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Abstract
A multi-group cross-section library is fundamental for deterministic lattice physics calculations. Most existing multi-group 
cross-section libraries are customized for particular computer codes, as well as for particular types of nuclear reactors. This 
paper presents an HDF5-format multi-group cross-section library named XPZLIB. XPZLIB was produced using a self-
developed XPZR module integrated into the NJOY2016 code, and an in-house PyNjoy2022 system was developed for auto-
processing. XPZLIB contains detailed data content and well-organized data structures that are user- and developer-friendly. 
Three typical XPZLIBs with different numbers of energy groups, nuclides, and depletion reaction types were released via 
the Tsinghua cloud website. Furthermore, the applicability of the released XPZLIBs was investigated using HTGR and PWR 
lattice calculations, which can provide guidance for applying XPZLIB under different scenarios.

Keywords  XPZLIB · Multi-group library · HDF5 format · HTGR​ · PWR

1  Introduction

A multi-group cross-section library provides fundamen-
tal nuclear data for deterministic reactor physics calcula-
tions, for example neutron reaction cross-sections and 
fission-related data. The quality of the multi-group cross-
section library can directly influence the accuracy of the 
lattice physics calculations, and further influence the core 
physics analysis results. The multi-group cross-section 
library is processed from evaluated nuclear data libraries, 
including ENDF/B [1], JEFF [2], JENDL [3], BROND 
[4], and CENDL [5–7]. The most widely used nuclear data 

processing program is the NJOY code [8] developed by the 
Los Alamos National Laboratory (LANL). NJOY can con-
vert the evaluated nuclear data in ENDF-6 [9] format into 
pointwise or groupwise cross-section libraries.

Most existing multi-group cross-section libraries are cus-
tomized for particular computer codes, as well as for particu-
lar types of nuclear reactors. For example, the widely used 
WIMS-D library published by the IAEA (https://​www-​nds.​
iaea.​org/​wimsd/). Contains a limited number of nuclides and 
cross-sectional types, which restricts its application in pres-
surized water reactor (PWR) analysis [10, 11]. The VSOP 
code library [12] for high-temperature gas-cooled reac-
tor (HTGR) has a limited number of resonance isotopes. 
DRAGON5 uses a more delicate data format, DRAGLIB, 
processed by the PyNjoy2012 system [13–16]. Conventional 
multi-group libraries are typically stored in complicated data 
structures that are unfriendly for users and developers.

In this paper, an HDF5-format multi-group cross-sec-
tion library named XPZLIB is introduced. XPZLIB [17] 
was previously used by the XPZ-PANGU code [18, 19] in 
HTGR lattice physics analysis and was well validated in the 
physical designs of HTR-10 [20, 21], HTR-PM [22, 23], 
and HTR-PM600 [24]. Recently, it has been improved and 
extended to light water reactors (LWRs). The new XPZLIB 
contains comprehensive data adapted to various reactors and 
a well-organized data structure that is user-friendly. This 

This work is supported by the National Key R&D Program of China 
(2020YFE0202500).

 *	 Ding She 
	 sheding@tsinghua.edu.cn

	 Le‑Rui Zhang 
	 zlr17@tsinghua.org.cn

1	 Institute of Nuclear and New Energy Technology, Key 
Laboratory of Advanced Reactor Engineering and Safety 
of the Ministry of Education, Tsinghua University, 
Beijing 100084, China

2	 National Key Laboratory of Nuclear Reactor Technology, 
Nuclear Power Institute of China, Chengdu 610041, China

3	 Polytechnique Montréal, Montréal, Canada

https://orcid.org/0009-0003-3131-9903
https://www-nds.iaea.org/wimsd/
https://www-nds.iaea.org/wimsd/
http://crossmark.crossref.org/dialog/?doi=10.1007/s41365-024-01536-9&domain=pdf


	 B. Fu et al.191  Page 2 of 15

study aimed to publish the technical details of XPZLIB and 
make it openly available to the community.

The remainder of this paper is organized as follows. Sec-
tion 2 introduces the methodologies and tools developed for 
processing XPZLIB. Section 3 presents the detailed data 
and structure of XPZLIB. In Sect. 4, the applicability of the 
three released XPZLIBs for PWR and HTGR lattice calcula-
tions is explored. Finally, concluding remarks are presented 
in Sect. 5.

2 � Methods and materials

2.1 � XPZLIB processing flow

The XPZLIB processing flow is shown in Fig. 1. The inci-
dent neutron data and thermal neutron scattering sublibrar-
ies are processed using the built-in modules in NJOY2016 
[8], including MODER, RECONR, BROADR, UNRESR, 
THERMR, and GROUPR. The modules are used for format 
conversion, resonance reconstruction, Doppler broadening, 
unresolved cross-section computation, thermalization, and 
multi-group cross-section generation. The GROUPR output 
data are in GENDF format. The XPZR module was devel-
oped and integrated into NJOY2016 to process GENDF-
format data into HDF5-format data in XPZLIB. In addition, 

radioactive decay and neutron-induced fission product yield 
data are processed using XPZR.

2.2 � Cross‑section and burnup data processing

The related fission data absent from the GENDF file, includ-
ing the fission spectrum � and neutron production cross-
section ��f , are computed as follows:

where �g2
 : fission spectrum. �d,g2

 : Delayed neutron fission 
spectra. �g1 : Number of neutrons released per fission event. 
�d,g1 : Number of delayed neutrons released per fission event. 
�f,g1 : Fission cross-section. �f,g1→g2

 : Prompt neutron fission 

(1)�g2
=

∑

g1

�f,g1→g2
�g1

+ �d,g2

∑

g1

�d,g1�f,g1�g1

∑

g2

∑

g1

�f,g1→g2
�g1

+
∑

g1

�d,g1�f,g1�g1

,

(2)�g1�f,g1 =
∑

g2

�f,g1→g2
+ �d,g1�f,g1 ,

Fig. 1   XPZLIB generation flow

Fig. 2   Workflow of the automated processing system PyNjoy2022



XPZLIB: an HDF5‑format multi‑group cross‑section library﻿	 Page 3 of 15  191

matrix. �g1
 : Weighting flux. g1 : Incident neutron energy 

group. g2 : Outgoing neutron energy group.
The delayed neutron fission spectrum and the number of 

delayed neutrons released per fission event can be expressed 
as

where �d,GENDF

i,g2
 : Delayed neutron fission spectrum of the ith 

group in GENDF. �i : Fraction of the ith group delayed neu-
tron yield, note that �i = �d

i
∕�d . �d

i,g2
 : Delayed neutron fission 

spectrum of the ith group in XPZLIB. �d
i,g1

 : Number of ith 
group delayed neutrons released per fission event. �d

g1
 : Num-

ber of delayed neutrons released per fission event.
In addition to fission-related data, scattering-related data 

are processed using XPZR. The original elastic scattering 
cross section in the GENDF file is obtained by assuming that 

(3)�i =
∑

g2

�
d,GENDF

i,g2
,

(4)�d
i,g2

=
�
d,GENDF

i,g2

�i
,

(5)�d
i,g1

�f,g1 = �i�
d
g1
�f,g1 ,

the scattering kernel is in the static state. Thermal scatter-
ing models are required to consider the thermal motion of a 
scattering kernel [25, 26]. Generally, there are two thermal 
scattering models. One is the free gas model for free atoms, 
and the other is the S(α, β) model for bounded atoms, e.g., 
hydrogen nucleus in the water [27]. In the thermal energy 
region, the total and elastic scattering cross sections are 
modified by XPZR as follows:

where �thermal_total : Total cross section in the thermal energy 
region. �thermal_elastic : Elastic scattering cross section in 
the thermal energy region. �total : Total cross section in 
the GENDF file. �elastic : Elastic scattering cross section in 
the GENDF file. �thermal_scattering : Thermal scattering cross 
section.

Accordingly, the scattering matrix is modified as follows:

(6)�thermal_total = �total − �elastic + �thermal_scattering

(7)�thermal_elastic = �thermal_scattering

(8)
�s,g1→g2 = �diffusion,g1→g2 + �n2n,g1→g2

+ �n3n,g1→g2 + �n4n,g1→g2

Table 1   Data contents of the typical XPZLIB and comparisons with other libraries

WIMS-D library VSOP library Typical XPZLIB

Evaluated nuclear data library ENDF/B-VII.1, ENDF/B-VI.8 ENDF/B-IV, ENDF/B-V, JEFF-I ENDF/B-VIII.0
Number of nuclides 185 178 668
Number of nuclides with cross 

section data
185 178 366

Number of resonance nuclides 28 4 116
Number of nuclides with fission 

spectrum
235U only 235U and 233U All fissionable nuclides

Number of nuclides with fission 
product yields

232Th, 233U, 235U, 238U, 239Pu, 
240Pu, 241Pu, 242Pu

233U, 235U, 239Pu, 241Pu 31

Number of nuclides with delayed 
neutron data

0 0 31

Energy range 10–5 eV ~ 10 MeV 10–5 eV ~ 10 MeV 10–4 eV ~ 20 MeV
Range of resonance energy 4 eV ~ 9.118 keV not clear 4 eV ~ 320.65 keV
Number of energy groups 69/172 98 SHEM-361 [28]
Cross sections and quantities 

dependent on temperature
(n, abs), (n, f) (n, abs), (n, f) (n, tot), (n, f), (n, γ), (n, p), (n, α), 

(n, n), (n, 2n), (n, 3n), (n, 4n), (n, 
n’), (n, np), (n, d), (n, t), (n, 2α), 
σs,g1→g2, νσf, χ, νd,1-6σf, χd,1–6

Cross sections dependent on back-
ground cross section

(n, abs), (n, f) (n, abs), (n, f) (n, tot), (n, f), (n, γ), (n, n), σs,g1→g2, 
νσf, νd,1-6σf

Isotopes with S (α, β) data 1H_H2O, 2H_D2O, 1H_ZrH 0 1H_H2O, 2H_D2O, 1H_CH2, 1H_ZrH, 
9Be, 12C_Graphite, 90Zr_ZrH

Depletion reaction channels (n, 2n), (n, f), (n, γ) (n, 2n), (n, 3n), (n, f), (n, γ), (n, p), 
(n, α)

Decay, (n, 2n), (n, 3n), (n, 4n), (n, f), 
(n, np), (n, γ), (n, p), (n, d), (n, t), 
(n, α), (n, 2α)
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where �diffusion,g1→g2
 : Diffusion matrix consisting of elastic 

and inelastic scattering matrices. This is equivalent to the 
thermal scattering matrix in the thermal energy region. 
�n2n,g1→g2

 : (n, 2n) matrix. �n3n,g1→g2
 : (n, 3n) matrix. �n4n,g1→g2

 : 
(n, 4n) matrix.

In addition to cross-sectional data processing, XPZR 
can read radioactive decay and fission product yield data 
from the corresponding ENDF/B sublibraries and generate 
a compressed burnup chain. Nuclides with short half-lives 
and small fission yields, which are negligible for neutron 

transport calculations, can be grouped according to user-
defined criteria. The typical criteria used in XPZR are a 
nuclide half-life of less than 30 days and a fission yield 
of less than 0.01%. XPZR can also accept a user-defined 
nuclide list and depletion channels, leading to different lev-
els of detailed burn-up chains.

Fig. 3   (Color online) XPZLIB structure

Fig. 4   Sketch map of the Gen-
eralInfo group
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2.3 � Automated processing system

A complete XPZLIB contains hundreds of nuclides, each 
with a corresponding NJOY input card and output file. To 
generate the input cards and manage the output files auto-
matically, an automated processing system, PyNjoy2022, 
was developed based on the PyNjoy2012 system [15]. Fig-
ure 2 shows the workflow of the PyNjoy2022 system.

PyNjoy2022 contains an important Python script named 
PyNjoy.py, which provides the following functions: PyNjoy.
pendf(): Processes the evaluated data in ENDF-6 format into 
pointwise cross-sectional data in PENDF format. PyNjoy.

gendf(): Processes PENDF into group-wise cross-sectional 
data in GENDF format; PyNjoy.xpzlib(): Processes GENDF 
into XPZLIB data format via XPZR; PyNjoy.burnupxpz(): 
Generates depletion and fission yield data via XPZR.

The Input.py script contains a general XZPLIB descrip-
tion, for example, its weighting flux and energy group 
structure. It also contains the processing parameters of all 
the nuclides that must be included in XPZLIB. For each 
nuclide, Input.py calls the functions in PyNjoy.py to com-
plete the data processing. First, PyNjoy.pendf() and PyNjoy.
gendf() are used to generate PENDF and GENDF, respec-
tively. Then, PyNjoy.xpzlib() is called to generate the cross-
sectional data block of the current nuclide, which is auto-
matically appended to the HDF5-format XPZLIB. After all 
nuclides have been processed, PyNjoy.burnupxpz() is called 
to generate the depletion data and add them to XPZLIB.

3 � Data content and data structure of XPZLIB

XPZLIB provides important neutron reaction cross-section 
data and other quantities at given temperatures. The influ-
ence of dilution on the resonant nuclides was considered. 
S(α, β) data is included in XPZLIB for moderator iso-
topes, such as 12C in graphite, 1H in water, among others. 
XPZLIB also provides depletion data, including the branch 
ratio and recoverable energy of the depletion reactions. In 

Table 2   Structure and description of the GeneralInfo group

Bold: Group; Italic: Attribute; Normal font: Dataset

Content Description

GeneralInfo
Date processing date
Version the version of evaluated nuclear data library used
Author processing author
NumberGroups number of energy groups
GroupStructure energy group bins
NuclideList list of nuclides with cross section data
DepNuclideList list of nuclides with burnup-related data
ReactionList list of depletion reactions

Fig. 5   Sketch map of the CrossSection group
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addition, the fission-product yields are available for impor-
tant nuclides. The above data can be easily utilized in gen-
eral lattice physics computations involving resonance, trans-
port, and depletion.

Considering the characteristics of various reactors, 
XPZLIB can be processed using different parameters such as 
the number of nuclides, energy group structure, temperature 
grid points, background cross sections, and depletion reac-
tion types. Table 1 compares the data contents of WIMS-D, 
VSOP, and XPZLIB.

XPZLIB is generated in HDF5 file format [29], which 
stores data according to groups, datasets, and attributes. 
It is convenient for developers to access HDF5 files using 
interfaces such as HighFive [30]. Figure 3 shows the overall 
XPZLIB data structure. Four top-level groups are used to 
store general information, cross-sectional data, depletion 
data, and fission yield data.

The GeneralInfo group records the basic library informa-
tion. A sketch map of GeneralInfo is shown in Fig. 4, and 
a detailed description is provided in Table 2.

The CrossSection group mainly stores the tempera-
ture- and dilution-dependent neutron cross sections of all 
reactions of the listed nuclides. The data are stored in a 

three-loop structure comprising nuclide, temperature, and 
dilution loops. A sketch map of CrossSection is shown in 
Fig. 5, and Table 3 presents its data structure and corre-
sponding descriptions.

In the temperature loop, the neutron cross sections at a 
certain temperature are stored in a group named TMP##. 
For resonance nuclides, the neutron cross sections are 
dependent on the dilution or background cross sections. 
Moreover, a dilution loop is observed in the TMP## 
group. The BGXS## group contains resonance cross sec-
tions at a certain dilution. For non-resonant nuclides, only 
infinite-dilution cross sections are provided in the Infinite 
group. In addition to the cross-sectional data, other quanti-
ties are also provided. Table 4 lists all the cross sections 
and other quantities used in XPZLIB.

The scattering matrix is stored in MATXS format [31]. 
As presented in Table 5, for target group g, BeginGrp 
indicates the index of the highest incident energy group 
g’ for which the scattering cross section to group g is pre-
sent, and NumGrp indicates the total number of incident 
groups for which the scattering cross sections of group 
g are present. The corresponding scattering cross sec-
tions are stored in the SigS dataset. XPZLIB can include 

Table 3   Structure and 
description of the Cross section 
group

Content Description

Cross section
 H1 nuclide name
 …
 U235
 …
 AWR​ ratio of the isotope’s atom mass to the neutron mass
 DelayFlag flag indicating whether the nuclide includes delayed data
 ResFlag flag indicating whether the nuclide includes resonance data
 ResLowerLimit resonance energy bottom /eV
 ResUpperLimit resonance energy upper /eV
 DelayLambda delayed neuron precursor’s decay constant
 Temperature temperature-dependent data
 Temperature List list of temperature values
 TMP01 data at the first temperature
 …
 TMP03
 …
  Background dilution-dependent data
   BackgroundList list of background values
   BG01 XS and parameters dataset at a certain temperature at a certain dilution
   …
   BG10
   …
   XS and quantities

Infinite XS and parameters dataset at a certain temperature at infinite dilution
   XS and quantities
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higher-order scattering cross-section data, although only 
P0 and P1 scattering cross sections are used in transport 
calculations.

To save data storage, the dilution-dependent cross-sec-
tional data are stored as follows. Under infinite dilution, 
the data are stored for all energy groups. However, under 
finite dilution, only the data for the resonance-energy 
groups are present, which are stored as the incremental 
resonance integral relative to that under infinite dilution:

where �x,g,�0 is the resonance cross section of group g for 
reaction x at dilution �0 ; �x,g,�infinite is the resonance cross 

(9)��x,g,�0 = �x,g,�0∗�g,�0
− �x,g,�infinite

section at infinite dilution; and �g,�0
 is the averaged fine 

spectrum function at dilution �0 , which is related to the NFS 
data as

It is noted that �g,�infinite
= 1.

The FissionYield group has a set of sublevel groups 
named fissirious nuclides, where all fission products and 
their yields are stored, as shown in Fig. 6 and described 
in Table 6.

The Depletion group is used to construct the burn-up 
chain. The branch ratio Ri,j,x is the proportion of reaction 
x of parent nuclide i that leads to the production of child 
nuclide j. This information is stored in the Parent group 
for each child nuclide in the burn-up chain. In addition, 
the EnergyRelease group records the recoverable energy 
of each nuclide for all burnup channels. Detailed informa-
tion regarding the Depletion group is provided in Fig. 7 
and Table 7.

4 � Validation

4.1 � Released XPZLIBs

In general, a multi-group library with more detailed data is 
expected to have better accuracy and wider applicability, but 
at the expense of increased computational cost. Thus, it is 
important to use a sufficiently accurate XPZLIB for certain 
applications. As shown in Table 8, three typical XPZLIBs 
were processed with different numbers of energy groups, 
nuclides, and depletion reaction types to meet different user 
requirements. The three XPZLIBs were released via the 
Tsinghua cloud website (https://​cloud.​tsing​hua.​edu.​cn/d/​
a7c67​5735a​d8497​f8a87).

4.2 � Test cases

Table 9 lists the numerical cases based on HTGR and PWR 
fuel elements. For HTGR, two cases were taken from the 
standard fuel pebbles of HTR-10 [20] and HTR-PM [22]. 
The fuel pebble’s structure is shown in Fig. 8. It consists of 
a fuel region filled with dispersed TRISO particles [32] and 
a graphite shell. The TRISO particles consist of a spheri-
cal fuel kernel of UO2 with multi-layer coatings, includ-
ing a low-density pyrolytic carbon (PyC) buffer layer, inner 
high-density PyC layer, silicon carbide (SiC) layer, and outer 
high-density PyC layer. The detailed parameters of the two 
fuel pebbles and coated particles are listed in Table 10.

For the PWR, two cases were constructed using a typi-
cal PWR assembly pin and an MOX fuel pin [33]. Because 
the XPZ code is limited to treating one-dimensional (1D) 

(10)NFSg = �g,�0
− �g,�infinite

Table 4   Cross sections and quantities keywords used in XPZLIB

Data Keywords in XPZLIB Burnup 
reaction

Neutron spectrum Chi
(n, tot) NTOT
(n, n) NELAS
(n, n’) NINEL
(n, 2n) N2N ✓
(n, 3n) N3N ✓
(n, f) NF ✓
(n, np) NNP ✓
(n,4n) N4N ✓
(n, γ) NG ✓
(n, p) NP ✓
(n, d) ND ✓
(n, t) NT ✓
(n, α) NA ✓
(n, 2α) N2A ✓
Decay Decay
Scattering matrix of 0 and 1st 

order
SigS0; SigS1

Scattering beginning group S0BeginGrp; S1BeginGrp
Number of scattering groups S0NumGrp; S1NumGrp
NuSigmaF NuSigF
Delayed NusigmaF DelayNuSigF
Delayed neutron spectrum DelayChi1 ~ DelayChi6
Neutron flux spectrum NFS

Table 5   The format of scattering matrix in XPZLIB

Group index G BeginGrp NumGrp SigS (Scattering matrix)

g g’ n g’ → g
g’-1 → g
...
g’-n + 1 → g

https://cloud.tsinghua.edu.cn/d/a7c675735ad8497f8a87
https://cloud.tsinghua.edu.cn/d/a7c675735ad8497f8a87


	 B. Fu et al.191  Page 8 of 15

geometries, the square-lattice model was converted to a vol-
umetric-equivalent cylinder model, as illustrated in Fig. 9. 
The key parameters are specified in Table 11.

4.3 � Numerical results

The three released XPZLIBs were used in the XPZ code 
to simulate the HTGR and PWR cases. The XPZ code is 
used in lattice physics computations for 1D models, and is 
also used for decay heat estimation. XPZ uses the subgroup 
method with intermediate resonance approximation to treat 
the resonance effect [34–36]. The OpenMC Monte Carlo 
(MC) code [37], which uses a continuous energy cross-
section library processed from the ENDF/B VIII.0 nuclear 
data, was used to provide the reference results. In the MC 

Fig. 6   Sketch map of the Fis-
sionYield group

Table 6   Structure and description of the Fission Yield group

Content Description

Fission Yield fission products and their yields
 Pa231
 …
 U235
 …
  Ag109 fission yield of Ag109
  …
  Zr96 fission yield of Zr96
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Fig. 7   Sketch map of the Depletion group

Table 7   Structure and description of the Depletion group

Content Description

Depletion transmutation data
 H1
 …
 U235
 …
  Lambda decay constant
  ZAE ZAE = Z×10,000 + A×10 + E; Z is the number of atomics; A is the mass number and E is the energy 

state of the isotope (0 denotes the ground state; 1, 2 and 3 denotes the 1st, 2nd and 3rd excited state, 
respectively)

  Parent parent nuclide
   Am241
   …
   Pu238
   …
    N4N the branch ratio of the parent nuclide (Pu238) producing the daughter nuclide (U235) by N4N reaction
    …
  Energy release energy released from a certain reaction
  Decay energy release from nuclide decay /MeV
  ……
  NG energy release from (n, γ) reaction /MeV
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calculations, the neutron generation parameter was set to 
2000, with 200 inactive generations and 10,000 neutrons 
per generation.

Transport calculations were performed for all test cases. 
The resulting keff values and their differences from the 
OpenMC reference results are presented in Table 12. The 
keff standard deviation for the OpenMC calculations was < 20 
pcm. It was found that the simplified XPZLIB provided 
marginally acceptable accuracy for all test cases. This is 
likely because the WIMS-69 energy group structure cannot 
account for complex resonance effects; therefore, its applica-
tion is limited to typical PWRs [38, 39]. The standard and 
refined XPZLIBs produced identical results and exhibited 
good accuracy for all test cases. This is due to the use of 
the SHEM-361 energy group structure and the expanded 
resonance energy range.

In the burnup calculations of the HTGR cases, a 
power density of 74.074 W/gU and maximum burnup of 
100 MWD/kgU were obtained for the HTR-10 pebble, with 
values of 97.146 W/gU and 110 MWD/kgU, respectively, 
for the HTR-PM pebble. In the burnup calculations of the 
PWR cases, a power density of 40.45 W/gU and a maximum 
burnup of 60 MWD/KgU was employed.

The keff dependence on burnup for the four cases is shown 
in Fig. 10, respectively. The keff standard deviation of the 
OpenMC reference calculations was < 40 pcm. For all test 
cases, the keff results obtained using the standard and refined 
XPZLIBs agreed well with the Monte Carlo reference result, 
with a maximum difference below 200 pcm. However, the 
simplified XPZLIB can provide acceptable accuracy only in 
the typical PWR fuel pin case, whereas it yields up to 1000 
pcm errors in the HTGR cases. This is mainly due to the dif-
ference in the neutron spectra of the HTR and PWR cases. A 
simplified XPZLIB with a WIMS-69 energy structure was 
optimized based on the PWR neutron spectrum. The HTR 
cases require a more refined energy structure.

To compare the applicability of the XPZLIBs in nuclide 
transmutation simulations, important nuclides from the 
HTR-10 fuel pebble at the final burnup step were analyzed. 
Table 13 lists the atomic densities and relative errors of 
the standard and simplified XPZLIBs compared with those 
of the refined XPZLIB. The standard XPZLIB provided 

Table 8   Processing parameters of the released XPZLIBs

Simplified XPZLIB Standard XPZLIB Refined 
XPZLIB

Energy group structure WIMS-69 SHEM-361
Resonance energy range 9.118 keV ~ 4 eV 

(15  ~ 27 group) 
for all resonance 
nuclides

320.65 keV ~ 4 eV (31 ~ 276 group) for important heavy nuclides, e.g., 
232Th, 235U, 238U, 239Pu; 18.58 keV ~ 4 eV (52  ~ 276 group) for other 
resonance nuclides

Number of nuclides with cross section data 
for transport calculation

183 322 366

Number of nuclides for depletion calculation 183 322 668
Depletion channels 4 depletion chan-

nels: (n, 2n); (n, 
fission); (n, � ); 
decay

12 depletion channels: (n, 2n); (n, 3n); (n, 4n); (n, fission); (n, np); (n, γ ); 
(n, p); (n, d); (n, t); (n, α); (n, 2 α); decay

Table 9   Numerical cases based on HTGR and PWR fuel elements

Reactor Case

HTGR​ 1 HTR-10 fuel pebble with 17% 235U enrichment
2 HTR-PM fuel pebble with 8.5% 235U enrichment

PWR 3 PWR fuel pin with 3% 235U enrichment
4 PWR fuel pin with Mixed oxide fuel (MOX) material

Fig. 8   HTGR fuel pebble model
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consistent results for most of the important nuclides com-
pared to the refined library. Conversely, the simplified 
XPZLIB model exhibited considerable errors for some 
important nuclides. For instance, 137Cs, an important isotope 
for burn-up measurements [40], presented a discrepancy of 
approximately 4%.

Decay heat calculations are crucial for nuclear reactor 
safety analysis. It is known that decay heat accounts for 
approximately 6% of the operational power at the moment of 
reactor shutdown. It decreases rapidly within several hours 
owing to the decay of short half-life nuclides; thereafter, 
it is dominated by the decay of middle and long half-life 

nuclides. For accurate decay heat simulations, it is necessary 
to consider short half-life nuclides; however, they are usually 
neglected in neutron transport calculations.

To test the applicability of the XPZLIBs for decay heat 
calculations, the HTR-10 fuel pebble was depleted to 100 
MWD/kgU with a designed power density of 74.074 W/
gU, followed by a cooling time of five days. The reference 
results were obtained using a superfine XPZLIB with an 
uncompressed burn-up chain containing 3821 nuclides and 
12 depletion channels, which are comparable to the delicate 
libraries adopted by nuclide inventory calculation codes such 
as NUIT [41] and ORIGEN-S [42]. As shown in Fig. 11, 
the results obtained from the refined XPZLIB are in excel-
lent agreement with the reference results, demonstrating its 

Table 10   Parameters of the 
HTGR fuel pebble element

Physical parameter HTR-10 HTR-PM

Fuel pebble
Uranium weight in single fuel pebble 5 g 7 g
Enrichment of 235U (weight) 17% 8.5%
Diameter of the fuel pebble 6 cm 6 cm
Diameter of the fuel zone in the fuel pebble 5 cm 5 cm
Density of graphite (including matrix and outer shell) 1.73 g/cm3 1.74 g/cm3

Impurities represented by EBC in uranium 4 ppm 0.5 ppm
Impurities represented by EBC in graphite 1.3 ppm 0.795 ppm
Coated fuel particle
Radius of the kernel 250 μm 250 μm
Thickness of low density PyC 90 μm 95 μm
Thickness of inner high density PyC 40 μm 40 μm
Thickness of SiC 35 μm 35 μm
Thickness of outer high density PyC 40 μm 40 μm
Density of UO2 10.4 g/cm3 10.4 g/cm3

Density of low density PyC 10.4 g/cm3 1.05 g/cm3

Density of high density PyC 1.9 g/cm3 1.9 g/cm3

Density of SiC 3.18 g/cm3 3.18 g/cm3

Fig. 9   (Color online) PWR pin 
cell model
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applicability in decay heat calculations. Both the standard 
and simplified XPZLIBs exhibited significant deviations 
from the reference results after a short shutdown period, as 
the two libraries lacked many short half-life nuclides.

5 � Conclusion

In this paper, an HDF5-format multi-group cross-section 
library named XPZLIB is introduced. XPZLIB was pro-
cessed using the open-source NJOY2016 code with a built-
in XPZR module and external Python scripts. XPZLIB 
contains detailed data content and well-organized data struc-
tures, making it applicable to various reactors and user- and 
developer-friendly.

Three typical XPZLIBs with different numbers of 
energy groups, nuclides, and depletion reaction types were 
obtained from the Tsinghua cloud website. Their applica-
bility was analyzed in transport, burn-up, and decay heat 

Table 11   PWR fuel pin parameters

Case 3 4

Type of PWR fuel pin Typical PWR 
fuel pin

PWR fuel pin 
with MOX fuel

Density of the fuel (g/cm3) 10.4 10.4

Density of atom in the fuel (g/cm3) 235U 0.2750 0.0665
238U 8.8925 8.918
238Pu 0 0.0050
239Pu 0 0.0936
240Pu 0 0.0444
241Pu 0 0.1440
242Pu 0 0.0235
241Am 0 0.0035
16O 1.2324 1.2335

Density of the water (g/cm3) 0.7 0.7
Boron in water (ppm) 500 500

Table 12   keff calculation results 
obtained using OpenMC and 
XPZ

Case XPZ results and differences against OpenMC

OpenMC Simplified XZPLIB Δkeff (pcm) Standard XPZLIB 
Refined XPZLIB

Δkeff (pcm)

HTR-10 1.68237 1.68664 427 1.68224 − 13
HTR-PM 1.56081 1.56686 605 1.56054 − 27
PWR 1.28288 1.27828 − 85 1.28327 39
PWR with MOX fuel 1.09532 1.08854 − 562 1.09668 136
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Fig. 10   keff with burnup for the a HTR-10 fuel pebble, b HTR-PM fuel pebble, c typical PWR fuel pin, and d PWR-MOX fuel pin
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calculations across HTGRs and PWRs. The transport and 
burn-up results indicated that the simplified XPZLIB is 

suitable for typical PWRs. The standard XPZLIB is appli-
cable for both PWRs and HTGRs, and may potentially 
be applicable to other reactors. This is mainly due to the 
finer energy group structure and more depletion reaction 
types used by the standard XPZLIB. The refined XPZLIB 
incorporates additional short-lived actinides and fission 
products, which demonstrated excellent accuracy in the 
decay heat calculations.

Based on these characteristics and actual performance, 
the standard XPZLIB is recommended for use in most ther-
mal reactors. The simplified XPZLIB provides acceptable 
accuracy in typical PWRs and is expected to perform simi-
larly to the WIMS-D library. The refined XPZLIB is rec-
ommended for detailed decay heat or nuclide transmutation 
simulations.
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