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Abstract – The target motion sampling (TMS) temperature treatment technique, previously known as
‘‘explicit treatment of target motion,’’ is a stochastic method for taking the effect of thermal motion on
reaction rates into account on-the-fly during Monte Carlo neutron tracking. The method is based on
sampling target velocities at each collision site and dealing with the collisions in the target-at-rest frame
using cross sections below the actual temperature of the nuclide or, originally, 0 K. Previous results have
shown that transport with the original implementation of the TMS method requires about two to four times
more CPU time than conventional transport methods, depending on the case. In the present paper, it is
observed that the overhead factor may increase even above 10 in cases involving burned fuel. To make the
method more practical for everyday use, some optimization is required.
This paper discusses a TMS optimization technique in which the temperatures of the basis cross sections
are elevated above 0 K. Comparisons show that the TMS method is able to reproduce the NJOY-based reference
results within statistical accuracy, both with and without the newly implemented optimization technique. In the
specific test cases, the optimization saved 35% to 83% of the calculation time, depending on the case.

I. INTRODUCTION

all temperatures appearing in the problem geometry.
Perhaps the most well-known on-the-fly technique at
present was introduced by Yesilyurt et al.1,2 and has
recently been implemented in MCNP6. The technique is
based on fast Doppler broadening of cross sections using
series expansions with precalculated coefficients.
Recently, a novel on-the-fly temperature treatment
was suggested by the present authors.3–5 The target
motion sampling (TMS) temperature treatment technique
is a stochastic on-the-fly temperature treatment method for
Monte Carlo neutron tracking routines. The main idea of
the method is to sample target velocities at collision sites
according to the thermal motion and to handle the
collisions in the target-at-rest frame using cross sections
below the actual temperature of the target nuclide. The
fact that in this tracking scheme the total cross section
becomes a distributed quantity is accounted for by
applying rejection sampling on the particle path lengths.
An advantage of this approach is that it provides for
rigorous modeling of temperature distributions that may

Neutron transport in the conventional Monte Carlo
approach relies on prebroadened effective cross sections.
This means that the cross-section data must be stored
in computer memory separately for each nuclide and
temperature appearing in the problem geometry. Memory
capacity becomes a major limitation when modeling
systems involving burned fuel and temperature feedback,
which is the case with actual nuclear reactors in operation.
To overcome the limitations in memory capacity,
on-the-fly temperature treatment techniques have been
developed. The idea behind these methods is that the
effect of thermal motion on reaction rates is calculated
during the transport calculation, i.e. ‘‘on the fly,’’ and
consequently the effective cross sections no longer
need to be stored in computer memory, at least not for
*E-mail: tuomas.viitanen@vtt.fi
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vary continuously in both time and space, independent of
the material boundaries in the problem geometry. It is also
convenient that the method relies on ordinary pointwise
continuous-energy cross sections and does not require any
additional precomputed data.
The method was first introduced with the name
‘‘explicit treatment of thermal motion’’3 but was recently
renamed TMS because after the modifications discussed
in this paper, the sampled target velocities no longer
correspond to the actual, or ‘‘explicit,’’ target motion. The
preliminary implementation of the method in the continuous-energy Monte Carlo reactor physics code Serpent 2
together with the first practical results were presented in
Ref. 4. This implementation involved multigroup majorant
cross sections and required about four times more CPU
time in a high-temperature gas-cooled reactor (HTGR)
calculation than a conventional Monte Carlo calculation
with effective, prebroadened cross sections. In Ref. 5,
a few different ways of optimizing the method were
introduced, with good preliminary results. These optimization tweaks involved changing to a continuous-energy
majorant, adjusting the conservativity of this majorant, and
incorporating a new and so-far incomplete idea of elevating
the basis temperature of cross sections above 0 K.
This paper continues with the topic of elevating the
basis cross-section temperatures above 0 K. The 0 K
version of the TMS method, as introduced in Ref. 3, is
first summarized in Sec. II, and the TMS method with
elevated basis temperatures is introduced and justified in
Sec. III. The new methodology is implemented in Serpent
2.1.14, and results considering the performance and
accuracy of the TMS method with and without the
elevated basis temperature optimization are provided in
Sec. V. Conclusions are given in Sec. VI.
Topics that are intentionally omitted from this paper
include the generation of an optimal majorant cross
section and the efficiency of reaction rate estimators in
TMS transport. Both of these important topics will be
covered in separate papers as soon as possible. There
are also plans to extend the TMS capability to the
energy region of unresolved resonances and to make
the method compatible with bound-atom scattering in
the more distant future.
II. TEMPERATURE TREATMENT WITH TMS

To introduce readers to the TMS method and to
provide some background information for the upcoming
analyses, the concept of the TMS method is first
summarized. This summary is strongly based on the first
paper written on the subject.3 The very heart of the
method, the TMS tracking scheme, is described in Sec.
II.A, and the connection between the stochastically
broadened cross sections of the TMS method and
effective cross sections, used in traditional Monte Carlo
transport, is shown in Sec. II.B.

II.A. Basic TMS Tracking Scheme
The tracking scheme of the TMS governs the way
in which the neutrons are transported within material zones.
It is emphasized that in this first version of the tracking
scheme the basis cross sections are at a temperature of 0 K.
1. The neutron path lengths l are sampled using the
standard inversion sampling method as
l~{

1
ln j ,
Smaj

ð1Þ

where j is a random variable uniformly distributed on the
unit interval. The sampling is based on a majorant cross
section Smaj that takes into account the variations in the
total cross sections within the range of thermal motion.a
^ , where rn is
The next collision occurs at rnz1 ~rn zl V
the previous collision site corresponding to collision
^ is the direction vector of neutron
number n and V
motion.
The majorant cross section is similar to the majorant
used with the Doppler-broadening rejection correction
(DBRC) method,6 and hence, it can be generated using
the same criteria. Basically, the majorant at energy E is
chosen as the maximum total cross section within the
range of possible target-at-rest energies in a collision
between a neutron with laboratory-frame (LAB) energy E
and a target nuclide with energy 16kB Tmax , where kB is
the Boltzmann constant and Tmax is the maximum
temperature of the target nuclide. The 16kB T cutoff
condition for thermal motion has been adopted from the
SIGMA1 Doppler-broadening code.7 The majorant is
further multiplied by a normalization factor gE (E,Tmax ,A)
that is introduced later in Sec. II.B.
2. At each collision point candidate rnz1 , the target
nuclide is first sampled. The probability of sampling
nuclide i is
Smaj,i (E,rnz1 )
Smaj, i (E,rnz1 )
~P
,
Smaj (E,rnz1 )
j Smaj, j (E,rnz1 )

ð2Þ

where E represents the LAB energy of the neutron. The
material-wise majorant cross section Smaj is obtained by
summing over the nuclide-wise majorants.
3. The target velocity is then sampled from a
Maxwellian-based distribution P1 (T), the exact form and
a
If the transport routine is based on the Woodcock deltatracking method, this majorant cross section also takes into
account the variation in reaction probability when the neutron
crosses a boundary between two materials. The TMS
methodology also works with the more commonly used surface
tracking, in which case the majorant only accounts for the
variation in microscopic cross sections within a single material.
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justification of which are presented later in Sec. II.B.
The temperature T corresponds to the local temperature
at the collision point, i.e., T~T(rnz1 ):
4. The collision point is accepted or rejected
according to the criterion
jv

gE (E,T, A)S0i (E’,rnz1 )
,
Smaj, i (E,rnz1 )

ð3Þ

where S0i (E’,rnz1 ) is the 0 K cross section of nuclide i at
target-at-rest energy E’:
5. If the collision is rejected, the procedure restarts
from 1 by sampling of a new path length starting from the
newly rejected collision point rnz1 : If the collision is
accepted, a reaction is sampled based on 0 K cross
sections at E’, and the tracking proceeds according to the
sampled reaction.
As previously mentioned, the temperature may vary
arbitrarily in space and time, i.e., T~T(r, t), when using the
TMS method in neutron tracking. Another very convenient
feature is that in the case that a scattering reaction is sampled
at step 5, the kinematics of the scattering event can be
resolved using the already-sampled target velocity. The
secondary particle distributions calculated this way correspond to the temperature-dependent scattering kernel and are
thus equivalent to those calculated with the normal free gas
treatment involving DBRC. In fact, the implementation of the
TMS technique in Serpent takes advantage of this feature and
solves the kinematics of elastic scattering events accurately
for all energies and nuclides when the transport is based on
0 K cross sections.

II.B. Stochastically Broadened Versus Effective
Cross Sections
The traditional tracking methodology is based on
effective cross sections that are basically 0 K cross
sections averaged over the thermal motion of target
nuclei. The analysis presented in Secs. II.B through III.B
discusses the Doppler broadening of the cross sections of
an individual nuclide, appearing at homogeneous density
and temperature. Since there are consequently no r or i
dependences involved, the dependence of the cross
sections on these parameters is, for simplicity, not
explicitly shown in the equations. The definition of
effective cross sections follows straightforwardly from
the condition of constant reaction rates and can be written
in vector form as

Seff (v, T,A)~

ð
1
jv{Vt jS0 (jv{Vt j)P(Vt ,T,A) dVt , ð4Þ
v
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where
v~ jvj 5 speed of the neutron,
Vt 5 target velocity, and

P(Vt , T,A) 5 probability density function of target
velocities at temperature T (Ref. 8).
Traditionally, the thermal motion is assumed to follow the
Maxwell-Boltzmann distribution
�c�3=2
:
e{c(Vt Vt ) dVt ,
ð5Þ
PMB (Vt ,T,A) dVt ~
p
where

rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
AMn
,
2kB T

c(T,A)~

ð6Þ

Mn 5 neutron mass, and
A 5 ratio of target mass to Mn , also known as the
atomic weight ratio.
The integration in Eq. (4) can be performed in at least
two practical ways, leading to two different formulations
for the effective cross section, both of which can be found
useful for different purposes. When actually Dopplerbroadening the cross sections, for example, in NJOY or
the Doppler preprocessor of Serpent (Refs. 7, 9, and 10),
it is beneficial to integrate over the relative speed
v’~ jv’j ~ jv{Vt j

ð7Þ

and the cosine of the angle between v’ and v, n~ cos b,
as illustrated in Fig. 1. With these integration variables,
the well-known kernel-broadening equation

Seff (v, T,A)~
ð ð
2
1 2 3 ? 1
2 2
pﬃﬃﬃ c
v’3 S0 (v’)e{c (v zv’ {2vv’n) dv’ d n
v p
0 {1
ð
�
2
1 c ? 2 0 � {c2 (v’{v)2
2
~ 2 pﬃﬃﬃ
v’ S (v’) e
{e{c (v’zv) dv’ ð8Þ
v p 0

is obtained. We will return to this formulation later in
Sec. III.A.

Vt
v

v

– Vt

Fig. 1. Vector diagram illustrating the notation used in this
paper: v is the velocity of the neutron,Vt is the velocity of the
target, and v’ is the relative velocity.
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The second form of Eq. (4), which is more useful in
the following considerations because of more practical
variable choices, involves integration over Vt and the
cosine of the angle between v and Vt , m~ cos a (Fig. 1).
The equation for effective cross sections corresponding to
these integration variables is
Seff (v,T, A)~

1
v

ð? ð1
0

{1

m
v’S0 (v’)PMB (Vt ,T,A) dVt d ,
2
ð9Þ

�
� �rﬃﬃﬃﬃﬃﬃﬃﬃ� rﬃﬃﬃﬃﬃﬃﬃﬃﬃ
kB T
AE
kB T {AE=(kB T)
gE (E,T,A)~ 1z
:
z
erf
e
2AE
kB T
pAE
ð14Þ

By comparing Eq. (12) with the effective cross-section
formula (9) involving m, it was concluded that the target
velocities must be sampled from the distribution
P1 (Vt , m,T, A) dVt dm~

where
4
2 2
PMB (Vt ,T,A) dVt ~ pﬃﬃﬃ c3 Vt2 e{c Vt dVt
p

ð10Þ

for the neutron tracking to be consistent with traditional
transport methods relying on effective cross sections.

is the Maxwell-Boltzmann distribution written for the
target speed Vt : The speed of the neutron relative to the
target, v’, is related to Vt , v, and m via the equation
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
v’~ v2 zVt2 {2vVt m :

ð11Þ

In Ref. 3, it was reasoned that the neutron tracking with
the TMS method corresponds, on average, to a conventional
transport calculation with effective cross sections only if the
0 K cross sections at sampled target-at-rest velocities
conform to the effective cross sections on average. This
condition can be considered also the only fundamental
requirement for the TMS method to function correctly;
otherwise, the TMS method, as described in Sec. II.A, is
only about sampling techniques that allow path length
sampling using a distributed total cross section. The
condition was also expressed in mathematical terms as
ð? ð1
0

g(v, T, A)S0 (v’)P1 (Vt , m,T, A)dVt dm~Seff (v,T, A),

{1

ð12Þ

where P1 (Vt ,m,T,A) is the target velocity distribution and
ð? ð1

v’
PMB (Vt ,T, A) dVt dm
2v
0
{1
�
�
2 2
1
e{c v
~ 1z 2 2 erf(cv)z pﬃﬃﬃ
2c v
p cv

g(v,T, A)~

III. TMS METHOD WITH ELEVATED BASIS
TEMPERATURE

In Ref. 5, it was noted that the efficiency of the rejection
sampling criterion (3) could be significantly increased by
elevating the temperature of the basis cross section above
0 K. The increase in efficiency is caused by the smoothing
effect of Doppler broadening, which very efficiently flattens
the sharp resonance peaks of the total cross sections at 0 K,
together with the fact that the amount of thermal motion
involved in the majorant generation is smaller with higher
cross-section basis temperatures. Both of these effects
reduce the gaps between the majorant and the total cross
section, which effectively increases the performance of the
TMS method. Because of the ‘‘Doppler smoothening,’’ the
CPU time savings should be notable for all systems in which
the minimum temperature of nuclides is significantly above
0 K. The increase in performance is greatest in systems with
narrow temperature ranges.
The following considerations show why and how the
TMS method can also be utilized to raise the temperature
of an already-broadened cross section. First, an important
and well-known property of the kernel-broadening
equation is shown in Sec. III.A, the functionality of the
TMS method with elevated basis temperatures (EBT) is
justified in Sec. III.B, and the differences between EBT
and 0 K transport are discussed in Sec. III.C.

ð13Þ

is a normalization factor for the distribution P1 or, in
practice, the Doppler-broadening integral for constant
cross section.b Usually, for instance, in Eq. (3), it is more
practical to write Eq. (13) in terms of energy as11
b
In the original paper,3 the sign of the exponential term in
Eq. (13) was erroneously negative. The authors apologize for
any inconvenience this may have caused.

1
v’
PMB (Vt ,T,A) dVt dm
g(v,T, A) 2v
ð15Þ

III.A. Rebroadening of Effective Cross Sections
The well-known definition of effective cross sections,
as written in Eq. (4), relates the reaction rate at temperature T
to the reaction rate at 0 K. However, as shown in Ref. 8,
basically the same formula can be used to relate reaction
rates at an arbitrary temperature T to those at a lower
temperature T’§0 K in general. In other words, the same
equation can be used to raise the temperatures of alreadybroadened effective cross sections.
NUCLEAR SCIENCE AND ENGINEERING
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This property is briefly demonstrated in the following, beginning from the kernel-broadening equation (8).
To explicitly show the temperature dependences, a new
auxiliary variable
rﬃﬃﬃﬃﬃﬃﬃﬃﬃ
pﬃﬃﬃ
AMn
~c(T,A) T
ð16Þ
a(A)~
2k
is introduced, and Eq. (8) becomes

the TMS should correspond to effective cross sections on
average also if the temperature of the basis library is
above 0 K, say, Tbase vT: If we forget at first about the
normalization of the distribution of target velocities when
dealing with elevated basis temperatures PEBT , then the
relation between sampled and effective cross sections is
ð? ð1
0

Seff (v, T,A)~
ð
�
2
1 a ? 2 0 � {a2 (v’{v)2 =T
2
p
ﬃﬃﬃﬃﬃﬃ
v’ S (v’) e
{e{a (v’zv) =T dv’ :
v2 pT 0
ð17Þ
If this equation is applied with T~T2 to an effective
cross section already at temperature T1 , then recursive
application of the formula yields
ð?
1 a
pﬃﬃﬃﬃﬃﬃﬃﬃ
v’2 2 Seff (v’2 ,T1 , A)
2
v pT2 0
� 2
�
2
2
2
| e{a (v’2 {v) =T2 {e{a (v’2 zv) =T2 dv’2
ð?
1
a2
~ 2 pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
v’1 2 S0 (v’1 )
v p T1 T 2 0
ð? �
�
2
2
2
2
e{a (v’1 {v’2 ) =T1 {e{a (v’1 zv’2 ) =T1
|
�0 2
�
2
2
2
| e{a (v’2 {v) =T2 {e{a (v’2 zv) =T2 dv’1 dv’2 : ð18Þ

After integrating this formula with respect to dv’2 ,
a familiar-looking equation emerges:
1
a
pﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
v2 p(T1 zT2 )
2

2

ð?
0

� 2
2
v’12 S0 (v’1 ) e{a (v’1 {v) =(T1 zT2 )

{e{a (v’1 zv) =(T1 zT2 )

�

III.B. Sampling Target Velocities with
Elevated Basis Temperature

Seff (v, T,A)~

1
v

ð? ð1
0

v’ Seff (v’, Tbase ,A)

{1

m
2

| PMB (Vt , T{Tbase ,A) dVt d :

ð21Þ

By comparing Eq. (21) with Eq. (20), it can be seen that
the consistency of the TMS with conventional tracking
methods is achieved by sampling the target velocities
from the distribution
PEBT (Vt , m,T, Tbase , A)~

v’
PMB (Vt ,T{Tbase ,A)
2v

~P(Vt ,T{Tbase ,A) :

ð22Þ

Thanks to the simple relation between PEBT and P, the
normalization issues can also be solved based on the 0 K case.
The integral of Eq. (22) over all target velocities and collision
cosines equals g(v,T{Tbase , A) as defined in Eq. (13). Thus,
the actual distribution used in the nuclide sampling is

1
v’
PMB (Vt ,T{Tbase ,A)
g(v, T{Tbase , A) 2v

~P1 (Vt ,m,T{Tbase , A) ,

ð23Þ

and the effective cross sections used in the TMS transport
must be multiplied by the same factor for Eq. (21) to
hold, i.e.,
ð? ð1
0

g(v, T{Tbase , A)Seff (v’, Tbase , A)

{1

|PEBT, 1 (Vt ,m,T,Tbase ,A) dVt dm~Seff (v,T, A) : ð24Þ
III.C. Tracking with Elevated Basis Temperatures

Analogous to the reasoning in Ref. 3 that was
summarized in Sec, II.B, the cross sections sampled with
VOL. 177

Based on the discussion in Sec. III.A, the effective cross
section on the right side can be written

~

By comparing this equation with the kernel-broadening
formula (17), it can be seen that rebroadening a cross
section at temperature T1 by temperature T2 has exactly
the same effect as broadening a cross section from 0 K to
T1 zT2 in one step, at least in analytical terms. Since the
choice of the integration variables is arbitrary as long as
the integration is performed over all Vt , the result applies
also for the Doppler-broadening formula (9), in which the
integration is performed over m:
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~Seff (v, T,A) :
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Tmax ~Tmin zDT ,

ð25Þ

where DT § 0: Since the TMS temperature treatment
can only be used to raise the temperatures of cross
sections, the basis cross-section temperature Tbase cannot
exceed Tmin :
The tracking with EBT is very similar to the
Tbase ~0 K case. The track lengths and collision nuclides
are again sampled from majorant cross sections. The
target
velocities are sampled
from the distribution


P1 Vt ,m,T(rnz1 ){Tbase ,A , and the rejection sampling
criterion becomes
jv



gE E, T(rnz1 ){Tbase , A Seff, i (E’, rnz1 , Tbase , A)
:ð26Þ
SEBT, maj, i (E,rnz1 )

The
nuclide-wise
majorant
cross
section
SEBT, maj, i (E, rnz1 ) is analogous to the 0 K case, and
consequently, the majorant can be generated based on the
same methodology. The only difference is that the 0 K
cross section is replaced by the effective cross section
Seff (E’,rnz1 ,Tbase ,A) at temperature Tbase : Naturally, also
the 16kB Tmax cutoff condition in the majorant generation
is replaced with 16kB (Tmax {Tbase ), and the multiplier of
the majorant becomes gE (E,Tmax {Tbase ,A), because
Tmax {Tbase is the maximum temperature difference that
can be encountered when sampling target velocities from
the distribution in Eq. (23).
It should be noted that the temperature difference
Tmax {Tbase significantly affects the rejection sampling
efficiency in Eq. (26): The smaller the temperature
difference, the closer the majorant is to the effective
cross section and the higher the efficiency. Thus, the best
performance in a multitemperature system is achieved if
Tbase ~Tmin : If cross-section libraries are not readily
available at this minimum temperature, the temperature
of the library cross section can be adjusted with Doppler
preprocessing.10
When keeping the basis cross section at 0 K, the
sampled target velocities correspond to the actual thermal
motion of the target nuclei. Thus, the sampled velocities
can be reused when calculating the kinematics of
scattering events. However, when the basis temperature
is elevated above zero, the sampled target velocities no
longer have any practical physical meaning, and the target
velocities can no longer be reused. Thus, the situation
becomes exactly the same as with conventional neutron
tracking methods: When a scattering reaction occurs, the
target velocity must be sampled using the free gas
treatment, in some cases completed with the DBRC,
which can be used to take into account the effect of
an energy-dependent scattering cross section on the
scattering kernel.6 Alternatively, the collision kinetics
could be resolved using recently introduced direct
sampling methods for the secondary neutron velocity,12
or the problem could be treated using weight-reduction

techniques13,14 in the case that the particle weights are
allowed to vary in the Monte Carlo transport. Neither of
these alternative techniques is, however, currently implemented in Serpent, so the target velocity sampling in this
paper is based on the free gas treatment z DBRC scheme.
IV. TEST CASES

The calculations are performed for four fuel assemblies with different neutron spectra to determine the
performance of the TMS method in diverse conditions.
IV.A. Pressurized Water Reactor Assembly
The first case, PWR-Gd, involves a 17|17 pressurized
water reactor (PWR) fuel assembly with 16 gadoliniumdoped fuel rods in an infinite two-dimensional lattice. The
geometry and material definitions of the fuel assembly are
from a Nuclear Energy Agency (NEA) benchmark.15 The
only differences from the benchmark specifications are
related to temperatures: The moderator temperature is
increased to 600 K for simplicity, and the originally flat
temperature profiles of the fuel rods are replaced with threestep distributions such that the pellets are divided into three
equally thick annular regions with temperatures 600, 900,
and 1200 K from the outside in.
The temperature profile is of an unrealistic shape, but
the temperatures are of the same magnitude as in an
ordinary PWR fuel rod operating at a rather high linear
power.4 However, the same does not apply for the fresh
Gd fuel rods, which are, in reality, considerably cooler
because of lower power densities. In any case, the chosen
temperature distributions represent well enough the actual
temperatures appearing in fuel rods and, above all, act as a
good test case for the TMS method.
IV.B. PWR-Gd Assembly at 40 MWd/kgU Burnup
The second case, PWR-BU, features the PWR-Gd
bundle introduced in Sec. IV.A irradiated to 40 MWd/kgU
burnup. The irradiated material compositions were
obtained by running a separate burnup calculation using
Serpent 2.1.14. The resulting compositions contain 241
actinide and fission product nuclides with cross sections
available in the data libraries. Serpent burnup routines are
optimized in such way that the large number of cross
sections is usually not a major factor for the overall
calculation time, which, however, is no longer the case
with TMS.
IV.C. High-Temperature Gas-Cooled Reactor System
The HTGR test case consists of tristructural-isotropic
(TRISO) particles within a graphite matrix in an infinite
three-dimensional lattice. The specifications of the TRISO
NUCLEAR SCIENCE AND ENGINEERING
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particles and the composition of the graphite matrix are
based on an NEA benchmark for HTGR fuel depletion,16
and the lattice pitch is 0.16341 cm.
The fuel kernel in the spherical TRISO particles is
divided in two equally thick parts such that the innermost
0.0125 cm is at temperature 1800 K and the outer layer is
at 1200 K. The temperature of all other materials is
1200 K.
IV.D. Sodium-Cooled Fast Reactor Assembly
The last of the test cases, SFR, involves a fuel
assembly from the sodium-cooled fast reactor JOYO in an
infinite two-dimensional lattice. The specifications of the
assembly can be found in Ref. 17. The geometry and
material definitions correspond to the benchmark definition for the 250uC core.
Again, the fuel temperature is modified such that the
inner half of the fuel pellets is at 1200 K and the outer
half is at 900 K. All other materials are at temperature
600 K in the model.
V. RESULTS

All of the calculations are made using Serpent 2.1.14
with the previously described TMS z EBT methodology
implemented. The implementation is tested using three
variants of the TMS:
1. basis cross sections at 0 K
2. basis cross sections at a library temperature
Tbase ~Tmin {300 K
3. basis cross sections at Tmin :
The second of the variants is introduced only to judge
whether or not the adjustment of the basis cross-section
temperatures with Doppler preprocessing is reasonable in
a case where the cross sections are available in 300 K
steps, which has been the case with Serpent 1 crosssection libraries. As mentioned previously, it should be
possible to gain some efficiency by adjusting the crosssection temperatures to exactly Tmin before the transport
calculation, but if the gain in performance is not
significant, the adjustment makes no sense.
The TMS treatment is used for fuel materials of the
test cases, and effective cross sections are used for other
materials. The results are compared with reference
calculations in which NJOY-broadened cross sections
are used for all materials.9 It is emphasized that the
Doppler preprocessor of Serpent (Ref. 10) was not used to
adjust the temperature of the basis cross-section library in
any of the calculations.
The Serpent transport routine is optimized for
performance using pregenerated material-wise total cross
sections to avoid summation over material compositions
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during tracking.18 This method results in a considerable
speedup in calculation, especially when modeling irradiated fuels, typically consisting of more than 200 actinide
and fission product isotopes. Since the values of the
microscopic cross sections are not defined before the
velocity of the target nuclide is sampled, the same
optimization cannot be used with TMS. This drawback in
itself lowers the performance compared with a ‘‘typical’’
Serpent calculation. The reference calculations without
TMS were therefore also run without precalculated total
cross sections, using one of the lower optimization modes
developed for Serpent 2 for the purpose of saving memory
in large burnup calculations.19 Even so, the comparison of
running times is subject to factors not directly related to
TMS, and the performance indicators presented in the
following should not be taken too literally.
The cross-section library is JEFF-3.1.1 based and
processed using a rather low 0.001 reconstruction tolerance.
Free gas thermal treatment with DBRC for the scattering of
238
U was used from 0.4 eV to the unresolved resonance
region boundary at 20 keV.c Since the TMS temperature
treatment cannot yet handle probability table sampling, the
method was not used in the reference calculations either.
The use of the high-resolution cross-section library
and the free gas treatment at a wide energy range leads to
a deterioration in the performance of the calculations. On
the other hand, the results are not compromised in almost
any way, which is favorable for validation purposes.
Because all the calculations are made using the same
library and free gas treatment parameters, the performance
measures are highly comparable.
All of the calculations were made using 10 OpenMP
threads on Intel Xeon X5690 CPUs running at 3.47 GHz.
V.A. Comparison of Accuracy
The multiplication factors of the different variants of
the TMS method are compared with an ordinary Serpent
calculation with optimization mode 2 and NJOYbroadened cross sections in Table I. Because the
multiplication factor does not necessarily reveal all
differences between the methods, the accuracy is also
examined by comparing the differences in the neutron
flux spectra. Comparison is made with the NJOY-based
reference solution in Figs. 2 through 5 using 1000 energy
bins of equal lethargy width. Each of the figures shows
results for all three variants of the TMS. The dashed lines
in the figures represent 1s statistical deviations.
In the results of the PWR-BU test case, significant
differences in the flux spectra can be observed between
the 0 K basis case and the reference solution. Also, the
eigenvalues differ in this case by 19 pcm. It should be
c
Too low an upper energy limit for DBRC was afterward
found to be the most significant error source in Ref. 5, so it was
decided to be cautious in the current paper.
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TABLE I
Results of the Test Calculations Using Serpent 2.1.14*
PWR-Gd

PWR-BU

HTGR

SFR

Number of active neutron histories

109

5|108

5|108

109

NJOY-based benchmark
keff
Dkeff (pcm)
Transport time (h)
Memory requirement (GBytes)

1.15522
4
7.5
2.1

0.93486
6
23.6
69.7

1.20241
6
10.7
0.5

1.78804
5
17.0
2.1

6+6
19.7 / 2.62
1.5 / 0.72

{19 + 8
295.2 / 12.50
40.6 / 0.58

4+8
29.7 / 2.79
0.5 / 1.10

11 + 7
17.7 / 1.04
2.0 / 0.95

9

9

6

50

{6 + 6
9.7 / 1.29
1.5 / 0.70

3+9
78.5 / 3.32
31.1 / 0.45

4+8
13.2 / 1.24
0.5 / 1.01

5+7
12.0 / 0.70
1.7 / 0.85

29

28

30

94

{6 + 6
7.4 / 0.98
1.4 / 0.67

{1 + 8
50.2 / 2.13
29.4 / 0.42

9+8
10.9 / 1.02
0.5 / 1.00

8+7
11.4 / 0.67
1.7 / 0.83

39

38

38

96

TMS with Tbase ~0 K
kTMS {kNJOY (pcm)
Absolute transport time (h) / relative transport time
Absolute memory requirement (GBytes) / relative
memory requirement
Sampling efficiency (%)
TMS with Tbase ~Tmin {300 K
kTMS {kNJOY (pcm)
Absolute transport time (h) / relative transport time
Absolute memory requirement (GBytes) / relative
memory requirement
Sampling efficiency (%)
TMS with Tbase ~Tmin
kTMS {kNJOY (pcm)
Absolute transport time (h) / relative transport time
Absolute memory requirement (GBytes) / relative
memory requirement
Sampling efficiency (%)

*The relative transport times and memory requirements are calculated with respect to the NJOY-based reference. The errors in
reactivity eigenvalues correspond to 1s statistical deviation.

noted that in the Tbase ~0 K case, the sampled target
velocities are always utilized in the solution of the kinetics
of elastic scattering events, which effectively corresponds
to using free gas treatment with DBRC for all nuclides at
all energies. Since in the reference solution the DBRC is
used only for 238U, the Tbase ~0 K TMS calculation is
more detailed than the reference in this sense.
Indeed, the lack of DBRC for certain nuclides in
the reference solution was found to be the reason for
the observed differences. The nuclides that cause the
difference peaks in flux spectra are identified in Fig. 3a. It
was additionally noticed that using DBRC for 239Pu has
some effect on the keff , even though no clear difference
peaks in the flux spectrum were observed for this nuclide.
The reference calculation was repeated such that the use
of DBRC was extended to nuclides 95Mo, 108Pd, 131Xe,
145
Nd, 147Pm, 152Sm, 239Pu, and 241Am, in addition to
238
U. The TMS calculation with 0 K basis is compared
with this more detailed reference solution in Fig. 6. The
extended list of DBRC nuclides was applied also to
the TMS calculation with Tbase ~Tmin and compared with

the reference in Fig. 7. The corresponding differences in
keff for the 0 K basis and the EBT case were 2+ 8 and
8+ 8 pcm, respectively.
To further validate the results, the same comparisons
were performed against an NJOY-based reference solution in which DBRC was applied to all 241 nuclides in the
fuel material. The results were practically the same as
those presented in Figs. 6 and 7; i.e., no differences could
be distinguished from the statistical noise. This indicates
that all the nuclides for which the DBRC treatment is
necessary in the PWR-BU case are included in the
previously presented list of nuclides, or at least new
nuclides cannot be identified with the current level of
statistical accuracy.
V.B. Comparison of Performance
The performance measures of the TMS and reference
calculations are also provided in Table I. As expected, the
use of on-the-fly temperature treatment methods decreases
NUCLEAR SCIENCE AND ENGINEERING

IV/8

VOL. 177

MAY 2014

Fig. 2. Differences in neutron spectra of the PWR-Gd case for three different
variants of the TMS method: (a) Tbase ~0 K, (b) Tbase ~Tmin {300 K, and (c)
Tbase ~Tmin : The spectra are compared with a reference solution based on NJOY
generated cross sections.

Fig. 3. Differences in neutron spectra of the PWR-BU case for three different
variants of the TMS method: (a) Tbase ~0 K, (b) Tbase ~Tmin {300 K, and (c)
Tbase ~Tmin : The nuclides corresponding to the difference peaks originating from the
inaccurate scattering kernel have been identified in (a). The highest of these peaks,
corresponding to 152Sm, extends to 2%.
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Fig. 4. Differences in neutron spectra of the HTGR case for three different
variants of the TMS method: (a) Tbase ~0 K, (b) Tbase ~Tmin {300 K, and (c)
Tbase ~Tmin :

Fig. 5. Differences in neutron spectra of the SFR case for three different variants
of the TMS method: (a) Tbase ~0 K, (b) Tbase ~Tmin {300 K, and (c) Tbase ~Tmin :

86
VIITANEN and LEPPÄNEN
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Fig. 6. Differences in neutron spectra of the PWR-BU
case between the Tbase ~0 K variant and the reference after
introducing ten new nuclides in the list of DBRC nuclides in
the reference solution.

Fig. 7. Differences in neutron spectra of the PWR-BU
case between the Tbase ~Tmin variant and the reference after
introducing ten new nuclides in the list of DBRC nuclides in
the reference solution.

the memory consumption in most of the cases because cross
sections of the fuel materials need to be stored in one
temperature only. However, in the HTGR case, it seems that
storing the continuous-energy majorant cross sections
consumes more memory than is saved in storing the basis
cross sections. This is due to the relatively low number of
nuclides appearing in the fresh HTGR fuel. Also, the
dependence of the number of energy grid points on
temperature can be recognized in the figures: The higher
the temperature of the basis cross section, the fewer grid
NUCLEAR SCIENCE AND ENGINEERING
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points are needed to reproduce the cross section at a specific
tolerance and the less memory is required. This effect is
greatest in the PWR-BU case, where the EBT variant
consumes almost 30% less memory than the 0 K calculation.
From the calculation times in Table I, it can be seen
that in most cases transport with the TMS method requires
somewhat more calculational effort than conventional
tracking methods. This is, however, not the case with the
SFR cases and the PWR-Gd case with the highest basis
temperature. In these cases, the multigroup tracking scheme
of the reference calculation in optimization mode 2 is
slower than TMS, which is based on continuous-energy
majorant cross sections. The slowdown factors are greatest
(2.13 to 12.50) in the case involving burned fuel. With
numerous nuclides in the fuel composition, the sampling of
nuclides at each collision site starts to take significant
amounts of time, and the calculation slows down. The
slowdown is emphasized in the 0 K case, in which the TMS
sampling efficiency is rather poor. The differences in the
performance results compared with earlier measures
presented in Ref. 5 are due to two reasons: First, the
majorant is chosen in a different way and, second, a bug that
made the majorant cross section overly efficient at high
energies in Ref. 5 has been fixed. In addition, it should be
noted that the PWR-Gd case examined in the present paper
involves Gd-doped rods, which seems to slow down the
TMS calculations.
The advantages of elevating the basis cross-section
temperatures can be easily seen in the performance
measures: The calculation times decrease significantly
with increasing cross-section temperature. By increasing
the basis cross-section temperature from 0 K to Tmin , the
calculation time drops to 38% in the PWR-Gd case, 17%
in the PWR-BU case, 37% in the HTGR case, and 64% in
the SFR case. The effect is also seen in the significantly
higher sampling efficiencies. It can also be concluded
that a 300 K elevation in the cross-section temperature
is enough to increase the efficiency quite notably. Hence,
it might be a good idea to combine the TMS method with
cross-section prebroadening in the case that the crosssection libraries are available only in i300 K steps.
VI. SUMMARY AND CONCLUSIONS

In this paper, the performance and accuracy of the
target motion sampling temperature treatment technique
were examined using three different variants of the
technique. The first of the variants, as introduced in Ref. 3,
involves cross sections at 0 K temperature. The idea
behind the two other variants, in which the basis
temperature is elevated above 0 K, was first presented in
Ref. 5, and the theoretical background behind the idea
was introduced in the present paper.
The accuracy of the three different TMS variants was
studied through criticality eigenvalues and spectra of the
systems by comparing the results with a reference in
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which all cross sections were Doppler-broadened with
NJOY. The TMS calculations were in very good
agreement with the reference, and statistically significant
differences existed in only one of the test cases. This case
involved a PWR fuel assembly at 40 MWd/kgU burnup,
modeled with the 0 K variant of the TMS.
It was found that the differences originated from the
different treatment of the elastic scattering kernels: The 0 K
TMS takes the effect of an energy-dependent cross section
inherently into account for all nuclides and energies,
whereas DBRC is used only for scattering from 238U in
the reference solution and the other TMS variants. After
increasing the accuracy of the reference calculation by
extending the usage of DBRC to several other nuclides, a
perfect match between the results was obtained.
The elevation of the basis cross-section temperature
above 0 K was found to increase the performance in
terms of both calculation time and memory consumption.
The calculation time savings compared with the 0 K TMS
varied from 36% to 83%, depending on the case. It was also
found out that a 300 K elevation in the basis temperature
already brings a significant increase in performance. Thus,
some calculation time could be saved by adjusting the crosssection temperatures before the TMS transport calculation
using Doppler preprocessing. With regard to the memory
consumption, the elevation of the basis temperature reduced
the memory requirement by almost 30% in the PWR-BU
test case, but in other cases the memory savings was
insignificant.
In summary, the thermal treatment technique based
on TMS has been successfully implemented in Serpent
2.1.14, and the use of elevated basis temperatures, the
main topic of the present paper, brings a very welcome
increase in the performance of the technique. The
current implementation of the method reproduced the
reference results, calculated using NJOY-broadened
cross sections, within statistical accuracy. The method
is very competitive for neutron transport in materials
consisting of a moderate number of nuclides, and the
method is feasible also for calculations involving
numerous resonance absorbers.
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3. T. VIITANEN and J. LEPPÄNEN, ‘‘Explicit Treatment of
Thermal Motion in Continuous-Energy Monte Carlo Tracking
Routines,’’ Nucl. Sci. Eng., 171, 165 (2012); http://dx.doi.org/
10.13182/NSE11-36.
4. T. VIITANEN and J. LEPPÄNEN, ‘‘Explicit Temperature
Treatment in Monte Carlo Neutron Tracking Routines—First
Results,’’ Proc. PHYSOR 2012, Knoxville, Tennessee, April
15–20, 2012, American Nuclear Society (2012).
5. T. VIITANEN and J. LEPPÄNEN, ‘‘Optimizing the
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