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Abstract. In nuclear data processing codes, Free Gas and Crystal Lattice Models are used to account
for temperature effects in neutron elastic scattering cross sections. A somewhat arbitrary thermal cutoff
energy is introduced to define the energy ranges of application of the two models, given that the Crystal
Lattice Model in processing codes can only be applied to constant cross sections. Despite works performed
on 238U, no algorithm reported in the literature provides a unified Crystal Lattice Model valid below and
above the thermal cutoff energy. This paper presents two new Doppler models, namely a and o’ models.
The ap model is able to account for the Doppler broadening effects in the resonance range of the neutron
cross sections, while the o’ model provides a unified description of the Doppler effect over the entire energy
range of interest for nuclear reactor applications. The performances of the models are illustrated with 238U,

240py and Z"Np.

1 Introduction

The temperature of the target material impacts the shape
of angle-integrated neutron cross-sections as a function
of neutron energies. In the resonance range, the natural
width of the resonances is broadened with the tempera-
ture increase, while the peak cross section decreases due
to the thermal agitation of the target nucleus. This phe-
nomenon is known as the Doppler broadening effect. In
nuclear data processing codes, such as NJOY [1], temper-
ature effects in neutron cross sections are mainly taken
into account via two popular models. Above the so-called
thermal cutoff energy of about a few electronvolts, the
Doppler broadening of the angle-integrated neutron cross
sections are routinely performed in the framework of the
Free Gas Model (FGM). Below the thermal cutoff energy,
Crystal Lattice Models (CLM) have to be used to account
for the structure of the materials and the dynamics of the
constituent atoms.

A few works have been performed on 28U [2-5], in
order to extend the use of Crystal Lattice Models well
above the thermal cutoff energy. Thanks to these works,
Crystal Lattice Models are available in some resonance
analysis codes, such as REFIT [6], SAMMY [7], and CON-
RAD [8]. However, these codes only cover the resonance
range of the neutron cross sections and cannot reproduce
the contribution of the inelastic scattering below the ther-
mal cutoff energy. This issue is a strong limitation for
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nuclei having low lying resonances. As shown in Figure 1,
the two models smoothly converge at the thermal cutoff
energy of about 4eV in the case of 238U in UQ,, because
the first s-wave resonance of 233U is located at 6.67eV. In
the case of 24°Pu in PuQg, the discontinuity observed at
0.26 eV, due to the presence of the broad 24°Pu resonance
at 1.05eV, is not valid. This paper aims to propose a suit-
able Doppler algorithm to overcome such a limitation in
the case of the neutron elastic scattering cross section.
The proposed algorithm relies on Scrm (e, 3) thermal
scattering laws which contain the dynamical structure fac-
tors of the materials. It was developed to fulfil the fol-
lowing conditions. Below the thermal cutoff energy, the
algorithm should reproduce the incoherent inelastic scat-
tering cross section calculated with SEEAFR (o, B) tables
generated with the LEAPR module of NJOY. Above the
thermal cutoff energy, it has to reproduce the Doppler
broadened cross sections calculated with the Crystal Lattice
Model implemented in the nuclear data code SAMMY [7].
The algorithm outputs will also be compared to Free Gas
Model results computed with the SIGMAT1 algorithm of
NJOY because at high temperatures Free Gas and Crystal
Lattice Models should provide nearly equivalent results.
The Free Gas Model approximation and the theoreti-
cal framework of the Crystal Lattice Models are presented
in Section 2. Section 3 focuses on the importance of the
recoil energy of the target nucleus. Section 4 highlights
the asymptotic form of the average dimensionless momen-
tum transfer over the neutron resonance range of the elas-
tic cross sections. Finally, Section 5 proposes a unified
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Fig. 1. 28U in UO: (a) and ?*°Pu in PuO> (b) neutron scat-
tering cross sections calculated at 294 K by using the Free Gas
Model (FGM) and Crystal Lattice Model (CLM) of the NJOY
processing code [1]. The thermal cutoff energies are equal to
4eV and 0.26 eV, respectively. The SIGMA1 algorithm is used
for FGM, and the LEAPR module is used for CLM.

Ll

Doppler broadening model valid in the thermal and res-
onance ranges. Results are exemplified on 223U in UO,,
240Py in PuOy and 23"Np in NpOs.

2 Doppler broadening models

In the framework of this work, we have distinguished two
Doppler models: the Free Gas Model (FGM) and the Crys-
tal Lattice Model (CLM). It is worth mentioning that the
“Crystal Lattice Model” is a generic denomination cov-
ering various models reported in the literature. In this
section, we restrict ourselves to the Crystal Lattice Model
implemented in the LEAPR module of NJOY, whose ana-
lytical formulation can only be applied to constant neu-
tron cross sections, in contrast to the Free Gas Model,
which can also be applied to energy-dependent neutron
cross sections. For the sake of clarity, we also restrict the
presentation of the two formalisms to the elastic scatter-
ing cross section ol where T represents the temperature
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Fig. 2. Partial phonon densities of states of 2**U in UO> at 300
and 1474 K deduced from inelastic neutron scattering experi-
ments carried out at the Institute Laue-Langevin [12].

of the target material. With this notation, ¢ stands for
the zero Kelvin cross section.

2.1 Free Gas Model for energy dependent neutron
cross sections

In the Free Gas Model approximation, the Doppler broad-
ened cross section at a given temperature T is calculated
by averaging the zero Kelvin cross section over the target
velocity distribution:

o7 (v) = % / 0o (V)00 (0, )dV (1)

in which v is the velocity of the incident neutron, v, is
the relative velocity between the neutron and the moving
target nucleus, and w(V') is the spectrum of the target
velocities given by a Maxwell Boltzmann velocity distri-

bution:
MoO\3/2 Mo,
w(V) = (%kﬂ) P <_2kBTV ) @

where kp is the Boltzmann constant, V' is the velocity of
the target nucleus and M is the mass of the target nucleus.

Equation (1) can be reduced to a convolution of
the zero Kelvin cross section with a transfer func-
tion Spam(F, E’,T) which depends on the temperature
T, incident neutron energy E and outgoing neutron
energy F':

ol(E) = / h Sram(E, E', T)o2 (E")dE'. (3)
0
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Fig. 3. 238U neutron scattering cross sections calculated with the Free Gas and Crystal Lattice Models as shortly described in
Sections 2.1 and 2.2. The top plot (a) compared the two models up to 100eV, in which the dot blue line defines the thermal
cutoff energy of 4eV. The bottom plots (b), (c) and (d) highlight the results for the first three s-wave resonances of 2**U
obtained with the Free Gas and Crystal Lattice Models. The CLM calculation was performed by introducing in Equation (15)

the phonon density of states shown in Figure 2.
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Fig. 4. Neutron elastic scattering cross sections in the vicinity of the first three s-wave resonances of 2*¥U calculated with
the Free Gas model approximation and the Crystal Lattice Models that encompass the angle-dependent recoil energy gain
R(E,E', 1) (Eq. (22)) and its average expression R(E, E") (Eq. (23)).
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Fig. 5. Neutron scattering cross sections calculated at 300 (a) and 1474 K (b) with the Free Gas Model and the Crystal Lattice
Model based on the ag correction. The ag correction and its asymptotic form acap are compared in the bottom plots (¢) and
(d) for the two temperatures.

According to Ref. [7], the transfer function of the Free
Gas Model, known as the Solbrig’s kernel [9], is given by:

Sean(E, E'\T) = Alﬁ\/g{em (_% (E_@)Q)
e (- (2o Ve )}

A2

(4)

in which the Doppler width A depends on the neutron
mass m,, target mass M, temperature T and incident

neutron energy FE:

4mnkBT
A=/ —E.
e (5)

For weakly bound crystals, the thermodynamic tem-
perature T is not able to take into account the vibrational
dynamics or the atom binding effects of the material, so
Lamb proposed to replace the thermodynamic tempera-
ture with an effective temperature Teg [10]:

1 e €
Teg = — h
eff 2]{)3 Ep(E) cot (2k3T> d€7 (6)
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Fig. 6. Neutron elastic scattering cross sections in the vicinity of the three first s-wave resonances of 238U calculated at 300
and 1474 K with the Free Gas model (black curves) and the Crystal Lattice Model based on the ag correction (green curves).

where € = Fhw represents the energy transfer and p(e)
is the partial phonon density of states of the scattering
atom in the material. Examples of partial phonon den-
sities of states for 238U in UO, at 300 and 1474 K are
shown in Figure 2. By using these phonon densities of
states, Equation (6) provides the following effective tem-
peratures: Tog = 317K for T'= 300K and Tog = 1476 K
for T' = 1474 K. Throughout the text, Free Gas Model cal-
culations will be performed by introducing the effective
temperature instead of the thermodynamic temperature
T.

2.2 Crystal Lattice Model for constant neutron cross
sections

Below the thermal cutoff energy, the neutron elastic scat-
tering cross section is the sum of three cross sections:
inelastic scattering, coherent elastic scattering and inco-
herent elastic scattering. In this work, we only consider the
inelastic scattering contribution because it corresponds to
the energy exchange between the neutron and the scat-
tering atom. According to Ref. [1], the angle-integrated
neutron inelastic scattering is calculated by:

d?oT( ,
/:/ = dE/d,dE (7)

where E (E’) is the incident (outgoing) neutron energy
and g = cos(f) is the cosine of the scattering angle 6 in
the laboratory system. For a constant neutron elastic scat-
tering cross section, the double-differential cross section
formulated by Van Hove can be written as follows [11]:

2T /
ddon (E) _ % |E L S B),

ndE' 2kpT V E
where op is the characteristic bound scattering cross
section of the atom. A given material’s energy and momen-
tum exchange properties are defined by the thermal scat-
tering laws stored in Scpm(«, ) tables. The thermal scat-

tering laws are conveniently tabulated in terms of the
dimensionless momentum transfer o and energy exchange

G-

(8)

_ E+F -2u/EE
AkpT

E'-F

kpT

: (9)
=

(10)

where A represents the ratio of the mass of the scattering
nucleus M to the neutron mass m.,.

Different theoretical models have been proposed to
provide suitable analytical expressions of the thermal scat-
tering laws. In this work, we are mainly interested in



6 A. Bengoechea Ferndndez et al.: EPJ Nuclear Sci. Technol. 11, 34 (2025)

238U in UO, for T = 300K

(a) ---- FGM
—— CLM with ap cor.
CLM from SAMMY

3000

\
i
h
i

400
2500

2000
300

1500

200

1000

Neutron cross section (barns)

8000 {(c)

7000

6000

5000

4000

3000

2000

1000

6.5 6.6 6.7 6.8 6.9 7.0
Incident neutron energy (eV)

205 20.6 20.7 20.8 209 21.0 211 212
Incident neutron energy (eV)

36.0 36.2 364 366 36.8 37.0 37.2 374
Incident neutron energy (eV)

Fig. 7. Results already shown in Figure 6 for " = 300 K are compared with the neutron scattering cross sections calculated
with the Crystal Lattice Model of the SAMMY code [7]. The CLM calculations were performed using the same partial phonon

density of states shown in Figure 2.

the analytic expressions derived in the framework of the
incoherent and Gaussian approximations, which neglect
interference terms in the inelastic scattering and average
all possible orientations of the molecules using harmonic
potentials [13]. The resulting expression is given by [14]:

oo

1
" 2 ST T(B),

:0

Scim(a, B) = e” (11)

where p stands for the number of phonons created or anni-
hilated in the scattering event called “phonon expansion
order”, Ag is the temperature-dependent Debye-Waller
coefficient and 7, is the T-scrip function defined as fol-

lows: -
- / T(3)T,

The zero-phonon term p = 0 and the first term for
p =1 are given by:

To(P) = 6(8),
T,(8) =

1(B = B)dp". (12)

(13)
p(B)
26 sinh (3/2)Ns

In Equation (11), the Debye-Waller coefficient can be
calculated as follows:
p(B)

= [ s

in which p(3) represents the partial phonon density of
states of the scattering atom in the material as already
introduced in Figure 2. The zero-phonon term corresponds
to elastic scattering because no phonon is created or anni-
hilated, while the rest of the terms correspond to inelastic
scattering.

e /2, (14)

e P24, (15)

2.3 Results for 228U in UO-

For nuclear applications, the Doppler broadening of neu-
tron cross sections is routinely performed in the frame-
work of the Free Gas Model (FGM) using algorithms
such as SIGMA1 implemented in the NJOY processing
code. Below the thermal cutoff energy, the Crystal Lattice
Model of NJOY relies on SEEAFR(a, 3) tables which can
be calculated with its LEAPR module. The thermal cutoff
energy is an arbitrary energy limit for changing from CLM
to FGM where the two models provide nearly equiva-
lent angle-integrated cross section values. Results obtained
with these two approaches are compared in Figure 3 in the
case of 238U in UO,.

Below the thermal cutoff energy of about 4eV, the
large difference between the FGM and CLM calculations
highlights the sizeable impact of the phonon density of
states on the inelastic scattering contribution (Eq. (15))
and confirms that the Free Gas Model is not a valid
approximation at low neutron energies for 238U in UO,.
Similarly, above the thermal cutoff energy, the CLM for-
malism described in Section 2.2 is no longer valid because
it was developed for constant cross sections. However,
CLM calculations can be performed well above the ther-
mal cutoff energy by replacing in Equation (3) the transfer
function of the Free Gas Model with the one for the Crys-
tal Lattice Model:

o (E) = / Scem(E, E', T)o® (EYAE',  (16)
0
with
12/
Sown(E, B/, T) / Scim(a (17)

The obtained results in the vicinity of the first three
s-wave resonances of 238U are shown in the bottom plots
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Fig. 8. The plots (a, ¢) and the plots (b, d) represent the scattering cross sections and the average momentum transfer below
the thermal cutoff energy as already shown in Figure 5. Plots (a, ¢) compare the previous results with the inelastic neutron
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correction deduced from the SEEAT R (o, 8) tables generated by LEAPR using Eq. (27). The CLM

calculations were performed by using the same partial phonon densities of states shown in Figure 2.

of Figure 3. The observed inconsistencies between the two
models confirm that the extension of the CLM, as imple-
mented in the LEAPR module of NJOY, over the entire
neutron energy range is not so straightforward.

Figure 3 confirms that it is worth pursuing the devel-
opment of a Doppler model to account for the dynam-
ics of the molecule. However, obtaining a unified Doppler
broadening formalism based on Scrm (e, §) was a long and
tedious development work. The main development steps
are summarized in the next sections. The first step con-
sisted of studying how to introduce the recoil energy of the
target nucleus in order to get resonances at their correct
energy positions.

3 Combining CLM and recoil energy of the
target nucleus

Preliminary tests shown in Figure 3 indicate that the gain
in kinetic energy of the recoil nucleus has to be introduced
in the Doppler broadening formalism.

By defining Ak is the change of wave vector of
any scattered neutron due to a collision with a sin-
gle nucleus, the conservation of momentum between the
nucleus momentum before (5) and after (p/) the collision
gives:

.
/

p —p= Ak. (18)
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The angle-dependent gain in kinetic energy of the
recoil nucleus is then expressed as follows:

2 (AE>2 + 25AR
_ e

) i 2M

(19)
Given that for a fixed Ak the average of ﬁAE is zero,
Equation (19) becomes:

(AE)Q _E'+E-20/EF

/ —_

= OékBT.
(20)
The same result was derived by Placzek in Ref. [15]

using quantum-mechanical formalism. The average gain
in energy over the scattering angles 6 is then given by:

1

R(E,E') = kBT/ ady = % (E+E'). (21

-1

Two Doppler broadening formalisms were investigated
by using either R(E, E’, ) or R(E, E’). In the first one
the zero Kelvin cross section is shifted by R(E, E’, u):

L[> [E [
ol'(E) = 3 / = / Scrm(a, B8)ol (B’ +akpT)dudE'.
0 —1

(22)
In the second approach, o0 is shifted by the average
energy gain R(E, E’) as follows:

2

O';I;(E) :/ SCLM(E,E/,T)O'?l (E/-i- A
0

[E+ E']) dE'.
(23)
The Doppler broadened cross sections obtained via
both methodologies are shown in Figure 4. The angle-
dependent energy gain corrects the resonances’ energy
position. However, their widths and amplitudes still need
to be improved. Indeed, the observed differences between
FGM and CLM are too large compared to the expected
differences between these two models at room temper-
ature. Despite these issues, the equations presented in
this section provides a suitable theoretical framework
to develop a valid Doppler broadening formalism. The
expression (23) was useful to go in the direction of the
ag correction presented in Section 4 and Equation (22)
together with the ag correction lead to the o’ correction
presented in Section 5.

4 «( correction relying on the average
momentum transfer

According to results reported in Section 3, the next step
is to determine for any given incident energy and target
nucleus the momentum transfer distribution that provides
a consistent angle-integrated cross section. The prob-
lem can be solved by introducing an average dimension-
less momentum transfer ag. By introducing 5 (Eq. (10))
and replacing « by «g in the zero Kelvin cross section
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p
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Fig. 9. Neutron scattering cross sections of 2381 in UOs cal-
culated at 300 (a) and 1474 K (b) with the Free Gas Model
(black curve), the NJOY code using SEEAT R (o, 8) tables gen-
erated with its LEAPR module (red curve) and the Crystal
Lattice Model based on the o' correction (blue curve). The
red and blue curves are on top of each other.

0%(E' + akgT) of Equations (22), (23) can be rewritten
as follows:

o) = [ S0 oUE+ (a0 + AkaTIAB. (24

In this case, g can be calculated by a weighted mean
value over all the possible o values to account for the
different momentum transfer possibilities. The weighting
function was the transfer function defined in Equation (17)
which encompasses the molecular dynamics and scattering
process information:

1 1 e} E 1
Oé(]/ d,u, = 5 / A/ E/ aSCLM(a, ﬂ)deEl (25)
—1 0 —1

Figure 5 shows the neutron scattering cross section
and the average dimensionless momentum transfer calcu-
lated with Equations (24) and (25) at 300 and 1474 K
up to 100eV for 238U in UO,. The comparison of these
two observables confirms that the decrease of the inelastic
scattering contribution below the thermal cutoff energy
is strongly correlated to the energy-dependent behavior of
ag. Above the thermal cutoff energy, the ag values become
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equivalent to the asymptotic form:

My, E
Oleap = ———— —— 26
P my, + M kT (26)
which represents the dimensionless momentum transfer
when a capture reaction occurs. This property of «q is
a useful illustration of the crystal lattice effects involved
in the resonance and thermal energy ranges.

Results obtained in the resolved resonance range of
238U with Equation (24) are shown in Figure 6 for the two
temperatures investigated in this work. At high tempera-
tures, where the crystal lattice effects become negligible,
the Crystal Lattice Model with the ag correction is fully
compatible with the Free Gas Model. At room tempera-
ture, the g correction significantly improves the Doppler
broadening of the three first s-wave resonances of 233U
compared to results shown in Figure 4. These encouraging
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Fig. 11. Neutron scattering cross sections of 2*°Pu in PuOz (a, b) and *"Np in NpOs (c, d) calculated at 300 and 1474 K with
the various Doppler broadening models investigated in this work.

results lead us to compare our Doppler broadening model
with the Crystal Lattice Model implemented in the reso-
nance analysis code SAMMY [7].

From the theoretical point of view, the asymptotic
form of the ap model, illustrated by ac.p in Figure 8,
is equivalent to the SAMMY approach in the case of an
angle-integrated cross section. The theory was developed
by Naberejnev in Ref. [2] and introduced successively in
the REFIT [6], SAMMY [7] and CONRAD [8] codes. The
difference between the model proposed by Naberejnev and
the present one lies only in the mathematical way the
models are written, given that SAMMY model only con-
siders the asymptotic form of the ay model. This asymp-
totic form also justifies why ag and SAMMY models can
be applied either for elastic scattering or radiative cap-

ture cross sections. The validity of the SAMMY model
was verified with experimental 238U transmission mea-
sured at the JRC-Geel facility [16], making results from
SAMMY useful for testing any CLM models. Figure 7
highlights the excellent agreement achieved between our
model and SAMMY results confirming that the asymp-
totic form of ap (Eq. (26)) is a good approximation to
account for temperature-dependent crystal lattice effects
in the resolved resonance range.

Results obtained in the thermal energy range with
the g correction are shown in Figure 8. The compari-
son with the inelastic scattering contribution calculated
with the Crystal Lattice Model of the NJOY processing
code demonstrates that the use of ag in Equation (24)
is no longer valid below the thermal cutoff energy. To go
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Fig. 12. Neutron elastic scattering cross sections in the vicinity of the three first s-wave resonances of *°Pu calculated at 300
and 1474 K with the Free Gas Model (black curve), the Crystal Lattice Model based on the c correction (green curve) and the

Crystal Lattice Models based on the o’ correction (blue curve).

further in the quantification of the missing inelastic scat-
tering contribution, the SEEAFR(a, ) tables calculated
with the LEAPR module of NJOY can be used to calcu-

late the average momentum transfer a5PAFR as follows:

00 1
% / V % / SEEAPR (o, B)dpd B = 1 — e Nodin ™,
0 -1

(27)
From the comparison of ay and aIéE{?APR reported in

Figure 8, the main difference comes from the change of
the derivative with the energy increase. This change is
more pronounced in the case of the g correction, while
it can be approximated by two times the asymptotic form
ap (~20ap) in the case of the NJOY results.

From the results reported in this section, we learn
that the agy approach can provide correct Doppler broad-
ened cross sections in the resonance range, in which its
asymptotic form ac.p plays a crucial role. However, this
approach underestimates the inelastic scattering contribu-

tion in the thermal energy range. Therefore, to improve
the Doppler model in the thermal energy range with-
out deteriorating the behavior above the thermal cutoff
energy, attention should be paid to the derivative change
of the average dimensionless momentum transfer with the
energy increase.

5 o’ correction relying on the use of the zero
phonon term

This section presents a unified Doppler broadening model
for 238U in U0, valid below and above the thermal cutoff
energy based on two constraints. In the resonance range,
the asymptotic form of the ag correction has to be used,
and in the thermal energy range, the inelastic contribution
has to be described with the Van Hove original formalism
(Eq. (17)). According to these constraints, Equation (22)
can be modified as follows:
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Fig. 13. Neutron elastic scattering cross sections of 22"Np cal-
culated up to 20 eV with the Doppler broadening models shown
in Figure 11.

[e'e] ’ 1
o (E) = %/ \/ %/ Scrm(e, B)oo(E' + o kpT)dudE’,
0 -1

(28)
in which the o’ correction is defined as:

E' — 2uVEE'
AkpT

/
QO = Qeap +

T
exp <—)\sacapTH> . (29)

The dimensionless momentum transfer o’ is intro-
duced in this Doppler broadening formalism to correct
the angle-integrated cross section of the Van Hove for-
malism (Eq. (17)). The separation of the 2 contributions
and multiplication with the asymptotic value o.,p ensures
that the two constraints defined above are fulfilled in their
respective energy ranges. The temperature ratio between
the effective temperature (Eq. (6)) and the nominal tem-
perature is added to explain better the low-temperature
range.

Figure 9 compares the neutron scattering cross sec-
tions calculated at 300 and 1474 K with the Free Gas
Model, the NJOY code using SEESTR(a, 3) tables gen-
erated with its LEAPR module and the Crystal Lattice
Model based on the o correction. The curves associated
with NJOY and o' correction are difficult to distinguish
because they are on top of each other. This result con-
firms that Equation (28) allows to reproduce the Crystal
Lattice Model of NJOY below the thermal cutoff energy.
The smooth and continuous connection between the ther-

mal and resonance ranges are illustrated in Figure 10. The
Doppler broadened cross sections calculated in the vicin-
ity of the first three s-wave resonances of 238U with the ayg
and o' corrections are indistinguishable, making the for-
malism fully compatible with the SAMMY results shown
in Figure 7.

Equation (28) provides consistent results for 238U
because the first resonances are above the thermal cut-
off energy. This property ensures a smooth connection
between the thermal and resonance ranges. The validity
of the o’ correction for nuclei having resonances below
the thermal cutoff energy is investigated with 24°Pu in
PuO, and ?*"Np in NpO,. Figure 11 displays the neu-
tron scattering cross sections calculated with the vari-
ous models presented in this work for both materials.
The Crystal Lattice Model based on the o' correction
follows the expected trends in the thermal energy range
and in the resonance range well above 3eV. At room
temperature, the crystal lattice effects are still important
between approximately 0.1 and 3 eV, inducing sizeable dif-
ferences with the Free Gas Model. Such differences can be
well observed in Figures 12 and 13 for 24°Pu and 2*"Np,
respectively.

The theoretical results obtained on the Doppler broad-
ening of the first resonances of 2*°Pu and 2*"Np using a
Crystal Lattice Model valid over a broad energy range
were never reported in the literature. Unfortunately,
experimental evidence of the temperature effects calcu-
lated between 0.1 and 3eV does not exist. Indeed, trans-
mission measurements on 24°Pu and 23"Np available in
the literature are dominated by the capture process, and
elastic scattering measurements covering the low neutron
energy resonances of these two isotopes were never per-
formed. The analysis of older scattering experiments on
233U and 2*1Pu carried out by Sauter et al. [17] from 1
to 30eV could be of interest for this work. In parallel, a
review of the existing elastic data on non-fissile materials
is underway [18]. An alternative option would be to inves-
tigate the neutron scattering capabilities of the VESU-
VIO detector located at the spallation neutron source
ISIS (UK) [19] in order to design a suitable experimen-
tal Doppler program.

6 Conclusions

A unified Doppler model able to account for temperature-
dependent crystal lattice effects on the neutron elastic
scattering cross sections has never been reported in the
literature. The present work demonstrates that a sim-
ple formula in association with Scrm(«, 8) thermal scat-
tering laws can be used to solve this issue. The paper
highlights the importance of the recoil energy and aver-
age momentum transfer which are two important quan-
tities to establish the ap and o’ models discussed in this
work. Beyond the performances of the o’ model, this work
evidences that the Doppler broadening of the neutron
resonances below the thermal cutoff energy is not cor-
rectly taken into account by the formalisms available in
the processing codes. This key result must be confirmed
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experimentally using data available in the literature or
with new experimental programs that could be carried
out in facilities such as SNS (USA), ILL (France) or ISIS
(UK). The next theoretical step will be to use the results
obtained in this work to explore the anisotropy of the
elastic scattering reactions as a function of the scattering
angle.
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