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For polycrystalline graphite the presently available scattering law data
were re-evaluated to prove their actuality for application of gas cooled
reactor studies. Several frequency distributions ρ(ω) were considered
published by Hawari et. al. (NCSU), Nicklow et al. (recently processed by
Difilippo et al., ORNL) and Young, Koppel (GA). To get numerical accurate
results care was taken to have a correlation of the alpha and beta grid to the
maxima and minima of ρ(ω). The generated scattering law data were used as
basis for the calculation of differential and integral neutron cross sections
which could be compared with corresponding experimental data. For all
investigated models the results agree well with measurements but the overall
agreement of the Young, Koppel model (GA) seems to be slightly better than
the NCSU and the ORNL model. Especially, the GA model reproduces well
the measured cross sections and specific heat data.
The generated data sets were then used to calculate thermal neutron
spectra and integral data for different configurations with graphite as
moderator. The measured neutron flux spectra in poisoned graphite were
sufficiently reproduced by all models. In pure graphite there are some
differences in the maximum, the ORNL data result in a slightly harder
spectrum compared to IKE/GA and NCSU data and experimental values.
However, integral parameters such as keff for UOX, MOX and ThOX fuel
show no significant sensitivity of the regarded scattering law models.
KEYWORDS: graphite, scattering law data S(α,β ,T), frequency
distributions, thermal neutron cross section, gas cooled reactors
1. Introduction
Solid reactor grade graphite is polycrystalline with a hexagonal lattice structure. This lattice
structure is anisotropic due to the hexagonal basal planes which are only weakly coupled. The
generation of scattering law data S(α,β,T) in ENDF-6 format [1] with the code LEAPR of the
modular nuclear data processing system NJOY-99 [2] or GASKET2 [3] require a generalised
isotropic frequency distribution ρ(ω). An isotropic frequency distribution ρ(ω) can be derived
from a general tensor force dynamical model of the unit cells. In the past this was done by
Yoshimori, Kitano [4] and later improved by Young, Koppel [5] (in the following called GA
model) by the bond-bending and bond-stretching model in adjusting the used force constants
to known compressibility and specific heat data. The anisotropy causes phonon spectra for
perpendicular and parallel vibrations of the graphite lattice. Therefore, Young and Koppel
have averaged the two parts in Gaussian approximation taking 2/3 of the parallel and 1/3 of
the perpendicular part. This isotropic distribution was compiled by GA in the so-called kernel
book [6] and used as basis for the scattering law data in JEF-2 [7] and ENDF/B-VI [8].
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Alternatively, a general tensor force model was examined by Nicklow et al. [9] calling it
axially symmetric model and considering C-atoms up to the fourth-nearest neighbours. This
model results in an isotropic averaged phonon spectrum of the graphite crystal and was used
recently by Difilippo et al. [10] (in the following called the ORNL model). In addition to the
GA model we processed thermal neutron scattering data also for the ORNL model using the
same criteria in generating the α and β grid as for the GA model. Recently Hawari et al. [11]
published a new frequency distribution ρ(ω) (in the following called NCSU) of
polycrystalline graphite based on the central force dynamical theory with ab initio 32 atoms
of the hexagonal graphite lattice. For these three different frequency distributions we
generated scattering law data sets for a number of temperatures and performed comparisons
with experimental data and benchmarks.
2. Comparisons of neutron cross sections derived from different frequency distributions
The investigated frequency distributions ρ(ω) can be seen in Figure 1. Due to the
complicated derivation from the dispersion relations all curves show a strong peak structure.
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Fig. 1 Frequency distributions of polycrystalline graphite
Whereas the GA model of Young, Koppel is composed of corresponding frequency
distributions perpendicular and parallel to the basal hexagonal plane, the ORNL model is
derived directly for the theoretical treatment of the anisotropic crystal. For the NCSU model
no detailed informations were available. But it is obvious that all frequency distributions are
strongly influenced by the choice of the force constants. Especially Young and Koppel have
carefully chosen these to get optimal agreement with measured specific heat constants from
room temperature up to some hundred degrees of Kelvin.
To evaluate the chosen frequency distributions physical parameters which are directly
correlated to ρ(ω) were regarded such as
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3/2 Teff is the average kinetic energy of the system of scattering nuclei. Teff is used
to supplement the finite α and β grid of the scattering law data file to higher values
of energy and momentum transfers according to the short collision time
approximation.


the Debye-Waller integral
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The Debye-Waller integral is used for calculating the elastic coherent and
incoherent thermal neutron scattering cross sections. For coherent scattering the
Debye-Waller factor describes the height of the cross sections at the Bragg edges
and the exponential decrease between them. Also from the Debye-Waller integral
the average and maximal atomic dislocations can be derived (<u2> ~ γ(0)).
In Figure 2 the calculated specific heat data for the different generalised frequency
distributions together with experimental data [12,13] are shown.
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Fig. 2 Specific heat for polycrystalline graphite
As it is clearly seen the specific heat data derived from the ORNL model shows generally
too low values, whereas the GA model of Young, Koppel and the NCSU model agree well
with the measurements. Further important parameters which are correlated to the frequency
distribution are given for room temperature (293.6 K) in Table 1.
For validation of the evaluated Scattering Law Data files S(α,β,T) based on the GA, ORNL
and NCSU models measured double differential scattering cross sections of Whittemore [14]
for 293 K and for 533 K of Carvalho [15] were compared with corresponding calculated

values.
Table 1 Parameters derived from ρ(ω) for the GA, ORNL and NCSU models for 293 K
Parameter
<ω>/T
Teff/T
<ω2>/T2
T•γ(0)
<u> in Å

GA
4.596
2.43
25.81
0.6586
0.067

ORNL
5.042
2.64
30.67
0.7708
0.073

NCSU
4.368
2.32
23.12
0.5905
0.064

In the Figures 3 to 5 comparisons for room temperature are shown. Figure 3 shows the
Scattering Law S(α) for β=2 which describes an energy transfer of 51.7 meV. Following the
conservation of energy this is correlated to the first peak region of the phonon spectra.
Compared to the measured data the ORNL model seems to underestimate slightly the
experiment in this energy region. Figure 4 shows the comparison for β=4 for an energy
exchange of 103.4 meV. In this region all investigated models are well within the accuracy of
measurement. This energy transfer is correlated to the second peak structure in the frequency
distribution ρ(ω).
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Fig. 4 Graphite Scattering Law for β=4

In Figure 5 the double differential scattering cross section for an initial neutron energy of
325 meV and a scattering angle of 120 degrees is shown. As on the abscissa the transferred
energy is given the peaks in the cross sections are directly correlated to the peak structure of
the frequency distribution according to the conservation of energy.
Assuming that the published inaccuracy of measurement in Figure 5 is correct it is clearly
seen, that the cross sections caused by the peak energies in ρ(ω) are strongly overestimated
more or less for all three models. The best agreement is observed for the GA data set. The
large peaks in ρ(ω) between 50 meV and 100 meV as well as for 170 meV of the NCSU
model are not confirmed by these measurements. For the ORNL model the same observation
was made for the large peak around 200 meV.
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Fig.5 Double differential neutron scattering cross section of graphite (T=293 K)
Generally, for all models of ρ(ω) the weights of the peak structure seem to be overestimated.
Their shape should be damped in favour of other energy regions. The best balance over the
complete energy range is apparently achieved by the GA model, however.
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Fig.6 Incoherent inelastic neutron cross sections for graphite
In Figure 6 the incoherent inelastic scattering cross sections for the three models are
compared for two temperatures. There are remarkable differences between the investigated
models, however this is not of important consequence for the total neutron cross section as the
dominating coherent part compensates these effects (due to the different γ(0) for ORNL and
NCSU model) as it is seen in Figure 7. Comparing the calculated cross sections with
experimental data [16-18] one can see a good agreement over the whole energy range. The
discrepancies below .01 meV probably are due to impurities in the measured graphite sample.
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Fig.7 Total neutron cross section of polycrystalline graphite for room temperature
3. Neutron flux density spectra for GA graphite benchmarks
For neutron transport studies in polycrystalline reactor grade graphite cross section data
sets for deterministic multigroup and continuous Monte Carlo calculations with MCNP-4C3
were generated with the THERMR, GROUPR and ACER modules of NJOY. The benchmarks
are taken from [19]. All measured graphite spectra of [19] for pure and poisoned graphite at
different temperatures were calculated with MCNP-4C3 based on the data processed for the
three frequency distributions. For some of the experiments a deterministic B3-method with
292 (127 thermal) energy groups was used. A result is shown in Figure 8 for the experiments
GAC-5A and 5F respectively (MCNP-4C3 results). These experiments are composed of two
graphite blocks with 274K and 600K separated by a carbon felt. The 274K block was
unpoisoned, the 600K block boron poisoned. The thermal neutron spectrum was measured by
re-entrance holes in both blocks (GAC-5A 274K, GAC-5F 600K). Figure 8 shows that for the
pure graphite at 274 K the calculated (MCNP-4C3) spectra are lower in the maximum
compared to the experimental data for all three data models. However, the ORNL model
shows a tendency to a harder spectrum. For the spectrum in the poisoned heated graphite
block the agreement of the theoretical data and the measurement is better than for the pure
graphite. Due to the much harder spectrum the slight differences in the scattering data for the
three models are obviously less important. Similar results could also achieved with
deterministic calculations.
4. Multiplying systems with graphite as moderator
To investigate the effect of the different scattering data for graphite we analysed thermal
systems with different fuel, e.g. 233UO2-ThO2 and highly enriched 235UO2 in graphite [20],
UO2 coated particles in HTR pebble bed fuel as well as PuO2 particles [21] for different

moderator temperatures and moderation ratios. For the temperatures 293 K and 1023 K the
data sets based on the GA and the ORNL model resulted in practical identical infinite medium
multiplication factors for the 233UO2-ThO2 system [20]. The agreement with the experimental
values is quite good. The differences are 0.25 % for room temperature and 0.06 % for 1023 K
and may be caused by an unknown content of parasitic absorbers in the graphite and further
uncertainties. For the graphite moderated 235U-system the calculated k∞ values also agree
completely for the two thermal neutron graphite data sets at room temperature as well as for
1023 K.
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Fig.8 Neutron spectra for the graphite Benchmark GAC-5A and GAC-5F
For infinite lattice HTR pebbles with coated UO2 particles with different heavy metal
content and moderator temperatures the results for the GA model and ORNL model show
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likewise practical identical effective multiplication factors as seen in Figure 9 (MCNP-4C3
calculations). Also HTR pebble bed systems with PuO2 as fuel (1 g Pu with different isotopic
composition) show no significant difference for keff for the two scattering models.
We interpret these results with the small differences in the total neutron scattering cross
sections of the different models and the comparable hard spectra of the analysed systems
(compared to spectra in pure graphite).
5. Conclusion
For reactor-grade polycrystalline graphite the neutron-scattering dynamics was re-evaluated
considering new proposals from ORNL [10] and NCSU [11] concerning the basic frequency
distribution for the scattering law generation. The effect of the basic frequency distribution
proposed by ORNL and NCSU on differential and integral neutron cross sections as well as
neutron density flux spectra was compared to that of the approved phonon spectrum of GA
which was taken for the standard data sets in ENDF/B-VI or JEF-2.2. In our study we have
found that temperature dependent phonon spectra derived from measured double-differential
neutron cross sections are not suitable to describe all aspects of neutron scattering and neutron
thermalisation. So we reported here only of results generated with the theoretical models for
ρ(ω) of ORNL, NCSU and GA. For differential and integral neutron cross sections these
models give very good agreement within the published accuracy of measurements. But the
Young, Koppel (GA) distribution seems to be slightly more suitable than the ORNL spectrum
especially regarding the specific heat in the temperature range from room temperature to
some hundred degrees. Discussing the effect for double-differential neutron scattering data
one can say that the GA distribution slightly underestimates the quasielastic neutron
scattering. But for the inelastic scattering the general agreement is better than with the ORNL
model. The NCSU model is comparable to the GA model. For the generation of thermal
neutron scattering data it is important to choose a suitable α and β grid, oriented at the
frequency distributions. All comparisons made here for the different models are related to
thermal neutron scattering data sets generated with the identical processing system (LEAPRNJOY) and adequate criteria for the chosen α and β grid.
For neutron thermalisation the measured neutron flux density spectra in pure and poisoned
graphite are well reproduced by the three frequency distributions. The theoretical spectra
agree in neutron temperature but the GA and NCSU data sets give slightly softer spectra. But
we do not expect great differences in effective multiplication factor for graphite moderated
systems and consequently also not for moderator temperature coefficients of reactivity.
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