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1. Introduction

An advanced neutronics lattice code called KYLIN-2 has been developed by Nuclear
Power Institute of China to simulate assembly of current pressurized water reactor and
advanced reactor [-31. The KYLIN-2 code has various capabilities such as resonance treatment
as well as transport and burnup calculation, thus the KYLIN-2 code requires a multi-group
library which contains resonance parameters, transport cross section and bumup data to
support all its simulation capabilities. The key characteristics of KYLIN-2 code include the
subgroup method for resonance treatment; the method of characteristics (MOC) for transport
calculation and the Chebyshev rational approximation method (CRAM) for depletion
calculation. Accordingly, subgroup parameters are need for the code, depletion chain is also
necessary. Considering the balance between computational accuracy and efficiency of
KYLIN-2, the fine depletion chain including thousands of nuclides is unrealistic. It is
necessary to simplify the depletion chain especially for the thousands of fission product
nuclides.

The methods for generating subgroup parameters mainly include fitting [“land moment
methodB!, fitting method directly using the effective resonance integral table to fit the
subgroup parameters, and the moment method using the "moment™ of the real section to
generate subgroup parameters. However, both methods involve the process of numerical
optimization and fitting, and the resulting subgroup parameters have the phenomenon of
subgroup cross-section with 0 value, subgroup weight with negative value, etc., and the
stability of subgroup parameters is still a problem. Common depletion chain simplification

methods include WLUP method[l, contribution matrix methodl”], singular value
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decomposition method![®!, contribution function methodl®], and quantitative importance
analysis method[ll, These methods have their own advantages and disadvantages, but it is
difficult to apply them to the depletion chain compression for KYLIN-2.

In order to make a multigroup cross section library for KYLIN-2 and overcome the
above problems, we develop a multigroup constant library production system TPAMS (TPAX
format Multigroup library production System), in which in addition to the least squares fitting
method to generate subgroup parameters, a subgroup parameters calculation module based on
differential evolution algorithm11] is also developed. Aiming at the compression of the fission
product depletion chain, a quantitative compression method is proposed and the
corresponding fission product depletion chain compression module is developed in TPAMS.
In addition, for other resonance data other than subgroup parameters, such as intermediate
resonance factors and resonance integrals, corresponding calculation modules have been
developed, TPAMS can calculate intermediate resonance factors that vary with the energy
group, homogeneous and heterogeneous resonance integrals.

In this paper the above methods of TPAMS will be described in detail, and in order to
verify the reliability of TPAMS, a multigroup cross section library with 45 neutron energy
groups and 18 photon groups was produced based on TPAMS, and the reliability of TPAMS is
verified to a certain extent by the critical and bumup benchmarking of the multigroup cross

section library.

2. Methods in TPAMS

2.1 Subgroup parameters fitting
In the homogeneous problems, the relationship between absorption resonance integral

and the subgroup parameters is showed as Equation (1):

R=Y % (1)
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where the subscript n represents the ordinal number of the subgroup, o,

n

is subgroup

cross section, and «, is subgroup probability (also known as subgroup weight). The

subgroup cross section and subgroup probability are collectively referred to as subgroup



parameters, and in the subgroup method, the subgroup parameters need to be calculated in
advance by the fitting method to solve the subgroup transport equation. Based on Equation (1),
the subgroup parameters can be obtained using the least squares fitting method, as showed in
Equation (2).
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Negative subgroup parameters sometimes occur when fitting subgroup parameters,

especially negative subgroup cross sections, which cause many difficulties in solving the
subgroup transport equation. In order to avoid negative subgroup parameters, it is necessary
to introduce certain constraints to Equation (2) to ensure that the subgroup probability is
positive, the subgroup cross section is positive, and the sum of the subgroup probabilities is 1.
To deal with the fitting problem with constraints, the penalty function method is used to
transform a constrained problem into an unconstrained penalty function problem. In addition,
according to the requirements of KYLIN-2, the same set of subgroup cross sections is used at
different temperature points of the same resonance nuclide, and the subgroup probability
varies with different temperatures, so it is necessary to uniformly fit the subgroup parameters

at all temperature points, and the corresponding minimum problem is Equation (3):
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The penalty function P(a);,an) in the equation is the penalty term for the objective

function of an optimization problem.

On the other hand, according to the relationship between the resonance integral and the
subgroup parameters, under the condition of infinite dilution, the background cross section
tends to infinity, and the flux is infinitely close to 1, so there are constraints as shown in

Equation (4):

o, N
R.=Iim> co——=>00, (4)



Constraining equation (4) in the form of a penalty function, the final fitting formula for

the subgroup parameters is as follows:
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When calculating the subgroup parameters based on the least squares fitting method, the
Levenberg-Marquardt algorithm is used to solve the nonlinear minimum problem showed as
Equation (5), and the Jacobi matrix is calculated by the finite difference method. But as
mentioned earlier, the stability of the fit is still a difficult problem. Therefore, the differential
evolution algorithm is used as a supplement to the least squares method, and the subgroup

parameter fitting method based on the differential evolution algorithm is added to TPAMS.

As the subgroup parameters need to meet the following constraints: the value range of
the subgroup probability is 0-1, the sum of all subgroup probabilities is 1, the subgroup cross
section must be positive, the maximum subgroup cross section cannot exceed the maximum
group cross section, the orthogonal product of the subgroup cross section and subgroup
probability is the same as the infinite dilution resonance integral. Accordingly, when fitting
subgroup parameters based on the differential evolution algorithm, it is necessary to initialize
the parameters of all individuals in the population sequentially according to the above

constraints at the initialization stage, and the initialization method is as follows:

o’ =1-> &, j=N (6)
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where i represents the i-th individual of the NP individuals, j represents the j-dimension

of the i-th individual (the maximum number of j is the subgroup order N), and afj is the

lower and crif'jupper bounds of the j-th dimension, respectively.



First, the absorption subgroup parameters are calculated, and then the fission production
subgroup parameters, and the fitting adaptation functions of absorption and fission production

subgroup parameters are shown in Equation (9) and Equation (10), respectively:
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2.2 intermediate resonance factor

The intermediate resonance factor is a measure of the energy lost in an elastic collision
of a neutron with a target nucleus relative to the width of the resonance peak of the main
resonance nuclide. The smaller the mass of the target nucleus, the greater the energy loss, the
narrower the resonance peak relatively, thus close to the assumption of the narrow resonance
approximation, and the intermediate resonance factor is close to 1. The greater the mass of the
target nucleus, the smaller the energy loss, the wider the resonance peak relatively, thus close
to the assumption of the wide resonance approximation, and the intermediate resonance factor
is close to 0. The width of the resonance peak is different in each energy group, so the
intermediate resonance factor varies with the energy group. The energy group dependent

intermediate resonance factor is calculated as follows:
(1) Selecting the main resonance nuclide R, and a series of homogeneous problems of the
resonance nuclide R and hydrogen are calculated, in which the number density of R

remains unchanged and the number density of hydrogen is changed. Assuming that the

intermediate resonance factor of the resonant nuclide R A is known, a list matrix

between the effective section o, and the background section o, can be constructed:

O-a,j:f(o-b,j) (11)
where the subscript j indicates the jth homogeneous problem.
oy, =40, +“p'hNh% (12)

o, Is background cross section, o, is potential scattering cross section, N is nuclide number



density.
(2) For nuclide X, which requires the calculation of intermediate resonance factors,

calculating a homogeneous problem including resonance nuclide R, hydrogen and X,

and the effective absorption cross section o,  is obtained.
(3) By interpolating in the list between the effective cross section o, and the
background cross section o, the background cross section o, , corresponding to

the effective absorption cross section o, is obtained.

(4) The intermediate resonance factor of nuclide X is calculated by Equation (13):
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The homogeneous resonance integral is calculated by Equation (14).

2.3 resonance integrals

IRX’g B 0,40
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(14)

where IR, is the resonance integral of the reaction x in energy group g, and o, the

cross section of the x reaction in energy group g, o, is the background cross section, Au, is

the lethargy width of energy group g.

The calculation of the heterogeneous resonance integral requires the construction of a
series of different problems, which are calculated by the MC code to obtain the multi-group
cross section in the fuel. The calculated multi-group cross section then is used to solve the
fixed source for the above different problems, and the fixed source equation solved is as

follows:

Au Az (r)
A

Q-Vg, (r,Q)+(Z, (1) + 2, ()4, (r,Q) = (15)

The average flux in the fuel calculated by equation (15) and the multi-group cross

section calculated by MC are substituted into equation (16), (17) to obtain the escape section

X, and background cross section o, .
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The background cross section and multi-group cross section are obtained, and then the
heterogeneous resonance integral table is calculated by Equation (14).
2.4 fission product depletion chain compression

According to the transmutation trajectory analysis (TTA) method[2l, the concentration

N, (t) for the nt linear nuclide in a chain at the end of the time interval t as follow:

nq o — 1 exp(-At) o, exp(=Ait) (18)
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Where N_(0) is concentration of the m™ nuclide at the initial time, g is the total
transmutation probability of nuclide i

B =4+] do. (19)

Here A isthe decay constant of the it nuclide.

1
For fission products, assuming N _(0)=0 at the initial time, then the concentration of

fission products in the initial state without fission products can be obtained as follow:

n
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If only one fission nuclide is considered, then
N () =N, ©)[L-exp(-1)] | YE) (E)P(E)IE=N (1) i (E, ) (E)P(E)IE  (21)
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Where, y, (E,t) can be regarded as the effective fission yield which defined in
Equation (22).

Yr (Es t)=y(E>% (22)



According to Equation (21), N(t) is proportional to y,, (E,t), such two contribution

functions for fission product depletion chain simplification can be constructed as follow:
(1) Effective fission yield as showed in Equation (22)

(2) Contribution of fission product (absorption reaction) to total reactivity in depletion

step interval T_.

R=[""N(t)ogdt=["" aa¢{Nf (O [L-exp(-A0)] | /nyi);ﬁ o, (E)¢(E)dE}dt (23)

The importance of each fission product can be ranked by the quantitative calculation of
these two contribution functions, so as to select the important nuclides and achieve the

purpose of fission product depletion chain compression.

3. Development of TPAMS

3.1 organizational structure

TPAMS system includes an online input parameter library, driver, data processing
program, and test program. The online input parameter library contains the effective fission
yield associated with the depletion chain, the decay data extracted from the decay database,
and the resulting user parameters (e.g. intermediate resonance factor, heterogeneous
resonance integral, etc.) that are set or calculated uniformly according to the needs of the data
processing process. The driver uses a full set of neutron data, fission yield database and decay
database, and online input parameter library as input to generate input cards for data
processing procedures, batch files, etc. Data processing program include NJOY[3l, format
conversion interface, subgroup parameter fitting module, working library generation module,
energy group collapsing module, base conversion module, etc. The test program includes a
cross section self-consistency and plausibility check module and a defect test module.

3.2 procedure for generating library

The procedure of generating multi-group cross section library based on TPAMS is shown
in Figure 1. The driver preTPEXR of the TPAMS system reads the user input parameters,
decay constant table and effective fission yield from the input parameter library InPar, neutron

evaluated data from the evaluated nuclear data file, and then generates the input cards



required by data processing code NJOY and format conversion module TPEXR, batch script
is generated at the same time. Run the batch script to perform NJOY processing and TPEXR
processing successively, and you can complete the production of the multi-group cross section
file without subgroup parameters for single nuclide. Then the subgroup parameter fitting
module is called to fit the subgroup parameters, a data processing module named ADDSUB is
used to merge the subgroup parameters into each single nuclide data file containing resonance
nuclide. Finally, the working library generation module is used to combine the single nuclide

data files into a working library that can be directly applied by KYLIN-2.

input parameter library
ENDF neutron XS InFar

v

driver

preTPEXR <

v )

bateh seript NJOY input TPEXR input
cards cards
s NJOY2016
GENDFn GENDF g
TPEXR -

single nuclide multi-group
cross section file without
subgroup parameters

subgroup parameter fitting module

¥

single nuclide multi-group
cross section file with
subgroup parameters

working library
generation module

=

Figure 1 procedure of generating multi-group cross section library based on TPAMS




4. Library generation and benchmark calculation

4.1 library generation

The multi-group cross section library CENP-45 was generated based on the evaluation
nuclear database CENDL-NP-1.3 by TPAMS, the decay data was from Nudatl?4, and the
effective fission yield was calculated based on ENDF/B-VII.1135]. The thermal scattering law
data were used from the ENDF/B-VII.1 library, and the thermal scattering law for light water
were evaluated by the CAB laboratory in Argentina.

The multi-group cross section library was generated in 45 neutron energy groups, 18
gamma energy groups, and contains 415 nuclides. For non-moderator materials, the nuclide
temperature is 293K, 600K, 900K, 1200K, 1500K, 1800K, 2100K, 2500K. For thermal
scattering materials, the temperature grid is the same as the thermal scattering law file. The
background cross section grid for resonance integral contains 16 and 32 background cross
section points, and the P5 scattering data is given in the library.

4.2 criticality benchmark

Criticality benchmark calculations have been performed for 6 fast spectrum experiments
and 51 thermal spectrum experiments from ICSBEPI6], The kg or Kin are calculated for all
these benchmark experiments and compared with experiment values, The results of fast
spectrum experiments are showed in Table 1, results of thermal spectrum experiments are

showed in Figure 2-Figure 7.

Table 1 benchmark calculation results of fast spectrum experiments

identifier EALF(MeV) C/E of Kes
Godiva 0.881 1.0028
HCI4.1 1.32E-4 0.9952
Jezebel 1.33 0.9957
Jezebel-Pu 1.33 0.9946
PCI1.1 3.19E-4 0.9987

Jezebel-233 1.12 0.9985




For the fast spectrum experiments, the deviation of C/E (ratio of calculated result to

experiment value) values for Kjus is between 282pcm to -538pcm, the variance is 0.79.
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Figure 2 benchmark calculation results of CSEWG LEU lattice

For the CSEWG low enrichment uranium

lattice experiments (which

0.1

include

TRX-1,TRX-2,MIT-1,MIT-2,MIT-3,BAPL-1,BAPL-2,BAPL-3), the deviation of C/E (ratio of

calculated result to experiment value) values for ke differ from -440pcm to 510pcm, the

variance is 0.21.
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Figure 3 benchmark calculation results of WCRX system
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For the WCRX system (which include MOX fuel lattices WCRX-pul,2,3/4,5,6), the

deviation of C/E values for ke differ from -300pcm to 460pcm, the variance is 0.87.
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Figure 4 benchmark calculation results of HW system

For the HW system (which include metal uranium fuel lattices HWumal,2,3,4 and
HWUMB1,2,3,4,5,6), the deviation of C/E values for ke differ from -800pcm to 500pcm, the

average difference is 306pcm.
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Figure 5 benchmark calculation results of PST system

For the PST (plutonium solution experiment) system, when EALF is in the range of 0.05

to 0.075 eV, the deviation of C/E results differ from -1148pcm to 366pcm.
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Figure 6 benchmark calculation results of UST system (EALF is in the range of 0.025 to 0.05eV)
For the UST system (uranium solution experiment), when EALF is in the range of



0.025eV to 0.05eV, the deviation of C/E results differ from -123pcm to 1178pcm. When
EALF is in the range of 0.055 to 0.085eV, the deviation of C/E results differ from 63pcm to
665pcm; when EALF is in the range of 0.25 to 0.45 eV, the deviation of C/E results differ

from -479pcm to 843pcm.
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Figure 7 benchmark calculation results of UST system (EALF is in the range of 0.055 to 0.085eV)

4.3 burnup benchmark

bumup benchmark calculations have been performed for the JAEA benchmark problem
which suite for reactor physics study of LWR next generation fuels 171 and Takahama-3 PWR
spent fuel pin cell SFO508], the Kiqs results of JAEA benchmark problem are showed in Figure
8-Figure 11.

The k-infinity results of the JAEA MOX pin cell are showed in Figure 8, the reference
results were calculated by Monte Carlo and bumup code, k-infinity errors compared with
reference results are provided in Figure 9. From Figure 9, we can find that the maximum errors

of the simplified depletion chain are smaller than 250pcm.
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Figure 8 K-infinity results for MOX pin cell
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Figure 9 k-infinity error compared with reference results for MOX pin cell

The k-infinity results of the JAEA UO; pin cell are showed in Figure 10, K-infinity errors
compared with reference results are provided in Figure 11. From Figure 11, we can find that the

maximum errors of the simplified depletion chain are about 400pcm.
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Figure 10 K-infinity results for UO; pin cell
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Figure 11 k-infinity error compared with reference results for UO, pin cell



AS to the benchmark calculation results of SF95, we mainly focus on the fission product
nuclides. Accordingly, number densities of 20 nuclides are calculated and compared with

results of the destructive analysis. The number density results of different sample are shown

in Figure 12 -Figure 16.
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Figure 12 number density errors compared with experimental values for SF95-1 sample

In the calculation results of SF95-1 sample, except for the large error of Cs-134 (30.4%),

the error of other nuclides is less than 5%.
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Figure 13 number density errors compared with experimental values for SF95 -2 sample

In the calculation results of SF95-2 sample, Ru-106 and Cs-134 have such large error as

16.2% and 31.7%, the error of other nuclides is less than 8%, where most nuclides is less than

5%.
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Figure 14 number density errors compared with experimental values for SF95 -3 sample

In the calculation results of SF95-3, Ru-106 and Cs-134 have such large error as 25.9%

and 28.7%, the error of U-234 is close to 10%, and the error of other nuclides is less than 5%.
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Figure 15 number density errors compared with experimental values for SF95-4 sample

The calculation results of SF95-4 are similar to those of SF95-3. Ru-106 and Cs-134

have large error more than 25%, the error of U-234 is close to 10%, and the error of other

nuclides is no more than
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Figure 16 number density errors compared with experimental values for SF95-5 sample

In the calculation results of SF95-5, Cs-134 has large error, the error of Ru-106 is less
than 10%, the error of U-234 is close to 5%, and the error of other nuclides is less than 5%.

The Monte Carlo code is used to model and calculate SF95. The results show that the
errors between the MC calculated value of Ru-106 and the calculated value of Kylin-2 in this
paper are 1.85% (SF95-1), 0.57% (SF95-2), 0.91% (SF95-3), 0.29% (SF95-4) and 0.35%
(SF95-5) respectively. The calculated value of Ru-106 based on Helios program in reference
[19] also deviates greatly from the experimental value, so it is suspected that the experimental
value of Ru-106 is inaccurate. the large error of Cs-134 is considered to be caused by
depletion chain which need to be further analyzed and improved. For other nuclides, the
calculation error in this paper is significantly reduced compared with the calculation results of

ORIGEN program and SWAT program in reference [18].

5. conclusion

In this paper a multigroup cross section library generation system named TPAMS was
developed, the methods in TPAMS dealing with resonance data such as subgroup
parameters, lambda factor, resonance integral were discussed. Moreover, the depletion
chain simplification method was studied. TPAMS can produce multigroup library in
binary and ASIIC formats, including detailed data contents for resonance, transport and

depletion calculations. A multigroup cross section library has been generated for



KYLIN-2 based on TPAMS system. The multigroup cross section library was verified
through the analysis of various criticality and bumup benchmarks, the values of
multiplication factor and isotope density were compared with the experiment data.
Numerical results demonstrate the accuracy of the multigroup cross section library and

the reliability of the multigroup cross section library generation system TPAMS.
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