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Recent work has shown that very long wavelength neutrons (>614) are seattered isotropically
by point defects in a way that is accurately known from other measurements. Thus an absolute
determination of the concentration of defects is available if this scattering can be measured.,
Although the scattered intensities available are very low, it is possible to make a transmission

measurement and obtain the same data. Such experiments have been carried out on samples

irradiated in the Brookhaven reactor at about 50

°C. For an exposure of 1.1 X 1020 neutrons/cm?2

the fraction of displaced atoms in graphite was found to be 0.0263. This value is in excellent

agreement with that derived from Seitz’s theory;

the theoretical estimate being of lesser ac-

curacy because of uncertainties in exposure. The change in neutron transmission arising from

reactor irradiation anneals out upon heating the

a true irradiation effect was measured.

INTRODUCTION

Of obvious importance to those concerned
N N T L o S
with research on solids, is a kno

kind and number of defects contained in the

wledge of the

solid. We shall describe some work in which
@javeerﬁf)ldyea “the scattering of very
slow neutrons by radiation:ir}gv_lvl‘ggd pomnt
defects in graphite to give an absolute deter-
mination of the number of these defects. The

point, defects may be atoms at sites not on

the crystal lattice (interstitials), or vacant

lattice sites (Vacancjes).

THEORY

The scattering of slq)w, long wavelength
neutrons (approx. 8 A) by such defects
is simply described. The incident neutrons
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sample at high temperatures, showing that

are considered as a plane wave, and the
defects scatter isotropically. Thus the
neutrons scattered by m defects are de-
scribed by the radially symmetric wave

V=2 ace, M
£

ar is the neutron “scattering length”
for a carbon atom and is positive for in-
terstitials and negative for vacancies.
I;is the vector distance to the jth atom from

an arbitrary origin, and |s | = (4r sin 6)/)
(6 = scattering angle, A\ = neutron wave-
length).

The differential cross section ¢(6), which
corresponds to intensity in a diffraction
pattern, is given by the square of Eq. (1),

o0) = W* = Y ates e ()

IRy
where the primes distinguish between iden-
tical atoms. This expression is correct if it
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CROSS SECTION= 0y =4ma® = (20)°

F1g. 1. Ilustration of long wavelength neutron
cross section for point defect scattering.

is assumed that the defects are randomly
arranged and at a sufficient dlstance “from

'one ‘another that they “do not 1nteract while
scattermg “Upon performmg “the sum in

Eq. (2), only when j = j’ is there a non-zero
result, so that

o(6) = ma’

The cross section is obtained by integration
over all space, thus

3)

Since a_is_squared, _both vacancies (—a)
a.nd interstitials (—I—a) will catter s1m}larly

2 .
= 47rma’. ¥

Tn o_p_f,lcal scattering, “this is known as

Bablnets prmmple The cross section
per atom is
. = 4rma’ @)
‘TN

N = number of atoms per unit volume. The
fractional number of defects is f = m/N.
The value 41ra is called the bound atom
_cross_section o, and is readily obtained
from other measurements. Substituting
for m/N and 4ra® in Eq. (4), the concen-
tration of defects is

f = O'd/o'},.

Equation 3 suggests a geometrical de-
scription of the scattering as illustrated in
Fig. 1. A beam of neutrons appears to be
intercepted at each defect by an opaque
circular area of radius 2a. The cross section

o of Eq. 3 is merely the sum ‘of these cross.

lsectlonal areas, clearly a measure _of the
_absolute number of defects present
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EXPERIMENTAL CONSIDERATIONS

Figure 1 suggests also the type of experi-
ments which may be used to measure this
cross section. It would be most instructive
if the intensity scattered by the defects
could be measured directly. Unfortunately
the intensities available are so small that
they would be completely lost in the back-
ground intensity. The only practical tech-

_nique is to measure the attenuation of a

transmitted beam with the beam-specimen-.__
counter arrangement illustrated.

It is instructive to study the graphite
cross section over a wide wavelength range,
Fig. 2. At very short Wavelengths approxi-
mately .05 A to 1 A the cross section is
quite constant at a Value closely equal to the
bound atom cross section o, . Independent
measurements have tabulated this value'
for most elements. As the wavelength 'is
increased the cross section fluctuates greatly,
the neutron being diffracted coherently by
crystalline structure according to Bragg’s
law nA = 2d sin 6, with sin 9 always equal

to 1. At the point where the wavelength

N = 2dmax , 5)

dmax = largest interplanar spacing in the
crystal called the last cutoff, the cross
'sectlon drops to a low value beyond which
it increases proportional to the wavelength.

Here the major portion of the cross section
1s (capture cross section oa Jand inelastic

cross section ¢;, both proportional to the

wavelength. Other cross sections, repre-
sented by gais, which are wavelength
independent, occur from various nuclear
disorder scattering: isotopic content, spin,
ete. It is possible to select solids in_which
Ga, O and o4is are quite small 1elat1ve 1o
the cross_section for. defect.. scattering.
With such a situation sensitive measure-
ments of ¢, can be made at wavelengths
beyond the last cutoff.

1 Neutron Cross Sectons, AECU-2040, Depart-
ment of Commerce, Washington, D. C., May 15
1952.

-,
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Graphite has small inelastic and ahsorp-

dion_cross sections, which makes it quite
suitable for this experiment. Graphite was
expected also to retain enough radiation-
induced damage for a room temperature
measurement to be possible. Graphite
features low extraneous cross sections rela-
tive to the defect scattering cross section:

v o; + o, = 0.9 barns at 8 A,

Ogpin — 0, v
Gisotope — U, ¢
\
whereas \
\
\
oy = 4.7 barns. ),

Graphite has two undesirable features
for this experiment. The many minute pores
in graphite scatter neutrons consecutively
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Fig. 2. Cross section plot for polyerystalline

graphite. The bound atom cross section is obtained
from o, = 0;(A + 1)2/42; A = mass number.

T 1
ACCEPTANCE OF SMALL ANGLE SCATTERING
BY 2" DIA. COUNTER

80— (10 172" SPECIMEN,0.8" DIA. BEAM) —
w
5 70, o -
o
z
; 20 ]
§ 60— -

500 ] | 1

SF’ECIMENI TO COUNTER DlSi'ANCE (IN)

Fia. 3. Effect of small angle scattering by pores

on the intensity transmitted by graphite. At a

L-in. separation the diverted neutron beam begins
to miss the counter.
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Fra. 4. Very slow neutron beam obtained by
filtering. The spectrum at the left represents the
intensity available from a reactor. After passage
through a filter material, only neutrons of wave-
lengths longer than twice the largest lattice spacing
in the filter remain in the beam. The solid curve is
for graphite, the dashed curve for a material hav-
ing a last cutoff, A = 2dm.s, at a shorter wave-
length.

through small angles and make the trans-

mitted beam diverge considerably ‘dll.;i‘ﬁg

passage through .‘the long, 9-in. specimen

used. A g

measured _i

ssly incorrect cross section is.
some_of the small angle s

tered neutrons are not counted. From

Figure 3, it is seen that it was nécessary to
keep the counter within 1”7 of the specimen.
Another feature of graphite reduced con-
siderably the accuracy possible in the de-
termination. Upon irradiation the lattice
parameter of graphite increases and changes
the spectrum of transmitted neutrons in a
way which is not easily corrected for. This
will be made clear from the following.

The very slow neutrons were obtained
from the Brookhaven Laboratory reactor
by filtering—making use of the strong last
cutoff (Eq. 5) of a suitable material. The
high cross section at wavelengths lower than
the cutoff remove the shorter wavelength
neutrons by Bragg scattering, whereas
longer wavelengths pass through the filter
material almost unattenuated. Graphite,
with its last cutoff at 6.70 A is the best
filter in this wavelength region. In these
experiments the same piece of graphite was
used both as specimen and filter and re-
sulted in a most economic use of the low
intensity available. Figure 4 illustrates the
filtering process and indicates the relatively
low intensities available for these scattering
experiments.

It is clear now how a large lattice param-
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F1a. 5. Crystal spectrometer employed in these
studies. The monochromating crystal is a laminate
of mica sheets reflecting from the (001) cleavage
planes, thus X = 19.908 sin 8. The defining slit was
0.81 in x 0.81 in., the specimen approximately 2
inches x 2 inches x 10 inches. Six inches of Pb inthe
collimator provides y-ray and thermal neutron
attenuation. A portion of the beam transmitted by
the Pb is intercepted by a BF; counter to provide
monitoring of beam and background fluctuations.

eter change in-graphite would change-the
transmitted neutron spectrum. Hence the
transmitted intensity was plotted out on a
neutron spectrometer, Fig. 5, and a correc-
tion made graphically.

EXPERIMENTAL DATA

We obtained a piece of AGHT-CS
graphite which had been irradiated in the
BNL reactor by a total fast neutron flux of

ot = 1.1 X 10” neutrons/cm’,

during which time its temperature probably
did not reach 80°C. As this sample was not
available before irradiation, a standard
piece of graphite had to be chosen which
would represent the pre-irradiation state
of the graphite. A piece of the same grade
of graphite having closely the same density
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and length was selected from a number of
samples cut from various longer extruded
blocks. If the preferred orientation amongst
samples varied considerably it would be
impossible to decide upon a standard com-
parable in neutron filtering properties to
the irradiated specimen. Therefore the
neutron transmission of each sample as a

- -~ R

function of orientation

‘measurable vanatlon was foun
wﬁﬂgﬁre 6, neutron “transmission plots for
the standard and irradiated samples, illus-
trates the pronounced effect of irradiation
upon the transmitted neutron intensity.
The increase in lattice parameter was
allowe: amf‘(')w}wl;f‘cbnside‘ring only intensities
for _wavelengths greater than 7.30 A.
These intensities were obtained by planime-
tering the areas under the curves. Upon
annealing an irradiated sample at several
temperatures, a series of curves between
these extremes was obtained.

The cross section, for calculation of the
concentration of defects in the irradiated
sample (Eq. (4)), is related to the intensities
by the expressions

I = Iyexp —Ni(or + 0a + can) — mao,
= Ipexp —Nz(o; + 04 -+ Odis)-
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Fic. 6. Transmitted long wavelength neutron
intensity for unirradiated and irradiated graphite.
A representative portion of the data points is
shown to indicate the number and spread. The
intensities I, and I; were measured as the areas
under the curves to the right of the vertical line
at 7.30 A.
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TABLE I

Concentration of Defects Remaining after
Annealing Treatment

Annealing Treatment f
None......................~. 0.033 v
3hrsat 250°C. . .............. 0.021.
1hrat 500°C.................. 0.011v
1hrat900°C.................. 0.00 ~
1 hr at 2000°C................. 0.00 ~

I, = intensity transmitted by the irradi-
ated specimen, I, = intensity transmitted
by the standard specimen, I, = incident
intensity, and z = specimen thickness.
The ratio of intensities is

Id —mzoy
= = €

I,
or, since f = m/N,

Id . e—NIfO‘b

1_" y
from which,

_ln(Id/Is)

f = Nxcn,

(5)

e

Because the specimen acted also as a filter
Iy c could not be measured, but as Equation

5 shows comp@r.l_s_onvmth a_standard suf-_

ficed.
The data of Fig. 6 gives

7= 00526 ¥

Therefore,

Concentration of displaced atoms = f/2
= (.0263, or 2.63 %.

Another sample of irradiated graphite was
annealed at various temperatures giving
the results in Table I. An anneal at 2000°C
was expected to return the graphite to its
unirradiated state. Thus the zero value for
f after this anneal confirmed the choice as a
truly representative standard.
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DISCUSSION

It is possible to make a calculation ac-
cording to Seitz’s theory’ to predict the
number of atomic displacements. For the
nvt of the samples, one obtains

f/2 =0.021 0or 2.1%

in excellent agreement with the experimental
value. A lack of precise knowledge of
(nvt) places an aceuracy of about 50% on
this figure.

Such agreement does not insure the suc-
cess of all future experiments, however,
Because irradiation of a material generally
causes crystalline disorder, one might
expect the neutron scattering to be affected
by two other factors. Serious distortion of
the lattice by interstitials would change the
inelastic cross section o; and the apparent
value of g, . Aggregation of single defects

into pairs or larger groups would produce

1nterference effects in_the neutron scatter- »

ing. Each of these factors however, would
manifest themselves as a cross section
which was wavelength dependent. Within
the accuracy of the data obtamed over the
wavelength range 7.3 £-9.5 A no wave-
length dependence was found. Further,

‘the generallv uniform increase in__trans-

o S s

indicates the dlsappearance rather than
fﬁéﬁ_gg{e_g@f@lgnu .of defects. Experiments
with increased accuracy and better tem-
perature control during irradiation are
planned to investigate such effects further.
Thus we have found little reason not to
believe that the results actually represent
the number of vacancies and/or interstitials
produced by the irradiation of these samples
within an accuracy of, say, 20 %. The actual

experimental error is +9%.
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