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Abstract

NJOY-91.91 and MILER code systems was applied to process and generate 44
group cross sections in AMPX master library format from CENDL-2 and ENDF/B-6.
It is important an ADS (Accelerator-Driven System) assembly spectrum is used as
the weighting spectrum for generating multi-group constants. Amplification
multiples of source neutron number for several fast assemblies were calculated.

Introduction

It is effective that using an ADS assembly to transmute nuclear waste. It will be
a hopeful new energy source; that is to say, the assembly will be used to produce
electric power. C. Rubbia has proposed the ADS as an "energy amplifier" for
producing electric power[1~3]. USA, Japan, Russia and NEA have carried out lots of
research works.

A research group of "accelerator-driven clean nuclear power system" was
founded at the China Institute of Atomic Energy in 1995. Up to now the research
group has made great progress'41.

When a heavy target is bombarded by proton beam with about 1 GeV energy
and beam current of 10 mA from an accelerator, 20 ~ 40 neutrons per proton are
produced by spoliation reaction. These spoliation neutrons are poured into a
subcritical assembly composed of fuel element, moderator, coolant and structural
material. The steady neutron fluxes with 1014~1015 n/cm2/s are formed through
neutron multiplication.
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Maybe it is not possible for China to build such accelerator with high beam
intensity in a short time. So, it is important how to reduce the requirement for
accelerator current. In this paper the selection of weighting spectrum generating
multi-group constants and amplification nature of source neutron number for fast
core of subcritical assembly will be discussed.

1 Generations of Multi-group Constants

NSLFNK code system'51 was applied to process evaluated nuclear data and to
generate 44-group library in AMPX master library format from CENDL-2 and
ENDF/B-6. NJOY-91.91 of the NSLINK can produce infinite dilution multi-group
cross sections, transfer matrices and self-shielding factors dependent on reactions,
temperature and a0. The output data file of multi-group cross sections from module
GROUPR of NJOY is called the GENDF in ENDF/B format. The another module
MILER read two GENDF data files independent from and dependent on temperature,
respectively. And then the two files are converted into a multi-group cross section
data file with Bondarenko self-shielding factors in the AMPX master library format.

In order to test the effect of weighting spectrum used as generating multi-group
constants on the calculation results of integral quantities, the both of weighting
functions, i.e. standard spectrum (thermal Maxwellian +l/£'+fission spectrum) and
an energy spectrum of the calculated ADS were applied to produce two sets of 44
group libraries, respectively.

2 Transport Calculation Method

2.1 Calculation Process

Module AJAX, BONAMI, NITAWL and XSDRNPM in the SCALE-3 code
system'61 were used in our calculations. The module AJAX can select the concerned
multi-group data from AMPX master library to produce a new master library. The
BONAMI performs a resonance self-shielding calculation based on the Bondarenko
method and generates a problem-dependent master data set. The NITAWL converts
the AMPX master library into an AMPX working library. The XSDRNPM is one
dimensional transport code. It calculates Ke{{ and amplification multiple of source
neutron number for fast subcritical assembly.

2.2 Spectrum of Spallation Neutron Source
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Professor Shen Qingbiao calculated a spectrum of spallation neutron source for
a lead target using Monte Carlo method. The normalized spectrum and 44-group
structure are listed in Table 1.

Table 1 44-Group Energy Structure and Spallation Neutron Source Spectrum

g
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

A£/MeV
20-15
15-12
12-10
10-0.9
9.0-8.0
8.0-7.0
7.0-6.0
6.0-5.0
5.0-4.5
4.5-4.0
4.0-3.5
3.5-3.0
3.0-2.5
2.5-2.0
2.0-1.5

Source
0.02206
0.05067
0.04346
0.02565
0.02935
0.03654
0.04566
0.05229
0.02816
0.03266
0.03639
0.04059
0.04543
0.05325
0.06320

g
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30

A£/MeV
1.5-1.0
1.0-.8203
0.8203-0.5
0.5-0.2
0.2-0.1
0.1-0.08
0.08-0.06
0.06-0.04
0.04-0.02
0.02-0.01
0.01-008
0.008-.006
0.006-.004
0.004-.002
0.002-.001

Source
0.07315
0.02673
0.04752
0.03591
0.00827
8.94E-4
8.94E-4
8.94E-4
8.94E-4
8.94E-4

0.0
0.0
0.0
0.0
0.0

g
31
32
33
34
35
36
37
38
39
40
41
42
43
44

A£/eV
1000-800
800-600
600-400
400-200
200-100
100-80
80-60
60-40
40-20
20-10
10-5

5.0-1.0
1.0-0.1

0.1-1E-5

Source
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0
0.0

These spallation neutron spectrum data are used as input data running XSDRNPM
to calculate the amplification multiple of source neutron number.

2.3 Calculations of Amplification Multiple of Source Neutron Number

When the source neutrons interact on fissionable nuclides, fission reactions arise
and neutrons with fission spectrum energy are produced. It is also possible that other
nuclear reactions occur, for example, some neutrons are absorbed by these
fissionable nuclides. Especially, inelastic-scattering reactions of 238U make the
system spectrum soften. As these nuclear reaction processes are repeated many
times, a steady energy spectrum of the assembly is formed.

Let R, // and y/g{r,fu) represent outer radius, neutron direction cosine and neutron
angle flux, respectively. On the surface of sphere system the number projected g
group neutrons per second per cm2 is equal to the neutron current J*(R). It is
defined as following:

J+
g(R)=

The total neutron current is The total leakage neutron
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number is equal to an integral of J+(R) with respect to the outer surface of the
sphere.

Total leakage = AnR1 J\K)
Let L and S represent the amplification multiple of source neutron number and

the normalized source intensity, respectively. So,
L = Total Leakage / S

3 Weighting Spectrum Effect

A weighting function should be selected in NJOY code when multi-group
constants are generated. It has been proved that the weighting function used in
generating multi-group cross sections must be approximated to the spectrum of the
calculated assembly spectrum as far as possible'71. Unfortunately, the spectrum is
unknown before the assembly is calculated. Therefore, a standard spectrum, i.e.
thermal Maxwellian +1/E+ fission spectrum has usually been selected.

In order to further test the weighting spectrum effect on the calculated integral
quantity results, iteration process to weighting spectrum has adopted to generate
multi-group constants. Firstly, the standard spectrum is used for generating 44-group
library and calculating a spectrum of the subcritical assembly including the
spallation neutron source and some integral quantities. Secondly, the calculated
assembly spectrum is used as weighting function to reproducing another 44-group
library with the same energy structure and elements. For a subcritical sphere system
of natural uranium of 20 tons with a spoliation neutron source at the center such
integral parameters as Kel{, Kx, F25 (

235U fission rate), F28 (
238U fission rate) and C28

(238U capture rate) have been calculated with both of the libraries of 44-groups. The
results are shown in Table 2.

Table 2 Effects of Weighting Spectrum on Integral Parameters

Weighting

System
System

Standard
Standard

Group

44
8

44
8

0.4042

0.3412

0.4304

0.3644

Fn

0.0360
0.0359
0.0306
0.0307

0.3670
0.3644
0.3003
0.3033

cM
2.0420
2.0369
1.8877
1.8937

Flux

248.88
248.02
197.93
198.52

With the library from the standard spectrum the calculated total flux, Ke{{, F2%

and C28have been decreased by 20.5%, 20.7%, 18.2%, 7.6%, respectively, compared
with that from the assembly spectrum. It is the reason that the spectrum of the
subcritical assembly with spallation neutron source is more harder than the standard
spectrum. It results in that the values of the fission cross sections weighted by the
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assembly spectrum for 238U at high energy region are larger than that by the standard
spectrum. Consequently, the following results are calculated with the library of 44-
groups reproduced by the spectrum of subcritical assembly.

4 Calculational Results

4.1 Homogeneous Sphere System Mixed 238U, 239Pu, "Tc and Pb

4.1.1 Amplification Multiple of Source Neutron Number Varies with Kef{

A fuel cycle process for a subcritical assembly of a depleted uranium sphere of
20 tons with an external source at the center of the sphere was calculated. According
to these calculation results the following three models are adopted,

System 1: R = 43 cm, depleted U of 4 tons, 239Pu with different weight, "Tc of
0.7 tons;

System 2: R = 49 cm, depleted U of 6 tons, 239Pu with different weight, "Tc of
1.2 tons;

System 3: R = 54 cm, depleted U of 8 tons, 239Pu with different weight, "Tc of
1.7 tons.

0.65 0.70 0.75 0.80 0.85 0.90 0.950.60

Fig. 1 L varies with KeC{ for U-Pu fuel cycle system
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For System 1 the 200 kg of 239Pu increased to 395 kg, so that Keff and the
amplification multiple L of source neutron number increased from 0.6752 and
0.9439 to 0.9523 and 9.9879, respectively. For the System 2 that 240 kg of 239Pu
increased to 545 kg results in that Ke({ and L increased 0.6326 and 0.5087 to 0.9508
and 7.1818, respectively. For System 3 that 400 kg of 239Pu increased to 1000 kg
results in that Ke{{ and L increased from 0.7180 and 0.5355 to 0.9542 and 6.3123,
respectively. All of the calculated results are shown in the Fig.l. It will be seen from
the Fig. 1 that the amplification multiple L of source neutron number is larger, the
smaller the radius of system is.

4.1.2 Amplification Multiple of Source Neutron Number Varies with Radius of
System

Three sets of calculation models, whose values of K^ are equal to 0.95, 0.92,
and 0.88, respectively, are selected from above the calculated System 1 (R = 43 cm).
On condition that keeping the values of Ke{{ unchanged, increasing radii of systems,
decreasing nuclear densities of 239Pu and the values of Ke{{ selves have not been kept
variations, the L values for each given system have been calculated. Three sets of the
calculated results are shown in the Fig.2. It has been proved that the amplification
multiple of source neutron number have been gradually decreased with increasing
radius of system when all of Ke{{ values are the same. If the radii are equal, the larger
value of Ke{{ is, the larger L. Keeping R = 50 cm, for example, if Ke{{ is equal to 0.88,
then L is equal to 2.2; if Ke{{ = 0.95, then L = 6.9. The last value of L is more than 3
times that of the first.

40 45 50 65
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Fig.2 L varies with radius for U-Pu fuel cycle system



4.2 Homogeneous Sphere System Mixed 238U, 239Pu, "Tc and Pb with Graphite
Reflector

For physics concept research to ADS an assumption of single direction couple
was put forward by Dr. O. V. Shvedov, who is from Russia. The idea is that an U-Pu
fuel cycle zone is used as the fast multiplication zone, which has small volume and
100 MWe and is mainly applied to amplification source neutron number, in order to
enable the power of the thermal zone to increase to 1000 MWe. The so-called single
direction couple means that a graphite reflector is added between fast and thermal
zones, so that fast neutrons enter thermal zone easily and thermal neutrons enter fast
zone uneasily. The single direction couple is not absolute and it can only be relative.
Although capture cross section in fast energy region for graphite is 100 times larger
than that of thermal energy region, thermal capture cross section of l.OxlO"6 b for
12C is, after all, very small. What causes the single direction couple? It is the reason
that the graphite is an excellent reflecting material for thermal neutrons, because
elastic scattering cross section of graphite at thermal energy region is about 5 bams.

In order to make a research on the effect of graphite reflector on amplification
multiple of source neutron number the following both of cores are selected,

0.97

096 -

0.95 -

0.94

0.93

0.92

0.91

0.90

0.89

0.88

239 Pu Mass = 370 kg

239 Pu Mass = 339 kg

4 6

Thickness/cm

10

Fig.3 A êff varies with graphite thickness for U-Pu fuel cycle system
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Keff = 0.92, R = 43 cm, 4 tons Natural Uranium, 370 kg 239Pu and 700 kg "Tc;

KeS = 0.88, R = 43 cm, 4 tons Natural Uranium, 339 kg 239Pu and 700 kg "Tc.

And graphite is used as reflector with different thickness. It was calculated that
Kef{ and L values varied with thickness of graphite reflectors, respectively. These
calculated results are presented in the Fig. 3 and 4, respectively.
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Fig.4 L varied with graphite thickness for U-Pu system

Owing to the fact that graphite is also a good reflector for fast neutrons, both of
Kefr and L values have gradually been increased, accompanied by increasing
thickness of graphite. Fig.3 shown variations in Keff, two curves resemble with each
other in the shape. However, they are different in Fig.4. For the curve loaded more
239Pu the L value has rapidly risen with increasing the thickness of graphite reflector.
When the value of thickness is from zero to 9 cm, the L value is from 3.25 to 3.80.
In brief, the loaded nuclear fuel can not only be decreased appropriately but the
amplification multiple of source neutron number can be increased, because the
graphite reflector is added between fast and thermal zone.

5 Analyses and Conclusions

5.1 The weighting spectrum, used for generating multi-group library and applied to
perform a calculation related to subcritical assembly driven by a spallation neutron
source, should be the energy spectrum of the assembly. The usual standard spectrum
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can not be used as weighting spectrum, otherwise the calculated amplification
multiple of source neutron number will have remarkable error.

5.2 The larger Ke{{ the larger amplification multiple of source neutron number. When

K^ close to 1, L tends to infinity.

5.3 Increasing external radius of system and keeping the value of Ke{{ unchanged, the
amplification multiple of source neutron number is decreased, because the neutrons
are absorbed by the system.

5.4 It will be seen from the results calculated U-Pu fuel cycle system that if Keff =
0.95, then L = 9.42, A:eff = 0.92, L = 5.52. It means that it is entirely possible to
reduce requirement for source neutron intensity.

5.5 For a U-Pu fuel cycle system, Ke({ is gradually increased with increasing
thickness of graphite reflector. Owing to increasing value of Ke{{, amplification
multiple of source neutron number is large, too.

5.6 A fast-thermal coupled system may be a best energy amplification assembly.
The target generating source neutrons is located at the center of the system. The
mixed U-Pu fuel, which is close to the target, is used as a fast multiplication zone. It
was surrounded with 5 cm thickness of graphite reflector. Surrounding the fast zone,
there is a large thermal zone composed of Thorium or Natural Uranium with coolant
heavy water. A proper fast multiplication zone can considerably increase
amplification multiple of source neutron number. Graphite reflector makes it
increase further. Simultaneously, the reflector has the effect on quasi-single
direction couple. That is to say, fast neutron number of fast zone entering into
thermal zone is much more than thermal neutron number of thermal zone entering
into fast zone. It is obvious that graphite is an excellent reflecting material for
thermal neutrons. Therefore, the flux level of thermal zone will be effectively raised
and it is beneficial to increasing power in the thermal zone.
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Benchmark Testing for CENDL-2.1

Liu Ping

(China Nuclear Data Center, CIAE)

Introduction

In early 1996, the China Nuclear Data Center submitted the evaluated library
CENDL-2.1 to the Nuclear Data Section of IAEA. In order to demonstrated the
reliability of this library, and for wide acceptance, it was decided to subject it to
benchmark testing against available integral experiments. Most of the analysts
agreed that the best transport code for performing such integral tests was the
continuous-energy, generalized-geometry, time-dependent, coupled neutron/photon/
electron Monte Carlo code MCNP. WIMS/D4 is a general lattice cell programmer,
which has been widely used in the world, is also useful for data testing, especially
for thermal reactor applications.

The CENDL-2.1 library had not previously been processed into the form of an
MCNP working library and WIMS library. The work was performed on the DEC
AlphaServer 2100 of NDS/IAEA, using the de-facto standard, NJOY-94 nuclear
data processing code system. The MCNP working library was created, a consistent
WIMS library for the same materials was also created.

1 Generating of Working Library

All of CENDL-2.1 materials were processed into MCNP input working library by
using NJOY94.66 on Alpha server 2100 of NDS/IAEA. Some of the key parameters
are: The fractional reconstruction tolerance in RECONR is 0.002(0.2%); The
fractional tolerance for thinning in BROADR is 0.002; The upper boundary of
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