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Significant advances in the use of atomistic simulation techniques, such as ab initio density functional theory
and the molecular dynamics method, made it possible to predictively calculate properties of materials. In parallel,
low-energy neutron scattering instruments and data analysis tools available in different institutes become mature
for providing high-quality data for experimental validation purposes. Despite such experimental and theoretical
improvements, the accurate modeling of experimental neutron-weighted multiphonon spectra for UO, over a
broad temperature range still remains an issue. Combining prior phonon density of states (PDOS) from density
functional theory and Monte Carlo inelastic neutron scattering calculations in a Bayesian fitting procedure is a
valuable alternative approach to assess the partial PDOS of uranium and oxygen in UO, from 294 to 1675 K for
improving the comparison to experiment and exploring the first-principles calculation hypothesis.

DOI: 10.1103/PhysRevB.102.134312

I. INTRODUCTION

The complex insulating nature of uranium dioxide (UO,)
has been the subject of many experimental and theoretical
studies since the pioneer works reported in the 1960s. At that
time, major results about the vibration modes of UO, were
published in a series of symposia on neutron scattering and
neutron thermalization organized by the International Atomic
Energy Agency, between 1960 and 1977 [1,2]. Over the past
20 years, the first-principles density functional theory became
an invaluable resource for supplying material properties to
simulate the neutron slowing down in nuclear fuels.

The latest version of the United States evaluated nuclear
data library, namely ENDF\B-VIII [3], benefited from the
extensive efforts led by the Low Energy Interaction Physics
group of the North Carolina State University to accommodate
condense matter physics into the low-energy neutron-induced
cross-section formalisms [4]. In the case of UO,, the VASP
code [5] has been used to generate phonon density of states
(PDOS) [6] for the ENDF\B library, replacing those estab-
lished from the work of Dolling [7]. The corresponding PDOS
for T = 0 K is shown in Fig. 1. The five normal modes of vi-
bration of UQO, can be distinguished around 10 meV, 20 meV,
30 meV, 55 meV, and 70 meV. The two first peaks correspond
to the translational and longitudinal acoustic phonon modes
of the uranium atoms. The highest energy structures are dom-
inated by the optical phonon modes of the oxygen atoms. For
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comparison, the PDOS calculated at Uppsala University for
T =294 K [8] is shown in the same figure. The principle of the
calculations performed in the quasiharmonic approximation
is reported in Refs. [9,10] together with validation results. It
consists of applying the finite-displacement method to a UO,
supercell through the PHONOPY code [11]. The interatomic
forces are provided by the VASP code within the framework of
the first-principles density functional theory. The comparison
of the two ab initio PDOS highlights the phonon mode shift
to lower energy transfer with increasing temperature. It also
shows how the calculations performed at the Uppsala Univer-
sity are able to capture the splitting between the TO1 and LO1
optical phonon branches around 28 and 33 meV.

The results reported by Pang er al. [12,13] represent the lat-
est theoretical and experimental achievements of interest for
our work. If first-principles PDOS simulations successfully
reproduce inelastic neutron scattering data of UO, measured
at 294 K using the ARCS spectrometer of the Spallation
Neutron Source (SNS), similar simulations still fail to repro-
duce high-temperature neutron-weighted phonon density of
states (7 = 1200 K) which are characterized by a stronger
anharmonic linewidth broadening [14]. These theoretical lim-
itations make questionable the simulation of the neutron
transport in nuclear fuel loaded in power reactors operating
at hot full power. Indeed, the slowing down of neutrons in
UO; is affected by the vibrations of the uranium and oxygen
atoms from which emerge neutron up-scattering effects that

©2020 American Physical Society
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FIG. 1. Ab initio phonon density of states of UO, at T = 0 K [6]
and T = 294 K [8]. The dot-dashed lines locate the main vibration
modes of UO, calculated at 7 = 294 K. The two first peaks at 10
and 20 meV correspond to the translational (TA) and longitudinal
(LA) acoustic phonon modes of the uranium atoms. The structures at
around 30 meV, 55 meV, and 70 meV are dominated by the optical
phonon modes (TO1, LO1, TO2, LO2) of the oxygen atoms.

modify the 233U radiative capture reaction rate involving siz-
able changes on the neutron multiplication factor, Doppler
reactivity coefficient, and 29py inventory [15].

The present work aims to derive reliable temperature-
dependent partial PDOS for oxygen and uranium in UO, from
inelastic neutron scattering data measured at the IN4 and IN6
time-of-flight spectrometers of the Institute Laue-Langevin
(ILL) between 294 and 1675 K. The originality of the work
relies on the use of the Monte Carlo neutron transport code
TRIPOLI4 [16] to simulate the experimental results by taking
into account the multiple neutron scattering effects and the
multiphonon contribution. The main prior input parameters
are the partial phonon density of states for oxygen and ura-
nium in UO; provided by ab initio calculations. The obtained
results are expected to stimulate advanced theoretical studies
for improving comparison to experiment over a broad temper-
ature range of interest for nuclear applications.

The main expressions involved in the neutron scattering
formalism are reported in Sec. II. Section III briefly de-
scribes the measurements performed at ILL. The experimental
neutron-weighted multiphonon spectra of UO, as a function
of the temperature are reported in Sec. IV. The interpreta-
tion of the data with the Monte Carlo neutron transport code
TRIPOLI4 is presented in Sec. V. The obtained results are
discussed in Sec. VL.

II. NEUTRON SCATTERING FORMALISM

In the low neutron energy range, typically below 5 eV,
the slowing down of neutrons in UO, depends on the energy
and angular distribution of the scattering process. The math-
ematical expression of the corresponding double-differential
neutron scattering cross section is well described in the liter-
ature. The main equations are summarized in Ref. [17]. They
were obtained in the framework of the incoherent scatter-
ing approximation that allows one to neglect the interference

terms in the case of polycrystalline materials and to express
the double-differential neutron scattering cross section of each
atom X separately. If T is the temperature of the target and kg
is the Boltzmann constant, the temperature-dependent double-
differential scattering cross section for X (>*¥U or '°0) in UO,
can be written as [18]
2T

d& — i 28*5/25‘;(% B), 60

dE'd0  2kgT V E
where E is the neutron incident energy, E’ stands for the
energy of the scattered neutron, o is the bound neutron
elastic scattering cross section at T = 0, and S§ (a, B) is the
symmetric form of the dynamic structure factor [19] which is
defined as a function of the dimensionless variables « and .
The latter variables are related to the momentum transfer g:

¢"  E'+E—-2uvEE

o= = ) @)
2MxkgT AxkgT
and energy transfer ¢ = 7iw:
hw E—F
p=—=- , 3)
kgT kgT

where © = cos(0) is the cosine of the scattering angle in the
laboratory system and Ay is the ratio of the mass My of the
scattering atom X to the neutron mass. An analytical form
of S¥(a, B) was established for a cubic symmetry by using
an isotropic harmonic potential which simplifies the complex
averaging over all the possible orientations of the molecules.
This model, known as the incoherent Gaussian approximation
[20], led to the conventionally called phonon expansion:

=1
Skl ) =My —(ahs)' Tu(B), “
n=1 """

where n represents the phonon expansion order, A, stands for
the Debye-Waller coefficient, and 7,(8) has the generic form:

T = [ TETaE-pa. )
The one-phonon term 7; () is given by

px (B)e P2
2XsB sinh(B/2)

This term explicitly depends on the partial phonon density
of states pl(B). The aim of this study is to extract reli-
able values of p} (B) from the experimental quantity peTxp(/S )
which represents the neutron-weighted multiphonon spectrum
of UO;, measured at ILL as a function of the temperature. A
suitable expression of peTxp(,B ) can be obtained in the frame-
work of the incoherent elastic one-phonon approximation. By
introducing Eq. (6) in Eq. (4) for n = 1 and by removing the
contribution of the elastic peak, we obtain

Paw(B) = lim P (@, B), @

Ti(B) = (6)

with
2B sinh /2
Pl (@, B) ~ =———=5] (a.B). ®)
where SeTXp represents the experimental symmetric form of the
dynamic structure factor [Eq. (1)] without the contribution of
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FIG. 2. Simplified top view of the IN4 and IN6 time-of-flight
spectrometers of the Institute Laue-Langevin.

the quasielastic neutron scattering peak S . It is related to the

experimental neutron yield Yeip as follows:

Sep(e, B) =Y (@, B)/ > = S{ (@, B).  (9)

III. INELASTIC NEUTRON SCATTERING EXPERIMENTS

Two experimental campaigns were undertaken in 2016 and
2019 to measure the experimental neutron yields Y;p at 294,
300, 350, 420, 600, 900, 1200, and 1675 K on the IN6 and IN4
time-of-flight spectrometers of ILL for two incident neutron
energies £ =3 meV (A =5.1A) and E =112 meV (A =
0.85A), respectively. Experimental details and preliminary
results were reported in Refs. [21,22].

From the point of view of the neutron transport physics,
both spectrometers share the same basic design (Fig. 2).
The neutron time-of-flight technique consists of measuring
the time ¢ traveled by the neutrons from the sample until
their detection at a given scattering angle 6. If the energies
are in eV, the length in m, and the time in us, the non-
relativistic time-energy relation E’ = (72.298L/t)* is used
to obtain the experimental neutron yield exp(Q,E/) as a
function of the outgoing neutron energies E’. The flight dis-
tance between the sample and the detection setup is equal
to L =2.00(1) m and L = 2.48(1) m, for IN4 and ING6, re-
spectively. Each *He detector array covers scattering angles
ranging from approximately 10° to 120°. In both cases, a

rectangular monoenergetic neutron beam was focused to the
sample, which was mounted in a high-temperature furnace
placed at the center of the spectrometer. The sample is a
4.09(1)-cm-long cylinder composed of a stack of four de-
pleted UOX pellets of 8.26(1) mm diameter. The total weight
of the sample is 23.642(1) g, with a mass-fraction compo-
sition in 23y, 230y, 2>y, 24U, and '°0 of 87.598(1)%,
0.005(1)% 0.264(1)% 0.002(1)%, and 12.131(1)%, respec-
tively. For the first experimental campaign, the UO, sample
was sealed in a quartz tube under primary vacuum and encap-
sulated in a thin niobium sample-holder tube. For the second
one, the UO, sample was simply encapsulated in a thick
niobium sample-holder tube. Empty “dummy” samples were
prepared to measure the background contribution.

The experiments consisted of a sequence of UO, and
“dummy” sample measurements, including a short irradiation
of a vanadium sample. As this material nearly behaves as a
pure incoherent elastic scatterer, its elastic scattering peak is
used as a reference for the purpose of calibration and detector
efficiency correction. The data reduction steps were handled
with the ILL in-house LAMP code, except for the background
correction. Indeed, replacing depleted UOX pellets by void in
the “dummy” sample cannot ensure an accurate background
subtraction due to significant sample absorption and multiple
neutron scatterings. The background was then defined as the
sum of the “dummy” sample data times an effective trans-
mission factor plus an additional contribution due to neutrons
scattered by the sample-holder tube and furnace environment.
The effective transmission factor and contributions of the sam-
ple environment have been estimated with the Monte Carlo
neutron transport code TRIPOLI4 [16], using the models shown
in Fig. 2 and the neutron scattering formalism described in

Egs. (1)—~(6).

IV. EXPERIMENTAL NEUTRON-WEIGHTED
MULTIPHONON SPECTRUM

The experimental neutron-weighted multiphonon spectra
pg(p of UO, were deduced from the temperature-dependent

neutron yields Y, exp measured on IN6 by using the expression

(7). In view of obtaining exp(oz B) at o« =0, we have
smoothed out fluctuations due to nuclei dynamics by using
a log-log extrapolation to zero of the cumulative distribution

functions of Pexp(a, B) over a. The contribution of the

quasielastic neutron scattering peak S§ was removed from
the data using a pseudovoigt function. In the present analysis,
no attempt was made to iteratively correct the data from the
multiphonon contribution and the multiple neutron scattering
effects, as usually proposed in the literature [23]. These two
effects have different physical origins which will be included
in the theoretical calculations. The multiphonon correction
is mainly a temperature effect which is part of the dynamic
structure factor. It is taken into account with the phonon
expansion given by Eq. (4). The contribution of the scattered
neutrons depends on several experimental factors such as
the sample size and its environment. Such a correction is
handled through Monte Carlo simulations whose principles
are presented in Sec. V.

Figure 3 shows the neutron-weighted multiphonon spec-
trum of UQO, and the background contributions measured on
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FIG. 3. Examples of background contributions at room temper-
ature in the case of the neutron-weighted multiphonon spectrum of
UO, deduced from the IN6 data measured with a quartz tube in a thin
niobium sample-holder tube (a) and a thick niobium sample-holder
tube (b).

IN6 at T =300 K and T = 294 K. The non-negligible con-
tribution of the vibration modes of niobium on the top of the
phonon modes of the uranium atoms favors the use of a thin
niobium sample-holder tube. Results obtained up to 1675 K
are shown in Fig. 4. The vibration modes of UO; are observed
at energy positions which are in excellent agreement with the
theoretical predictions reported in Fig. 1 at room temperature.
Our results show a low temperature dependence of the phonon
mode shift. An overall decrease of about —2 meV from 300
to 1675 K can be estimated from both the acoustic and optical
phonon mode positions. It has to be noted that the dip between
the TO1 and LO1 phonon branches cannot be observed around
30 meV because of the too-broad response function of ING6.
In addition, above 60 meV, the increasing broadening of the
phonon linewidth due to the temperature makes it difficult to
accurately determine the peak position corresponding to the
highest longitudinal optical phonons.
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FIG. 4. Experimental neutron-weighted multiphonon spectrum
peTxp of UO, deduced from the IN6 data. The dot-dashed lines show
the energy positions of the vibration modes of UO, calculated at
T =294 K (Fig. 1).

V. MONTE CARLO NEUTRON
TRANSPORT SIMULATIONS

Experimental neutron-weighted multiphonon spectrum
,oeTxp of UO, can only be compared with their theoretical

analogs p; via Monte Carlo simulations that take into account
the multiple neutron scattering effects and multiphonon con-
tribution. In this work, the time of flight ¢ of each neutron
has been simulated with the neutron transport code TRIPOLI4
without taking into account the time distribution of the initial
neutron burst originating from the Fermi chopper. Therefore,
the theoretical neutron yield ¥ is calculated from the neutron
yields Y, provided by TRIPOLI4 as follows:

+o00
Y{(6,E) = / Re(0,)Y;,(6, t)dt. (10)
0

The probability density function Rg/(6,t) stands for the
time-dependent experimental response function of the spec-
trometer which is well approximated by a Gaussian. Its full
width at half maximum Ar =41(5)us (for IN6 at E =
3 meV) and At = 22(5) us (for IN4 at E = 112 meV) was
fitted to the neutron elastic scattering peak of vanadium.

Figure 5 compares the experimental and theoretical
neutron-weighted multiphonon spectra obtained in the case
of the IN6 spectrometer at 7 = 294 K when the ab initio
phonon density of sates established at the Uppsala Univer-
sity (Fig. 1) are introduced in the TRIPOLI4 calculations. The
top and middle plots illustrate the poor description of the
experimental values when the single neutron scattering and
one-phonon approximations are used. An overall agreement
is achieved between the experimental and theoretical curves
only if multiple scattering and multiphonon effects are taken
into account in the simulation. The amplitude and the energy
position of the vibration modes of the UO, molecule are
well predicted confirming the validity of the main approxi-
mations involved in the ab initio calculations (quasiharmonic
phonon-based model), neutron scattering formalism (inelas-
tic and Gaussian approximations), Monte Carlo simulations
(Gaussian response function), and data reduction procedure

134312-4
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FIG. 5. Comparison of the neutron-weighted multiphonon spec-
trum pl, and pj deduced from the IN6 data and the TRIPOLI4
simulations, respectively. The calculations were performed at
T =294 K by using the PDOS shown in Fig. 1. The theoretical curves
in plots (a) and (b) were obtained within the single neutron scattering
and one-phonon approximations, respectively. The theoretical curve
in the bottom plot (c) accounts for both the multiple neutron scatter-
ing effects and the multiphonon contribution.

(empty-cell subtraction strategy and extrapolation of the cu-
mulative distribution function of Pg(p (o, B) to o = 0). Despite
the achievement observed at room temperature, moving to-
ward higher temperatures with ab initio simulations represents
a theoretical challenge because anharmonicity may cause siz-
able interactions among phonons with increasing temperature.
Even if anharmonic effects in neutron scattering by crystalline
materials were the subject of numerical calculations from
the early 1960s [24,25], they still remain an issue to study
inelastic neutron scattering data.

VI. RESULTS AND DISCUSSIONS

To work around such theoretical limitations, combining
ab initio PDOS and Monte Carlo inelastic neutron scattering
calculations in a Bayesian learning framework can be an
alternative approach to assess temperature-dependent PDOS
for improving comparison to experiment and exploring
first-principles calculation hypothesis. In the present work,
the phonon density of states p! of uranium and oxygen
in UO, were optimized on the IN6 data with an iterative
Bayesian least-squares fitting procedure. Best estimates of the
phonon density of states were found thanks to the chi-square
minimization capabilities implemented in the nuclear data
code CONRAD [26]. Starting from the PDOS of Wormald
et al. (Fig. 1), our model gradually converged towards the
posterior solutions shown in Fig. 6 for 300, 350, 420, 600,
900, 1200, and 1675 K, leading to a good agreement between
the posterior TRIPOLI4 simulations and the experimental
symmetric form of the dynamic structure factor SeTxp, in which
the quasielastic neutron scattering peak has been removed
[Eq. (9)]. An example of results is shown in Fig. 7 for 6 = 90°.
Most of the differences between the prior calculations and
the data have been reduced, especially around 30 meV. This
energy range corresponds to the TO1/LO1 splitting which is
softened by the response function of the IN6 spectrometer.
This result agrees with the conclusions already reported by
Pang et al. [12] about the contribution of the optical phonons
to the thermal conductivity of UO, and the need for improving
the theoretical description of the phonon broadening near
30 meV, where the contribution of the uranium atoms is still
important.

The optimized partial phonon density of states p{. of ura-
nium (X = 2*®*U) and oxygen (X = '°Q) in UO, are shown
in Fig. 8 as a function of the temperature. The correspond-
ing values are reported in the Appendix (Tables I and II).
As expected from Fig. 4, the energy shift of the acoustic
and optical phonon modes is close to —2 meV on average
from 300 to 1675 K, corresponding to a phonon frequency
shift w675k — w300k = —0.4 THz. This order of magnitude
is compatible with those obtained via models involving four-
phonon scattering [27]. No meaningful anomaly is observed in
the increasing broadening of the acoustic and optical phonon
linewidths. The phonon linewidths corresponding to the TO2
(¢ =~ 55 meV) and LO2 (¢ = 70 meV) phonon branches in-
crease by a factor of about 1.5 from 300 to 1675 K. As
already observed by Hutchings [28], the broadening of the
acoustic modes seems to be less important. Similarly, methods
relying on interacting phonon theory, already applied over the
last 10 years to investigate the anharmonicity-induced phonon
broadening, should be able to explain part of the monotonic

134312-5
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FIG. 7. Experimental symmetric form of the dynamic structure
factor 1, without the contribution of the quasielastic neutron scat-
tering peak [Eq. (9)] measured at 8 = 90° with the IN6 spectrometer.
The solid red lines correspond to the posterior TRIPOLI4 simulations
obtained after the optimization of the partial phonon density of states
pL of uranium and oxygen in UO,.

behavior of the phonon linewidth observed as a function of
the temperature.

The higher incident neutron energy range was investigated
with the IN4 spectrometer by using a monoenergetic neutron
beam E = 112 meV. Although the poor response function
of IN4 is not suited to study the fine phonon structures of
UQO,, the spectrometer allows one to investigate the shape of
the neutron-weighted multiphonon spectrum in the up- and
down-scattering energy ranges. For that purpose, TRIPOLI4
simulations were repeated by using the IN4 model shown in
Fig. 2 together with the partial PDOS deduced from the IN6
data (Fig. 8). Results obtained at 300, 600, and 900 K are

0.20 T T
partial phonon density of states of U in UO,
—~ 0.15 — 300 K b
E 350 K
£ 420K
= 0.10 600 K 1
a 900 K
& 0.05 1200 K ,
1675 K
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FIG. 8. Temperature-dependent partial phonon density of states
Py of uranium and oxygen in UO, deduced from the IN6 data. The
corresponding values are reported in the Appendix (Tables I and II).
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0.04

IN4 — E=112 meV
— TRIPOLI4 simulation

0.03

0.02

Amplitude (arb. units)

0.01

0.00
-100.0

-50.0 0.0 50.0
Energy tranfer (meV)

FIG. 9. Comparison of the neutron-weighted multiphonon spec-
tra pl, and pj deduced from the IN4 data and the TRIPOLI4
simulations, respectively. The calculations were performed at 300,
600, and 900 K by using the partial PDOS obtained from the IN6
data (Fig. 8).

shown in Fig. 9 as a function of the energy transfer ranging
from —100 to 100 meV. The overall agreement achieved be-
tween the IN4 data and the Monte Carlo results validates the
Bayesian inference method, which is presented in this work
as an alternative approach to assess temperature-dependent
partial PDOS for uranium and oxygen in UO, starting from
ab initio information.

The results inferred from the interpretation of the IN4
and IN6 data evidence the smooth deviation from the quasi-
harmonic approximation of the PDOS characteristics as a
function of the temperature. A part of this behavior can be
illustrated via the underlying Debye-Waller coefficient A, in-
volved in Eq. (4), a measure of which is given by the B
factor. This parameter, also called the temperature parameter,
is reported in the literature in units of A2, It gives a measure
of the dynamical disorder of the material. At room tempera-
ture, a low B-factor value is expected since the amplitude of
the atomic thermal motion being smaller than the dynamical
disorder of atoms is reduced. The expression of the B factor
Bx (T) for the oxygen and uranium atoms is given by [29]

—h2 +00 ,OT(E) e
Bx(T) = 872 X th de. 11
x(T) =8z 2MX/0 e 0 <2kBT) e D

Figure 10 shows the B factors obtained with the partial
PDOS p} deduced from the IN6 data. Our calculations ad-
equately follow the trend of a few data sets retrieved from
the literature. The B factor of the uranium atoms exhibits a
nearly linear dependence with the temperature until 1200 K,
which is in favor of an increasing anharmonic relaxation of the
oxygen atom positions in a fluorite structure [30]. At 1675 K,
the clear deviation from the linearity of Byy and By may
confirm the existence of a more complex atomic disorder with
the distortion of the oxygen and uranium sublattices [31,32].

VII. CONCLUSIONS

The IN4 and IN6 time-of-flight spectrometers of ILL were
used to determine the main features of the partial phonon den-

4.0
36 - Willis (1963) B
a Albinati® (1980) °
32 A Albinati® (1980) ]
o Hutchings (1987)
28 | x Serizawa (1998) ]
o Ruello (2005)
24 ® This work
S
8 20
@
1.6
1.2
0.8
0.4 ]
0.0 !

800 1000 1200 1400 1600 1800 2000 2200
Temperature (K)

7200 400 600

FIG. 10. The red filled circles (connected by the red “eye-guide”
curves) represent the B factors (in A?) calculated with Eq. (11) by
using the partial PDOS obtained from the IN6 data (Fig. 8). They are
compared with experimental values reported in Refs. [28,33-37].

sity of states of uranium and oxygen in UO, as a function of
the temperature. At room temperature, the neutron-weighted
multiphonon spectra of UO, derived from the inelastic neu-
tron scattering data of IN6 is adequately reproduced by Monte
Carlo neutron transport simulations relying on ab initio PDOS
calculated at the Uppsala University. This result confirms the
validity of the main approximations involved in the ab initio
calculations, neutron scattering formalism, Monte-Carlo sim-
ulations, and data reduction procedure.

For mapping the full temperature range of interest for the
nuclear applications, a consistent set of PDOS was calcu-
lated within a Bayesian fitting framework starting from ab
initio information established by the Low Energy Interaction
Physics group of the North Carolina State University. The
posterior results confirm the need to improve the theoret-
ical description of the TO1/LOI splitting around 30 meV,
where the contribution of the uranium atoms is still important.
No anomalies with increasing temperatures were observed
through the monotonic behavior of the phonon energy shift
and of the phonon broadening. Our results also follow the
behavior of the B-factor values, which smoothly increase with
the temperature. The obtained PDOS can then be used to
produce double-differential neutron scattering cross sections
for simulating the neutron transport in UOX fuels from cold
zero power to hot full power conditions.

In the temperature range between 294 and 1200 K, the
IN4 and IN6 data favor an increasing anharmonic relaxation
of the oxygen atom positions in a fluorite structure. The
models involving four-phonon scattering should be able to
explain part of the observed monotonic behavior of the PDOS
features. Above 1675 K, the existence of a more complex
atomic disorder with the distortion of the oxygen and uranium
sublattices could be invoked to describe the experimental
neutron-weighted multiphonon spectrum of UO, measured at
the ILL facilities. It has to be noted that temperatures close to
1700 K represent an upper limit for applying a Bayesian anal-
ysis to UO, data measured on IN6 because the fine structures
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of the PDOS, which are already broadened by the temperature TABLE 1. (Continued.)
effects, are also too softened by the response function of
the spectrometer. Exploring higher temperatures, closer to an e 300K 350K 420K 600K 900K 1200K 1675K
accident scenario in power reactors, would require facilities 124 16745 16622 16531 13543 11640 96.11 7551

with a smaller incident neutron burst width. 128 13103 12579 11844 10497 8931 7483 6255
132 9581 9622 9221 8233 69.63 62.03 53.72
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18.0 35.67 3755 4031 50.10 6941 8044 8435

APPENDIX: PARTIAL PHONON DENSITY OF STATES 184 39.19 4244 47.10 66.72 81.03 90.77  78.03

OF URANIUM AND OXYGEN IN UO, 18.8 4729 5558 6527 81.00 92.65 8347 6741
192 7376 7620 8120 9501 8550 69.78 5275

Tables I and II report the temperature-dependent PDOS of 19.6 9272 91.08 9580 87.84 69.81 54.07 39.30
uranium and oxygen in UO, which are shown in Fig. 8. They 20.0 10241 9894 89.02 70.25 53.03 3991 28.56
were inferred from the IN6 data with the iterative Bayesian 204 8646 77.78 6892 52.86 3871 29.17 21.38
least-squares fitting procedure implemented in the nuclear  20.8 60.24 5630 49.97 3822 28.19 22.17 1692
data code CONRAD [26]. 212 4203 3882 3496 28.13 21.64 1792 15.13
21.6 27.10 2661 2540 2183 17.77 1594 13.97
220 2175 2136 2034 18.12 1595 1493 13.64
224 1821 1811 1737 1644 1494 1349 12.60
228 1641 1649 1610 15.13 1347 1285 1021
e 300K 350K 420K 600K 900K 1200K 1675K 232 1624 16.04 1524 1379 11.54 10.44 7.51
236 1643 1440 13.65 1242 1038 770 461
00 000 000 000 000 000 000 000 240 1450 13.67 1267 1029 7.58 528  3.03
0.4 0.04 0.04 005 0.05 0.05 0.06 0.07 244 1201 11.19 1008 761 533 3.68 1.79
0.8 0.09 0.10 0.11 012 0.14 0.14 0.17 248 828 798 730 572 406 285 1.51
1.2 021 022 023 025 027 029 035 252 628 618 571 459 332 229 1.36
16 034 036 038 041 045 048 060 256 555 526 483 384 291 198 1.38
20 054 056 058 062 068 073 092 9260 482 457 422 350 262 203 1.46
24 076 079 081 08 095 103 132 264 410 420 393 320 260 213 156
28 104 106 1.09 118 127 137 176 268 400 395 370 321 273 229 179
32 134 138 142 153 167 182 234 595, 399 390 371 335 294 259 208
36 172 176 180 195 214 232 298 96 400 403 388 361 334 300 253
40 213 219 225 244 268 291 375 o9 435 428 417 404 391 363 292
44263 269 276 299 328 357 46l o9 460 469 466 467 470 420 323
‘5"2 g';g ;;‘5‘ ;Si i'g’g 43128 ;‘ﬂ 2’2‘2‘ 288 535 537 538 562 541 454 325
S a4l 4% 463 503 55 e02 777 292 614 630 640 654 569 459 3.4

: ‘ : : : : : : 206 748 752 751 7.09 592 453 281

60 SI3 526 SA0SST 64T 708 o0 S0 G (S ST S Gl v
’ ’ ’ ) ) ' ’ ' 304 9.50 8.91 8.41 7.19 533  3.66 2.16

68 688 707 726 794 879 967 1260

72 795 815 838 920 1023 1132 1485 08 976 903 836 671 475 320 191
76 913 941 969 1067 1194 1326 1738 L2 943 875 789 606 418 284 174
80 1059 10.89 1123 1242 1395 1557 2066 L6 866 800 713 535 371 257 160
84 1222 1262 13.02 1448 1633 1831 2428 320 772 711 631 475 336 236 147
8.8 1424 1466 1517 1692 1925 2177 2931 324 678 625 559 429 308 218 138
92 1644 17.04 17.72 1998 2300 2641 5794 328 594 557 504 392 285 203 129
9.6 1942 2007 2099 2388 2817 3287 8658 332 543 508 461 362 265 190 121
100 22.67 2384 2549 30.13 38.80 5427 115.21 336 498 467 425 337 248 179 1.14
104 2832 3000 33.61 4352 70.60 106.01 143.85 340 461 434 395 315 233 1.68 1.07
10.8  34.53 4329 54.88 8252 119.74 15599 168.72 344 431 405 370 296 220 159 1.02
112 7997 8846 9939 12841 151.31 181.70 178.35 348 402 379 347 278 207 150 0.96
11.6 131.02 13348 13645 151.63 17424 16826 13320 352 379 357 327 263 196 143 092
120 15029 151.72 159.85 166.04 14931 128.01 9796 356 357 337 309 249 18 136 0.8

TABLE 1. Partial phonon density of states of uranium in UO,
(in 1/eV) as a function of the energy transfer (in meV).
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TABLE 1. (Continued.) TABLE 1. (Continued.)

e 300K 350K 420K 600K 900K 1200K 1675K e 300K 350K 420K 600K 900K 1200K 1675K

36.0 3.38 3.19 2.92 2.36 1.78  1.30 0.84 584  0.09 0.07 0.03 0.00  0.00 0.00 0.00
36.4 3.20 3.02 2.77 2.25 1.70 124 0.81 58.8 0.03 0.02 0.01 0.00  0.00 0.00 0.00
36.8 3.03 2.87 2.64 2.15 1.62 1.19 0.77 59.2  0.00 0.00 0.00 0.00  0.00 0.00 0.00
37.2 2.89 2.74 2.52 2.06 1.56 1.14 0.75 59.6  0.00 0.00 0.00 0.00  0.00 0.00 0.00
37.6 2.76 2.62 241 1.97 149 1.10 0.72 60.0  0.00 0.00 0.00 0.00  0.00 0.00 0.01
38.0 2.65 2.51 2.31 1.89 1.44  1.07 0.69 60.4  0.00 0.00 0.00 0.00  0.00 0.00 0.02
384 2.54 241 222 1.82 .39  1.03 0.67 60.8 0.00 0.00 0.00 0.00  0.00 0.01 0.04
38.8 2.44 231 2.13 1.76 1.34 099 0.64 61.2 0.00 0.00 0.00 0.00 0.00 0.02 0.07
39.2 2.34 2.23 2.06 1.70 1.30 095 0.61 61.6  0.00 0.00 0.00 0.00 0.00 0.04 0.12
39.6 2.26 2.15 1.99 1.64 1.25 0091 0.58 62.0  0.00 0.00 0.00 0.00 0.01 0.09 0.18
40.0 2.19 2.08 1.93 1.58 1.20 0.87 0.54 624  0.00 0.00 0.00 0.00 0.04 0.15 0.26
40.4 2.12 2.01 1.86 1.52 .15  0.82 0.50 62.8 0.00 0.00 0.00 0.01 0.08 022 0.36
40.8 2.05 1.94 1.79 1.47 1.09 0.76 0.47 632  0.00 0.00 0.00 0.03 0.15 032 0.48
41.2 1.97 1.87 1.73 1.40 1.02 071 0.42 63.6  0.00 0.00 0.01 0.07 023 044 0.59
41.6 1.90 1.80 1.66 1.33 095  0.65 0.34 64.0  0.00 0.01 0.03 0.13 034  0.60 0.70
42.0 1.83 1.73 1.58 1.24  0.89 0.56 0.27 644  0.01 0.03 0.07 0.23 047 077 0.78
42.4 1.75 1.64 1.48 1.16 0.80 045 0.19 64.8 0.04 0.08 0.14 0.34 065 094 0.86
42.8 1.63 1.53 1.38 1.07 0.68  0.33 0.15 652  0.11 0.17 0.25 0.47 0.85 1.08 0.94
432 1.52 1.43 1.30 0.95 0.52 025 0.13 65.6 0.22 0.28 0.37 0.66 1.07 1.18 1.01
43.6 1.44 1.33 1.18 0.79 038 020 0.11 66.0 0.34 0.42 0.52 0.89 1.27  1.29 1.06
44.0 1.32 1.19 1.02 060 030 0.18 0.10 664 049 0.57 0.72 1.15 1.43 1.41 1.05
444 1.15 1.00 0.81 0.45 025 0.16 0.09 66.8 0.66 0.80 0.98 1.42 1.57 147 1.03
44.8 0.91 0.76 0.58 0.35 022 0.14 0.07 67.2 0.94 1.08 1.28 1.64 1.70 150 1.01
452  0.63 0.56 0.46 030 019 0.12 0.07 67.6 1.25 1.42 1.59 1.83 1.82 152 0.99
45.6  0.50 0.44 0.37 0.27 0.17  0.10 0.06 68.0 1.63 1.75 1.86 1.99 1.90 150 0.95
46.0 040 0.37 0.33 024 015 0.09 0.06 68.4 1.94 2.02 2.08 2.15 1.94 147 0.89
464 037 0.34 0.29 0.21 0.13  0.09 0.07 68.8 2.21 2.24 2.25 2.30 1.95 1.43 0.82
46.8 0.33 0.30 0.26 0.18 0.12  0.09 0.07 69.2 2.40 242 245 2.37 192 137 0.76
472 029 0.26 0.23 0.16 0.12  0.10 0.08 69.6 2.58 2.63 2.65 243 1.88  1.30 0.70
476 025 0.23 0.20 0.15 0.12  0.10 0.09 70.0 2.84 2.84 2.73 242 1.82  1.23 0.66
48.0 0.22 0.20 0.18 0.14 0.13 0.11 0.10 70.4 3.05 2.93 2.81 2.37 1.75 1.16 0.62
484  0.20 0.18 0.17 0.15 0.14  0.13 0.11 70.8 3.15 3.01 2.81 2.31 1.67 1.10 0.59
48.8 0.18 0.18 0.17 0.16 0.15 0.14 0.12 712 3.14 2.98 2.75 2.25 1.59  1.04 0.57
492  0.18 0.18 0.17 0.17 0.17  0.16 0.14 71.6 3.06 291 2.69 2.17 1.51 098 0.54
49.6  0.19 0.19 0.19 0.18 0.19  0.18 0.15 72.0 3.00 2.85 2.63 2.07 142 093 0.53
500 0.20 0.20 0.20 020 021 020 0.17 72.4 2.95 2.78 2.53 1.96 1.33  0.89 0.52
504  0.22 0.22 0.22 0.23 023 022 0.19 72.8 2.85 2.67 241 1.83 1.26  0.86 0.52
50.8 0.24 0.24 0.25 0.26 026  0.25 0.21 732 2.71 2.52 2.26 1.71 120  0.84 0.51
512 027 0.27 0.27 0.29 029 027 0.23 73.6 2.51 2.34 2.10 1.61 1.16  0.82 0.49
51.6  0.30 0.30 0.31 0.32 032 030 0.26 74.0 232 2.16 1.95 1.53 .12 0.79 0.43
520 033 0.34 0.34 0.35 035 034 0.29 74.4 2.14 2.01 1.83 1.46 1.07  0.72 0.35
524 037 0.37 0.38 0.39 038  0.38 0.31 74.8 2.02 1.90 1.74 1.40 1.01  0.64 0.24
52.8 0.41 0.41 0.42 0.43 043 043 0.31 75.2 1.91 1.81 1.66 1.33 093 054 0.13
532 045 0.46 0.46 0.47 049 045 0.26 75.6 1.82 1.72 1.58 1.25 0.84 044 0.06
536 049 0.50 0.50 0.53 055 044 0.21 76.0 1.73 1.64 1.50 1.16 075 037 0.01
540  0.54 0.55 0.56 0.59 0.58  0.39 0.12 76.4 1.66 1.56 1.43 1.10  0.70 0.34 0.00
544  0.60 0.61 0.62 0.67 0.58  0.30 0.06 76.8 1.60 1.51 1.37 1.05 0.67 0.33 0.00
54.8 0.66 0.68 0.71 0.71 052 020 0.02 712 1.55 1.47 1.34 1.03 0.66  0.32 0.00
552 0.5 0.78 0.78 0.72 042  0.10 0.00 77.6 1.54 1.45 1.32 1.02 0.66 032 0.00
556  0.86 0.85 0.83 0.67 028  0.04 0.00 78.0 1.53 1.44 1.32 1.02 0.66 032 0.00
56.0  0.92 0.90 0.83 0.55 0.15  0.01 0.00 78.4 1.54 1.44 1.31 1.01 0.64 032 0.00
564  0.96 0.88 0.76 0.39 0.06  0.00 0.00 78.8 1.49 1.39 1.27 0.98 062 030 0.00
56.8 0.89 0.78 0.62 0.23 0.02  0.00 0.00 79.2 1.39 1.34 1.23 0.94 061 030 0.00
572  0.76 0.61 0.43 0.09 0.00  0.00 0.00 79.6 1.16 1.34 1.23 0.94 0.61 030 0.00
576  0.53 0.40 0.24 0.03 0.00  0.00 0.00 80.0  0.00 0.00 0.00 0.00  0.00 0.00 0.00
580 031 0.19 0.10 0.01 0.00  0.00 0.00
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TABLE II. Partial phonon density of states of oxygen in UO,
(in 1/eV) as a function of the energy transfer (in meV).

e 300K 350K 420K 600K 900K 1200K 1675K
0.0 0.00 000 0.00 000 0.00 0.00 0.00
0.8 0.01 0.01 0.02  0.01 0.01 0.01 0.01
1.2 002 002 002 002 0.02 0.02 0.02
1.6 003 002 005 003 0.03 0.03 0.04
2.0 005 006 008 005 0.05 0.05 0.06
24 0.07 006 007 007 0.07 0.07 0.09
2.8 009 012 0.11 0.09  0.09 0.10 0.12
32 012 013 0.13  0.11 0.12 0.13 0.16
3.6 0.15 017 015 0.14 0.15 0.16 0.21
4.0 019 015 025 0.18 0.18 0.19 0.25

44 023 024 028 0.21 0.22 0.24 0.31
4.8 027 029 027 025 0.26 0.28 0.37
52 0.31 034 034 029 031 0.33 0.43
5.6 036 039 047 034 035 0.38 0.49
6.0 0.41 044 044 039 040 0.43 0.56
6.4 047 051 050 044 046 0.49 0.64
6.8 053 057 053 049 052 0.55 0.73
7.2 059 068 069 056 0.5 0.63 0.82
7.6 067 064 071 0.63  0.66 0.70 0.93
8.0 075 076 080 070 0.74 0.79 1.04
8.4 083 08 093 078 0.2 0.88 1.16
8.8 0.93 1.06 1.01 0.87 091 0.97 1.28
9.2 1.03 1.15 1.17 1.09 1.17 1.28 1.60
9.6 1.16 1.17 1.24 1.32 1.42 1.58 1.93
10.0  1.40 1.54 1.49 1.54 1.68 1.88 2.26
104 1.70 1.64 1.71 1.76 1.93 2.18 2.59
10.8  1.68 1.88 1.68 1.71 1.89 2.13 2.51
112 157 1.52 1.68 1.62 1.77 2.00 2.44
11.6 121 1.25 1.33 1.36 1.59 1.86 2.38
120 096 092 1.08 1.16 1.44 1.71 2.32
124 085 0.89 095 1.10 1.55 1.97 2.26
128 079 084 095 1.02 1.45 1.84 2.12
132 076 079 088 097 1.38 1.75 2.00
136 075 079 089 0.95 1.36 1.75 2.01
140 074 080 080 0.95 1.37 1.77 2.04
144 074 073 082 0.96 1.40 1.82 2.10
148 075 072 078 0.98 1.43 1.87 2.16
152 076  0.80  0.81 1.00 1.47 1.92 222
15,6 077  0.81 0.91 1.05 1.54 1.98 2.28
160 079 085 099 1.11 1.61 2.07 2.35
164 1.16 1.25 1.29 1.36 1.76 2.20 241
16.8  1.53 1.60 1.58 1.72  2.08 241 2.61
172 1.89 193 211 209 252 2.93 3.20
176 228 232 240 250 3.01 3.54 391
18.0 268 277 285 3.01 3.62 4.26 4.74
18.4 3.3l 339 348 366 434 5.05 5.55
188 4.00 391 4.11 441 5.14 5.85 6.34
192 483 499 490 520 592 6.55 6.85
196 564 589 567 595 6.61 7.03 7.24
200 640 643 632 659 7.10 7.28 7.36
204  7.01 7.18 710 7.09 738 7.48 7.37
208 752 726 699 744 756 7.46 7.29
212 774 760 777 7.65 @ 7.61 7.50 7.54
216 788 799 778 172 7.67 7.72 7.84
220 7.82 762 795 782 784 8.01 8.15
224 786  7.81 816 8.00 8.11 8.32 8.46
228 810 812 791 8.23 8.42 8.64 8.77
232 838 828 83l 852 876 8.96 9.07

TABLE II. (Continued.)

e 300K 350K 420K 600K 900K 1200K 1675K
236 8.69 875 8.77 886  9.10 9.27 9.38
240  9.07 899 928 921 9.41 9.58 9.69
244 945 924 969 954 973 9.89 10.00
248 977 989 988 986 10.03 10.20 10.30
252 10.09 1028 1032 10.17 1034 10.57 10.93
25.6 1040 1043 10.67 1048 10.67 11.18 12.06
260 10.71 10.83 1096 10.79 11.10 12.14 13.18
264 11.03 11.17 11.08 11.13 11.84 13.26 14.30
26.8 1134 11.52 1145 11.63 12.88 1443 15.42
272 1176 11.65 1227 1250 14.06 15.61 16.55
27.6 1273 1296 1297 1359 1531 16.80 17.67
28.0 13.87 13.82 1425 1487 1658 18.00 18.79
284 1523 1534 1554 1620 17.87 19.20 19.92
28.8 16.62 1654 17.01 17.56 19.18 2040 21.03
292 18.01 1853 18.60 1896 2049 2156  22.15
29.6 1948 1936 19.48 20.38 21.75 2259 2264
300 2094 2126 21.64 21.77 2291 2327 2298
304 2243 2267 2280 23.06 2381 2349 2287
30.8 23.76 2391 24.06 24.16 2437 2353 2257
312 2495 2486 2528 2496 2443 2328  22.07
31,6 25.66 25.89 2525 2536 2440 2282  21.61
320 2621 2599 2529 2543 2409 2229 @ 21.16
324 26.14 2592 2551 2538 2359 21.82 20091
32.8 2596 2535 2537 2499 23.01 2144  20.69
332 2551 2490 25.60 2445 2247 21.18 2054
33.6 2494 2493 2474 2383 2205 2094 2039
340 2427 2418 2377 2322 21.75 2076  20.24
344 23.64 2356 2341 2276 2149 2062 @ 20.27
348 23.03 23.01 2266 2242 2125 2055 2036
352 2274 2242 2286 22.12 21.05 2048  20.73
356 2246 22.19 2201 21.85 20.89 2055 @ 21.11
36.0 22.18 2221 2256 21.58 2080 20.80 21.54
364 2190 2198 2125 2136 2079 21.14  21.89
36.8 21.63 21.54 2148 21.19 2081 2150 22.18
372 2142 2136 2120 21.11 2098 21.83 2230
37.6 2125 21.11 21.07 21.06 2122 2208 2237
38.0 21.19 2129 20.86 21.05 2149 2222 2232
384 21.15 2096 20.67 21.10 21.75 2233 2227
38.8 21.18 21.51 2140 2124 2195 2239 2223
392 21.25 2130 21.07 2142 2212 2248 2222
39.6 2136 2142 2141 21.63 2236 2254 2223
40.0 2151 21.57 21.76 21.84 2267 2259 2230
404 21.69 22.03 2193 2213 2293 22,62 2239
40.8 21.89 2250 2205 22.65 23.07 22.63 22.59
412 2236 23.16 2274 23.19 23.00 2273  22.82
41.6 2326 2322 2344 2352 2294 2283 2312
42.0 2373 23.86 23776 2352 23.00 2294 2338
424 2398 2411 23.68 2326 2289 2295 23.62
42.8 23779 23.68 23.87 2322 22.64 22.84 2372
432 2344 2324 2315 2279 2215 2257 23.76
43.6 2258 2251 2201 21.78 2130 2242  23.56
44.0 20.88 20.75 2049 20.19 20.62 22.19 2348
444 18.09 1848 1854 1872 2025 2192 2355
448 1734 17.09 17.14 18.13 19.80 2147  22.88
452 16.60 1725 1722 17.89 19.64 21.10 2221
45.6 1679 17.30 17.16 17.85 19.58 21.26  22.39
46.0 1697 17.62 1757 1835 2040 21.77  22.56
464 19.69 19.72 1979 20.10 2137 2222 2274
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TABLE II. (Continued.) TABLE II. (Continued.)

e 300K 350K 420K 600K 900K 1200K 1675K e 300K 350K 420K 600K 900K 1200K 1675K
46.8 21.63 21.68 2143 2126 21.85 2224 2291 63.6 0.82 0098 1.28 1.91 4.83 8.10 11.92
472 2277 2275 2276 22.05 2233 2222 22.12 64.0 1.51 1.74 2.14 2.89 5.84 9.60 14.49
47.6 2270 2244 2252 2242 2218 22.02 21.89 644 250 2.80 3.04 3.85 6.86 11.60 17.32
48.0 2222 2209 2185 2197 21.76 21.78 21.84 64.8 3.45 3.74 399 473 8.05 13.94 19.75
484 2142 2129 2152 21.34 2136 21.67 21.90 652 4.25 4.51 491 5,60 949 16.83 21.05
48.8 20.77 20.71 2092 2090 2131 21.75 22.06 65.6 5.06 5.40 5.67 6.55 11.28 20.20 21.48
492 20.54 20.37 20.51 2093 21.70 22.28 22.49 66.0 5.85 6.29 6.54 7.66 1344 2221 21.12
49.6 20.56 20.85 20.68 21.25 21.78 2250 22.95 664 690 720 7.70 897 16.69 2298 19.69
50.0 20.82 2093 21.05 21.82 22.18 2291 23.43 66.8 8.02 8.67 9.11 10.54 21.15 23.09 17.93
504 2141 2155 2212 2247 2278 23.80 24.56 672 941 9.84 10.69 1250 24.13 21.64 15.56
50.8 22.10 2273 2230 23.16 23.60 24.90 25.87 67.6 11.02 12.11 1348 16.19 2548 1945 13.39
51.2 2278 2282 2324 2388 2454 26.10 27.30 68.0 13.09 1471 1695 2142 2567 16.72 11.63
51.6 2346 23.60 24.13 24.65 2557 27.66 29.44 68.4 17.55 1941 21.15 2568 24.04 14.32 10.23
52.0 24.14 2395 2478 2552 26.83 30.01 33.15 68.8 23.78 2493 2556 28.02 21.09 1237 9.09
524 2482 2495 2569 2671 28.64 33.19 37.05 69.2 29.06 2836 2891 2864 17.76 10.84 8.20
52.8 25.50 26.22 26,59 2855 3127 36.80 41.10 69.6 33.36 3132 2993 26.61 15.07 9.62 7.37
53.2 2692 2792 28.57 3145 3478 40.64 4290 70.0 30.18 28.58 27.30 22.78 1291 8.59 6.74
53.6 28.81 3039 3191 3579 39.12 4355 4421 70.4 2629 24.18 2346 18.82 11.28 7.75 6.07
54.0 33.72 3525 3646 4081 4347 4528 45.17 70.8 21.14 20.50 18.61 15.75 9.96 7.00 5.33
544 3948 4158 42.07 4527 4622 46.54 44.84 712 1738 16.86 1590 13.39 8.86 6.23 4.89
54.8 46.78 4645 46.97 4832 47.80 46.23 42.15 71.6 1449 14.11 13.22 11.62 7.95 5.66 4.66
552 51.72 51.76 50.88 50.07 48.52 43.32 39.14 72.0 12.54 1192 11.61 10.16 7.12 5.28 4.42
55.6 55.17 53.09 52.15 49.87 46.22 39.19 35.92 724 10.81 1040 10.35 9.05 6.47 4.97 4.19
56.0 5324 5153 5047 46770 4148 34.11 30.03 72.8  9.58 9.39 9.04 8.08 5.98 4.70 4.03
56.4 49.78 47.69 4599 40.70 34.72 27.12 23.69 732 8.51 8.20 7.84 7.29 5.58 4.46 3.82
56.8 41.38 39.09 37.19 3272 26.53 20.00 16.98 736 7.66 7.34 7.22 6.67 5.22 4.20 3.54
57.2 31.52 30.01 28.03 23.60 18.15 13.48 11.51 740 697 6.70 6.42 6.15 4.90 3.92 3.29
57.6 1942 1890 17.58 1495 11.01 8.80 7.93 744 637 6.22 6.20 570 457 3.66 3.06
58.0 10.37 9.81 9.52 7.99 5.88 5.59 4.64 748  5.89 5.71 5.51 530 4.28 345 2.98
584 290 3.51 3.56 3.48 3.32 2.90 1.50 752 545 5.29 5.00 495 4.04 3.34 2.93
58.8 1.08 1.24 1.27 1.63 1.47 1.06 0.76 756 5.11 5.06 5.00 4.66 3.88 3.27 2.92
59.2  0.00 0.20 0.38 0.66 0.54 0.48 0.29 76.0 482  4.88 4.55 4.43 3.75 3.15 2.67
59.6  0.00 0.06 0.11 0.25 0.27 0.31 0.13 764  4.59 4.55 456 425 3.56 2.79 2.12
60.0 0.00 0.01 0.06 0.11 0.19 0.18 0.23 76.8 442 431 440  4.05 322 2.19 1.33
60.4  0.00 0.01 0.02 0.07 0.15 0.24 0.66 772 429 4.11 3.94 3.78 2.71 1.47 0.44
60.8  0.00 0.02 0.03 0.06 0.16 0.53 1.48 77.6  4.05 3.81 3.94 345 2.23 1.00 0.18
61.2  0.00 0.01 0.02 0.05 0.27 1.13 2.46 780 3.74 3.61 3.68 3.10 1.88 0.75 0.00
61.6  0.00 0.01 0.04 0.08 0.53 1.88 4.04 784  3.16 2.83 2.96 2.63 1.56 0.61 0.00
62.0 0.00 0.03 0.07 0.14 0.94 3.10 5.57 788 247 2.33 2.28 2.13 1.26 0.49 0.00
62.4  0.00 0.05 0.10 0.28 1.61 4.46 6.86 79.2 1.66 1.62 1.86 1.92 1.17 0.48 0.00
62.8  0.08 0.16 0.28 0.57 2.60 5.71 8.22 79.6 098 1.20 1.29 1.92 1.17 0.48 0.00
63.2  0.26 0.44 0.66 1.12 3.73 6.88 9.64 80.0 0.00 0.00 0.00 0.00  0.00 0.00 0.00
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