solve the neutron transport equation for generation of region-wised group
flux and to collapse the fine group data to broad group — 80 group.

iii) Stage 3. Cell calculation and generation of region-wised group flux using TWODANT —
80 group.

iv) Sage 4. Group collapsing to broad group and production of ISOTXS formatted
cross-section data using TRANSX as a lattice parameter required for DIF3D to solve the
neutron diffusion equation — 9 group.

v) Sageb. Reactor calculation of steady-state and burn-up parameter using DIF3D/REBUS3
— 9 group.

7. Method(s) used for reactor calculation (source calculation).
Nodal method applied to the neutron diffusion theory.
8. Burn-up calculation:
a) Time steps between spectrum calculations.

One year.
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b) Actinide and fission product chains.
23 (n,n)**U, (n,f)LFPP3 (pseudo(lumped)-fission product from **U)
24: (n,n)*U, (n,f)LFPP3
25: (n,n)**U, (n,f)LFPP5(pseudo(lumped)-fission product from Z2U)
2%U: (n,n*'Np, (n,f)LFPP3
28 (n,n)*U, (n,f) LFPPY(pseudo(lumped)-fission product from %*Pu), (n,2n)*'Np
28py;: (n,r)**Pu, (n,f)LFPPY, (al pha-decay)®*U
ZINp: (n,r)**®Pu, (n,f)LFPPY, (n,2n)*°U
29py: (n,r)*°Pu, (n,f)LFPP3, (n,2n)**Pu
20py;: (n,r)**Pu, (n,f)LFPPY
21py: (n,r)*?Pu, (n,f)LFPP9
22py;: (n,r)**Am, (n,f)LFPP9
2IAm: (n,r)***Am (20%), 2**Cm (66%), 2**Pu (14%), (n,f)LFPP9
BAm: (n,r)**Cm, (n,f)LFPPI
22Cm: (n,r)**Cm, (n,f)LFPP9, (al pha-decay)®**Pu
#2Cm: (n,r)**Cm, (n,f)LFPP9, (al pha-decay)®*°Pu
24Cm: (n,r)**Cm, (n,f)LFPP9, (al pha-decay)?*°Pu
#°Cm: (n,r)***Cm, (n,f)LFPPY
8Cm: (n,f)LFPPY
c) Fissionyields.
As arranged above, we have considered the burn-up chain of the actinide alone, excluding the
fission-product chain. In the cross-section library KAFAX-F22 used in this calculation, the
cross-section data of fission products is lumped to the pseudo-fisson product. This
consideration is based on the inference that the nuclides of fission product are not active to

the fast neutron spectrum.

9. Method(s) used for decay calculation.
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10. Other assumptions and characteristics, comments useful for interpreting correctly the results.
i) We have replaced “N for N, which is not included in KAFAX-F22.

i) We have excluded U, #®Np, ?*Cm and **Cm because the cross-section data is not included

in KAFAX-F22. We note that the atomic density of those nuclides in the core is very low
compared with the others.
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PSI/CEA

1. Author(s) of the solution.

Marco Cometto®, Peter Wydler? and Jean-Christophe Bosq®
'CEA on attachment at PS, °PS, CEA

2. Establishment.
CEA Cadarache/Paul Scherrer Institut
3. Name(s) of the code system(s) used.

ERALIBL/ECCO/ERANOS nuclear data and calculation code system for the cell and reactor
calculations.

ORIHET3 for the activity and decay calculations.
4. Bibliographic references for the codes used.

E. Fort, W. Assal, G. Rimpault, J. Rowlands, P. Smith, R. Soule, “Realisation and Performance of
the Adjusted Nuclear Data Library ERALIBL for Calculating Fast Reactor Neutronics’, Prac. Int.
Conf. on the Physics of Reactors (PHY SOR’ 96), Mito, Japan, 16-20 September 1996.

G. Rimpault, P. Ribon, M. Grimstone, C. Dean, B. Thom, “Vadidation of New Subgroup
Algorithms for Resonance Self-shielding in Heterogeneous Structures’, Proc. Topl. Mtg.
Advances in Nuclear Engineering Computation and Radiation Shielding, Santa Fe, New Mexico,
9-13 April 1989, American Nuclear Society (1989).

M.J. Grimstone, J. Tullet, J. Rowlands, B. Thom, G. Rimpault, M. Salvatores, “The Geometrical
Treatment in the New European Cell Code ECCO”, Prac. Topl. Mtg. Advances in Nuclear
Engineering Computation and Radiation Shielding, Santa Fe, New Mexico, 9-13 April 1989,
American Nuclear Society (1989).

G. Rimpault, “Algorithmic Features of the ECCO Cell Code for Treating Heterogeneous Fast
Reactor Subassemblies’, Proc. Int. Conf. on Mathematics and Computations, Reactors Physics and
Environmental Analyses, Portland, Oregon, March-April 1995.

J.Y. Doriath, C.W. McCallien, E. Kiefhaber, U Wehman, J.Y. Rieunier, “ERANOSLI: The Advanced
European System of Codes for Reactor Physics Calculation”, Proc. Int. Conf. on Mathematical
Methods and Supercomputing in Nuclear Applications, Karlsruhe, Germany, 19-23 April 1993.

G. Pamiatti, JM. Rieunier, C. Gho, M. Salvatores, “Optimised Two-dimensional Sn Transport
(BISTRO)”, Nucl. ci. Eng., 104, 26-33 (1990).

5. Origin of cross-section data (ENDF/B-VI, JEF-2.2, JENDL-3.2, etc., describe deviations from
standard libraries, e.g. mix from different libraries).

ERALIB1 multi-group library based on the JEF2.2 evaluated file and processed by the NJOY and
CALENDF code systems. In thislibrary, 17 important isotopes for fast neutronic calculations were
adjusted, using a statistical process and about 350 integral parameters.
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6. Cell calculation and cross-section condensation (describe your scheme, provide details about
assumptions made):

Homogeneous cell ECCO calculation scheme:

a)

b)

d)

First step. One hundred seventy-two (172) energy groups (estimation of critical B2)

Second step. One thousand nine hundred sixty-eight (1 968) fine energy groups, using the
previoudy calculated B2 (spectrum cal culation and condensation into 33 energy groups)

Third step. Thirty-three (33) energy groups (critical B? calculation and evaluation of the
MIi CroSCopi C Cross-sections)

Resonance shielding including unresolved resonance treatment and mutual shielding: specify
method(s) and energy range depending on nuclides (actinides, clad, fission products, oxygen).

The self-shielding effects are treated in ECCO by the subgroup method, using statistical
probability tables. ECCO prepares the sdlf-shielded cross-sections and transport matrices
combining a precise dowing down treatment in 1 968 energy groups with probability tablesin
each fine group.

Fission spectra: specify whether only a single spectrum was used or a weighted mix from all
fissile nuclides, explain procedure.

The fission spectrum is obtained by weighting the fission spectra of all the isotopes by the
fission reaction rate.

Describe how the (n,2n) reaction was treated.
The (n,2n) reaction is explicitly treated: one neutron disappears and two neutrons appear.

Weighting spectrum for scattering matrices, e.g. correction of the out-scatter and self-scatter
terms, considering the differences between original weighting spectrum and realistic cell
spectrum.

Scattering matrices are condensed using flux weighting and P1 scattering matrices using
current weighting.

Method used for spectrum calculation, treatment of leakage.

Fundamental mode calculation (spatia variation of the flux assumed to take the form of a
buckling mode).

Number of energy groups used in the different phases.

Flux calculation performed using a 1 968 fine energy groups scheme, and condensation of
cross-sectionsinto 33 energy groups.

7. Method(s) used for reactor calculation (source calculation).

Reactor calculations are performed using a two-dimensional (RZ), Sy transport code (BISTRO).
The approximation is S4. In order to accelerate the convergence of the transport calculation, inner
iterations are accelerated by the DBA diffusion scheme.
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8. Burn-up calculation:

a)

b)

Time steps between spectrum calculations.

The flux is recalculated every 91.5 days, e.g. 4 times per year. During burn-up the power is
kept constant at 320 MW.

Actinide and fission product chains.

The decay chain (see table below) includes the following 27 heavy isotopes:

232Th 231P 232

232U, 233U, 234U, 235U, 236U, 238U,

237N 239

ZSBPU, 239PU, 240PU, 241PU, 242PU,

241Am, 242mAm’ 242Am, 243Am,

242Cm, 243Cm, 244Cm, 245Cm, 246Cm, 247Cm, 248Cm

Due to their short half-life, some isotopes are not taken into account and their daughters are
Cons'dered |n$eaj 231U (231Pa), 237U (237Np), 239U (239Np), 238Np (238Pu), 240Np (240Pu), 237Pu
(237Np), 243Pu (243Am), 244Am (244Cm)’ 241Cm (241Am).

Additional data about branching ratios:
1) *Am+n— *™Am (15%) + **Am (85%)
2) Decay of *?Am: **Cm (84%) + ***Pu (16%)

The fisson products are replaced by six pseudo fission products corresponding to the
following six isotopes (2°U, “8U, #°Pu, #°Pu, #*'Pu, **Pu); the following table shows which
pseudo fission product is used for each nuclide.

Fp 2%5): 22T B1pg 2%2pg 22() 233y 234y 25y 23
Fp 238U: 238 ’237Np 238y, ’ ' ' ’

FP 2pu; Z°Np, 2Py

FP #°py; 29py

Ep 241py: 241py 24TAm

Ep 242Pu; 242Pu: 22mA ) 22Am 23 m 220m 23cm 24cm 250, 2%Cm, 27Cm, 28Cm

Fission yields.

The pseudo fission products are based on the JEF-2.2 fission yields. Each pseudo fission
product takes into account al the solid fission products: al the gaseous fission products are
supposed to migrate immediately to the plenum.

9. Method(s) used for decay calculation.

The code used for decay calculation is ORIHET 3, an adaptation of the code ORIGEN. The decay
datalibrary isNUBASEX, based on NUBASE data.

As was mentioned earlier, only the heavy isotopes evolove during burn-up, therefore only the
concentration of the actinides is known at EOL. However it is possible to estimate the
concentration of the activation products in the following way: from the core calculation we can
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obtain the averaged flux on the fuel (¢), the microscopic cross-sections for each nuclide (¢ ) and
the number of atoms of each isotope (N).

We can calculate the production rate of each isotope I, PR(I) expressed in atoms/sec:
PR(l ):(5:1;}1 . N|+l'$+(5:};l- N 6

Now the concentration of the activation products can be estimated at any time during the burn-up
(the production rate takes in account the isotopes produced by neutronic reactions and the decay
process) and during the cooling time (production rate set to O after 5 years). The use of pseudo
fission products does not allow the calculation of the activity.

Consequently the term of decay heat takes in account only the contribution of actinides and
activation products.

ORIHETS3 does not directly calculate the source of neutron produced by spontaneous fission or by
an (o,n) reaction.

The estimation of the neutrons produced by spontaneous fission is made in two steps. knowing the
activity of each isotope we can estimate the number of spontaneous fission/sec (*) and multiply it
by the averaged number of neutrons per spontaneous fission (**).

References for the nuclear data:

(*) G. Audi, O. Bersillon, J. Blachot and A.W. Wapstra, “The NUBASE Evaluation of Nuclear
and Decay Properties’, Nuclear Physics A, 29 September 1997.

(**) S.F. Mughabghab and D.I. Garber, “Neutron Cross-sections, Val. |, Resonance Parameters’,
June 1973.

10. Other assumptions and characteristics, comments useful for interpreting correctly the results.

Neutronic reactions scheme
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JAERI

1. Author(s) of the solution.

Kenji Nishihara, Kazufumi Tsujimoto and Hideki Takano

2. Establishment.

Japan Atomic Energy Research Institute

3. Name(s) of the code system(s) used.

Transmutation calculation: ATRAS Code System [1] , which consists of the following
components:

— Preparation of effective cross-sections: SCALE-4.3[2].
— Cadculation of steady-state neutronics: TWODANT [3].
— Cadculation of burn-up and decay: BURNER [4].

— Calculation of decay: ORIGEN-2 [5].

Calculation of Bet: SRACI5 [6].

4. Bibliographic references for the codes used.

[1]

[2]

(3]

[4]

(3]

[6]

T. Sasa, K. Tsujimoto, T. Takizuka and H. Takano, “Accelerator-driven Transmutation
Reactor Analysis Code —ATRAS’, JAERI-Data/Code 99-007 (1999).

“SCALE-4, A Modular Code System for Performing Standarized Computer Analysis for
Licensing Evaluation”, CCC-545 (1990).

R.E. Alcouffe, et al., “Users Guide for TWODANT: A Code Package for Two-dimensional,
Diffusion-accelerated, Neutral-particle Transport”, LA-10049-M (1990).

D.R. Vondy and G.W. Cunningham, “Exposure Calculation Code Module for Reactor Core
Analysis: BURNER”, ORNL-5180 (1979).

A.G. Croff, “ORIGEN-2: A Revised and Updated Version of Oak Ridge |sotope Generation
and Development Code’, ORNL-5621 (1980).

K. Okumura, K. Kaneko and K. Tsuchihashi, “SRAC95: General Purpose Neutronics Code
System”, JAERI-Data/Code 96-015 (1996) (in Japanese).

5. Origin of cross-section data (ENDF/B-VI, JEF-2.2, JENDL-3.2, etc., describe deviations from
standard libraries, e.g. mix from different libraries).

Steady-state neutronics calculation: JENDL-3.2.

Burn-up calculation: JENDL-3.2.
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Decay calculation: ORIGEN-2 decay library.

Calculation of Ber: ENDF-B/VI.

6. Cell calculation and cross-section condensation (describe your scheme, provide details about
assumptions made):

a)

b)

d)

Resonance shidding including unresolved resonance treatment and mutual shielding: specify
method(s) and energy range depending on nuclides (actinides, clad, fission products, oxygen).

F-table in multi-group cross-section set for ATRAS [1] was used.

Fission spectra: specify whether only a single spectrum was used or a weighted mix from all
fissile nuclides, explain procedure.

Resonance overlapping of U was taken into account.

Describe how the (n,2n) reaction was treated.

e 1.4to020MeV: Fission spectrum of Z°Pu.

e 0.8203 eV to 1.4 MeV: L/E spectrum.

e Below 0.8203 eV: Maxwellian distribution at 20°C.

Weighting spectrum for scattering matrices, e.g. correction of the out-scatter and self-scatter

terms, considering the differences between original weighting spectrum and realistic cell
spectrum.

Method used for spectrum calculation, treatment of |eakage.

Number of energy groups used in the different phases.
o Steady-state neutronics calculation: 73 groups.

e Burn-up caculation: 1 group.

7. Method(s) used for reactor calculation (source calculation).

SCALE-4. Modular code system for performing standardised computer analysis for licensing
evauation. Only BONAMI-S and NITAWL-S codes were used, however, in the present
calculation. Hence, these codes were used to prepare effective cross-sections using the f-table
method.

TWODANT. Transport code using finite difference method. Mesh size : about 5 cm for both R
and Z directions.

188



8.

0.

10.

e BURNER. One-point one-group burn-up calculation code.

e ORIGEN-2. One-point one-group burn-up calculation code.

e SRACY95. Cdll caculation code using collision probability method. Homogeneous cells to
prepare effective cross-sections and function of calculation of kinetic parameter by
perturbation theory were used.

Burn-up calculation:

a) Time steps between spectrum calculations.

b) Actinide and fission product chains.

c) Fissionyields.

Method(s) used for decay calculation.
Figure 1 shows the calculation scheme.

The codes SCALE-4, and BURNER were executed at each burn-up step, respectively, to obtain
effective cross-sections and compositions of each region.

TWODANT calculated ket and 73-group flux of each region, which was then used for collapsing
cross-sectionsin ORILIB.

The thermal power output was normalised at 377 MW.

The one-group cross-sections which were calculated by collapsing 73-group microscopic effective
cross-section were used in BURNER to update the actinide effective cross-section.

Other assumptions and characteristics, comments useful for interpreting correctly the results.

Table A.2: Infinite multiplication factor, buckling and migration area. We indicate only infinite
multiplication factors, since buckling values can not be calculated for homogeneous medium.

Table B.6.7.8: Ber: Delayed neutron data in JENDL-3.2 are completed for a few nuclides
(33323238 299240241py 50 ENDF-B/VI is used for calculations of Be.
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Figure 1. Calculation scheme of ATRAS code system

73-group libra
based on
JENDL-3.2

SCALE-4
» Cdl cdculation

73-group
macroscopic

effective cross

section

73-group

mi croscopic
eff ective crosg
section

TWODANT

Core cdculation by transport theory

73-group flux

Group collgpsing

1-group Burnup and
mi croscopic decay chain

effective cross data
section

BURNER
Burnup calculation

New
composition

190



RIT

1. Author(s) of the solution.
Kamil Tucek (kamil @neutron.kth.se), Janne Wallenius and Waclaw Gudowski
2. Establishment.
Royal Ingtitute of Technology
Dept. of Nuclear & Reactor Physics
Lindstedtsvagen 24
S-100 44 Stockholm, Sweden
3. Name(s) of the code system(s) used.
e Neutron transport: MCNP-4B.
¢ Burn-up (and neutron transport): MCB.
o Decay calculations; ORIGEN2.
e Cross-section treatment: NJOY, versions 91 and 94.

4. Bibliographic references for the codes used.

“MCNP — A General Monte Carlo N-particle Transport Code, Version 4B”, Judith F. Briesmeister,
ed., LA-12625-M, Los Alamos National Laboratory, New Mexico, USA, March 1997.

J. Cetnar, J. Wallenius, W. Gudowski, “MCB — A Continuous Energy Monte Carlo Burn-up
Code”, in Actinide and Fission Product Partitioning and Transmutation, Proc. 5N Int. Information
Exchange Meeting, EUR 18898 EN, p. 523, OECD/NEA, 1999.

A.G.Croff, “A User's Manual for the ORIGEN2 Computer Code”, Chemical Technology Division,
Oak Ridge National Laboratory, Oak Ridge, Tennessee, USA, July 1980.

“The NJOY Nuclear Data Processing System, Version 917, R.E. MacFarlane and D.W. Muir, eds.,
LA-12740-M, Los Alamos National Laboratory, New Mexico, USA, 1994.

5. Origin of cross-section data (ENDF/B-VI, JEF-2.2, JENDL-3.2, etc., describe deviations from
standard libraries, e.g. mix from different libraries).

e Default set: JEF-2.2 except for *°Fe, *®*Fe and Pb nuclei retrieved from the ENDF/B-VI1/5
library and data for ground and isomeric states of **Am which were taken from the
JENDL-3.2 evaluation.

e Burn-up calculations for start-up core with fission products (Table 4.1) performed also with
cross-section sets of ENDFB-VI/5 and JENDL-3.2 eva uations.

e Temperature adjustment done by NJOY code allowing for temperatures 600 K (assumed for
target and reflector), 900 K (fuel) and 1 500 K (Doppler effect calculations).
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6. Cell calculation and cross-section condensation (describe your scheme, provide details about
assumptions made).

Cell calculations not performed.
7. Method(s) used for reactor calculation (source calculation).
e ket calculations: MCNP KCODE mode.
e Source calculations: MCNP source mode.
8. Burn-up calculation:
Calculation of reaction rates and heating done in flight.
a) Time steps between spectrum calculations.
Seventy-three (73) days as default.
b) Actinide and fission product chains.

Complete set of linear transmutation chains based on available reaction rates obtained from
transport and dosimetry cross-section libraries.

c) Fissionyields.

Continuous energy fission yield libraries based on the semi-empirical approach of Wahl and
Grashin’s non-equilibrium thermodynamical model

9. Method(s) used for decay calculation.
Decay dataisfor 2 400 nuclides from the Table of 1sotopes.

The Bateman equation is solved by exponential matrix method (default option). The results will
also be provided for calculations performed by MCB.

10. Other assumptions and characteristics, comments useful for interpreting correctly the results.

Doppler effect calculations were performed for a change of temperatures of fuel from 900K to
1500 K.

As concerns the void coefficient, only the core region from the coolant is voided.
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SCKeCEN

1. Author(s) of the solution.
H. Wienke, Ch. De Raedt, Hamid Ait Abderrahim, Th. Aoust and E. Malambu
2. Establishment.

SCKeCEN
Boeretang 200,
B-2400 Mal, Belgium

3. Name(s) of code system(s) used.

MCNPA4B [1] — transport calculations.

NJOY 97.95 [ 2] — cross-section processing.
ORIGEN-2 —fission-product concentrations.
BATEMAN2 [3] — burn-up calculations.

4. Bibliographic references for the codes used.

[1] “MCNP — A Generd Monte Carlo N-particle Transport Code, Version 4B”, Judith F.
Briesmeister, ed., Los Alamos National Laboratory Report LA-12625-M (1993).

[2] R.E. MacFarlane, D.W. Muir, “The NJOY Nuclear Data Processing System, Version 91",
Los Alamos National Laboratory Report LA-12740-M (1994).

[3] Ch. DeRaedt, BATEMAN2, SCKeCEN, Mol, Belgium, 2000 (unpublished).

5. Origin of cross-section data (ENDF/B-VI, JEF-2.2, JENDL-3.2, etc., describe deviations from
standard libraries, e.g. mix from different libraries).

Cross-section data in the MCNP compatible ACE format for the nuclides given in Table 1 of the
above report have been derived from JEF-2.2 (except for Pb and U which are from ENDF/B-6)
using the nuclear cross-section processing code system NJOY 97,95 [2]. These cross-section data
included Doppler-broadening to the appropriate temperatures of the target, fuel core and reflector,
as given in the benchmark description. The cross-section data for the fission products, in so far not
available in the MCNP4B cross-section library, also have been derived from JEF-2.2 with NJOY 97.

6. Cell calculation and cross-section condensation (describe your scheme, provide details about
assumptions made):

a) Resonance shielding including unresolved resonance treatment and mutual shielding: specify
method(s) and energy range depending on nuclides (actinides, clad, fission products, oxygen);

b) Fission spectra: specify whether only a single spectrum was used or a weighted mix from all
fissile nuclides, explain procedure.
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c) Describe how the (n,2n) reaction was treated.

d) Weighting spectrum for scattering matrices, e.g. correction of the out-scatter and self-scatter
terms, considering the differences between original weighting spectrum and realistic cell
spectrum.

€) Method used for spectrum calculation, treatment of |eakage.

f)  Number of energy groups used in the different phases.

7. Method(s) used for reactor calculation (source calculation).

The reactor calculations (Tables B.1-B.3) were performed with neutron source (sdef card in
MCNP4B). The axial and radia flux distributions and spectra were tallied with point detector
tallies (at r=0 and axial distances 150, 160, 170, 180, 190 and 200 cm), ring detector tallies
(at radia distances 5, 10, 15 and 20 cm) as well as track length tallies (at other axial and radial
points). The latter tally results were obtained using spherical (radius 3 cm) and toroidal cells
(radius 3 and 2.4 cm).

Reactor calculations have also been performed without source. Although the results are not really
relevant, they have been enclosed as well because of their striking similarity with the ones of some
participating groups (see “OECD/NEA Comparison Calculations for an Accelerator-driven Minor
Actinide Burner: Analysis of Preliminary Results’, report presented at the 2™ NEA Workshop on
Utilisation and Reliability of High Power Accelerators, Aix-en-Provence, 21-24 November 1999).

8. Burn-up calculation:

The concentrations of the actinides in the fuel at the burn-up steps were obtained using the code
BATEMANZ, based upon Bateman equations, developed at SCKeCEN [3], from the reaction rates
and average flux calculated with MCNP4B for each step. All important actinide transmutation
chains for the problem have been taken into account in the code, except the decay chain ?*Cm —
#0py (the decrease of **Cm by natural decay has been taken into account but not the resulting
formation of *°Pu). As a result, the **Pu concentration is underestimated by about 1% per
0.25 year. This error probably explains the lower **°Pu concentration in the SCKeCEN results with
respect to the *Pu concentrations by the other participants. The concentrations for the fission
products at the various burn-up steps were obtained using ORIGEN-2.

a) Time steps between spectrum calculations.
Oneyear.

b) Actinide and fission product chains.
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c) Fissionyields.

9. Method(s) used for decay calculation.

10. Other assumptions and characteristics, comments useful for interpreting correctly the results.
The strengths of the neutron source was derived from the calculated total number of fissionsin the
fuel core and the number of fissions per source neutron (weight per source neutron) provided by
MCNP4B.

Actinide transmutation chains considered in the SCK ¢CEN homemade code BATEMAN2
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241Am0t N 237Np (n’,y) 238Pu

242mAm

242mAm (n,,Y) 243Am

242mAm (n’,Y) 243Am (n’,Y) 244Cm

242mAm (n’zn) 241Am

243Am

BAm (n,y) *“Cm

ZBAm (n,y) *Cm (n;y) #°Cm

BAM (n,y) *“Cm (n;y) #°Cm (n,y) #°Cm

242Cm

220m (ny) °Cm

#2Cm (n,y) #*Cm (nyy) *“Cm

242CmOL N 238Pu

242CmOL N 238Pu0t N 234U

243Cm

#3Cm (n,y) *Cm

#3Cm (n,y) #Cm (nyy) **Cm

#3Cm (n,y) *Cm (n,y) 2*Cm (n,7) **Cm
#%Cm (n,2n) **Cm

244Cm

#Cm (n,y) **Cm

#Cm (n,y) #*Cm (nyy) **Cm

24Cm (n,y) *Cm (n,y) **Cm (n,7) *’Cm
#4Cm (n,2n) **Cm

(80)
(81)
(82)
(83)
(84)
(85)
(86)
(87)
(88)
(89)
(90)
(91)
(92)
(93)
(94)
(95)
(96)
(97)
(98)
(99)
(100)
(101)
(102)
(103)
(104)
(105)
(106)
(107)
(108)
(109)
(110)

Chain **Cm® — *°Pu should have been included (the error is about 1%

under estimation of the **°Pu concentrations per 3 months)

245Cm

#°Cm (n,y) *Cm

#°Cm (n,y) ***Cm (nyy) *’Cm

#°Cm (n,y) **Cm (n,y) *’Cm (n,y) **Cm
246Cm

246Cm (n,’Y) 247Cm

2%Cm (nyy) *'Cm (n,y) **Cm

247Cm

247Cm (n,’Y) 248Cm

248Cm
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(113)
(114)
(115)
(116)
(117)
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APPENDIX C

Questionnaire and
summary of the answers






OECD/NEA COMPARISON CALCULATIONSFOR AN
ACCELERATOR-DRIVEN MINOR ACTINIDE BURNER: QUESTIONNAIRE

Homogeneous cell calculation

Q1.

Q2:

Qa3:

We assume that you prepared broad group cross-sections for the fuel zone with the help of a
“cell code” which calculates the fundamental mode neutron spectrum of the cell and that the
datain Tables A.1 and A.2 are averaged with this spectrum.

Please confirm that this assumption is correct; if you supplied data from a different type of
calculation, explain how the data were averaged.

Confirm that the one-group cross-sections in Table A.1 refer to a critical cell, i.e. that they are
averaged with a spectrum from a cell calculation with ket = 1 (B = BZit).

The production-to-absorption reaction ratio for the critical cell can be evaluated as follows:
1 + M?BZit. Therefore, in Table A.2, we expect the kins of the cell without |eakage.

Confirm that you supplied the kin for the cell without leakage (B? = 0).

Reactor calculation

Spatial distribution of the neutron source

Q4.

A revised neutron source specification including a new axial distribution and a new collapsing
program for producing a broad group source were circulated in August 1999. Therein, the
position and spatial distribution of the source are prescribed as follows:

e Target top position (impact of proton beam): Zr =150 cm, coinciding with top of the core.

e Radial distribution: the source is constant (flat distribution) for r <10cm and O for
r >10cm.

e Axial distribution in the range 150 cm > z > 50 cm (10 cm meshes, starting from top):
0.33369, 0.26611, 0.17754, 0.10825, 0.06085, 0.03193, 0.01131, 0.00571, 0.00300, 0.00161

Does the source distribution that you used conform with this specification and have you used
the new collapsing program?
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Table B.1. Reaction rate balance components

Absorption reaction rates and production rates are defined by (Zf + Zc)¢ and v, respectively.
They should not contain any corrections for (n,2n) reactions.

Q5: Do your results conform with these definitions?

Q6: Onreguest, could you also supply nuclide dependent (n,2n) reaction rates?

Table B.2. Neutron flux distributions
Q7. Towhichreactor power do your results refer?
Q8. Please specify theradial and axial meshes which you used in the 2-D calculation.

Q9: Have you performed an interpolation to obtain the values in the requested positions?

Table B.3.1. Neutron spectrum

The specification is ambiguous. We expect group fluxes, not group fluxes divided by Au.
(The values should add up to give the total flux at r,z= 56 cm, 100 cm.)

Q10: Please confirm that you provided group fluxes.

TablesB.4.1/B.4.2. Burn-up, Ket, Keit Without fission products, source strength

By “ket” we mean the ket of a homogeneous calculation, i.e. a calculation without the external
neutron source. This means that you have to perform a separate ket calculation for each
burn-up step. We requested these extra calculations to avoid problems with different definitions
of so-called source multiplication factors.

Q11: Do your ket values conform with our definition?

The reactor is assumed to run continuoudly at the constant average thermal power of 320 MW,
corresponding to a load factor of 0.85 (see p. 3 of the benchmark specification). In the burn-up
calculation with the external source, the thermal power should therefore be kept constant within
the one-year burn-up steps, implying an automatic source adjustment within the burn-up steps.

Q12: Confirm that you performed a burn-up calculation with external source; specify the thermal
power (or the load factor) and confirm that the power was kept constant within the burn-up
steps.

To understand differences in reported burn-up values, we need to know how you calculate
power.
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Q13:

Q14:

Specify your energy-per-fission values, are they constant or nuclide-dependent? Are the values
adjusted for (n,y) heating, or do you take account of the (n,y) heating in a different way?

Snce the maximum source strength determines the design power of the accelerator, we
requested the source strength values in Tables B.4.1/B.4.2 to be normalised to the full power of
377 MWth.

Specify the thermal power to which your source strength values are normalised.

Numerical approximations, actinide and fission-product chains, fission-product data

Q15:
Q16:

Q17:

Q18:
Q19:

Q20:

Please specify the number of burn-up regionsin the fuel zone (provide aregion map).

How many (2-D) spectrum cal culations per 365-day burn-up step have you performed?

Specify the branching ratios for the 2*Am(n,y)*?**"Am reaction and the decay of *?Am to
#2Cm and ***Pu. Supply any available descriptions of the applied actinide and fission product
chains.

Provide list of explicitly represented fission products.

Did you use lumped (pseudo) fission products and what are their characteristics?

Indicate origin of the fission yields.

Table 6.7.8. Safety parameters

Q21.

Q22:

Q23;

Are coolant void and fuel Doppler reactivity effects evaluated from ket differences, or did you
use other methods as e.g. perturbation theory?

Confirm that ket values conform with our definition (cf. Q11).

Indicate origin of the delayed neutron data used in the B4 calculation.

Name(s) and organisation of the participant(s):
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APPENDIX D

Sengitivity study on actinide
datain ENDF/B-VI, JEF-2.2
and JENDL-3.2 for the
ADMAB benchmark system






SENSITIVITY ON ACTINIDE DATA IN ENDF/B-VI,
JEF-2.2 AND JENDL-3.2 FOR ADMAB BENCHMARK SYSTEM

Jung-Do Kim and Choong-Sup Gil
Korea Atomic Energy Research Institute

The ENDF/B-V1.5 library is used for al nuclides as the reference and JEF-2.2 and JENDL-3.2
are processed for actinides to generate 175-group (Vitamin-J) MATXS-format libraries using NJOY .

The code used for the start-up core calculation is ONEDANT (P, and S; approximation) with a
one-dimensional core model: spherical geometry keeping the equivalent-volume of 2-D R-Z model.
The fission spectrum was directly weighted with the flux in library.

The k,, and reaction rates are calculated by exchanging the data set of actinides from ENDF/B-VI
to JEF-2.2 or to JENDL-3.2. The questionable evaluated data in ENDF/B-VI are *Cm fission data
reporting zero values between 30 eV and 10 keV (refer to NEA/WPEC-8, p. 77 Figure 2.31) and **"Am
inelastic datain thermal and epithermal energy range (refer to JEF-Report 14, p. 225). Moreover, there
are no (n,3n) reaction data for *Cm, **Cm and **Cm in JEF-2.2. The results are presented in Tables D.1
to D.4. Table D.1 summarises the effects of each actinide from different libraries on k. TablesD.2
and D.3 present reaction rates and average v a the middle of core zone, and energy-dependent
reaction-rate distribution, respectively. Table D.4 compares the production, absorption reaction rates
and their ratios.

With regard to k,, variation due to actinide data exchange, the following is observed.

ENDF/B-VI to JEF-2.2

1) Negative effect: “'Np, “**"**Am

2) Positive effect: “*Pu, ********Cm

3) Large differences: **"Am, ******Cm

4) Maximum difference including Pu isotopes. Over 4 000 pcm

ENDF/B-VI to JENDL-3.2
1) N%atlve effect 237N p, 241,242m,243Am, 244,245Cm
2) Positive effect: 238PU, 242,243,245 Ccm

3) Large differences “"Am, *****Cm
4) Maximum difference including Pu isotopes: Over 2 000 pcm
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Asfor the differences in reaction rates due to actinide data exchange, the following is observed.

ENDF/B-VI to JEF-2.2

1) Largedifferences: Inelastic, n2n, n3n
2) Fission: ~20% for **"Am, ~27% for **Cm, no ideafor *’Cm
3) Capture: ~50% for **"Am, ~30% for **Pu, ~70% for **Cm, ~35% for **Cm

ENDF/B-VI to JENDL-3.2

1) Largedifferences: Inelastic, n2n, n3n
2) Fission: ~20% for **"Am, no ideafor **Cm, ~15% for “*Cm
3) Capture: ~66% for **"Am, ~80% for **Cm, ~70% for **Cm, ~20% for **Cm, ~45% for **Cm

The k,, variation and reaction rates due to exchange of N, Bi and Pb at the middle position of
fuel zone are also studied and presented in Table D.5. The availability of reaction data for “N, Bi and
Pbin ENDF/B-VI, JEF-2.2 and JENDL-3.2 issummarised in Table D.6.

Additional calculations were performed to investigate the influence of fission spectra used in
transport calculations. In these calculations, the flux obtained from the previous cal culations was used
to generate the region-dependent fission spectrum and then used for transport calculations. The results
are compared with those of previous calculationsin Table D.7.
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Table D.1. Effect of each actinide from different libraries on k,, (start-up core)
Reference k; = 1.00007: All ENDF/B-VI data.

Exchanged JEF-2.2 JENDL-3.2
nuclide K Ak* Ak/atom** K Ak* Ak/atom**
“'N p 0.998257 -181 -4.14 0.997425 -265 -6.05
*Am 0.986861 -1321 -16.34 0.99744 -263 -3.25
#2Am 0.996619 -345 -316.8 0.997574 -250 -229.57
*Am 0.992768 -730 -12.53 0.99502 -505 -8.67
Py 1.00073 66 15.62 1.00067 60 14.2
“Pu 0.996104 -397 -7.86 0.999828 -24 -0.48
*Pu 0.998555 -152 -6.55 0.997618 -245 -10.56
“'py 0.999424 -65 -5.28 1.00114 107 8.69
*py 1.00007 0 0 1.00007 0
*Cm 1.00008 1 245.16 1.00008 1 245.16
**Cm 1.00102 95 285.63 1.00065 58 174.38
*Cm 1.00118 111 4.68 0.999148 -92 -3.88
*Cm 1.00675 668 211.13 1.00266 259 81.86
**Cm — — — 1.00006 -1 -18.67

* Ak values are relative to ENDF/B-V 1 results, in units of 1E-5.

**  Ak/atom, in units of 1E-24.

Table D.2. Reaction rates and average v at the middle of core zonein start-up core

Reaction | Elastic | Indastic | n2n | n3n | Fisson | Capture |Averagev
237Np
ENDF/B-VI 6.056E-04 | 7.656E-05 | 2.028E-08 | 3.397E-11 | 3.009E-05 | 8.847E-05 | 2.7093
JENDL-3.2 6.382E-04 | 7.309E-05 | 2.002E-08 | 1.468E-10 | 3.105E-05 | 9.119E-05 2.6068
JEF-2.2 6.294E-04 | 6.410E-05 | 1.546E-08 | 6.084E-11 | 2.998E-05 | 8.833E-05 2.6134
JENDL/ENDF* 1.054 0.955 0.987 4,321 1.032 1.031 0.962
JEF/ENDF** 1.039 0.837 0.762 1.791 0.996 0.998 0.965
241Am
ENDF/B-VI 6.483E-04 | 6.825E-05 | 4.408E-09 | 2.454E-12 | 2.488E-05 | 9.609E-05 3.3045
JENDL-3.2 6.561E-04 | 6.646E-05 | 4.185E-09 | 1.103E-10 | 2.485E-05 | 9.835E-05 3.2887
JEF-2.2 6.241E-04 | 4.826E-05 | 1.164E-08 | 2.438E-11 | 2.432E-05 | 1.111E-04 3.3216
JENDL/ENDF 1.012 0.974 0.949 44,947 0.999 1.024 0.995
JEF/ENDF 0.963 0.707 2.641 9.935 0.977 1.156 1.005
242mAm
ENDF/B-VI 5.721E-04 | 7.748E-06 | 7.288E-08 | 4.143E-10 | 2.522E-04 | 2.000E-05 3.3479
JENDL-3.2 5.720E-04 | 3.898E-05 | 2.718E-08 | 1.783E-10 | 2.055E-04 | 3.325E-05 3.361
JEF-2.2 5.528E-04 | 4.722E-05 | 7.292E-08 | 4.293E-10 | 2.074E-04 | 3.088E-05 3.2769
JENDL/ENDF 1 5.031 0.373 0.43 0.815 1.663 1.004
JEF/ENDF 0.966 6.094 1.001 1.036 0.822 1544 0.979
243Am
ENDF/B-VI 6.561E-04 | 8.778E-05 | 1.939E-08 | 4.558E-11 | 1.821E-05 | 8.539E-05 334
JENDL-3.2 6.571E-04 | 8.838E-05 | 2.363E-08 | 3.260E-10 | 1.806E-05 | 8.848E-05 3.2796
JEF-2.2 5.987E-04 | 6.662E-05 | 3.180E-08 | 1.300E-10 | 1.910E-05 | 9.602E-05 3.1179
JENDL/ENDF 1.002 1.007 1219 7.152 0.992 1.036 0.982
JEF/ENDF 0.913 0.759 1.64 2.852 1.049 1.124 0.934

* Ratio JENDL-3.2 to ENDF/B-VI.

** Ratio JEF-2.2 to ENDF/B-VI.
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Table D.2. Reaction rates and average v at the middle of core zonein start-up core (cont.)

Reaction | Elastic | Indlastic | n2n | n3n | Fisson | Capture |Averagev
238
Pu
ENDF/B-VI 7.058E-04 | 3.499E-05 | 2.877E-08 | 5.970E-10 | 8.821E-05 | 4.243E-05 2.9668
JENDL-3.2 8.019E-04 | 3.059E-05 | 2.344E-08 | 1.471E-10 | 8.928E-05 | 3.650E-05 2.9682
JEF-2.2 6.585E-04 | 4.455E-05 | 5.147E-09 | 4.955E-11 | 8.866E-05 | 3.080E-05 2.9695
JENDL/ENDF 1.136 0.874 0.815 0.246 1.012 0.86 1
JEF/ENDF 0.933 1.273 0.179 0.083 1.005 0.726 1.001
242Cm
ENDF/B-VI 6.881E-04 | 7.566E-05 | 1.151E-09 | 2.575E-12 | 1.419E-05 | 1.575E-05 3.361
JENDL-3.2 7.022E-04 | 5.162E-05 | 1.108E-08 | 5.263E-11 | 6.215E-05 | 2.811E-05 3.336
JEF-2.2 6.606E-04 | 7.131E-05 | 7.066E-09 | 0.00E+00 | 5.143E-05 | 2.698E-05 3.2336
JENDL/ENDF* 1.02 0.682 9.626 20.439 4.38 1.785 0.993
JEF/ENDF** 0.96 0.943 6.139 0 3.624 1.713 0.962
“*Cm
ENDF/B-VI 6.616E-04 | 9.774E-05 | 6.955E-08 | 8.874E-11 | 1.727E-04 | 1.268E-05 3.5174
JENDL-3.2 5.978E-04 | 2.546E-05 | 9.553E-08 | 1.623E-10 | 1.987E-04 | 2.175E-05 3.52
JEF-2.2 5.528E-04 | 3.758E-05 | 2.298E-08 | 0.000E+00 | 2.184E-04 | 1.124E-05 3.4766
JENDL/ENDF 0.904 0.26 1374 1.829 1.151 1.715 1.001
JEF/ENDF 0.836 0.384 0.33 0 1.265 0.886 0.988
Z44Cm
ENDF/B-VI 6.951E-04 | 5.216E-05 | 2.402E-08 | 4.846E-10 | 3.875E-05 | 4.920E-05 3.5502
JENDL-3.2 7.248E-04 | 5.782E-05 | 2.929E-08 | 1.694E-10 | 3.858E-05 | 3.946E-05 3.3466
JEF-2.2 7.055E-04 | 4.504E-05 | 2.906E-08 | 6.372E-11 | 3.912E-05 | 3.249E-05 3.3439
JENDL/ENDF 1.043 1.109 1.219 0.35 0.996 0.802 0.943
JEF/ENDF 1.015 0.863 121 0.131 1.01 0.66 0.942
Z45Cm
ENDF/B-VI 6.078E-04 | 8.500E-05 | 1.248E-07 | 5.586E-10 | 1.550E-04 | 1.861E-05 3.6987
JENDL-3.2 6.056E-04 | 4.382E-05 | 1.051E-07 | 1.906E-10 | 1.757E-04 | 2.127E-05 3.6015
JEF-2.2 5.937E-04 | 4.433E-05 | 2.503E-08 | 0.000E+00 | 1.772E-04 | 1.834E-05 3.9115
JENDL/ENDF 0.996 0.516 0.842 0.341 1.134 1.143 0.974
JEF/ENDF 0.977 0.522 0.201 0 1.143 0.985 1.058
Z45Cm
ENDF/B-VI 7.259E-04 | 7.629E-05 | 3.208E-08 | 1.265E-09 | 2.495E-05 | 1.279E-05 3.5752
JENDL-3.2 7.526E-04 | 7.134E-05 | 3.153E-08 | 3.421E-10 | 2.462E-05 | 1.876E-05 3.2953
JEF-2.2 7.259E-04 | 7.629E-05 | 3.208E-08 | 1.265E-09 | 2.495E-05 | 1.279E-05 3.5752
JENDL/ENDF 1.037 0.935 0.983 0.27 0.987 1.467 0.922
JEF/ENDF 1.000 1.000 1.000 1.000 1.000 1.000 1.000

* Ratio JENDL-3.2 to ENDF/B-VI.
** Ratio JEF-2.2 to ENDF/B-VI.
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Table D.3. Energy-dependent reaction rate distribution in start-up core (%)

Upper energy limit | 20MeV | 1Mev | 01Mev | 10keV | 1kev | 0Odkev
237Np
ENDF/B-VI 54.14 44.94 0.79 0.13 0.01 0.00
JEF-2.2 Fission 53.81 45.27 0.80 0.12 0.00 0.00
JENDL-3.2 53.21 44.72 1.68 0.36 0.02 0.00
ENDF/B-VI 1.00 29.49 45.28 22.18 1.85 0.18
JEF-2.2 Capture 1.01 29.50 45.27 22.18 1.85 0.18
JENDL-3.2 0.96 25.94 47.69 23.34 1.91 0.17
238Pu
ENDF/B-VI 25.21 52.76 14.93 6.72 0.37 0.00
JEF-2.2 Fission 25.41 52.71 16.56 4.91 0.41 0.00
JENDL-3.2 25.32 52.63 16.60 5.05 0.39 0.00
ENDF/B-VI 271 33.36 39.96 21.96 1.96 0.04
JEF-2.2 Capture 1.34 28.55 45.19 22.67 2.19 0.06
JENDL-3.2 2.07 27.05 44,57 23.81 2.45 0.05
241Am
ENDF/B-VI 72.83 25.35 1.27 0.50 0.04 0.00
JEF-2.2 Fission 74.20 23.87 1.25 0.62 0.05 0.00
JENDL-3.2 73.64 24.54 1.28 0.50 0.04 0.00
ENDF/B-VI 0.20 29.71 45.69 22.51 174 0.14
JEF-2.2 Capture 1.01 37.16 42.80 17.52 1.39 0.12
JENDL-3.2 121 30.05 44.19 22.50 1.93 0.13
ZAZmAm
ENDF/B-VI 8.85 40.19 31.67 17.76 143 0.11
JEF-2.2 Fission 8.31 43.98 33.17 13.47 0.99 0.08
JENDL-3.2 8.58 45.07 32.27 13.12 0.88 0.08
ENDF/B-VI 0.40 12.89 46.64 36.77 3.05 0.24
JEF-2.2 Capture 0.75 4252 271 13.02 0.93 0.07
JENDL-3.2 2.67 36.30 42.43 17.22 1.28 0.10
243Am
ENDF/B-VI 79.17 18.96 1.29 0.54 0.04 0.00
JEF-2.2 Fission 79.26 20.00 0.61 0.12 0.01 0.00
JENDL-3.2 80.29 18.53 0.82 0.33 0.03 0.00
ENDF/B-VI 113 27.12 47.84 21.93 1.84 0.13
JEF-2.2 Capture 1.42 3113 45.17 20.46 1.70 0.12
JENDL-3.2 1.15 27.11 47.68 22.13 1.79 0.13
242Cm
ENDF/B-VI 84.46 14.77 0.76 0.01 0.00 0.00
JEF-2.2 Fission 38.77 50.63 9.50 1.08 0.02 0.00
JENDL-3.2 35.82 51.46 9.19 3.34 0.19 0.01
ENDF/B-VI 1.05 16.80 38.60 39.39 3.84 0.31
JEF-2.2 Capture 0.20 19.82 48.20 28.92 2.67 0.19
JENDL-3.2 1.89 26.04 46.76 22.99 2.16 0.17
243Cm
ENDF/B-VI 13.54 41.77 28.43 14.85 1.29 0.12
JEF-2.2 Fission 9.98 43.79 33.20 12.13 0.84 0.06
JENDL-3.2 10.08 42.70 32.31 13.87 0.94 0.10
ENDF/B-VI 0.45 19.01 46.32 31.08 2.86 0.28
JEF-2.2 Capture 0.77 22.35 44.59 29.10 2.93 0.25
JENDL-3.2 4.48 30.31 41.63 21.81 1.68 0.10
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Table D.3. Energy-dependent reaction rate distribution in start-up core (%) (cont.)

Upper energy limit | 20MeV | 1MeV | 01Mev | 10keV | 1kev | 0O.dkev
244Cm
ENDF/B-VI 50.84 44.98 3.24 0.86 0.07 0.00
JEF-2.2 Fission 50.85 45.44 311 0.45 0.15 0.00
JENDL-3.2 49.58 45.22 351 1.62 0.07 0.00
ENDF/B-VI 150 29.85 47.91 19.03 1.69 0.02
JEF-2.2 Capture 1.91 33.87 52.41 9.11 2.67 0.03
JENDL-3.2 3.39 28.87 44.56 20.95 219 0.03
245Cm
ENDF/B-VI 13.24 33.52 35.06 16.79 1.27 0.11
JEF-2.2 Fission 11.92 40.56 33.13 13.29 1.01 0.09
JENDL-3.2 10.13 43.63 32.33 12.89 0.93 0.09
ENDF/B-VI 114 30.42 49.65 17.36 131 0.11
JEF-2.2 Capture 1.76 29.31 43.43 23.38 1.96 0.16
JENDL-3.2 1.96 38.90 42.50 15.26 1.26 0.12
246Cm
ENDF/B-VI 7112 28.71 0.04 0.10 0.02 0.00
JEF-2.2 Fission 71.12 28.71 0.04 0.10 0.02 0.00
JENDL-3.2 66.94 28.67 3.02 1.28 0.09 0.00
ENDF/B-VI 2.64 31.33 39.82 23.48 2.69 0.03
JEF-2.2 Capture 2.64 31.33 39.82 23.48 2.69 0.03
JENDL-3.2 2.63 24.86 45.00 25.34 2.15 0.02

Table D.4. Production, absor ption reaction rates and their ratiosin start-up core

| Production | Absorption | Production/Absorption
237Np
ENDF/B-VI 8.152E-05 1.186E-04 0.688
JENDL-3.2 8.094E-05 1.222E-04 0.662
JEF-2.2 7.835E-05 1.183E-04 0.662
JENDL/ENDF 0.993 1.031 0.963
JEF/ENDF 0.961 0.998 0.963
241Am
ENDF/B-VI 8.222E-05 1.210E-04 0.680
JENDL-3.2 8.172E-05 1.232E-04 0.663
JEF-2.2 8.078E-05 1.354E-04 0.597
JENDL/ENDF 0.994 1.018 0.976
JEF/ENDF 0.983 1.119 0.878
242mAm
ENDF/B-VI 8.443E-04 2.722E-04 3.102
JENDL-3.2 6.907E-04 2.388E-04 2.893
JEF-2.2 6.796E-04 2.383E-04 2.852
JENDL/ENDF 0.818 0.877 0.933
JEF/ENDF 0.805 0.875 0.920
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Table D.4. Production, absor ption reaction rates and their ratiosin start-up core (cont.)

| Production | Absorption | Production/Absorption
243Am
ENDF/B-VI 6.082E-05 1.036E-04 0.587
JENDL-3.2 5.923E-05 1.065E-04 0.556
JEF-2.2 5.955E-05 1.151E-04 0.517
JENDL/ENDF 0.974 1.028 0.947
JEF/ENDF 0.979 1111 0.881
ZBSPL]
ENDF/B-VI 2.617E-04 1.306E-04 2.003
JENDL-3.2 2.650E-04 1.258E-04 2.107
JEF-2.2 2.633E-04 1.195E-04 2.204
JENDL/ENDF 1.013 0.963 1.052
JEF/ENDF 1.006 0.914 1.100
242Cm
ENDF/B-VI 4.769E-05 2.994E-05 1.593
JENDL-3.2 2.073E-04 9.026E-05 2.297
JEF-2.2 1.663E-04 7.841E-05 2121
JENDL/ENDF 4.347 3.015 1.442
JEF/ENDF 3.487 2.619 1.331
243Cm
ENDF/B-VI 6.075E-04 1.854E-04 3.277
JENDL-3.2 6.994E-04 2.205E-04 3.173
JEF-2.2 7.593E-04 2.296E-04 3.306
JENDL/ENDF 1.151 1.189 0.968
JEF/ENDF 1.250 1.239 1.009
244Cm
ENDF/B-VI 1.376E-04 8.795E-05 1.564
JENDL-3.2 1.291E-04 7.804E-05 1.654
JEF-2.2 1.308E-04 7.161E-05 1.827
JENDL/ENDF 0.939 0.887 1.058
JEF/ENDF 0.951 0.814 1.168
“*Cm
ENDF/B-VI 5.733E-04 1.736E-04 3.302
JENDL-3.2 6.328E-04 1.970E-04 3.213
JEF-2.2 6.931E-04 1.955E-04 3.545
JENDL/ENDF 1.104 1.135 0.973
JEF/ENDF 1.209 1.126 1.073
246Cm
ENDF/B-VI 8.920E-05 3.774E-05 2.364
JENDL-3.2 8.113E-05 4.338E-05 1.870
JEF-2.2 8.920E-05 3.774E-05 2.364
JENDL/ENDF 0.910 1.149 0.791
JEF/ENDF 1.000 1.000 1.000
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Table D.7. Influence of different fission spectra on Kk, differences

(2) 1-D results using fission spectrum weighted with the flux in library.

(2) 1-D results using fission spectrum weighted with the first calculated flux.

Reference k,; (all ENDF/B-VI): (1) 1.00007, (2) 1.00249.

Exchanged D 2
nuclide AK(2)/Ak(1) | Ak/atom™**
(JEF-2.2) Ka Ak* Ka Ak*
“'Np 0.998257 -181 0.999802 -269 1.49 -6
*Am 0.986861 -1321 0.985743 -1675 1.27 -21
“TAm 0.996619 -345 0.999052 -344 1 -316
“*Am 0.992768 -730 0.993266 -922 1.26 -16
Py 1.00073 66 1.00316 67 1.02 16
“*Pu 0.996104 -397 1.00039 -210 0.53 -4
“’Py 0.998555 -152 1.00103 -146 0.96 -6
“'Py 0.999424 -65 1.00176 -73 1.12 -6
“**Pu 1.00007 0 1.00248 -1 - -
“Cm 1.00008 1 1.0025 1 1 245
“**Cm 1.00102 95 1.00343 94 0.99 283
“*Cm 1.00118 111 1.00361 -112 1.01 5
“**Cm 1.00675 668 1.00944 695 1.04 220
2460m _ _ _ _ _ _
Exchanged D (2
nuclide Ak(2)/Ak(1) | Ak/atom**
(JENDL-3.2) K BT Ker BT

“'Np 0.997425 -265 0.999514 -298 1.12 -7
*Am 0.99744 -263 0.997273 -522 1.98 -6
“*TAm 0.997574 -250 0.999376 -311 1.24 -286
“Am 0.99502 -505 0.995927 -656 1.3 -11
“*Pu 1.00067 60 1.00318 69 1.15 16
“**Puy 0.999828 -24 1.00213 -36 15 -1
“Pu 0.997618 -245 1.00094 -155 0.63 -7
“'Py 1.00114 107 1.00346 97 0.91 8
“*Py 1.00007 0 1.00248 -1 — —
“*Cm 1.00008 1 1.0025 1 1 245
“*Cm 1.00065 58 1.00306 57 0.98 171
“*Cm 0.999148 -92 1.0021 -39 0.42 -2
“*Cm 1.00266 259 1.00533 284 11 90
“*Cm 1.00006 -1 1.00248 -1 1 -19

* Ak values arerelative to ENDF/B-VI results, in units of 1E-5.
**  Ak/atom, in units of 1E-24.
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