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Measurement of the Intrinsic Thermal Expansion of Irradiation Defects
in Aluminum at Low Temperature

A first measurement of the intrinsic ther
produced by a low-temperature neutron irr
times larger than the coefficient of therma

In order to account for their self-diffusion ex-
periments under pressure at various tempera-
tures, Gilder and co-workers' ' suppose the ac-
tivated vacancy at high temperature to have an
intrinsic thermal expansion coefficient, P„=su„/
o„BT (v„ is the activation volume for self-diffu-
sion), much higher than that of the host crystal
(P,). The ratio P„/P, is about 15 in zinc and cad-
mium. The strong curvature in the Arrhenius
plot is then explained quite naturally. The tem-
perature dependence of vacancy-formation pa-
rameters such as energy, volume, etc. , has be-
come a matter of renewed theoretical interest. ' '
Audit and Gilder's calculation' predicts a ratio
P„/P, (P, =eve/v&BT) varying from 2.5 at 60 K to
4 at 890 K in aluminum and from 5 at 93 K to 8
at 296 K in sodium.

However, no direct measurement of the ther-
mal expansion of intrinsic point defects has ever
been reported. Only the thermal expansion of
solute atoms has been measured in some rare
cases. ' We present a first measurement of the
intrinsic thermal expansion of point defects (va-
cancies and interstitials) produced by neutron ir
radiation of aluminum at liquid-hydrogen temper-
ature.

We use a differential dilatometer described
elsewhere by Asty. ' As a function of tempera. -
ture, we measure the variation h6L of the dif-
ference in length 5L of a test sample made of
commercial aluminum (purity 99.99%).

The two samples are coaxial tubes of equal
length (50 mm) with three small "feet," defining
reference planes, at each end. The test sample
(inner tube) and the reference sample (outer tube)
each carry an optical flat with semireflecting
parallel planes. The image of the interference
fringes produced by the incident beam from a
He-Ne laser on the upper plane is recorded by
means of an optical assembly composed of a tele-
scope, a microscope, and a magnetoscope. The
length resolution is 0.01 p, m. During every meas
urement the temperature of both samples is sta-
bilized to within 0.01 K. For all experiments the

mal expansion coefficient of Frenkel defects
adiation in aluminum leads us to a value 12
l expansion for the pure metal.

following temperature program was run: 2-h
holding time for measurement alternating with
2-h temperature increases or decreases at a
rate of 2 K/h.

After machining, chemical polishing, and an-
nealing in a high vacuum furnace (4 h at 400'C
under 10 ' Torr) the sample was irradiated in
liquid hydrogen with fast neutrons (fluence 10"n/
cm', E &1 MeV) in the low-temperature irradia-
tion facility Vinka of the reactor Triton at Fon-
tenay-aux-Hoses described elsewhere. -' After
transfer in a cryostat, the sample was stored in
liquid nitrogen, where it disactivated for two
weeks. It was then mounted into the dilatometer
in cold condition: Its temperature, monitored
simultaneously, reached 160 K. After a slow
cooling down to 77 K, we observed a positive
slope (66L/AT), of the 5L vs L plot between 80
and 160 K [ Fig. 1(a)], which was confirmed by
a complete cycle (decrease in temperature down
to 80 K and second increase). When temperature
increased beyond 160 to 260 K the annealing of
the radiation-induced defects in the test sample
resulted in its contraction with respect to the
reference sample. Between 260 and 280 K, 5L
approached a constant value (Fig. 2). In order
to restore the initial state, we unmounted the
sample for a second anneal in the ultravacuum
furnace (4 h at 400'C, 10 ' Torr). The same
test sample was then remounted to run the refer-
ence experiment, which yielded a positive but
much weaker slope (65L/AT), [ Fig. 1(b)] and
showed no contraction phenomenon.

Unmounting and remounting the test sample
produces two independent values with a data
spread altogether comparable to those obtained
for two successive temperature cycles without
intermediate handling. Theref ore we assume the
slope (hbL/AT), in the reference experiment to
represent the null effect due to imperfections of
the apparatus.

After irradiation and mounting into the dila-
tometer at 160 K the sample contains Rn overall
concentration c of radiation defects in the meta-
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FIG. 1. Length difference 5L between test and refer-
ence sample vs temperature. (a) After irradiation at
20 K and mounting at 160 K. (b) Reference experiment
after annealing at 400'C. Triangles, first run (increase
in temperature); circles, second run (temperature de-
crease); stars, third run (temperature increase).

stable state at the end of the so-called stage II
of annealing, i.e., isolated vacancies plus small
interstitial clusters. " The effect of the defects
on the thermal expansion of the sample is small
compared to the total expansion due to pure
aluminum, about 0.8/0. The measurement tech-
nique enhances this small difference to produce
Fig. 1. From 160 to 260 K the annealing through
stage III resulted in a total relative contraction
of the test sample with respect to the reference
sample 65L„=—12 pm (Fig. 2). We verified
that another sample, which had been irradiated
to the same dose and then kept at room tempera-
ture, underwent no length change after each of
the two successive treatments (4 h at 460'C, 16
h at 460'C), by comparison with the reference
sample using a micrometer (reproducibility 1

pm).
Since both the length change b, 5L„due to anneal-

ing through stage III, and the difference between
the slopes in the two experiments (65L/b. T).
—(&5L/&T), are proportional to the mean forma. -
tion volume of the defects (v&), and the tempera-
ture derivative of this volume (Bvf/BT)~, respec-
tively, we can readily evaluate the intrinsic co-

FIG. 2. Length difference 5L between test and refer-
ence sample vs temperature up to 280 K, showing the
A»ealing through state III.

efficient p, =sz/v&sT. Indeed we can write L
=L,(1+cv& /3Q), where L,, is the length of the
test sample without defects (reference experi-
ment), L the length of the sample containing an
overall concentration c of radiation defects, and

Op the mean atomic volume.
The derivative is

d lnI, d lnLp cvg cv~ ' d lnv~ d lrQp
dT dT 3p Mp dT dT

Since

d Inv~ d lnL, P~ d lnQ,
dT ' dT 3 ' dT

we get

dL L~pa Locvg p~ cvg
( )dT 3 3Q, 3 3Q,

dL dL, cvz
dT dT 3QO

But cviL, /3Q, is just the length change due to the
defects i &5L„i, and (dL/dT -dL,/dT) is the dif-
ference between the slopes in our experiments,
(&5L/4T), —(65L/bT)» both explicitly measured.
Thus ~

I sl!L„I ( zT ), ( ET )
With (p,) =0 5&&10 ' ta.ken from the literature"
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and with I &~L„1=12+1 gm,

(65L/bT), = (0.79+ 0.11)x10 ' atm/K,

(g5L/gT), = (0.13 + 0.02) x 10 ' p m/K,

resulting from the irradiation and the reference
experiments, we find (pe/p, ) =12+ 4.

A second experiment has been done recently
with another test sample of zone defined alumi-
num. In this case two reference experiments
were run, one before irradiation, one after irra-
diation, both yielding the same result. It led to
Pe/Po =14, a value consistent with the previous
one.

In conclusion we have shown that in aluminum
defects such as isolated vancancies and small
interstitial clusters have an intrinsic thermal ex-
pansion larger by about one order of magnitude
than that of the matrix (Pe/P, =12+ 4).

We express our gratitude to the Centre d'Etudes
de Chimie Metallurgique, Vitry, which supplied
zone-refined aluminum and to H. M. Gilder for
several fruitful discussions.
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The purpose of the Letter is to point out the possibility of a new interference technique
in x-ray and y-ray optics—the simple idea of impedance-matched grazing-incidence films—and to discuss applications to pure nuclear coherent reflections, resonant filtering of
synchrotron radiation, and x-ray interferometry.

In x-ray optics, the small index-of-refraction
change (No = 1 N, = 1 —-2&it2nz ro = 1 —10 ', where
n is the atomic density, z is the atomic number,
and ro=e'jmc') on entering a medium of higher
electron density produces near total reflection of
x rays near grazing incidence on a flat surface,
with the critical angle being y, =(nX'zr, jn)~'.
For y& y„ there is a rapid dropoff in reflected
intensity with increasing y, and a rapid increase
in the penetration depth /~(p). For Fe", and
14.4-keV radiation, p, =3.8 mrad, and for p =3.0
mrad, then ~R~'= 0.9 and i~= 29 A, while at p
=4.5 mrad, then ~R~'=0.1 and i~=472 A.

For cp& y„where deep penetration occurs, it
should be possible to strongly suppress the x-ray
reflection with an impedance-matched quarter-
wave film, just as in optical coating of lenses,
That is, the mirror is coated with a film of prop-
er impedance such that the reflections at the
upper and lower interfaces are equal and with the
thickness chosen so the two waves emerge 180'
out of phase.

The quarter-wave —plate condition gives l s(y)
A.(q, ' —y, ') ' ', which is typically = 50-100 A.

0
A quarter-wave plate for 1-A radiation is only
possible because grazing incidence augments the
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