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_ ABSTRACT

X-ray diffuse scattering has bee
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scattering formalism 1s reviewed am
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to 40, 275, and 300°C. Size distrib
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discussed 1n terms of loop dissolut

- INTRODUCTION

At ambient temperatures, defect
tural damage resulting from energeti
Depending on the nature of the 1rrad
configurations can vary from randoml
pairs as produced by electron Irradi
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Our understanding is Incomplete
collapse and vacancies and interstit
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of the clusters and the tedious natu
such as transmission electron micros
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and are capable of providing detaile
scattering models are available [4,5
fuse x-ray scattering measurements o
interstitial loops In Ni-1on Irradia
thermal evolution of these loops dur
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The f i rs t term 1n Eq. (2) 1s the dire
comprising the dislocation loop and tl
sents the diffuse scattering caused b;
rounding atoms from the regular l a t t i
called Huang scattering term, where
ment f i e ld . K'*(cf) can be evaluated
transformed Green's function and the
summation converges rapidly in r s1nc»
retained. + + +

At small q ( q « l / R ) , K«S(q) domin

A(K)(

• where b is the Burgers vector of the
1 larger q (q>l/R) the scattering inten
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i a l , and A(K) 1s the scattering
:luster. For the case of dislocation
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t scattering from the atoms at rj
e second sum over the lattice repre-
the displacements Sj of the sur-

y.e position fj. K;S(qO 1s the so-
S(q") is the Fourier transformed displace
n closed form using the Fourier
Jouble force tensor, and the second
only higher order terms in Sj are

tes the scattering so that [4,5,7]
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oop and R is the loop radius. At
i ty fal ls off roughly as [7,8]
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and is referred to as "asymptotic" or
scattering arises from local Bragg-
distorted region in the immediate
compressed region above and below an
diffuse scattering at positive q and
at negative q as a result of lattice
missing plane. The average fall off
the scattering from these regions
causing a peak in the scattering.

of

in a plot of intensity x q"» versus q
These qualitative arguments can

shows numerical calculations at the
dislocation loops on {111} planes in
tering for 1, 2, and 4 nm interstitial
the scattering from vacancy loops of

Stokes-Wilson" scattering. This
lice scattering from the strongly
vicinity of the loops. Therefore, the

interstitial loop gives rise to
vacancy loops give rise to scattering
relaxation into the volume of the
the intensity tends to be ~lq**, so

modjulates the fa 11 off rather than actual!
However, a peak does appear at q bh/4R

e seen quantitatively in Fig. 1, which
(222) reflection for faulted <111>
copper. The solid lines depict scat-

loops and the dashed lines represent
these sizes.
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The. Important aspects of these results are the well^deffned peaks In
the Intensities that appear at q values
the fact that the vacancy loops scatter
reciprocal lattice point and Intensti
side. These properties make it possi>le
size distributions for vacancy and 1n
measured diffuse scattering data with
centratIons as a function of R as fit

The experimentally measured inteisity
for a nonhomogeneous defect distribution

Inversely proportional to R, and
»r on the negative q side of the
:1al loops scatter on the positive q

to determine concentrations and
:erst1t1al loops separately by fitting
such calculations treating the con-
Ling parameters.

1n symmetric scattering geometry
1s given by

sine
r -0

1 dn An

where Io 1s the Incident beam power,
fident, q(t) 1s the concentration
angle subtended by the detector, t
the loop concentration at some
at the surface). If the size
assumed constant and the relative
known (I.e. from the damage energy
this expression.

1
reference
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u0 1s the linear absorption coef-
loops of radius Rj, and &a 1s the so
the depth 1n the crystal, cj 1s

point of particular Interest (say
distribution as a function of depth can be

of the concentration profile Is
prjofile), q(t) can be determined using

EXPERIMENT AND RESULTS

In this work, copper crystals were irradiated with a primary beam of
17.4 MeV Ni-1ons that were selectively degraded in energy such that (in
terms of damage energy) a uniformly damaged layer (110 eV/A) 2.4 yn thick
was produced. The Irradiations were carried out at 4 K and the specimens
warmed to room temperature before insur ing. The x-ray diffuse scattering
measurements were made at 10 K (to reduce the thermal background scat-
tering) using a 12 KW CuKa rotating anode generator and a linear position
sensitive detector. Measurements were made along the [111] direction at
the (222) Bragg reflection; data werê  collected on an unirradiated portion
of the sample as well as the irradiated portion 1n order to make correc-
tions for the Compton and thermal background scattering. Thirty-minute
thermal anneals were carried out at 40, 275 and 300°C in a vacuum of 2 «
10-6 torr .

Figure 2 shows diffuse scattering measurements made after annealing of
the irradiated copper at temperatures of 40, 275, and 300°C. In these
measurements q was oriented along the1 [111] direction and the q's are
referenced to the (222) reciprocal latt ice point. The data in Fig. 2 have
been scaled by q** for correlation with the calculations shown in Fig. 1 .
Apparently both vacancy and interst i t ia l loops are present in the sample as
there exists nearly equal scattering Intensity for positive and negative q.
The shape of the scattering is somewhat different on the two sides as the
maxima 1n the Intensities are at differing q-values and tend to occur at
lower q's after the higher temperature anneals. The solid lines in Fig. 2
represent least-squares f i t t ing of the measured data using Eq. (5) as
weighted by q1*. Scattering calculations for both vacancy and Interst i t ia l
loops of radii 1.0, 1.5, 2.0, 3.0, arid 4.0 ran were used in the f i t t ing pro-
cedure. The result1ng'htoopiscow:entrattOTsg>fMr»ethbeen plotted in Figs. 3 ano
4 where the loop concentrations sre distributed over ±0.5 nm so that the
areas of the graphs provide the total loop concentrations.
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Separate size distributions are
loops in addition to the combined si:
scale for the combined distribution.
loops have smaller average sizes, although both the vacancy and intersti-
tial loop distributions coarsen in s

percentage of the point defects that
is shown as well. Since equal numbei

F1g. 2. X-ray diffuse scattering
from N1-1on Irradiated copper after
anneals to 40, 275, and 300°C. The
data are scaled by qh.

shown for the vacancy and Interstitial
e distribution; note the change 1n
At all three temperatures the vacancy

ze during the annealing steps. Table
I Indicates the number of point defects in the loop distributions and the

were incorporated in each type of loop
s of vacancies and 1nterst1t1als are

created by the irradiation, a ratio pf 50/50 would be expected, assuming
all of the point defects are clustered into loops.

Anneal

40°C

275

300

4

2

1

NPD _j

.1 x 10

.4

.9

i9 cm-3

NII*J/NVW

49/51

45/55

48/52

tering in determining size distribut

Table I. Total number of point defects, Npp, and the relative percentage
of vacancy and interstitials in the dislocation loop distributions.

DISCUSSION

The results presented here demonstrate the use of x-ray diffuse scat-
ons for vacancy and interst i t ia l

loops. The clear separation of the vacancy loop scattering from the
interst i t ia l loop scattering shown in Fig. 1 makes this unambiguous separa
tion of the size distributions possible. The 1nverse-R dependence of the
positions of the peaks in the intens
particularly good resolution of the small loops; note the large shift bet-
ween the R * l n m a n d R » 2 n m peak positions. The calculations required
to generate the scattering cross sec
cement fields can be calculated numerically using anisotropic elasticity

the scattering cross-sections have[9] and the techniques for evaluatin
been di scussed [4 ,5 ] . Th hnes lhe „,

ho comparison is made between size-elmr

ties (as plotted in Fig. 1) leads to

Ions are not t r i v i a l , but the displa-

the x-ray scattering results generat
comparison has been made for 60-MeV
results showed good agreement in bot

»d 1n this work. However, a direct
1-1on Irradiated copper [ 6 ] . Those

i the size distribution and the absolui
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Fig. 3. Vacancy and interstitial lo|)p size distribution for Ni-1on
irradiated copper after 40°C anneal.
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magnitude of the loop concentrations
diffuse scattering method Identified
smaller sizes than were reported 1n :he TEM observations. In as much as
the smaller sized loops were Identif

at the larger sizes, but the x-ray
significantly more loops at the

ed to be predominantly vacancy type
(as found here 1n F1gs. 3 and 4, as well) 1t was concluded that TEM was no
Identifying all of the smaller vacancy loops In the presence of the other
loops in the sample. This conclusion 1s supported by the fact that in a
number of cases, TEM observations [10,11] have not identified as many
vacancies as 1nterst1t1als Incorporated 1n the loop distributions. Since
TEM can Image loops down to 1 nm diaijteter [12], the Implication 1s that In
routine imaging of thick samples, the smallest loops in the Interior of th
material may not always be identified. The size distributions of
Stathopoulos [13] for neutron and ion irradiated copper indeed show the
vacancy loop size distribution peaking at ~1 nm radius, as suggested by th
x-ray measurements both here and in -eference [6],

The annealing results shown here are not complete enough to make a
detailed quantitative analysis of thi> dislocation loop evolution; however,
they indicate that vacancy loops annual by preferential loss of the smalle
loops and that the number of large 1i)terstit1al loops tends to Increase
during annealing. These observations are qualitatively consistent with
dislocation line-tension driven shrinkage of the vacancy loops (which has
the largest effect on the smallest lbops) and a combination of vacancy-
Interstitial recombination at interstitial loops together with Interstitia
loop coalescence as a result of glide and climb by the smaller loops. The
coalescence of two small loops decreases the number of smaller loops while
increasing the number of larger loops.

i

CONCLUSIONS I

X-ray diffuse scattering has been demonstrated capable of providing
detai led information on dislocation (loop d is t r ibut ions . The usefulness of
the x-ray technique for annealing studies of i r rad ia t ion damage l ies in i t
nondestructive nature and the inherehtly good s t a t i s t i c a l sampling of the
defects. The x-ray and TEM techniques are complementary in nature and by
cross-correlat ion of the results generated by the two methods additional
information on defect distr ibut ions jean be obtained.
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