
Original Article

Effect of high-energy neutron source on predicting the proton beam
current in the ADS design

Youqi Zheng*, Xunzhao Li, Hongchun Wu
School of Nuclear Science and Technology, Xi'an Jiaotong University, Xi'an, Shaanxi, 710049, China

a r t i c l e i n f o

Article history:
Received 8 June 2017
Received in revised form
9 August 2017
Accepted 20 August 2017
Available online 16 October 2017

Keywords:
Accelerator-driven System
Correction Method
High-energy Neutron Source
Neutron Source Efficiency
Proton Beam Current

a b s t r a c t

The accelerator-driven subcritical system (ADS) is driven by a neutron source from spallation reactions
introduced by the injected proton beam. Part of the neutron source has energy as high as a few hundred
MeV to a few GeV. The effects of high-energy source neutrons (En > 20 MeV) are usually approximated by
energy cut-off treatment in practical core calculations, which can overestimate the predicted proton
beam current in the ADS design. This article intends to quantize this effect and propose a way to solve
this problem. To evaluate the effects of high-energy neutrons in the subcritical core, two models are
established aiming to cover the features of current experimental facilities and industrial-scale ADS in the
future. The results show that high-energy neutrons with En > 20 MeV are of small fraction (2.6%) in the
neutron source, but their contribution to the source efficiency is about 23% for the large scale ADS. Based
on this, a neutron source efficiency correction factor is proposed. Tests show that the new correction
method works well in the ADS calculation. This method can effectively improve the accuracy of the
prediction of the proton beam current.
© 2017 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The accelerator-driven system (ADS) is recognized as a candi-
date for advanced clean and safe nuclear systems [1]. It will be used
in the future to effectively transmute the minor actinides. Because
of the existence of a high-energy neutron source, the neutronics
feature of ADS is distinctly different from those of other traditional
nuclear reactors. More parameters such as the neutron source ef-
ficiency and the proton beam current are required in the ADS
simulation [2].

To obtain the required proton beam current for the ADS design,
the neutronics calculation should be done first. Carrying out a
complete calculation from spallation to neutron transport at low
energy is the ideal way to do this; however, two difficulties are
encountered.

One problem is that the computational cost is heavy. Among the
neutronics calculation tools, the MCNPX code [3] is an ideal choice
for complete modeling and simulation. It is a combination of the
high-energy physics code LAHET [4] and the Monte Carlo particle
transport code MCNP [5]. However, huge computational memory
and a great deal of time are required.

The other problem is caused by the incomplete nuclear data in
the high-energy range. In MCNPX, some physical models are
applied to obtain data in the high-energy range. However, for
many other codes used for core calculation, only the evaluated
data can be used. Owing to the difficulty of evaluating nuclear data
in the very high-energy range, the data in current libraries are not
complete. For example, in the high-energy nuclear library JENDL-
HE-2004, there are only 66 nuclides. In the new, updated version,
i.e., JENDL-HE-2007, 41 more nuclides have been added; however,
this is not enough to fulfill the requirements of transmutation
analysis.

Therefore, in practice till now, ADS calculation has been
commonly divided into two steps [6,7]. In the first step, the high-
energy Monte Carlo particle transport codes, such as MCNPX,
NMTC/JAERI97 [8], and FLUKA [9], are used to simulate the spall-
ation reactions and obtain the neutron source. In the second step,
either Monte Carlo codes [10e12] or deterministic transport codes
[13e15] are used to calculate the core performance. While the
calculation is split into two steps, special methods should be used
to define the neutron source coming from the spallation reactions.
Till now, there have been four different definitions of the neutron
source, including target neutron leakage source, energy cut-off
source, fission source, and primary neutron source. The first two
definitions are widely accepted. The target neutron leakage source* Corresponding author.
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uses neutrons that leak out radially from the target as source
neutrons. So, high-energy neutrons are considered explicitly in the
definition of the source. The energy cut-off neutron source uses
neutrons that fall below a certain cut-off energy (usually 20 MeV).
To obtain the cut-off neutron source, combined target and core
calculation are required. The fission source consists of the first
generation of fission neutrons in the subcritical core. The primary
neutron source is the number of neutrons that are created directly
from proton-induced spallation.

Using the target neutron leakage source is easier and more ac-
curate, but a new cross-section library considering high-energy
reactions is necessary. Compared with using the target neutron
leakage source, using the energy cut-off neutron source is more
flexible and can fit the traditional transport codes. However, the
distribution of the neutron source is sensitive to changes of the
subcritical core [16]. Therefore, this approach is also expensive in
practical analysis.

A more efficient method to proceed is to combine these two
approaches, i.e., using the target neutron leakage source but cutting
off the source at a certain energy level to fit the following transport
calculation in the core. The main drawback is that during the cut-
ting off of the source, high-energy neutrons emitted from the
spallation reactions are ignored.

Seltborg and Jacqmin [17], based on MUSE-4 experiment in the
framework of the MUSE experiments (multiplication avec source
externe) at CEA, found that the small fraction of high-energy neu-
trons (En > 20 MeV) contributes significantly to the neutron source
efficiency and to the total number of fission neutrons produced in
the core. In order to take the effect of high-energy neutrons into
account, correction factors of proton source efficiency, number of
source neutrons per proton, and neutron source efficiency were
analyzed by Fokau et al. [18].

Based on previous studies, this article quantitatively evaluates
the effects of energy cut-off on the neutronics calculation and ex-
tends the conclusion to both the small-size experimental ADS used
nowadays and the large scale ADS (ADS burner for nuclear waste
transmutation) with GeV protons that will be used in the future.
The idea of using a correction method is also extended. The
sensitivity of the correction factor is analyzed considering the
depletion of the ADS reactor core.

In this article, two models are established. For each model, the
neutron source is decomposed into several energy intervals, and
three levels of subcriticality are considered. The values and the
variation tendencies of the correction factor are discussed while
considering the depletion.

Besides this, the effectiveness of the correction factor is tested at
three different subcritical levels. Overestimation of required proton
and neutron sources in different ADSs is quantified, and the benefit
of using the correction method is shown in the numerical results.

This article is organized as follows. Section 2 provides a detailed
description of the calculation methodology and models. Section 3
shows the effects of high-energy neutrons and the application of
the correction factor in the ADS calculations. The final section
provides the conclusions.

2. Materials and methods

2.1. Computational methods for ADS

The source efficiency, denoted as 4* in Eq. (1), represents the
average importance of the external neutron source. It relates the
total fission neutron production 〈Ff〉 to the external neutron

source and the subcriticality. For any given values of subcriticality
and external neutron source, a larger source efficiency means
more fission power produced in the subcritical core [2,19].

4* ¼
 

1
keff

� 1

!
$
〈Ff〉
〈S〉

(1)

where, keff is the effective multiplication factor, 〈Ff〉 is the total
production of neutrons by fission, and 〈S〉 is the total production of
source neutrons by the incident proton source.

The total power produced by fission in the core can be expressed
as the product of the total number of fission events and the average
available energy released in one instance of fission, according to the
following relation:

Pf ¼ 〈Ff〉
.
v,Ef (2)

where, v is the average number of fission neutrons per fission
event and Ef is the average energy released per fission.

Substituting Eq. (1) into Eq. (2), the total production of neutrons
by the incident proton can be written as:

〈S〉 ¼ Pf v
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(3)

The relationship between the total number of protons hSpi and
the total production of neutrons 〈S〉 is:

〈S〉 ¼ z$
�
Sp
�

(4)

where, z is the neutron yield from one instance of proton injection
(spallation neutron yield).

Substituting Eq. (4) into Eq. (3)
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Hence, the proton beam current required for certain core power
can be obtained by:

Ip ¼ ePf v

 
1
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*
�

(6)

where, e is the charge of proton.
For a given fuel composition and certain core power, the higher

the neutron source efficiency, the smaller the proton beam current
that is required. The values of z and 4*essentially depend on the
source neutrons [20]. Therefore, the key problem is how to evaluate
the neutron source efficiency in practice. This evaluation is sensi-
tive to the cut-off energy if the neutronics calculation is split into
two steps.

To analyze the energy cut-off effect [17,21], the neutron source
efficiency 4* is decomposed into several energy intervals, as in
Eq. (7):

4*
i ¼

 
1
keff

� 1

!
$
hFfii
hSii

(7)

where, i is the index of the energy range.
The neutron source efficiency 4*ðcÞ, with different levels of cut-

off energy, can be obtained as:
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4*ðcÞ ¼

Pi
1
4*
i $hSii=hSti

Pi
1
hSii=hSti

(8)

where hSii=hSti is the fraction of the total number of source neu-
trons in each energy bin and c is the cut-off energy, which is equal
to the upper limit of the energy of the ith energy range.

Besides the neutron source efficiency, the neutron multiplica-
tion factor ks is also used in this analysis and is defined as in Eq. (9)
[19,22].

ks ¼ 〈Ff〉=〈S〉
〈Ff〉=〈S〉þ 1

(9)

To evaluate the effect of energy cut-off, a new cross-section li-
brary NECL-HE/MC is generated from the JENDL/HE-2007 evaluated
library [23]. The energy range is extended up to 3 GeV. The
multiparticle transport code MCNPX is used to simulate the pro-
duction of spallation neutrons. Then, the neutrons emitted below
the cut-off energy are used as the neutron source. The Monte Carlo
code MCNP is applied in the following calculations by combining it
with the depletion code ORIGEN2 [24].

2.2. ADS models for evaluation

To evaluate the parameters described in Section 2.1, two models
defined as “model A” and “model B” are established. Model A is a
simplified experiment facility with a 250 MeV incident proton
beam [25]. Model B is a simplified industrial-scale ADS burner with
a 1.5 GeV incident proton beam [26e28].

In model A, a liquid leadebismuth eutectic (LBE) target with a
radius of 12.0 cm and height of 50 cm is used. The configuration of
model A is shown in Fig. 1. The subcritical core consists of 68 fuel
assemblies. The active height is 80 cm and the equivalent diameter
is 105 cm. Table 1 summarizes the main design parameters of
model A.

Model B is a homogeneous model simplified from an 800 MW
ADS burner [15,27]. The active core is 100 cm high and 105 cm in
radius. Also, LBE is used as the target material; the diameter of LBE
target is 50 cm, and the height of 100 cm. The core layout is shown
in Fig. 2.

For both models A and B, three cases with different initial sub-
criticality are considered to evaluate the sensitivity to different core
designs. The cases contain keff values of 0.94, 0.96, and 0.98.

3. Results

3.1. Spectrum of neutron source

Fig. 3 shows the spectrum of spallation neutrons in models A
and B. The fractions of neutrons in different energy ranges are
summarized in Table 2. The fractions are around 2e5% for neutrons
having energy above 20 MeV in the different models. The spallation
neutron spectrum relates to the incident proton energy, the target
material, and the geometry of the target [20]. In models A and B, the
targets are designed to have very different size. Small target size
causes strong neutron leakage. The spectrum of spallation neutron
is hardened. Therefore, even when the proton energy of model A is
lower, the spectrum is harder for its smaller size.

3.2. Effect of high-energy neutrons on the neutron source efficiency

Beside the energy cut-off effect, the calculation method and
nuclear data also affect the calculated parameters. To distinguish
the energy cut-off from other effects, calculations with and without
energy cut-off are based on the same Monte Carlo code MCNP,
which is widely recognized in ADS calculation. A new library
(NECL-HE/MC) containing nuclear data in the high-energy range is

Fig. 1. Schematic view of the horizontal cross section of model A.

Table 1
Main design parameters of model A.

Parameters Unit Value

Core thermal power MW 10
Fuel (enrichment) d UO2 (19.75%)
235U fuel loading kg 549
Active height m 0.8
Active diameter m 1.05
Accelerator type d Proton linac
Beam energy MeV 250
Target diameter cm 24
Target height cm 50
Target material d LBE
Coolant d LBE
Structure material d 316L
Cladding material d 316Ti

LBE, leadebismuth eutectic.
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created. Therefore, the calculations with andwithout energy cut-off
are based on the same nuclear data, except for the different energy
ranges.

However, due to measurement limitation, not all nuclides have
data in the very high-energy range in the current evaluated li-
braries. Therefore, model B is simplified from the original design, in
which some isotopes are removed from the core. In the simplified
model, all the nuclides have data in the high-energy range. Among
these nuclides, only heavy isotopes Am and Pu are contained.

To analyze the contribution of neutrons in different energy
ranges, decomposition calculations are performed, inwhich various

energy ranges are used and the decomposed 4*
i is obtained.

Calculation without energy cut-off is selected as the reference
calculation. To evaluate contributions from different energy ranges,
calculations are done several times; in each series of calculations,
only the source neutrons in a certain range are taken into account.
The results are shown in Tables 3 and 4.

For model A, the spallation source is split into six bins. The
neutron source efficiency increases sharply with increasing energy
of the source neutrons. The contribution of the three high-energy
bins (En > 20 MeV) to 4* is about 28%. For model B, the high-
energy neutrons (En > 20 MeV) contribute 23% to 4*, even
though the fraction of these high-energy neutrons is as small as
2.6%. Physically, the source efficiency is determined by the contri-
bution of source neutrons to the neutron production in the
subcritical core. If the source neutrons have higher energy, the
contribution of (n, xn)-reaction is significant. Then, more neutrons
introduce more fission in the subcritical core. Finally, the neutrons
produced by one source neutron with higher energy are signifi-
cantly more in number than the neutrons produced by a low-
energy source neutron. So, the source efficiency contribution of
high-energy neutrons is much greater than that of lower-energy
neutrons.

The contributions of high-energy neutrons to 4* at different
subcriticality levels are investigated. The results of 4*

i and the
contribution from each source bin are shown in the Figs. 4 and 5 for
model A, respectively. As shown in Fig. 4, the variations of 4*

i at
three different subcriticality levels are rather small in the same
source bin, except for the case of keff¼ 0.94. The discrepancies at the
three different subcriticality levels come from the influence of the
control rod, which is used to adjust the subcriticality. The relative
position between the neutron source and the control rod is
important for the neutron source efficiency. However, the

Fig. 2. Schematic view of model B.

Fig. 3. Energy spectrum of spallation neutrons.

Table 2
Fraction of incident neutron at different energy levels.

Model A Model B

Source bin Energy intervals (MeV) hSii=hSti Source bin Energy intervals (MeV) hSii=hSti
S1 0e5 0.88146 S1 0e5 0.93612
S2 5e10 0.04447 S2 5e10 0.02492
S3 10e20 0.02475 S3 10e20 0.01322
S4 20e150 0.04538 S4 20e150 0.02119
S5 150e200 0.00300 S5 150e200 0.00141
S6 200e250 0.00094 S6 200e250 0.00087
St 0e250 1.00000 S7 250e1500 0.00227

St 0e1500 1.00000

hSii=hSti, fraction of the total number of source neutrons in each energy bin.
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variations of the contribution of high-energy neutrons to 4* at
different subcriticality levels are small because of the small fraction
of high-energy source neutrons.

The results of 4*
i and the contribution from each source bin are

shown in Figs. 6 and 7 for model B, respectively. For different
subcritical levels, the compositions of the fuel are slightly different.
Therefore, the discrepancy of 4*

i in the high-energy source bins is
larger than that in model A. However, because of the small fraction
of high-energy source neutrons, differences of contributions from
the high-energy neutrons to 4* are also small.

It is concluded that the effects of high-energy neutrons on 4* is
significant. The effect does not change with different subcritical
levels or different levels of incident proton energy, i.e., different
ADS design.

3.3. Effects of energy cut-off

In this section, the effects of energy cut-off on the neutron
source efficiency 4*, the proton beam current Ip, and the source
neutron multiplication factor ks are investigated. Ip is an important
parameter for the ADS designer to predict. The change of the source
efficiency is finally reflected in predicting the beam current, as
indicated in Eq. (6). ks is another important parameter that is tightly
related to the source efficiency. Transforming Eq. (1), the source
efficiency can be obtained by using the ratio of fission multiplica-
tion and source multiplication, as in:

4* ¼
 

1
keff

� 1

!,�
1
ks

� 1
�

(10)

Table 3
Source efficiency contribution of neutrons in each source bin for model A (keff ¼ 0.98).

Source bin Energy intervals (MeV) hSii=hSti hFfii=hSii 4*
i 4*

i ,hSii=hSti

S1 0e5 0.88146 47.03 1.22 1.07691 (65.45%)
S2 5e10 0.04447 52.19 1.36 0.06030 (3.66%)
S3 10e20 0.02475 90.15 2.34 0.05796 (3.52%)
S4 20e150 0.04538 333.13 8.65 0.39272 (23.87%)
S5 150e200 0.00300 542.92 14.10 0.04231 (2.57%)
S6 200e250 0.00094 622.29 16.17 0.01520 (0.92%)
St 0e250 1.00000 63.13 1.64

keff, effective multiplication factor; hSii=hSti, fraction of the total number of source neutrons in each energy bin; 〈Ff〉, total production of neutrons by fission; 〈S〉, total pro-
duction of source neutrons by the incident proton source; 4* , source efficiency; i, index of the energy range.

Table 4
Source efficiency contribution of neutrons in each source bin for model B (keff ¼ 0.98).

Source bin Energy intervals (MeV) hSii=hSti hFfii=hSii 4*
i 4*

i ,hSii=hSti

S1 0e5 0.93612 35.63 0.74 0.69633 (72.51%)
S2 5e10 0.02492 44.45 0.93 0.02312 (2.41%)
S3 10e20 0.01322 78.80 1.65 0.02175 (2.26%)
S4 20e150 0.02119 322.95 6.74 0.14287 (14.88%)
S5 150e200 0.00141 549.60 11.47 0.01618 (1.68%)
S6 200e250 0.00087 644.00 13.44 0.0117 (1.22%)
S7 250e1500 0.00227 1022.25 21.34 0.04845 (5.04%)
St 0e1500 1.00000 45.98 0.96

keff, effective multiplication factor; hSii=hSti, fraction of the total number of source neutrons in each energy bin; 〈Ff〉, total production of neutrons by fission; 〈S〉, total pro-
duction of source neutrons by the incident proton source; 4* , source efficiency; i, index of the energy range.

Fig. 4. Neutron source efficiency at different subcriticality levels for model A. keff,
effective multiplication factor.

Fig. 5. Contribution from high-energy neutrons at different subcriticality levels for
model A. keff, effective multiplication factor.
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According to Eqs. (6) and (10), if one of 4*, Ip, and ks is known, the
others can be obtained for a given ADS system.

The results are shown in Figs. 8e11 and Figs. 12e15 for models A
and B, respectively. The results for calculations with and without
energy cut-off are compared. The reference values of 4*, Ip, and ks
are calculated using MCNP and the NECL-HE/MC library without
energy cut-off. Based on these calculations, the results for Ip, 4*, and
ks with various levels of cut-off energy at different subcritical levels
are obtained using Eqs. (6), (8), and (9), respectively.

The differences of ks and 4* decrease with the increase of cut-off
energy. The results indicate that using the widely applied cut-off
energy (20 MeV) significantly underestimates the neutron source
efficiency and overestimates the required proton beam current for
all designs. Also, this effect becomes worse when the ADS is
operated in deep subcriticality, as in the case of keff ¼ 0.94. In this
case, the neutron source efficiency is underestimated by about 24%
for model A, and the corresponding relative error of Ip is around
40%. Similarly, in model B, the neutron source efficiency is under-
estimated by about 21%, and the relative error of Ip is around 30%.

Using higher cut-off energy will significantly improve the ac-
curacy, as shown in Figs. 9, 11, 13, and 15. For model A, the upper

Fig. 6. Neutron source efficiency at different subcriticality levels for model B. keff,
effective multiplication factor.

Fig. 7. e Contribution from high-energy neutrons at different subcriticality levels for
model B. keff, effective multiplication factor.

Fig. 8. Relative error of ks with various cut-off energy for model A. ks, the neutron
multiplication factor; keff, effective multiplication factor; rel.diff., relative difference.

Fig. 9. Relative error of 4*with various cut-off energy for model A. keff, effective
multiplication factor; rel. diff., relative difference; 4* , source efficiency.

Fig. 10. Changes of Ip with various cut-off energy for model A. Ip, proton beam current;
keff, effective multiplication factor.
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energy of the cross-section data library should be extended from
20 MeV to at least 150 MeV. For model B, it should be above
200 MeV.

Besides this, the effects of high-energy neutron on the power
distribution and cross sections have also been investigated. Taking
model B as an example, the core is divided into 20 zones, as illus-
trated in Fig. 16. The zone-wise power distribution is calculated.
Comparisons at beginning of cycle (BOC) are shown in Table 5. The
maximum relative difference is about 1.25%, which arises in zone 1.

Further calculation is performed to show the cross-section
change in zone 1. Fig. 17 shows the differences of cross sections
between the calculations with and without energy cut-off. The
energy cut-off has small impact on the (n, g)- and (n, f)-cross sec-
tions and the capture-to-fission ratio; however, its impact on the (n,
2n)-cross section is significant.

Based on this analysis, it is concluded the high-energy neutrons
have significant effects on the ADS neutronics calculation. If the
energy cut-off approximation is used, corrections are necessary to
make sure that this approximation can give reliable results. As
shown in Fig. 17 and Table 5, the energy cut-off has small impact on

Fig. 11. Absolute difference of Ip with various cut-off energy for model A. abs. diff.,
absolute difference; Ip, proton beam current; keff, effective multiplication factor.

Fig. 12. Relative error of ks with various cut-off energy for model B. ks, neutron
multiplication factor; keff, effective multiplication factor; rel. diff., relative difference.

Fig. 13. Relative error of 4*with various cut-off energy for model B. keff, effective
multiplication factor; rel. diff., relative difference; 4* , source efficiency.

Fig. 14. Changes of Ip with various cut-off energy for model B. Ip, proton beam current;
keff, effective multiplication factor.

Fig. 15. Absolute difference of Ip with various cut-off energy for model B. abs. diff.,
absolute difference; Ip, proton beam current; keff, effective multiplication factor.
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the prediction of the power distribution and cross sections.
Therefore, we can focus on the corrections of 4*, Ip, and ks. Because
these parameters tightly relate to each other, making corrections of
one of these is enough. In this article, the correction factor 4* is
investigated because it is very effective and not overly sensitive.

3.4. Sensitivity of the correction factor

In the correction approach, the correction factor is pregen-
erated. The key parameters in the ADS calculation are corrected to
consider the effects of high-energy source neutrons.

The correction factor is defined as the ratio of the parameter
from the reference calculation and that from the calculation with
energy cut-off. There are two ways to obtain the reference solution.
One is to directly use MCNPX to simulate the complete process
from spallation. The other is to use the current two-step scheme
but to bring in a high-energy cross-section library, if there is one. In
this article, the latter choice is selected for its high efficiency. As
mentioned in Sections 3.2 and 3.3, not all the nuclides have eval-
uated data available up to an energy level as high as hundreds of
MeV. The nuclides and energy ranges applied in this study are given
in Table 6.

Based on the previous analysis, the neutron source efficiency 4*

is more important than other parameters. Therefore, a correction
factor for 4* is proposed. It is defined as follows:

f4* ¼ 4*ðtÞ�4*ðcÞ (11)

where, 4*ðtÞ is the neutron source efficiency without energy cut-off
and 4*ðcÞ is the neutron source efficiency with energy cut-off.

To allow a complete consideration of the high-energy effects,
the correction factor should be applicable in the simulation to all
ADS operational conditions. The conditions include different levels
of burnup, power level, fuel and coolant temperature, etc.

Fortunately, in ADS, the integral thermal feedback effect is not as
important as it is in other critical reactors [15]. Thus, only the
impact of depletion is investigated. The values of 4*ðtÞ without
energy cut-off and 4*ðcÞ after energy cut-off at different burnup
states are obtained. The depletion calculation is based on model B.
In this calculation, a cycle of 300 effective full power days is
considered. The initial keff is set at 0.96.

The values of f4� during the cycle are shown in Fig. 18. Fig. 19
shows the differences of f4* at the BOC from that value at other
burnup states. With the increase of burnup, the neutron spectrum
in the subcritical core becomes harder. The contribution from the
high-energy neutron source decreases. Correspondingly, the effect
of energy cut-off weakens. Therefore, the source efficiency

Fig. 16. Meshes for the power distribution tally for model B. Ip, proton beam current.

Table 5
Comparison of the power distribution with and without energy cut-off (MW).

Zone Energy cut-off Reference Zone Energy cut-off Reference

1 40.4 39.9 11 44.6 44.7
2 53.4 53.0 12 60.4 60.6
3 57.1 56.8 13 65.8 65.9
4 50.5 50.3 14 59.0 59.3
5 34.2 34.2 15 42.5 42.6
6 46.8 46.6 16 34.6 34.8
7 63.2 63.2 17 46.2 46.4
8 68.3 68.5 18 50.2 50.4
9 60.9 61.2 19 45.4 45.6
10 43.1 43.3 20 33.6 33.8

Fig. 17. Relative differences of the cross sections during the cycle for model B. Rel. diff.,
relative difference.
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correction factor decreases. However, the rate of decrease is very
small. For an operational cycle of 300 effective full power days, the
maximum relative change of the correction factor at end of cycle is
only 2.56%. Therefore, to make the generation of correction factors
more efficient, we can ignore this small change and apply a unique
correction factor during the cycle.

3.5. Application of correction factor in the ADS burner design

To verify the effectiveness of using the correction factor and to
show the improvement in the design work, the ADS burner model
(model B) is calculated. Three cases are compared, including:

Case A: the depletion calculation is performed without energy
cut-off and the results are taken as the references.

Case B: the depletion calculation is performed with energy cut-
off at 20 MeV.

Case C: adoption of correction factor from case B.
Three subcritical levels are considered. The initial values of keff

are set at 0.94, 0.96, and 0.98. The maximum differences of ks, 4*,
and Ip during the whole cycle are shown in the Table 7 for different
subcritical levels.

As shown in Table 7, without considering the high-energy
neutron effects, the values of ks and 4* are significantly under-
estimated and the corresponding Ip is highly overrated. After
introducing the correction factor, the error is much smaller. This
proves that the correction method works well for the prediction of
Ip. The maximum relative error of Ip is reduced by an order of
magnitude for all cases.

Table 6
Nuclides and energy ranges used in the evaluation.

Isotopic Energy

3He, 4He, 6Li, 7Li, 9Be, 10B, 11B, 15N, 32S, 33S, 34S, 36S, 40K, 45Sc, 59Fe, 59Ni, 65Zn, 79Se, 9Br, 81Br, 78Kr, 80Kr, 82Kr, 83Kr, 84Kr, 85Kr, 86Kr, 85Rb, 86Rb, 87Rb, 84Sr, 86Sr,
87Sr, 88Sr, 89Sr, 90Sr, 89Y, 90Y, 91Y, 93Zr, 95Zr, 94Nb, 95Nb, 99Mo, 99Tc, 96Ru, 98Ru, 99Ru, 100Ru, 101Ru, 103Ru, 104Ru, 105Ru, 106Ru, 103Rh, 105Rh, 102Pd, 104Pd,
105Pd, 106Pd, 107Pd, 108Pd, 110Pd, 107Ag, 109Ag, 110mAg, 111Ag, 106Cd, 108Cd, 110Cd, 111Cd, 112Cd, 113Cd, 114Cd, 116Cd, 123Sn, 126Sn, 121Sb, 123Sb, 124Sb, 125Sb,
126Sb, 120Te, 122Te, 123Te, 124Te, 125Te, 126Te, 127Te, 128Te, 129Te, 130Te, 132Te, 127I, 129I, 130I, 131I, 135I, 124Xe, 126Xe, 128Xe, 129Xe, 130Xe, 131Xe, 132Xe, 133Xe,
134Xe, 135Xe, 136Xe, 134Cs, 135Cs, 136Cs, 137Cs, 130Ba, 132Ba, 134Ba, 135Ba, 136Ba, 137Ba, 138Ba, 140Ba, 138La, 139La, 140La, 140Ce, 141Ce, 142Ce, 143Ce, 144Ce, 141Pr,
143Pr, 142Nd, 143Nd, 144Nd, 145Nd, 146Nd, 147Nd, 148Nd, 150Nd, 147Pm, 148Pm, 148mPm, 149Pm, 151Pm, 144Sm, 147Sm, 148Sm, 149Sm, 150Sm, 151Sm, 152Sm,
153Sm, 154Sm, 151Eu, 152Eu, 153Eu, 154Eu, 155Eu, 156Eu, 157Eu, 152Gd, 153Gd, 154Gd, 155Gd, 156Gd, 157Gd, 158Gd, 160Gd, 159Tb, 160Tb, 154Dy, 156Dy, 158Dy,
159Dy, 160Dy, 161Dy, 162Dy, 163Dy, 164Dy, 162Er, 164Er, 166Er, , 167Er, 168Er, 170Er, 169Tm, 168Yb, 170Yb, 171Yb, 172Yb, 173Yb, 174Yb, 176Yb, 174Hf, 176Hf, 177Hf,
178Hf, 179Hf, 180Hf, 181Hf, 182Hf, 184Os, 186Os, 187Os, 188Os, 189Os, 190Os, 192Os, 223Ra, 224Ra, 225Ra, 226Ra, 225Ac, 226Ac, 227Ac, 227Th, 228Th, 229Th, 230Th,
231Th, 232Th, 233Th, 234Th, 229Pa, 230Pa, 231Pa, 232Pa, 233Pa, 230U, 231U, 232U, 233U, 234U, 236U, 237U, 234Np, 235Np, 236Np, 238Np, 239Np, 236Pu, 237Pu, 244Pu,
246Pu, 240Am, 243Am, 244Am, 244mAm, 240Cm, 241Cm, 242Cm, 243Cm, 244Cm, 246Cm, 247Cm, 248Cm, 249Cm, 250Cm, 245Bk, 246Bk, 247Bk, 248Bk, 249Bk, 250Bk,
246Cf, 248Cf, 249Cf, 250Cf, 251Cf, 252Cf, 253Cf, 254Cf, 251Es, 252Es, 253Es, 254Es, 254mEs, 255Es, 255Fm

20 MeV

1H, 2H, 31P, 50V, 51V, 64Zn, 66Zn, 74Se, 76Se, 77Se, 78Se, 80Se, 82Se, 113In, 115In, 112Sn, 114Sn, 115Sn, 116Sn, 117Sn, 118Sn, 119Sn, 120Sn, 122Sn, 124Sn, 133Cs 200 MeV
235U, 238U, 245Cm 1.0 GeV
12C, 13C, 14N, 16O, 19F, 23Na, 24Mg, 25Mg, 26Mg, 27Al, 28Si, 29Si, 30Si, 35Cl, 37Cl, 36Ar, 38Ar, 40Ar, 39K, 41K, 40Ca, 42Ca, 43Ca, 44Ca, 46Ca, 48Ca, 46Ti, 47Ti, 48Ti, 49Ti,

50Ti, 50Cr, 52Cr, 53Cr, 54Cr, 55Mn, 54Fe, 56Fe, 57Fe, 58Fe, 59Co, 58Ni, 60Ni, 61Ni, 62Ni, 64Ni, 63Cu, 65Cu, 67Zn, 68Zn, 70Zn, 69Ga, 71Ga, 70Ge, 72Ge, 73Ge, 74Ge, 76Ge,
75As, 90Zr, 91Zr, 92Zr, 94Zr, 96Zr, 93Nb, 92Mo, 94Mo, 95Mo, 96Mo, 97Mo, 98Mo, 100Mo, 181Ta, 180W, 182W, 183W, 184W, 186W, 197Au, 196Hg, 198Hg, 199Hg,
200Hg, 201Hg, 202Hg, 204Hg, 204Pb, 206Pb, 207Pb, 208Pb, 209Bi, 237Np, 238Pu, 239Pu, 240Pu, 241Pu, 242Pu, 241Am, 242Am, 242mAm

3.0 GeV

Fig. 18. Variation of f4*during the cycle. keff, effective multiplication factor.

Fig. 19. Difference from BOC value of f4*during the cycle. BOC, beginning of cycle; Diff.,
difference; keff, effective multiplication factor; f4* , correction factor for 4*; 4* , source
efficiency.

Table 7
Maximum errors of ks, 4*and Ip with different initial values of keff during cycle.

Items Initial keff Case B Case C

ks (%) 0.94 �1.74 �0.05
0.96 �1.17 0.09
0.98 �0.60 0.04

4* (%) 0.94 �21.76 1.12
0.96 �21.75 1.73
0.98 �21.99 2.48

Ip (mA/%) 0.94 6.26/31.11 �0.17/�1.04
0.96 4.12/30.44 �0.28/�2.56
0.98 2.08/31.32 �0.12/�1.66

Ip, proton beam current; ks, the neutron multiplication factor; keff, effective multi-
plication factor; 4* , source efficiency.
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4. Discussion

The impacts of high-energy source neutrons (En > 20 MeV) in
ADS calculation are investigated. Different models at different
subcritical levels are analyzed, including a model simplified for the
current experimental facility and a model for future industry-scale
ADS design. It is found that high-energy neutrons have significant
impacts on ADS calculations, even if their fraction is extremely
small for all the cases.

The energy cut-off method in the ADS calculation is reevaluated.
Different energy cut-off strategies are tested. The results indicate
that the approach of energy cut-off at 20 MeV significantly
underestimated the neutron source efficiency and thus over-
estimated the predicted proton beam current. The neutron source
efficiency is underestimated by over 20% for both the experimental
facility and the industrial-scale ADS burner. Correspondingly, the
predicted proton beam current is overestimated by over 30%.

To accurately predict the proton beam current, the cut-off en-
ergy should be extended. However, because of the limitations of
nuclear data and the consideration of computational cost, the cut-
off energy is hard to extend to a level as high as needed. Therefore, a
correction factor for neutron source efficiency is used. Numerical
tests show that this factor is insensitive to depletion. So, only the
correction factor generated at the BOC is used. The effectiveness is
proved by performing an ADS burner calculation. The over-
estimation of the predicted proton beam current is reduced from
over 30% to less than 3%.
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