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For subthermal neutron energies, polycrystalline graphite shows a larger total cross section than pre-
dicted by existing theoretical models. In order to investigate the origin of this discrepancy we measured
the total cross section of graphite samples of three different origins, in the energy range from 0.001 to
10 eV. Different experimental arrangements and sample treatments were explored, to identify the effect
of various experimental parameters on the total cross section measurement. The experiments showed
that the increase in total cross section is due to neutrons scattered around the forward direction. We
associate these small angle scattered neutrons (SANS) to the porous structure of graphite, and formulate
a very simple model to compute its contribution to the total cross section of the material. This results in
an analytic expression that explicitly depends on the density and mean size of the pores, which can be
easily incorporated in nuclear library codes.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Graphite has been used in nuclear reactors since the birth of the
nuclear industry due to its good performance as a neutron moder-
ator material. Graphite is still an option as moderator for genera-
tion IV reactors due to its good mechanical and thermal
properties at high operation temperatures [1]. So, there has been
renewed interest in a revision of the computer libraries used to de-
scribe the neutron cross section of graphite [2–5].

A typical feature in the measured total cross sections of poly-
crystalline graphite found in the literature are the discrepancies
between experimental total cross section in the low-energy region
and the theoretical calculations commonly employed, as shown in
Fig. 1. Such differences have been reported on nuclear-grade
graphites of different origins by several groups [6–8,5]. Whilst
the difference between the first Bragg edge (at 0.0018 eV) and
0.03 eV can be ascribed to the crystallographic texture of the mate-
rial, there is yet no satisfactory explanation for the cross section
measured at energies below the first Bragg edge. So, whilst the
combined effect of nuclear absorption, incoherent and inelastic
scattering predicts a value of nearly 0.2 b, the experimental values
are typically over 4 b. The only exception is highly oriented pyroli-
tyc graphite, which is polycrystalline but possesses near theoreti-
cal density and degree of orientation close to a single crystal,
which shows a total cross section similar to the theoretical value
[8–10]. Six decades after the first reports, there is still some contro-
ll rights reserved.
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ski).
versy about the origin of the measured total cross section of graph-
ite for low-energy neutrons.

In an early paper, Egelstaff [7] ascribed the origin of such an in-
crease in the total cross section to small angle scattering of the
neutrons due to refraction of the neutron beam as it passes
through the many air/solid interfaces in the porous graphite. This
explanation agreed with the experimental observation that an ini-
tially collimated neutron beam increases its divergence after pass-
ing through a graphite block [11]. In that work, Egelstaff briefly
described two experimental arrangements aimed to subtract this
small angle contribution, as he was mainly interested in the inelas-
tic cross section and in the elastic cross section due to reflection on
the crystallographic planes. By the same time, Antal et al. also rec-
ognized this ‘porosity’ scattering and performed similar corrective
tests on experiments dedicated to study lattice defects in graphite,
which also manifest as an increase in the total cross section for
low-energy neutrons [12]. In a recent work, Bowman et al. [5] dis-
carded the ‘small angle’ explanation and strongly criticized Egel-
staff’s experiments, reinterpreting Egelstaff account of the results,
but without repeating the actual experiments.

In this work we study the origin of this discrepancy, by measur-
ing the total cross section of room temperature graphite in the en-
ergy range from 0.001 to 10 eV, and compare it with standard
calculation tools. To do so, we performed experiments on graphite
samples from three different origins, studying the dependence of
the total cross section with the geometry, orientation and dimen-
sions of the actual sample. Besides this, we measured the total
cross section of samples ‘as received’ and after an annealing treat-
ment, to assess possible contributions due to scattering in lattice
defects as discussed by Antal et al. [12]. Finally, in order to identify
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Fig. 2. Micrograph of the surface of the needle-coke nuclear-grade graphite cube
studied in this work.

Fig. 1. Comparison of measured graphite total cross sections of different authors
(cited in text [6,8,5]) with calculation performed with the NJOY code.
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the contribution from small angle neutron scattering (SANS) we re-
peated Egelstaff work, by performing transmission experiments
using two geometric configurations. The outcome of the experi-
ments convinced us that the increase in the total cross section at
subthermal neutron energies results indeed from small angle scat-
tering in the porous graphite.

As mentioned, existing computer libraries of nuclear data pro-
vide evaluated values which differ from the actual measurements
for polycrystalline graphite in the subthermal range. In particular,
the very popular NJOY calculation code [13] includes a model for
graphite with a detail of its crystal structure (elastic coherent term)
as well as the vibrational modes of the lattice (inelastic term) [14].
However the code does not include any description of the ‘meso-
scopic’ structure of the material such as porosity or voids, mainly
because no theoretical model for the SANS total cross section has
been developed so far. So, in the last section of this work we pro-
vide such a model of the total cross section, by assuming a very
simple description about the distribution of the pores. We consider
spherical air pores uniformly distributed in graphite, which results
in an analytic expression for the total cross section that explicitly
depends on the density and mean size of the pores. Finally, we
show that the experimental total cross section of polycrystalline
graphite can be effectively described by simply adding an analytic
SANS component to the usual theoretical approach implemented
in NJOY.

2. Experimental

2.1. Samples

Virtually all nuclear graphites are manufactured from petro-
leum or pitch cokes, binded and impregnated with different mate-
rials. By variation of these ingredients and the forming and final
heat treatment, it is possible to produce a wide range of physical
properties and behaviors under irradiation. In this work, samples
of various geometries and sizes were produced from nuclear-grade
graphites of three different types, namely ‘needle-coke graphite’,
‘pitch coke graphite’ and ‘isostatically pressed graphite’.

2.1.1. Needle coke graphite
Needle coke graphite is widely used in the manufacture of elec-

trodes in the metallurgical industry and corresponds to the most
porous material. Because of its availability and purity it was used
in the manufacture of the first moderator materials during the
development of nuclear fission reactors [15]. This material has a
large anisotropy, which caused some problems after long expo-
sures to radiation. Samples were cut from a 24 cm cube provided
by the RA-6 Nuclear Reactor, Centro Atómico Bariloche, Argentina.
The density of the material we used is ð1:681� 0:008Þ g=cm3. An
EXAFS analysis provided a composition (C 99.815%, S 0.102%, Ca
0.047%, Si 0.026%, Al 0.009% and K 0.001%). Pores of around
1 mm were visible to the naked eye. A micrograph of the surface
of these materials is shown in Fig. 2.

2.1.2. Pitch coke graphite
Pitch coke graphite is produced by heat treatment of the higher

molecular weight products of pitch production, leading to more
isometric particles than needle-coke graphite. The material used
is more dense ð1:725� 004Þ g=cm3 than the needle-coke graphite.
The sample presents a smoother surface than pitch coke graphite,
but the pores are still visible to the naked eye. Spherical samples
were machined out from a rod.

2.1.3. Isostatic-pressed graphite
Isostatic-pressed graphite uses finer coke particles and allows

the manufacture of a wide range of isotropic graphites having very
uniform and isotropic properties, which may be used as moderator
materials. Spherical samples were moulded by isostatic pressing.
These samples presented the largest density ð1:740� 004Þ g=cm3.

Table 1 describes the samples used on these experiments. The
density of each sample was determined from its weight and vol-
ume. The porosity was calculated by comparison to the theoretical
density for graphite qC ¼ 2:266 g=cm3 and the measured densities
qa. The total volume of the pores is

VP ¼ M
1
qa
� 1

qC

� �
; ð1Þ

and the porosity

P ¼ VP=VT ; ð2Þ

where VT is the total sample volume.
The values of the calculated porosities (shown in Table 1) are in

the range of variation observed on graphites (between 7% and 30%
[16]).



Table 1
Summary of the three types of samples studied in this work.

Sample Dimensions (cm) Mass (g) Density (g/cm3) Porosity (%)

Shape Thickness Diam./Width

Pitch coke Sphere – 6.00 195.3 1.725 (4) 23.9
Isostatically pressed Sphere – 6.00 196.8 1.740 (4) 23.2
Needle coke Cylinder 8.27 4.18 191.32 1.681 (8) 25.8

Fig. 3. General scheme for the transmission experiments. The ‘‘normal” and ‘‘near” sample positions are shown (see text for details). Distances are expressed in metres.
(Bottom) The neutron beam divergence at the detector position for each experimental arrangement.

Fig. 4. Spectra of open beam, background and transmitted beam from the needle-
coke graphite in the ‘‘normal” position as a function of the energy. The intensity is
expressed in the rate of number of counts over monitor counts.
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2.2. Neutron transmission

The total cross section of the samples was measured by trans-
mission experiments performed at the Bariloche electron linear
accelerator (LINAC) facility (Argentina). A general scheme of the
transmission experimental setup is shown in Fig. 3. The accelerator
operated at a frequency of 50 Hz, and a 25-lA mean electron cur-
rent. Neutrons, produced by the interaction of the electrons accel-
erated by the LINAC on a lead target, were moderated in a 20 mm
thick polyethylene slab. Measurements were carried out at room
temperature, employing the ‘‘sample in-sample out” technique
[17] every 10 min. The detector bank consisted of seven 3He pro-
portional counters (10 atm filling pressure, 6 in. active length,
1 in. diameter) placed on the incident beam path at 8.27 m from
the neutron source. The sample was at a distance of 4.9 m from
the detection bank. The beam was circular, with a diameter of
25 mm at a distance of 3.5 m from the moderator. The neutron
beam was collimated, so its cross sectional diameter was 12.5 cm
at the detection position. An independent detector placed near
the neutron source was employed as a monitor, which served to
normalize the spectra. The background contribution was deter-
mined with a polyethylene beam stop covered with cadmium at
the sample position.

Fig. 4 shows typical spectra measured during the experiments,
where the three energy regions of interest, i.e., the epithermal,
thermal and subthermal ranges have been identified. The ‘sample’
spectrum in the figure corresponds to the needle-coke graphite,
and clearly displays the characteristic Bragg edges in the subther-
mal range. We have adopted different energy resolutions for each
energy range. For the thermal range, where the count rate is high-
er, we used DE=E ¼ 0:01 whilst we used DE=E ¼ 0:03 in the sub-
thermal range and DE=E ¼ 0:05 in the epithermal range. The total
cross section of the material is calculated from the transmission
resulting from the spectra shown in the figure. If UðEÞ is the inci-
dent spectrum, SðEÞ is the spectrum transmitted by the sample
and BðEÞ is the background, the transmission is determined from

TðEÞ ¼ SðEÞ � BðEÞ
UðEÞ � BðEÞ ; ð3Þ

and the total cross section rtotðEÞ is



Fig. 5. Total cross section of three different nuclear-grade graphites.

Table 3
Details about the cross sections measured on the different graphite samples. repi:
cross sections for epithermal energies; rsub: cross sections for energies just below the
(0002) Bragg edge; Dr (0002): Height of the (0002) Bragg edge.

Sample Cross sections (barns)

repi rsub Dr ð0002Þ Draniso

Isostatically pressed 4.7 (1) 5.7 (1) 6.3 (9) 0.7
Pitch coke 4.6 (1) 4.4 (1) 5.2 (5) 2.9
Needle coke 4.70 (5) 2.95 (7) 3.4 (3) 1.5
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rtotðEÞ ¼ �
A

qa t NA
lnðTðEÞÞ; ð4Þ

where qa is the sample density (employed in Eq. (1)), A is the atom
mass, t the sample thickness and NA Avogadro’s number. For the
spherical samples, the sample thickness varies across the neutron
beam area, so the average thickness (5.71 cm) was adopted for
the calculation of the total cross section from the measured
transmission.

2.3. Measurements

In order to assess the effects of anisotropy on the total cross sec-
tion of the different graphites we measured the transmission along
three mutually perpendicular directions. For the needle-coke
graphite we used a cubic sample of 5 cm side. Previous works
showed that the transmission of thermal neutrons through aniso-
tropic materials depends on the neutron energy and the orienta-
tion of the sample [6,7,18].

Antal et al. [12] reported large changes in the low-energy total
cross section of graphite due to radiation damage, presumably as a
result of the creation of vacancies in the crystal lattice. The effect is
reversible, and the total cross section falls to normal values after an
annealing treatment. In order to assess the effect of pre-existing
vacancies on the total cross section, we measured the transmission
of needle-coke samples in the ‘as received’ state, and after an
annealing treatment at 900� in an argon atmosphere during 5 h.
We performed measurements on two pairs of samples, cubic sam-
ples of 5 cm side, and cylindrical samples of 1 cm thickness and
4.2 cm diameter.

As discussed in the Introduction, several authors have pointed
out to small angle scattering as the reason of the increase in the to-
tal cross section at low energies. In order to isolate the contribution
of these small angle scattered neutrons to the total cross section
we repeated the measurements on the needle-coke graphite, but
using a slab sample of 2.57 cm thickness. We performed two mea-
surements: a first measurement using the normal experimental
arrangement described above; and a second measurement placing
the slab just in front of the detector, as shown in Fig. 3. The main
difference between the ‘normal’ configuration and this ‘near’ con-
figuration resides in their acceptance to the neutrons that have
suffered collisions within the sample. This difference can be
effectively quantified in terms of an acceptance angle, which is
described in the following section.

Finally, we also studied the dependence of the total cross sec-
tion on the thickness of the actual sample. For this, we produced
samples of the needle-coke graphite of five different thicknesses
which are listed in Table 2.

2.4. Experimental results

Fig. 5 shows the result of the total cross section measured for
the three different graphites referred in Section 2.1. On the epither-
Table 2
Characteristics of the needle-coke graphite samples studied in this work.

Sample Dimensions (cm) Mass (g)

Shape Thickness Diam./Width

Needle coke 1 Cylinder 8.27 4.18 191.32
Needle coke 2 Cylinder 1.34 4.15 30.76
Needle coke 3 Cylinder 1.4 4.18 32.1
Needle coke 4 Cylinder 1.08 4.17 24.7
Needle coke 5 Slab 2.57 18.00 1150
Needle coke 6 Cube 5 5.00 210
mal range, all samples tend to a value repi quite close to the free-
atom cross section of graphite ðrfree ¼ 4:75 bÞ (Table 3). All sam-
ples display the Bragg edges characteristic of polycrystalline mate-
rial. The three curves start to separate from each other at 0.01 eV,
and the difference between them seems to increase in inverse form
to neutron energy.

The height of the first Bragg edge, i.e., the (0002) is propor-
tional to the number of crystallites having their basal planes per-
pendicular to the neutron beam direction. The large error bars
obtained for energies slightly larger than this Bragg edge are due
to a very low sample transmission at such energies, resulting in a
measured signal quite close to the background level (see Fig. 4). Ta-
ble 3 lists the cross sections for energies just below the (0002)
Bragg edge ðrsubÞ and the height of this edge ðDr ð0002ÞÞ for each
sample. The value expected for a randomly oriented polycrystal is
7.4 b. The values measured for the present samples differ from this
Fig. 6. Total cross section of the pitch coke graphite sphere, determined for three
mutually perpendicular neutron incidence directions.
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theoretical value and between each other. This is due to the anisot-
ropy, or crystallographic texture, resulting from the different man-
ufacturing processes.

The anisotropy of the samples also manifests as change in the
total cross section measured along different directions of the spec-
imen. Fig. 6 shows the total cross section of the pitch coke graphite
along three mutually perpendicular directions, one of them corre-
sponding to the extrusion direction of the block. The curves are
presented in terms of neutron wavelength rather than neutron en-
ergy, because the differences manifest more clearly using this
scale. Neutron wavelength is also a more natural scale, as the Bragg
edges occur due to neutrons elastically reflected on the crystallo-
graphic planes of the sample. In the figure, the extrusion direction
starts separating from the other curves near the (10–10) Bragg
edge; but perfectly agrees with them for wavelengths longer than
6.72 Å, after the (0002) Bragg edge. The total cross section be-
tween 4.24 Å and 6.72 Å directly depends on the orientation distri-
bution of basal planes. This effect has been studied in the early
works of Refs. [6,7]. The present results show a smaller total cross
section along the extrusion direction, in accordance with Ref. [7].
The maximum difference observed between the height of the
(0002) Bragg edges measured along different directions for each
sample ðDranisoÞ is reported in Table 3, as a rough indicator of the
anisotropy of the sample. The fact that the three directions per-
fectly agree beyond the (0002) Bragg edge indicates that the phys-
ical process responsible for the increase in total cross section at
subthermal energies is of isotropic nature.

Similar results were observed for the needle-coke graphite, but
the differences between directions were slightly smaller in this
Fig. 7. Transmission of the slab sample of needle-coke graphite measured in the
normal configuration (solid symbols), and in the ‘near’ configuration. (b) rpseudo

(filled symbols) and rSANS (open symbols) calculated from Eq. (5).
case. On the other hand, the isostatically pressed graphite pre-
sented virtually the same total cross section for all three directions,
within the uncertainty of the measurement. This reflects the more
isotropic material obtained from this manufacturing process. The
difference Draniso between directions reported in the table falls
within the uncertainty of the measurement.

The total cross section of the needle-coke graphite was essen-
tially the same for the ‘as-received’ and after an annealing treat-
ment. This discarded scattering in lattice vacancies as a possible
explanation for the discrepancy in total cross section we are inter-
ested in.

Fig. 7a shows the transmission of the slab sample of needle-
coke graphite measured in the normal configuration (solid sym-
bols), and in the ‘near’ configuration, i.e., with the slab placed just
in front of the detector bank (open symbols). The main difference
between these measurements resides in their acceptance angle
to the neutrons that have undergone collisions within the sample.
In the near configuration, neutrons scattered at low-angles are
counted by the detector and manifest as an apparent increase in
the transmission of the sample.

In order to define an acceptance angle characteristic of each
configuration, we performed Monte Carlo simulations of the exper-
imental arrangements using the computer code MCSTAS [19,20]. In
both cases we considered an isotropic scatterer, and a detector
having a diameter of 12.5 cm. The effective diameter of the sample
was determined by the size of the neutron beam at the sample po-
sition, which increases with the distance from the moderator as a
result of the neutron beam divergence.

In the ‘normal’ configuration, the sample diameter is 2.5 cm at
490 cm from the detector, whilst in the ‘near’ configuration the
sample diameter is 12 cm at 20 cm from the detector. The insets
in Fig. 3 show the distribution of angular divergence of the neu-
trons arriving at the detector for the two configurations. As ex-
pected, both distributions are centrosymmetric and centred at
the origin. We have defined the acceptance angle a as the half-
width at half-maximum of the angular divergence distribution.
For the ‘normal’ case we obtain an acceptance angle of just 0.7�,
whilst for the ‘near’ case a reaches a value of 25�.

A ‘pseudo’ total cross section ðrpseudoÞ can be evaluated via Eq.
(4) from the transmission measured in the ‘near’ configuration,
as shown by the solid symbols in Fig. 7b. This is a ‘pseudo’ total
cross section in the sense that this total cross section does not in-
clude any scattering processes deflecting neutrons within a 25�
cone around the incident neutron beam. As expected, it can be
appreciated that the curve of rpseudo is always below the total cross
section for the needle-coke graphite presented in Fig. 5. We can
also appreciate that the value of rpseudo falls to almost zero for
wavelengths longer than the (0002) Bragg edge. This means that
if a neutron of this wavelength were to be scattered by the sample,
it would be deflected by an angle smaller than 25�.

On the other hand, we can experimentally define the total cross
section rSANS associated with the neutrons scattered by needle-
coke graphite between 0.7� and 25� by comparing the transmission
Tnear measured on the ‘near’ configuration with the value Tnormal

measured with the normal configuration,

rSANSðEÞ ¼ �
A

q t NA
flnðTnormalðEÞ � lnðTnearðEÞÞg; ð5Þ

The curve of rSANS is given by the open symbols in Fig. 7b. This con-
tribution to the total cross section remains nearly constant at a va-
lue of 1 b between 1 Å and 4 Å, where it starts increasing with
neutron wavelength. This means that as the neutron wavelength in-
creases the scattering becomes more anisotropic, in the sense that a
larger fraction of neutrons are scattered towards the forward direc-
tion. For wavelengths longer than the (0002) Bragg edge, this



Fig. 8. Total cross section of needle-coke graphite of different thicknesses.

186 S. Petriw et al. / Journal of Nuclear Materials 396 (2010) 181–188
seems to be the only scattering process still active in the present
sample. As expected, the forward contribution to the scattering also
increases for wavelengths shorter than 1 A, which is mirrored by a
decrease in rpseudo. This is because, as the energy of the neutron in-
creases the free atom cross section becomes more anisotropic.

Fig. 8 shows the results of the total cross section for a series of
needle-coke graphite samples of different thicknesses. Quite sur-
prisingly, the curves present large differences for wavelengths
longer than the (10–10) Bragg edge. The differences observed for
wavelengths between this edge and the (0002) edge can be par-
tially ascribed to crystallographic texture, as the samples were
cut along different directions of the original block. For wavelengths
longer than the (0002) edge, the total cross section increases with
the decrease in sample thickness. Measurement were performed
for pairs of nearly identical samples of 8.25 cm and and 1 cm.
The thicker samples showed essentially the same total cross sec-
tion, whilst the thin samples showed differences as large as 3 b
in the long wavelength range. This indicates that the total cross
section measured for relatively thin samples is quite dependent
on sample features which are yet to be investigated.

2.5. Discussion

The present experiments have corroborated that the total cross
section of polycrystalline graphite samples includes a low-energy
contribution which is presently not considered in standard nuclear
libraries.

This contribution to the total cross section is due to scattering
occurring mainly in the forward direction, and it is dependent on
the specific type of graphite. The experimental information is
poorly defined for relatively thin samples.

There are three main candidates to explain an increase of total
cross section at low neutron energies.

The presence of impurities with a very high absorption cross
section can be discarded, because this unknown contribution dis-
appeared when the slab was placed near the detector. An increased
absorption is also very unlikely from a practical point of view, as
the present graphites were intended to be used in nuclear
applications.

The presence of impurities in the form of hydrogenous sub-
stances is a real possibility, as humidity from the air and residues
from the binder used in the manufacturing of graphite are almost
certainly present in all samples. Hydrogen displays anisotropic
scattering towards the forward direction at high energies, but the
scattering at low energies is expected to be quite isotropic.

We estimated the humidity absorbed from the air by drying a
needle-coke sample at 200 C during 7 h, and monitoring the weight
increase when exposed to air at room temperature. After 150 min
the weight increase stabilized on a value of 0.024%. Taking rwater

around 200 b as the low-energy cross section of water, we obtain
a rough contribution of 0.05 b, which is clearly too low to explain
the observed effect.

Regarding the remains of the manufacturing process, we can
estimate the concentration of binder remains xi compatible with
the observed increase in total cross section. We consider that the
total cross section of the binder is essentially given by the aver-
age number of protons NH in the binder molecular unit, times
the bound-atom cross section of hydrogen, rH ¼ 82 b. On doing
this we are simplifying the effect of chemical binding on the to-
tal cross section of the proton. Assuming a similar density for
the binder and the graphite, we obtain the concentration of bin-
der as

xi ¼
Drexp

NHrH
; ð6Þ

where Drexp ¼ 5:5 b is the difference between the experimental and
theoretical values. For an average of five protons per binder mole-
cule, we conservatively estimate that a 1% in weight in hydrogenous
impurities could explain the observed difference However, such
concentration seems unfeasible, as typical nuclear graphites have
99.9% purity, and only half of the impurities may be hydrogenous
in nature.

The third possibility is the scattering in the large number of
pores typically present in graphite, which is discussed in detail in
the next section.

3. Porosity small angle scattering

The experimental results presented showed that small angle
scattering effects are responsible for the discrepancies observed
between experimental and theoretical calculations in the total
cross section of graphite. In this section we will formulate a simple
small angle scattering model to relate the small angle effects ob-
served and the porosity of the sample.

The models of small angle neutron scattering are formulated
over IðqÞ (the scattered neutron intensity sample as a function of
q) where as usual q ¼ k0 � k, and k0 and k are the incident and
emergent neutron wave vectors, respectively. The intensity will
depend only on the modulus of q in the case of isotropic sample.
Since the measured magnitude is the total cross section we will
firstly show its relationship with IðqÞ. Based on Ref. [21] we write
the microscopic total cross section as

rðk0Þ ¼
rb

2k2
0

Z 1

0
q dq

Z emax

emin

Sðq; eÞde; ð7Þ

where rb is the bound-atom cross section, e ¼ E0 � E the difference
between the incident and the emergent neutron energy. In Eq. (7)
emin and emax are the limits of the kinematic range [21] accessible
for a given q. In a solid the scattering is mainly elastic, so the inte-
grand in energies ðeÞ is significant only around e ¼ 0, and the result
of the integral is IðqÞ (identified with rbSðqÞ). The q-range of inte-
gration in the elastic regime extends from 0 to 2k0, resulting

rðk0Þ ¼
1

2k2
0

Z 2k0

0
q IðqÞ dq; ð8Þ

that is the sought relationship.
In the literature (e.g. Ref. [22]) different models are formulated

for the small angle intensity IðqÞ of two-phase systems. We are
interested in a dilute particulate system consisting in spherical
air pores uniformly distributed in the graphite. The pore sizes
can have a great variation according to the thermal treatment. In
the literature we find a variation ranging roughly between 10
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and 300 Å [16]. The energies where SANS is manifested that we are
going to explore ranges between 1 and 5 meV, what means a wave-
vector range from 0.7 to 1.6 Å�1. If rP is the mean pore size, we will
explore an energy range where the product qrP will be roughly
greater than 2, up to several hundreds. In this limit it is valid to ap-
ply the Porod law

IðqÞ ¼ 2pðDqÞ2sP

nq4 : ð9Þ

Written in this form it will allow us to calculate the total cross
section in barns, as we will show below. In Eq. (9) sP is the total
area of the boundaries between the two phases in the sample per
unit volume, n the number density of atoms in the sample (that
in this case is n ¼ nCð1� PÞ, where nC is the theoretical graphite
number density and P is defined in Eq. (2)), and Dq (commonly
called contrast), is the difference between scattering length densi-
ties of the two phases. In this case we will consider the interphase
graphite–air. Neglecting the contribution of the air its value is

Dq ¼ bc
qCNA

MC
; ð10Þ

where bc is the carbon bound scattering length, NA the Avogadro
number, qC the graphite theoretical density, and MC the carbon
atomic mass. Calculating this value with bc ¼ 6:6484 fm and the
graphite theoretical density mentioned in Section 2.1.3 we obtain

Dq ¼ 7:497� 10�6 Å
�2
; ð11Þ

To formulate an elementary description of the pore structure, we
will assume spherical pores of radius rP , so the volume of a pore
is vP ¼ 4=3pr3

P , the number of pores is NP ¼ VP=vP , and the total sur-
face is SP ¼ NP4pr2

P , so the specific surface appearing in Eq. (9)
results

sP ¼
3P
rP
: ð12Þ

We will now calculate the total cross section due to the small
angle scattering produced by the pores starting from Eq. (8). As sta-
ted above, we will employ a Porod model in the high q region, how-
ever, since our integral includes also low q values where the Porod
law cannot be applied, we will adopt a behavior according to the
Guinier law in that region and both laws will be forced to match
at q ¼ R�1

g [22], where Rg is the radius of gyration, that for a sphere
of radius rP (the radius of the pores) is

Rg ¼
ffiffiffi
3
5

r
rP : ð13Þ

So the adopted IðqÞ is

IðqÞ ¼

P
1� P

A
Rgq4 if q P R�1

g ;

P
1� P

B exp �1
3

q2R2
g

� �
if q < R�1

g ;

8>>><
>>>:

ð14Þ

where A ¼ 0:727531 b Å
�3

(calculated from Eqs. (9), (10), (12) and
(13)) and B ¼ Ae1=3R3

g (calculated from the matching condition at
q ¼ R�1

g ). Employing this expression in Eq. (8)

rðk0Þ ¼
P

1� P

� 1

2k2
0

Z R�1
g

0
B exp �1

3
q2R2

g

� �
qdqþ

Z 2k0

R�1
g

A
Rgq4 qdq

" #
: ð15Þ

After solving the integrals and expressing as a function of the
wavelength k0 ¼ 2p=k0 the result is

rðk0Þ ¼
P

1� P
A

8p2 k2
0Rg

3
2

e
1
3 � 1

� �
� k2

0

32p2R2
g

 !
: ð16Þ
Making explicit the numeric constants and the pore radius rP

(13), the expression is

rðk0Þ¼ 7:13736�10�3 b Å
�3

� � P
1�P

k2
0rP 1:09341�0:005277k2

0

r2
P

 !
:

ð17Þ

Eq. (17) has the pore radius as its single parameter, that can be fit-
ted from the experimental data. In Fig. 9 we show the results after
fitting Eq. (17) plus the NJOY calculations on the experimental data
of isostatically pressed, pitch coke and needle-coke graphite. The
fitted values are 38.5 ± 0.9 Å for isostatically pressed graphite,
32.3 ± 0.8 Å for pitch coke graphite and 18.8 ± 0.5 Å for needle-coke
graphite. The lack of agreement between the calculations and the
experimental data between the (10–10) and the (0002) Bragg
edges for the last two systems is due to the texture effects above
mentioned, that are not present for long wavelengths above the first
Bragg edge. For this reason the data were fitted only in that range
for pitch coke and needle-coke graphite, whereas the full wave-
length range was employed for the isostatically pressed graphite.
4. Conclusions

The total cross section of a series of polycrystalline graphite
samples was studied by transmission experiments. On the thermal
range the total cross section is dominated by the contribution of
the Bragg edges. For needle-coke and pitch coke graphites the cross
section depended on the sample orientation, in agreement with
previous works. On the other hand, the experimental cross section
of isostatically pressed graphite was isotropic, indicating negligible
crystallographic texture within the samples.



188 S. Petriw et al. / Journal of Nuclear Materials 396 (2010) 181–188
The experiments showed that the total cross section for sub-
thermal neutron energies is mainly due to small angle scattering
processes. The magnitude of this scattering depends on the type
of graphite, but is independent of the sample orientation, at least
for the three graphite types studied in this work.

We proposed a simple theoretical model that explains this
small angle scattering in terms of scattering due to small angle
scattering resulting from the graphite porosity. The model is based
on a combination of the Porod and Guinier regimes to represent a
set of spherical pores where the radius was a free parameter, that
was fitted on the experimental data. The resulting values of the
average pore sizes are within the pores sizes reported in the liter-
ature [16,23].
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