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THE EFFECT OF POINT DEFECTS 'IN COPPER
' . ON THE :
~4p _ ANOMALOUS TRANSMISSION OF X-RAYS

Lewis Selig Edelheit, Ph.D.
Department of Physics
University of Illinois, 1970

.. Anomalous X-ray transmission (Borrmann) measurements were made
at 4.2 K on nearly perfect copper single crystals before and after irra-
diation at 20 K with 3 MeV electrons (total integrated flux 0.87 X 1018

2, . , . .
electrons/cm-). The intensity in the diffracted direction was measured

for the (111), (222), (333), and (220) reflecting pianes° The measured

. intensity changes were 1.15 4+ .4%, 4.52 + .6%, 8.90 + .8%, and 4.06 + .8%
(i~
\'dj'

respectively. A comparison of the observed intensity changes with theo-
reﬁical predictions, assuming that the damage consists of isolated inter-
stitials and vacancies, and using previously calculated displacements
associated with these defects, indicates that the interstitial is not :in
the split (100) configuration,‘ Possible configurations are the body
centered interstitial or the split (11l) interstitial.

| Measurements after‘annealing at 80°K and 300°K were madeo

The measurements -indicated that defect clusters were formed wheﬁ the -
irradiated crystal was heated to 80°K, and some clusters remained after

annealing at room temperature.
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I. INTRODUCTION

Dynamical diffraction of X-rays is a powerful tool for
investigating defects in nearly perfect crystals. Dislocations and

large defect clusters can be photographed directly by means of X-ray

" transmission topography. Smaller defects can be investigated by inte-

grated intensity measurements of anomalously transmitted. X-rays

1/

(Borrmann effect). The clustering of oxygen in dislocation-free silicon~

can reduce the anomalous :X-ray transmission by two orders of magnitude.

Efimov et al.g/

3 . . . -
and.Maruyama—/ have investigated the effects of impurities
and vacancies in germanium on Borrmann intensities. Defect clusters pro-

duced in germanium and silicon by fast neutron bombardment atténuate the

6/

anomalously transmitted intensity.éié/ In copper, Baldwin et al.—

found
that changes in Borrmann intensities of several orders of magni tude

. s , 19, 2
resulted from irradiation with 4 X 10""/cm™ fast neutrons. Recently,
Battermanl/ has determined the position occupied by impurity atoms :in a
silicon lattice by measuring the X-ray fluorescence of the impﬁrity

during a dynamical diffraction process.

The present experiment was undertaken to determine the geometri-

~cal nature of a copper interstitial in a copper lattice. The previous

measurements made in order to study single interstitials in copper have

primarily been low temperature measurements of resistivity and stored

8/

energy.—' These determine the existence of the defect, but do not give

much information ‘about the microscopic configuration of the interstitial.

9-14/

Several models of this configuration have been proposed. In these

models the point atoms interact with two body forces. A computer



calculation then minimizes the energy associated with the various con-
figurations. In the models, the coordinates of the atoms near the
defect are considered explicitly, while the remainder of the crystal is
treated as an elastic continuum which is appropriately joined to the
discrete atomic arrangement -used near the interstitial. The various
calculations agree in that the split (100) interstitial has the smallest
formaﬁion energy and is, therefore, the most stable. Some of the cal-
culations, however, indicate that the formation energies of four or five
contending cohfigurations lie>within 107 of the split (100) value., The
variations iﬁ the calculated energies can be that large, depending upon

the form and hardness of the interatomic potential chosen and the number

of atoms which are treated as individual particles in the calculations.

Furthermore, the calculations do not take into account the electron
redistribution in a very realistic manner. 1In adaition, any possible
influence of d electron redistribution is neglected in all calculations.

AnomalouStX-ray transmitted intensity is very sensitive.to the
position of an atom in the unit cell, and thus can be -used to experi-
mentally determine the configuration of the interstitial and its sur-
rounding atoms. In addition, contrary to electrical resistivity
measurements, anomalous transmission is very sensitive to the ciustering
of interstitials and thus can yieid much - information concerning the

annealing processes in copper.



IT. DESCRIPTION OF WAVE FIELDS

Anomalous transmission of X-rays was first observed by
Borrmann,lé/ who noted that the apparent absorption coefficient of
X-rays in crystals is greatly reduced for X-rays incident at the Bragg
anglé. The theory of the diffraction of X-rays through thick, absorbing,

lé*lz/ The con-

perfect crystals has been reviewed by several authors.
figuration ié ghown in Figure 1. A plane wave is incident on the
crystal at the Bragg angle, GB,vas shown. The "two beam'' case is
assumed where the only other wave excited in the crystal is in a single
diffracted direction. The total electric'field inside the crystal is

then the sum of the two coherent plane waves:

i(wt - K -1) i(wt - K1)
~0 ~ ~H ~
E(g,t) = Eo e + EH e s (L)

where'Eo and EH are the electric field vectors of the incident and dif-

fracted waves respectively, and Eo and KH.are'the incident and diffracted

wave vectors. The wave vectors satisfy the Bragg condition Eo - KH = h,

where h is the reciprocal lattice vector for the diffracting planes in

question:
4T _
h = - sin GB R ‘ (2)
where
hi + kj + 1z

/% k% 4 1?
is the unit normal to the (hkl) planes.

These two waves add together to form a traveling wave moving

in the direction of the bisector of the angle ‘between Eo and KH (i.e.



Figure 1.

Geometry of the beams when anomalous
transmission is occuring. When the beam
emerges from the back face, it splits

.into two beams, one in the forward direcs=.

tion, and one in the diffracted direction.
The energy in the beam flows along the
atomic planes in the crystal.

¢
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in a direction parallel to the diffracting planes) and a standing wave at

right angles to this direction.

 The time averaged field intensity,.3EE* is

3lE|% = 415, 1% + g |® + 28 Bgeos )] (@)
in anomalous transmigsion-lgol = lgﬁl and the intensity becomes
-%‘E\Z = |EO|Z(ITPCOS(E-£) . - (5)

where E5°§H = P‘Eo\z , and where P = 1 if the incident electric field is
polarized perpendicular to the incident direction (G polarization) and

P = cosZ@B_if the field is polarized in the plane of incidence (T polari-
zation). For both states of polarization, the Poynting's vector E X H*
gives an average energy flow along the atomic planes. The (f) sign takes
into account the two cases in which the two plane waves have relative
phases of zero or ‘1. The branch with the minus sign is called the «
brahch;_the branch with the plus sign is the B8 brancﬁ.

The expression for the field intensity shows why anomalous
transmission can occur. The photoelectric absorption.of an atom.is pro-
portional to the electric field intensity at the atom. If the nodal
plénes of the electric field'(Q-E = 2nT) are coincident with . the atoms
which make up the diffracting planes, much smaller than normal absorp-
tion takes place° Figpre‘Z is ‘a schematic representation of the distri-
bution of electric field inténsity for the four cases described by (5).
It is apparent that only‘thé O polarization of the & branch has nodal

planes at the atomic sites. 1In a thick crystal this is the -only beam



Figure 2. Possible configuration of the standing
wave patterns assuming that the nodes
of the @ pattern, & polarization, co-
incide with the atomic planes, (a) «
branch, ¢ polarization (b). B branch,
¢ polarization (c) & branch 1T state

: (d) B branch, T state.
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which emerges from the back face of the crystal, and, therefore, we need

only consider the case:

2 2 2 2 :
3lEl” = [E_|“(-cos(h-r)) = |E_[*[1-cos G2H) T , (6)
~ ~O ~ o~ ~0 d
hkl
where n is the order of reflection, dhkl is the distance between the

crystal planes, and y is a coordinate perpendicular to the crystal planes

(y = 0.1is at a particulér crystal plane, y = d at the next plane, etc.).

hkl
We now consider the effect of photoelectric absorption. For
X-rays incident on a crystal at an .angle, 6, not satisfying Bragg's law,

the intensity emerging from a crystal of thickness t is given by:

Uot
I(t) =1 exp- -5, (7)

where My =‘coNo ié the linear absorption coefficient, CO is the photo-
electric cross section, and No is the number of atoms per unit volume.
It is assumed that the only important absorbing brocess is photoelectric
absorption. For the crystais used in the case of anomalous transmission,

g, must be replaced bylé%

g* = co(l-eh) , (8)
where
£H (e )
“hkl B .
% e )
o B ‘

is the ratio of the imaginary part of the scattering amplitude in the

(hkl) direction to that of the ‘imaginary part of the forward scattering
18-20/

amplitude. It has been shown that

€ =€ e | o  (9a)
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where th =1 and M is the Debye-Waller factor. At 4_2°K, e-M = 1, and

thus 0% = 0. Therefore, the absorption coefficient is very small as
expected. Gh has been determined experimentally for several materials

0/

and wavelengths. Also, Wagenfeldg— has ‘made .quantum~mechanical calcula-
tions of the value of € .
oh

We give here a semiquantitative argument to show the effect of

. displaced atoms on the anomalous transmission. The geometry is shown in

Figure 3. Let Eo-be the position of the center of an atom from the origin.

Let r be the position of a volume element dv of the -atom, and r, be the

distance from the center of the atom to the volume element. Assume that

G(Ea)dv is the contribution to the average --photoelectric absorption by

the volume element dv, i.e.

o, = j o(x,)av . (10)
v .
Since @* is proportional to the intensity |E|2, we have that the cross

section of the atom at r, is given by

ox(r ) =k [ [EI* o ydv | an
A\

where K is a proportionality constant. We assume that the absorption

- S . 2
from the atom at r, does not distort the shape of the intensity IE|“.
This is a good assumption for all atoms and clusters whose dimensions

are much smaller than an extinction length (& 1 micron). Thus:

o*(x) = K.[ (1-cos(h-1))0(r,)dv

L]

K. (-coslh (zx +r ) Do )dv . (12)
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Figure 3.

Geometry used to calculate the
absorption.of an atom in a standing
wave -pattern. As can be seen, the
absorption by the atom depends greatly
on the order of reflection.
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We expand the cosine function noting that if C(ra) =VG(-ra), the term con-~

taining sin(h-£o) vanishes and we get

Ko, - k cos(hr)) [ cos(hr )o(r )dv

G*(Eo) =
cos(h-f ) »
= ko [(1 - G J cos(arz e vl (13)

The average of G(Eo) over all positions in the field gives the
"average cross section and, therefore, K = 1. We also note that if’h-r;0 =

2nt, i.e. the dtom is at a lattice site:

I cos(h-r )Y&(xr )dv
ox(0) = 6 (1 - ~oa  nd ). ' (14)

h c
o

Thus . if we compare this equation with Eq. (8), we see that for this
calculation,
J cos(her otz av |
§ = ¢ (1)

(o}

|

\

|

- is related to the weighted distribution of absorbing power within the
atom. We now have that the effective cross section for absorption of an

atom at r, is given by
Gﬁ({o) = co(l --Eh 003(2755)) . (16)

If an atom .at a lattice site is displaced from a lattice site to a posi-

tion r, in the unit cell the change in the effeétiye cross section is

bog(z)

Gd[l - Ehgos(h-go)] - 66[1 —'Ehcos(Znﬂ)]

!

]

Goéh(l - cos(EjEO)) . (17)
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To get the net change in the anomalous transmission due to an
interstitial-vacancy pair, we must also consider the atoms around the
interstitial and vacancy which are displaced fromvtheir lattice sites.
If we assume that the interstitials are randpmly distriﬁuted in thev

lattice, and that the displacement of a lattice atom is due to a single

interstitial we obtain

Acﬁ net oeh ZE:(I B COS(E.on)) (18)

where the sum is over all atoms that have been displaced by a single
interstitial-vacancy pair (including the .interstitial atom itself). We

now have an additional absorption coefficient

* = Ag ¥
K Gh net Ni ? (19)
| . Ni
where Ni is the number of interstitials per unit volume. I£ Ci‘= ﬁ—
: ' o
is the concentration of interstitials, we have
=-uo€hCi E: (1 - cos(E-on)) . : (20)

The fractional attenuation of the transmitted intensity due to these

defects is

AT =Rtk
5= (e [ - 1)
bt
?'cos 9 EhC (1 - COS(R.on)) _ - (2L1)
where t* = 235—6_ is the effective th{ckness of the crystal at the Bragg
B

angle. The expansion is good for small concentrations of interstitials. -
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It is apparent that anomalous transmission is sensitive to the

displacements r ,. If we consider the expression cos(h.r )= cos(ggﬂz),
~0] ~ ~0j dhkl

we see that for an atom halfway between the planes (1 - cos(%gﬂy)) equals
hkl

two for the first order reflection (n = 1), and zero for the .second order

reflection (n = 2). This is shown in Figure 3. Thus for a ‘''body cen- .:

tered" interstitial the absorption in the first order ‘is much larger than

in the second order.

In goldgl/

and silver,gg/ Shimomura has shown that after elec-
tron irradiatién at 130°K one sees interstitial loops bf'électron
microscopy done below Stage .IIT. He finds that the clusteré become
smaller as onevanneals through Stage III; Recently, Scheidler and Roth23/
have -shown by electron microécopy that clusters exist at 300°K in copper
irradiated at lSoK. This suggests that one should examine the effect of
'clustéring-on the absorption. If we assume a concentration Cl-of,inde-

pendent clusters whose size is small compared to an extinction length,

\
the previous arguments are the same and give

AT
I 1.= s 9 EhC ji}l - cos(h: T 3 ))v. (22)

This problem has been treated by Dederlchs——4—é/ and by Young,
Baldwin, and Dederichsséé! Shimomura's work .suggests that the clusters
are in the form\of dislocation loops. From continuum theory, the dis-
placement field for an isotropic elastic 'solid in the asymptotic region

is given by

2

b R
K — O ]."2\) (o} o - . 3 (o) 2 .
rojl(r) = ———81:,2 1o, (@b Qg e)-e)+7-, eb-e) (23)
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o

r . :
with E? = T_T_ , € = T%T , and v is Poisson's ratio (£ 1/3 for copper).

e

o

L~

2
ﬂRo .is the surface area of the loop, b is the Burgers vector (perpen-

dicular to the loop plane), and the volume of the loop.is

% .

v
EM - d .. (24)

In order to evaluate the ekpression

- ~ mdr _ . ,
> a- cos -z, 1)) ¥ | v coslhor ) (x)]] (25)
J '
a> 25,26/
(VC = Z—-is the volume of the unit cell), one can show=——=' that if we

replace £0j1(£) by the asymptotic expression, the value of the sum is

approximately given by
3

R. 3/2
. . o0 (hb) '
E: (1 - cos(h onl)) v P (26)
| o
and, therefore,
bt € CR 3 (bhy3/2
= =X = . (27)

I _2Vc cos-eB

This :is 'a much larger change than an equivalent number of randomly dis-
tributed point defects. If the concentration of interstitials .is Ci and

if the clusters are loops on the (111) planes, than the number of atoms

in the cluster ‘is

n, = 4TR 2

1 ‘o.)\/

- Q .
where a = 3.61 A in copper. ‘We then have

I-l-\

2e = 7024 2 (28)
a a :

Wi |
w
N




A 3 |
T < C.R ~ = C;R - (30)

Therefore, for a given number of interstitial atoms, the change in inten-
sity is proportional to the radius of the clusters.into which the inter-

stitials are formed.

24-26/

Dederichs treats the ‘entire problem of the effect of

point defects on anomalous transmission by considering the scattering to

be from an effective optical potential. .He develops a generalized Debye-
Waller function.including the displacements due to defécts as well as due
to thermal vibrations.

This treatment leads to the same result as in Eq. (21). He also
considers the effect of diffuse scéftering by defects in which the
scattered X-ray does not satisfy Bragg's condition and is, therefore,
absorbed by the crystal. The diffuse scattering is wavelength dependent

25/

and is very sensitive to the clustering of defects. He finds=" that for
MoKe X-rays this is a small effect if the clusters present in election

irradiated copper are not too large. Therefore, the diffuse scattering

will not be considered in our calculations.



nique.—/™

IIT. EXPERIMENTAL PROCEDURE

A. Sample Preparation

Single crystals of 99.999+% copper were prepared for Borrmann
X-ray studies by Dr. F. W. Young, Jr., at the QOak Ridge National Labora-
tory. This preparation has been described previously.gz/ Al X .
1 X.2 cm parallelopiped was cut from the crystal by an acid saw tech-

28/

This crystal was annealed at 1075°C for about two weeks to
eliminate dislocations. The crystal was then irradiated with 1017 nvt
fast neutrons at a temperature below 100°C in order to pin the remaining
dislocations and thus minimize damage due to handling, ‘It'hgs been

29/

shown=" that the effect on the ‘anomalous transmission due to this.irra-
diation is small and it is assumed that the effect remains a constant
during the experiment. After irradiation, the crystal was sliced .into
1 X1 X t cm pieces (t between .025 and .205). For our experiment two
adjacent slices were chosen. The two crystals had (110) faces to within-

0.5°. They were polished and electropolishedg§/

to eliminate surface
damage.
The thickness of the crystals was determined by absolute inte-

grated intensity measurements, and also by the relative intensities of

various orders of reflection. The crystal to be irradiated had a thick-

| ness of 0.9 + 0.1 mm while the other crystal was 0.8 + 0.1 mm thick.

Due to the polishing process, the crystal faces were slightly convex.
Thus, the crystal was thicker at the center than near the faces. This
?

variation in thickness with position had two effects. First, since we

were interested in the change in X-ray intensity due to irradiation, any
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change in intensity due to thickness variations had to be minimized. 1In
addition, it can be shownég*gl/ that the change in intensity due -to slowly
varying strains .introduced into the crystal depends on the angle that the
diffracting planes make with the surface of the crystal, which in turn
partly depends on the curvature of the surface.

X-ray topographs were taken and are shown 'in Figure 4. There
are a few dislocations in ﬁhe corners of the crystals, but there-are none
in the central region where the intensity measurements were made.

Although the presence of neutron irradiation damage permitted

handling of the crystals, Hunter{;g/ Penning and Polder,ég*il/

‘and others
have shown that strains,of very small magnitude can be detected by anoma-
lous transmission. - Since the measurements were made at very, low fem-
peratures, mechanical strains due to differential thermal contractions
could have reduced ﬁhe diffracted. X-ray intensity drastically if the .
crystals were rigidly supported. Thus the crystals were placed in a copper
holder as shown in Figures 6 ana 7. Theré was approximately .005"
clearance on all sides, and thus the only external force on the crystals

was due to gravity. Thin (.005") Be-Cu strips prevented the crystals

from félling‘out of the mount.

B. Cryostat

Single crystal.X;ray diffractoﬁeters—usually ﬁave a fixed X-ray
tube and beam collimator and require a two circle goniémeter to orient
the cryostatISpecimen. This requirement is éccentuated when the crystal
must be kept at low temperatures. In a cryostat designed to cool a

single crystal to very low témperatures, the entire goniometer may be



-20.

Figure 4. MoKwo X-ray topograph of the two
‘ copper crystals used in the experi-
ment. The reflecting planes are (111).
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located within the cryostat, of the -entire cryostat may be placed upon a
large goniometer. The main advantages of the former approach are that
small -and easily constructed goniometers are suitable, and that the cryo-
stat permanently retains its original posifion. .The-disaanntages-are
that manipulation of the goniometer must be by remote control, making
precise orientation difficult; fhat the control rods must pass through the
liquid helium chamber or vacuum chamber, with increased consumption of
liquid helium; and also that the low temperéturevof the gdniometer may
reéult in faulty operation. In the-second.approach; the advantages are
intact vacuum and liquid helium éhambers and ample preci§ion in orienta-

tion. The main disadvantage is that tilting the .cryostat through large

angles may cause sufficient internal movement to result in loss of thermal

insulation. One possible-épproach is to construct the X-ray system,
iﬁcluding the X-ray tube, on a massive 2 or:3 circle goniometer.éé/

In the experiment described here, one circle of the goniometer
is located inside the cryostat, and the cryostat, in turn, is placed upon -
the other circle of the goniometer. This eliminates many of the dis-
advantages of the two systems.

The basic liquid helium cryostat, Figure 5, is a 5 liter dewar
purchased from the :Superior Air Products Company, Newark, New Jersey.

A rigid support for the tail of the liquid helium reservoir was achieved
by the use of two concentric nylon cylinders which provide thermal

insulation as well as physicalvsupport, The entire rigid tail .assembly,

including the liquid nitrogen shield, was supported by a .010" thick

stainless steel cylinder. The X-ray windows, epoxied to the outer can,
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.-Figure 5.

Helium cryostat: a) dewar mounting
flange; b) 12 liter capacity liquid
nitrogen reservoir; c) 5 liter liquid
helium reservoir; d) external control
of bead chain in order to adjust ¢
rotation; e) 7 liter liquid nitrogen
reservoir surrounding the tail section
of the helium reservoir; f) .010"
stainless ‘steel cylinder supporting
rigid tail section; g) 2 concentric
nylon cylinders for mechanical .support
and thermal insulation of rigid tail;
h) external chamber wall (not in
section); j) valve opening to

van de Graaff when irradiating; k)
.002" aluminum coated Mylar X-ray

~windows.
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were .002" aluminum coated mylar windows donated by the .Standard Packaging
Company. -Each window was 1-1/8" high and subtended an -dngle of 120°. The
windows could suppor# one atmosphere of pressure, however, the X-ray
attenuation was negligible. |

The outer can could be rotated on a ball bearing allowing the
vacuum valve, which can be fastened to the van de Graaff generator, to
be positioned in front of the samples.

The irradiation windows on the specimen chamber, Figure 6, were ~
.OOlSﬁ Alcoa 2024-F "Duraluminium'" windows. Mylar is daﬁaged by electron
irradiation and thus could not be used. -These windows cpuld also sup-
port one atmosphere of pressure. They were also 1-1/8" high and sub-
tended 120°.

The samples '‘were .cooled by helium gas. Liquid helium flowed
into the chamber by means of a tube from the reservoir. The rate of
helium flow could be adjusted by a valve similar to that designed by

34/

Whitehouses—' et al. The helium exchange gas was :cooled by copper fins

attached to this tube. A 3/16" thick copper shield allowed the upper
crystalvto be irradiated but protected the lower crystal from electrons.
-The -shield could be lowered to clear ‘access to the lower crystal for the
‘X-ray measurements. The sample could be heated by means of a 200Q insu-
lated wire wrapped around the sample chamber.

One:circle of the goniometer was éntirely within the cryostat.
The -sample -mount ‘was -attached to a worm wheel. The worm wheel was, in

turn, attached to a bearing (Figure 7) which allowed the crystal to

rotate freely. 'The worm wheel was turned by a worm gear, which was ’



chamber: a) copper crystals to be

measured; b) 3" brass aperture for

electron beam; c) valve to van-dé&

Graaff; d) ball bearing race to

rotate outer chamber; e) .010"™ wall

.inconel tubes conducting liquid

helium to sample chamber; f) liquid

nitrogen temperature radiation shield;

g) 3/32" diameter stainless steel

bead chain wrapped around a sprocket;

h) worm gear; i) Barden SFR1-4R

Bearing (only one -shown); j) ''Xactglo"

heating element to vary sample tem-

perature; k) worm wheel for & rotation;

1) cut outs in sample mount used to ' -
| . locate the crystal position; m) copper
| ' posts ‘used to align the electron beam

with respect to the -sample; n) 3/16"

copper shield which can be raised

- from above to shield the lower copper
crystal from electron irradiation;

o) copper fins used to cool helium

exchange gas.
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' Figure 6. .Sectional view of the .specimen
|
|
|
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Figure 7.

-Rotating sample holder: a) copper

crystals which are free to move  in
the mount; b) 1/16" thick copper
mount; c) .005" Be-Cu strip to

prevent -sample from falling out;

d) worm wheel which is turned by
the worm gear (e); f) inner bearing

clamp; g) Miniature Precision

Bearing Company -3TK1 bearing with

-stainless steel race -and balls with

teflon spacer slugs; h) outer bearing
clamp.
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turned by a stainless steel bead chain from above. The ténsion in the
bead chain co%ld be adjusted by a spring pulley (not-shéwnj at the top
of the cryostat. -In this way, the sample could be'rotated:360°, about
the normal to the crystal face. This angle will be refeérred to as @.
The thermal loss of the -entire cryostat was less than two
liters of liduid helium per 24 hours, The sample temperature was

measured by means of a carbon resistor and all X-ray measurements were

made below 4.5°K.

C. X-Ray Apparatus P

Figure 8 is a schematic diagram of the X-ray system in opera-
tion. The cryostat is placed on a 1" aluminum plate which, in turn, is
placed upon two orthogonally constructed sets of 1.5'" diameter steel

rods and linear ball bushings which provide horizontal (x and y) motion

with respect to the X-ray beam. The entire cryostat can be removed from

this X-ray table and carried by a 1lift truck to the van de Graaff facili-
ties for electron irradiation. The X-ray tube is mounted on an Economy
Engineering Company elevating table which allows the X-ray tube to be

moved in a vertical (z) direction. The x, y, and z coordinates were

‘read from Starrett dial indicators with .0l mm divisions :and 25 mm total

travel.

The cryostat and x-y motion is supported by a_plate-rgsting on
a race of'3/4h diameter steel balls on a 28" diameter circle, A bearing
keeps the -center of the circle true to .05 mm. A series of lever arms
with a Scherr Tumico micrometer gauge permits changes in the ﬁheta angle

(Bragg angle) of 1 .sec. of arc ‘to be measured.



Figure 8.

Schematic diagram of X-ray apparatus;
a) table which supports :entire struc-
ture; b) elevating table to raise the

:X-ray tube and detector with respect to

the crystal (i.e. adjusts z position);

c¢) Hamner Na I (Tl) detector and preampli-
fier; d) dovetail to provide rotation of
the detector; e) ball bearing race for the
theta rotation; f) bearing to keep the
center of rotation constant; g) ball
bushings and rods to move cryostat in x and
y directions; h) holders for X-ray aper-
tures and absorbers (4 in view); i) cryo-
stat. -The X-ray tube, j, is positioned by
the base, k, which provides linear motion
in the horizontal plane, and Totation
around a vertical .axis.
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The arrangement of the X-ray tube, sample, and detector is
shown in Figure 9. No monochromator was used in the system. This was
a disadvantage becausebrocking curves ‘could not be taken, and thus 'abso-
lute integrated intensity measurements were unavailable. However, because
the crystals were free to move in the mount, rotation 6f the cryostat was
not necessarily the same as the rotation of the sample. In éddition, the
beam was found to be-non-uniform as a function of position if a mono-
chromator was used. Therefore, if thé crystal moves slightly, the
-intensity of X-rays-incident-upon it varies, and since the ‘absorption at
every point is different, a slight change in position would cause a large
change in the transmitted intensity. .Since we were only interested in
the change of X~ray intensity, an absolute integrated intensity measure-

5/

ment was not needed. Hirsché— has.shown that -if the -incident ‘intensity
is uniform over the-angulhr raﬁge of the dispersion surface (X 2 seconds
of arc half width in our case), the intensity will be proportional to
the total integrated intensity. Therefore, the experiment could be per-
formed without 'a monochromator.

The detector was positioned manually on an arm of radius 6".
There were -3 apertures in the system. At the X-ray tube was a-3 mm
diameter target aperture. The samﬁle:and detector apertures were replace-
"able ‘and various diameter holes were used for alignment purposes. During
the measurements, a 2.0 mm diameter sample aperture was used which deter-
mined the ‘diameter of the X-ray spot at the crystal, and a 6.00 mm dia-
meter‘deﬁéctor aperture was used.

The X-ray tube (General Electric type CA-8) had a molybdenum

target with a constant potential GE .XRD 6 power supply. The detector
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'Geometry of X-ray system..

Figure 9.
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was a Na I.(TLl) Hamner detector. A Hamner NA-12 double-delay line
amplifier and NC-11 pulse height analyzer were used. The count rate was
printed out on a modified Beckman 1453 printer. It was found that the

number of X-rays counted by the detector system was -dependent on the

-ambient temperature of the amplifier and pulse height analyzer. There-

fore, it was necessary to place the amplifier, analyzer, and detector

power supply into an insulated cabinet, controlled to T-Oiloc by a Yellow

:Springs Instrument #72 proportional temperature controller. Tests were

then made of the counting rate and it was determined that after a three

hour warm-up time of the X-ray tube, the drift in anomalous X-ray inten-

‘sity was less than ,03% per hour,

‘During the -experiment, the X-ray voltage aﬁd current used were
45 kV and 28 mA respectively as measured at the XRD-6 power 'supply for -
all planes except the first order (lll) planes where the voltage was
40 kvV. Thé pulse height analyzer.discfiminated against any. A/2 radia-

tion, and a .006" aluminum filter was placed in front of the detector

preventing the counting of low energy. X-rays.

-D. Procedure for Measurement

In making the -alignment adjustments, each alteration is checked
by observing the resulting detected count rate. Usually the adjustment
is made until a maximum count rate is achieved.

The X-ray tube and the sample and detector apertures were

‘adjusted so that the X-ray beam §assed thfough the center of the theta

rotation, and through the zero-degree division of the detector circle.

Each time the cryostat was placed on the X-ray table, the y motion
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(shown in Figur¢.9) was adjusted so that the crystal was at the center

of the theta and detector rotation. This was done by ﬁsing small .35 mﬁ'
sample and detector apertureé. The x motion was adjusted so that the

edge -of the crystal partially eclipsed the X-ray beam. -The y motion was
then adjusted so that.the~crysta1 could be rotated about the 6 axis with-
out totally eclipsing the beam. The»centér of the crystal was then within
~j .2 mm of fhe»center of rotation. The following method was used to
measure the -anomalous transmitted X-ray intensify at a given location on
the crystal. The x and z coordinates were set so that the X-ray beam

was nominally (within 0.2 mm) at the location to be measured. . The crystal

was set near the Bragg angle, 8

B? for the Mo Ko reflection to be measured,

and the detectqr-setvat_ZGB to detect the beam emerging in the diffracted
directiqp: ¢‘was then adjusted until the normal to the diffracting
planes was in the .plane determined by the ‘X-ray beam and the center line
-of the detector (i.e. oﬁe‘arrangeSvmatters:so that the reflecting planes
are vertical). This was done witﬁ-a small detector aperture-to‘within

+ 0,20, which resulted in a negligible error in the final transmitted
intensity measurements.

The crystal was then accurately mapped in order to be able to
reproduce the location at which the X-ray bepm struck the crystal. The
detector was set to zero degrees-and .35 mm sample and detector -apertures
were used. The crystal was then moved so tHat:% the X-ray beam was
‘eclipsed by the crystal with the X-ray beam grazing one edge of ghe
crystal. ‘This\wandone at several positions where the crystal mount was

‘cut out. The position of the crystal could be determined in this manner
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to-+ .03 mm. This error was the largest source of error ‘in the experi-
ment. The crystal was remapped before'each measuremeﬁf, - The 'accuracy of
the crystal location was determined by the ability to locate the detector
at exactly zero degrees and also by the unevenness of the crystal edges.
Thus the bosition.on the -crystal to be measured was ‘known only to + .03 mm.

The Mo K& Bragg angle ‘was then carefully determined. -A plot of
intensity vs angle is shown in Figure 10. The detector was set at 29B to
detect the diffracted beam. The half-width of fhe large Mo Ko peak was
determined by the -aperture geometry. For this experiment, a change in
intensity from the peak value to 99% of the peak value was smooth and
corresponded to a change of 200 seconds of arc. The location of the
peak could be determined to + 3 sec of arc, corresponding to about .01%
change in intensity.

Four locations were measured in the experiment, two on the
irradiated and two on the unirradiated crystal. The points were located
near the center of each crystal wHere the intensity was nearly a constant
.as a--function of position.  Since-abéolute intensity measurements were
not made, the intenéity at the peak of the Mo K& reflection was measured
at each of the four locations, and the change in the ratio of the -anoma-
lous transmitted intensity through the irradiated crystal to that through
the unirradiated crystal was determined. The detector was set at 29B~in
order to measure the intensity in the diffracted direction. .In this way,
since the intensities through the two cr&sta13<were nearly the same, a
dead time correction to the count rate was not needed. The measurements
were made within 30 minutes of each other (except for the (333) reflec-

tions) minimizing the -effects of drift in the :X-ray tube voltage and




Figure 10. Anomalous transmission X-ray count
rate vs ‘Bragg angle for (111) Mo Ko
reflection through copper.
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current, The'rafio of the intensities through the-twq 1ocation3‘on-the
unirradiated crystal were an indication of the error in the'abparatus
‘except for the possibility of error due to the two crystals moving with
respect to each other. This error is discussed in -Chapter :IV. ‘In all
cases, the total number of X-rays counted at-each locétion was large
enough to make‘theuerror-due'té random statistical fluctuations less
than ..03%.

The effect of long range -strains on the anomalous transmission
in the diffracted direction were minimized by computing the average

change -in intensity of the (hkl) and (hk1) reflections. This has been

30,31/
\

justified and will be discussed quantitatively in Chapter V.
This averagg‘w§s obtained by measuring at both-eB and -=6., while the
detector was moved from 2©B to -ZGB.

MEasufements were taken before irradiation, after -irradiating

with .43 X 1018 e/cmz, and again after .87 X 1018

e/cmz. The -crystals
were then annealed at 78°K for 48 hours and remeasured. -Finally the
‘crystals'wereimeasufed after annealing at 300°K for 48 hours. All
measurements were made at liquid helium temperature. -The first three
orders of the (111) planes and the first order of the (220) planes were
measured although the (220) and (333) preirradiation measurements were
not taken. 1In these twohcases, the damage production is assumed to be
proportional to flux (which is true for the (111) and (222) .reflections).
To check the -entire procedure, the»measuremenES'Qere made twice -after

dirradiation of .43 X 1018 e/cmz, and the results agreed within experi-

‘mental error.



E. Irradiation Procedure

The upper -crystal was ifradiated with 3,0‘f .1 ﬁeV electrons,
from the van de Graaff accelerator at the Materials Research Lab of the
Univgrsity of Illinois. After passing through a 90° bending magnet, the
beam scattered from a ,0005" aluminum foil$45 inches from the crystal.
The foil separated the van de Graaff from’the cryostat vacuum system and
prevented contamination of the low temperature parts. ‘A water cooled
f%".diameter-aperture~was placed 6" from the foil. The final and essen-
tially only defining of thegeléctroﬁ beam was done by. a 3" thick brass
-apetture, 1.68 cm2 in area l%" from the sample, This aperture was
attached to the outer rotatable cylindrical can of the cryostat (Figure 6).

The entire system was aligned by a phosphore coated screen
placed behind the exit window with no sample in the mount. The verti-
cal alignment of the aperture was also checked with the X-ray beam. - The
horizontal alignment was made by rotating the outer can (and hence the
aperture)-ﬁith respect to the sample. The beam current striking the
posts on either siae of‘the sampieﬂwas collected. This current was a
minimum when -the aperture was aligned with the crystal.

The'énti#e cryostat was electrically insulated from ground and
acted as a Faraday cage. All electrons passing through the-definiﬁg
aperture passed through a current integrator to ground. The current
density was thained by dividing the current by the -area of the defining
aperture.

’Because the samples could not be rigidly attached, the heat

loss to the.mounti.by heat conduction was very small, and the sample was
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cooled primarily by means of.the helium exchange gas. The dominant
process was gas convection which depends on the gas pressure. ‘Because
of the softness of the crystal, it was impossible to measure the sample
temperature~difect1y by putting a thermometer on the crystal. 1In a test
run.a calibrated carbon resistance thermometer was attached to an identi-
cal dummy,coppér'sample. The temperature of this sample was calibrated
against both an identical carbon ﬁhermometer located on the mounting
block, and the helium boil off rate -for ‘a variety of beam currents and
exchange gas pressures. It was determined that with 1 atm. of gas pres-

2 '
sure and .35 pA/cm” beam current, the sample temperature was less than

.22°K, and the boil off rate was about 2 liters of liquid helium per hour.

-The 'sample temperature was, therefore, kept below 22°K during irradiation.

The total irradiation time was 120 hours, with a total flux of

.87 X 1018 e/cmz. -After total fluxes of .21 .and .64 X 1018 e/cm2 the

‘entire cryostat was rotated 180° such that the electron beam struck the

opposite face of the crystal.. This was done to reduce the 'strains in the

crystals due to defect concentration gradients. -Since the electrons lost

about 1.0 Mchin:traVersingdthebcrystél, the total displacement cross-

‘seéction (including secondary displacements) went from about 120 barns at

the ‘entering face to about 90 barns at the exit face for a displacement

threshold energy of .22 eV;éé/

Thus, the concentration of defects 1is
less :‘at the back surface of the crystal than near the front surface.
This is partially compensated for by the Yang correctioné/ because the

path length (and hence’the damage production) is larger near the back

face due to multiple scattering. -Because of the neutron hardening, the
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strain due to the defect concentration gradient will be elastic for

reasonably small concentrations. Thus, by irradiating with half the flux

incident on one surface and half the flux incident on the opposite sur=s .

face, the concentration gradients were made smaller.  Calculations show
18 ., 2 . .

that for a flux of .87 X 10 e/cm” the concentration was ‘a maximum at

the center of the crystal and the defect .concentration gradient from the

center to either surface was about -2 X 10-6. This was not large enough
! (

to affect the anomalous transmitted intensity.
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IV. EXPERIMENTAL. RESULTS

The changelin the -intensity of anomalously transmitted X-rays
was obtained by taking the ratio of the count rate :at one location
(referred to as location.é) oﬁ the irradiated crystal to.the-count rate
‘at one location on the unirradiated crystalh(location-Z). The percentage
change of the ratio is shown in Figures 11-14., The left side of these
graphs shows the change caused by the irradiation and is plotted as :a
function of integrated electron flux, >The right side shows the recovery
as a function of annealing temperature. The Qalues plotted are the
average of the change in the (hkl) and (hkl) reflections.  The results
are also shown in Table 1.

'If.thl is the count rate for the (hkl) reflection and

e i 15 1)
Rpk1 = 2
is the average count rate, then a measurement of the long range strains

present (strains where ‘the lattice parameter varies slowly with  respect

to an extinction distance) can be given by

AL = . e 7 e
Rpk1

Figure 15 shows AZZ during the experiment. The significance

2
of-Ahkl will be discussed in section V. It will be shown that the

change-in‘Ahkl is .so large at 1qcation.4-(the'other'measured location on
the irradiated crystal) that the-change in»§hk1 due ‘to long range -strains

‘was large. Therefore, some of the change in intensity at location 4 was

due to slowly varying strain fields rather than point defects. It will
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Figure 11.

Decrease in anomalously transmitted
intensity for the (111) reflection.
The left side -of the figure shows the
intensity decrease vs electron flux.,
-The right side shows the intensity
decrease ‘'vs ‘annealing temperature.



l

| l |

O

43
FLUX (10'®e 7cm?)

.87

O

100~ 200 300
ANNEALING TEMP.(°K)




48

Figure 12,

Decrease .in anomalously transmitted
intensity for the (222) reflection.
-The left side of the figure shows the
intensity decrease vs electron flux.
‘The right ‘side shows the intensity
decrease vs -annealing temperature.
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Figure 13

-Decrease in anomalously transmitted

intensity for the (333) reflection.
The left side of the figure shows the
intensity decrease vs electron. flux.

‘The right -side shows the intensity

decrease vs annealing temperature.
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Figure 14.  Decrease in anomalously transmitted
iintensity “forithe (220) reflection.
The left side of the figure shows the
intensity decrease vs electron flux.
-The right -side -shows the .intensity
decrease vs annealing temperature.
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-Figure 15,

The percehtage difference in
intensity, 992 (Eq. (32)), between
the (222) and (222) reflection. The
left 31de of the graph shows 6222 a

Slde shows A 9p 28 2 functlon of anneallng

temperature.
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Table 1

‘Experimental Decrease in Intensity With
Respect to Unirradiated Crystal

% Recovery

After - After After
Reflecting ‘After .Annegl . ‘Anneal .Annea%
Planes :Irradiation . at 80K at 300°k “at 300K

111 1.15 + .4% 1.05 + .4% -.13 +
222 4.52 + .6%  3.15 + .6% 1.44 -+
333 8.90 + .8% 7.68 + .8% 3.00 +
220 4.06 + .8% 2.41 + .8% 1.35 +

.
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be shown that the results of strain at location 3 produce negligible

change in R and, therefore, do not effect the change in intensity due

hkl _
to point defects. Therefore, only the results of the change at location
3 were used iﬁvFigures 11-14, There are two possible reasons for the

large strain present at location 4. One is the possibility of the elec-

tron irradiation being non-uniform in the region of this location.

‘Another possible reason is that location 4 was in a region of larger

surface curvature as discussed in .section IIi. The larger sﬁrfacercurva-
ture causes the effect of a small strain on the anomalous transmission

to be larger at location 4 than the effect of an equal amogﬁt'of strain
at lbcatioan which is in a region of smaller curvature;

There were three types of ‘error in the experiment. The first
type was the-c;ange iﬁ.iqtensity due to strains in the .irradiated crystal
which might have changed during the irradiation. This was a small change
at location 3, and wili be discussed in section V. A second type of
error‘arises from a~sfatistical fluctuation of X-ray tube voltage,
changes in room temperature with time, counting statistics, errors in the
determination of angle or position, etc. Errors-of.this type would be
the .same in the -unirradiated crystal as in the irradiated crystal. Thus,
by measuring the changes -in the ratio of the two locations on the unirra~-

diated crystal throughout the experiment, we obtained the error (standard

deviation) present due to-all such factors. The third type of error is

‘due to motion of the two crystals with respect to each other. The loca-

tion of the crystals was known to +.03 mm and the change in intensity

as a .function of position near the locations was carefully measured.
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Thus the error due to the unce;tainty'in position could be ‘determined.
The total resultiﬁg errof'is shown in Table 1'.

It has ‘been sugéested that -local modes of oscillation of the
 intefstitia1 and surrounding lattice -exist. Also, since the Debye-Waller
-factor for a displaéed.étom is not the same as for a 1gtticeratom, one
might expect that the temperature dependence of the -irradiated .and unirra-
diated samples might be.different._vTherefore, the ratic of the :anomalous
X-ray intensity through the irradiated crystal to the~intensity through
the unirradiated crystal was taken at 4.2° and 11.2°K to see if the

ratio changed. This was after a total flux of .87 X 10{8

e/cmz. No

noticeable change occurred. - Thus the -assumption that..Eh:Eoh e-'M for

both thé-irradiated,and unirradiated crystal appears ‘to be justified.
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V. CALCULATIONS AND DISCUSSION

+Eight possible -equilibrium configurations of the interstitial

.are-shown in Figure 16, where the notation is that of Seeger et al.lg/

and Johnson.lﬁ/

The energies and displacements associated with these con-
figurations have been treated theoretically using a wide wvariety of
models. Johnsongz/’poiﬁts out that the calculations are essentially com-
puter: "experiments,'" and a comparison of the models involves a discussion
of accuracy. -For example, the results depend critically'on.the computa-~
tional .cell size.  Nevertheless, the disélacements associated with the
various configurations are significantly different and .should be compared
with experiment. In region 1 the displaced atoms are close to the center

of the interstitial configuration and the atoms cannot be adequately

described in terms of linear elastic theory. The displacements are

=14/

large -and must be treated as .discrete particles.  Several authors9
have published calculations. The resulting displacements can be put
directly into the-suonf Eq. (21). The results of some of thejmost
detailed calculations are shown in Tablé 2. In each case it is assumed
that the interstitials are isotropically distributea over all possible
orientations (e.g. the (100) split interstitial can lie along -3 different
(100) directioﬁs).

The number of atoms included in region 1 and the distance of
the farthest atom in.region 1 from the‘interstitial‘(rmin) are -also shown
in Table 2.

‘-The-éisplacement.of atoms in the elastic contiﬁuum (region 2)

must also be considered in the calculations. In continuum theory,
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"Figure 16.

‘Eight basic interstitial configura-

tions: H_ is the (100) split

-configuration; 0 is the body-

centered configuration which has

- octahedral symmetry; H_, is the (1l11)

split configuration; T is the con-
figuration with tetrahedral symmetry;
HC-is the (110) split, or split
crowdion -configuration; C is the
crowdion configuration; OC is the
configuration in which the inter-
stitial lies on the line between 0
and .C configuration, nearer to 0;

and OT is that in which the inter-
stitial lies on the line between O and
T, nearer to 0. - The relaxation of
neighboring atoms to the interstitials
is not shown.
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. _ Table 2
The Effect of Displaced Atoms -in Region 1
- on the Anomalous:Transmission of X-rays

2, (-cos(hor 1))
J

Type ’ -No. Atoms

of Displace- in . “min Reflecting Planes
Defect ments used ‘Region 1 a 111 222 333 220
0 ‘Johnson*ég/ 267 2.5 11 7.85 17.67 5.23
Doyamatl/ 117 8 3.82  6.69  15.07 4.36
| Tewordt:2/ 88 1.8  4.67 9.43 19.28  6.41
|
| 43/
; H Johnson**= 250 2.4 3.89  8.65  10.19 5,97
\ Doyamatt/ 56 1.4 :3.83  8.64  10.12 6.0l
Benneman®:3/ 74 1.6 .16  9.07  10.70 6.21
11/
H, Doyama*==/ . 53 1.4 .48  8.03  13.72 5.78
Benneman®3/ 34 1.2 .77 7.77  10.9% 5.52
14/ : 2
ﬂC Johnsomr— 16 1.4 .54 4:63 ~5uh2 4,57
Doyama#l/ 56 1.2 .3.56  5.50  °8.08 6.53
14/
T Johnson™=— 29 1.2 .97 9.71 12.75 6.14
‘ Doyama*ll/ 71 1.6 .67  9.54 12.85 5.88
Vac-  p vamastl/ 54 131 .519  1.15  .412
ancy _ :

N .
Values used in Table 3.

aUsing displacements associated with the Born-Mayer potential.
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assuming an isotropic medium, the displacement field of an M"isotropic™

point defect is

. o
J(E) = A 3 - (33)

5!1

Whére on(r) is the displacement of atom j which is located at a distance

r from the defect. A is related to the volume change AV by

AV .= 4ﬂA —{%15% s (34)
where v is Poisson's ratio.
In region 2, the displaceﬁent'ioj is small and the sum in
‘Eq. (21) becomes
:E:(l-cos(h'r ) = :5:%(h-r 2. (35)
~ R0 j ~ RO j
. i

If we convert the sum to an.integral over region .2, which in-
cludes ‘all atoms farther from the interstitial than a minimum distance
‘rmin’ we get

2 2
. A|R| 4

(1 cos(h-r .))\af = (36)
~ ~oJ min a

|y

where ‘a is the lattice constant, and there -are 4/a3 atoms per unit

volume, If we assume Vv = 1/3 for copper, and V.g %i 38/ for a single
interstitial, we get : s
L as.03a® | (37)
and
ji:(l cos (rry ))& 0.3 w2 +x? + 1% . (38)

min
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Thus the contribution to Eq. (21) from all atoms farther from the inter-

stitial than r ., 1is
min

A Bt 0.3a .2 , .2
) ~ cos eB‘Eh Ci (h™ + k

+1% . (39)
. r .
region -2 min

The values of ¥ in 2Te shown in Table 2. Ih each case, region 2
is taken to be the atoms not'included in the calculation of region 1.
Thus T oin is given by the distance from the interstitial of the farthest
atom included in region 1 for each calculation.

Several approximations have been made in deriviﬁg this equation.
.The copper -lattice is not isotropic. Thus the displacement field should
be represented by a more complicated expression;ég/' Also the field
around several. of th¢~configurations showsuxher than spherical symmetry
(e.g. the (10Q)_split interstitial). There are also corﬁections to the
displacément field of order 1/r4. .The volume change AV is not accurately
‘known .and may be different for different interstitial configurations.

The choice of this one term as the only contribution to the
elastic displacement field is discussed in-détail by Johnson and Browng/
who point -out that the atomic configurations ﬂear defects are insensi-
tive to other solutions of the isétropic elastic equatioh.and it has

40/

been -shown— fhat anisotropic soluﬁions do not play a large role. : Since
region 2 represents only a small paft of the total intensity change, the
isotropic elastic .solution is probably a valid approximation,
Sevefal-constants in Eq. (21) have been determined. Mo has
been measured expe}imentally,for similar copper crystals for MoKa. X-rays

41/

with the result—
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b = 438 em ! .

It has been showﬁlé/ that
2
A - &y _ dprry (40)
(1 - 'thl) - d2 )
“hkl

Experimental values of*ﬁgh for the (111), (222), and (220) reflections
41/ |

have been determined—’ and fit Eq. (40) very well. -Equation (40) has

been used to evaluate-Eoh for the (333) refleétion.
The Debye-Waller factor, M, is given by

- 2 sin ©
w8 iy + & —B
2 4 x
mk@d

(41)

where h is Planck's constant, T is the temperature of the crystal, m is

the mass of the copper atom, k is Boltzmann's constant. -8, is the Debye

!
41/

temperature which has been determined experimentally—' to be equal to

.300°K for X-ray measurements in copper. -8(X) is the Debye function,

N : \
—% . For low temperatures, (4%u>> D, X)) << S , and the

where X = 4

‘equation is essentially independent of temperature.

The X-ray wavelength A = .71-K for MoK& X-rays. Thus we find

2

Mo, ¥ 2.88 % 10-3(h2~+ K® + 12) . ‘ (42)

The concentration of interstitials Ci.is difficult to determine. ' The

‘displacement -cross sections have been calculated for copper by

36/

0. S. Oen™' using relativistic-scattering theory. The calculation

42/

follows closely that of Seitz and Koehlgr;—* Included in the calcula-

tions is the ‘effect of the secondary displacements being produced.
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Using -a displacement threshold energy of 22 ev,é/ and correcting the pro-
duction cross section by using the Yang correction,g/ we obtain a total

average cross section of @

9= 120 barns, including secondary displacements.

This reéult is not to be taken too seriously. The threshold energy is not
well known, and is different for different recoil directions. The energy
loss of the primary displaced atoms is not well known and, therefore,

the number of secondary displacements is not accurately known. Thus the
cross section for actual damage production might be in error by a factor

AN
of 2. However, assuming a flux of .87 X-1018 e/cm2 we obtain an initial

concentration of Ci =1 X 10-4.

The effect of the vacancy on the anomalous transmission is
much smaller than that of the interstitial. In the previous calculation
it was assumed that the effect of an interstitial atom was the same as
that of a displaced atom. Thus the ''vacancy" was already included in
the calculation. There is, however, a change in intensity due to atoms
coliapsing around the vacancy. -Using the displacements ofADoyama;lL/
calculations can be made of the effect of the vacancies on the anomalous
transmission. | \

No calculations have been made using the fact that the dis-
placements around a Frenkel pair are different from the displacements
around isolated interstitials ‘and vacancies. -Since ‘the displacements
:around a vacanc& are small, and since the closest interstitial-vacancy

4/

pairs are unstable,l— and also since the closest stable pairs (stage'IA)
anneal at a temperature below 20°K (hence during the electron irradia=’

tion), the displacements around' the interstitials present after

irradiation are not altered very much by the presence of the vacancy.
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The results of the .calculations are shown in -Table:3. The

‘result includes the :change due to the displaced atoms in .region 1 (from the
values of Table 2), the displaced atoms in region 2 (Eq. (39)), and the dis-

‘placed atoms around the vacancies. These numbers are based on a defect

concentration of 1 X 10-4.

Since the concentration of defects :is mnot accuratély;known, it

.is -the ratios of the changes for various orders of reflection that are

‘more meaningful numbers to compare with experiment. These are also shown

/

in Table 3,

.Although the results of Table 3 depend on. the concentration of

defects introduced, it is clear that the results are not inconsistent with

.experiment. .The ratios of the-intensity changes ‘indicate that the (100)

split interstitial models do not agree with the results of the experiment.

This is true in all of the calculations and is especially apparent in

‘the ‘ratio of the ‘intensity change of the third order (111) reflection to

the -change in ‘the second order (l11l) reflection, which is ‘independent .of
defect concentrétion° The body centered interstitial model does fit the
data within experimental error, and the -calculations of Doyama and
Cotterillll/ indicate that the (111) ;plit interstitial model also .fits
the data. More samples will have to be measured . in order to decrease
the :experimental error énd thereby’enébling the configuration of the
interstitial to beideterminéd.more precisely.

The change ‘in -the anomalous  transmission due to strains has

’ 30/

been discussed by Penning and Polder,il/ and by Okkerse and Penning.=

They extend the dynamical theory of X-ray diffraction to include the

‘case ‘where the lattice parameter varies slowly with respect to -the



Table '3

Intensity change,frf) , in %, 'due to
7 hkl
interstitial-vacancy pairs
Calculated (based on-Ci=CV=10‘4)
'Eypé of interstitial
=M . : \ )
hkl \GO e 0 .qo ﬁT | QC T | Experiment
111 .998 .9911 1.38 H 1.69 1.61 1.68 1.66 | 1L.15 + .4
222 .993  .966| 3.80 4.13 4.26 3.41 4.75 4.52 4+ .6
‘333 .985 .926] 8.86 5.87 8.16 6.21 7.57 | 8.90 + .8
220 ..995 .977] 2.53 2.83 3.00 -3.39 2.97 " 4.06+ .8
AT
=)
‘ ‘ “ h'k'L'
Ratios of intensity change A
=)
T hk1
Calculated
‘Type of Interstitial
h'k'l® v N B _ .
bkl -0 ”Ho ”gT GQC o.T Experiment
222 | |
111 2.75 2.44 2,65 2,03 .2.86 | .3.93-+ 1.8
333 |
299 2,33 1.42 1.92 1.82 1.59 | 1.97 + ..4
'%%% 1.50 1.45 1l.42 1.01 1.60 | l.11+ .4
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extinction. distance. - For the case where the count rate is proportional

to the integrated intensity, they obtain the results:

T 1.2, .3 |

In 7= =- ¢ P (c‘+2)A (43)
o]

1n %.:.2 lIn (/1 + P2_- P) - (/1 + p? - P) ¢l (44)

~

Wt .
where -C ='——2———th Z 40 >> 1 for this experiment, R and T are the count
cos GB '
rates in the diffracted and incident ‘directions.after straining, and TO
is the count rate in tﬁe-incident direction before straining (see Fig. 1).

P is a parameter depending on the kind of deformation of the

crystal. It .is:also proportional to the angle the diffracting planes

make with the surface of the crystal. -For example, if the crystal is

deformed by a bending moment,

P =-§§§ tan-eB(l + (1L + V) coszeB)t (45)

where-d is the small angle between the normal to the -surface -and the

reflecting planes, R is the radius :of curvature of the sample, v is

‘Poisson's ratio, and wh is the atomic scattering factor for the reflec-

tion under consideration. For -small strains, P is small and Eqs..(43)

and (44) can be expanded to give
RER (1+2P+ 9P + cees) (46)

where'R0 is the intensity in the diffracted direction before straining.
If the crystal is bent by the ‘mount or bj the tadiation damage, or if a

temperature gradient exists in the crystal, P is an odd function of SB




and therefore

P = ,-P_ e (47)
eB eB
Thus by taking an average of R and R 'we eliminate the effect of
hkl hRi _
strain to first order in P. By taking the value of
Re1 " ERL L
Ro = 4P = Ahkl ‘ (48)

we can then determine the decrease in intensity

Ly  ~o? 49)

hkl
due to strain. The results show that a negligible change due to strain

occurs .for the (111), (222), and (220) reflections but as much as 0.4%

.change is possible for the (333) reflection. This is less than 5% of the

measured change.

The results of the annealing can only be discussed qualita-
tively. Studies of the recovery of electrical resistivity producéd by
electron-irradiation of copper shoﬁ that only a small fraction (X 20%)
of the resistivity.increasevremainSgafter warming to 60°k. In addition,
most of the electrical resistivity.remainingvat 60°K recovers during
stage III annealing which occurs‘at %'300°K.v.

Thisvis-noF the case in the X-ray measurement. Only a small
amount -of recovery occurs below‘SOOK gnd, with the exception of the first
order (111) reflection, about 50% ofvfhe induced intensity change-stiil
remains after warming to‘300°K1

This discrepancy can be -explained in terms of the clustering

of defects. ‘A cluster of interstitials forming a loop has a lower
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electrical resistivity than the éame number of isolated interstitials.
However, the results of section 2 indicate that the X-ray intensity change
‘caused by a dislocation loop is much greater than the 'same number of iso-
lated interstitials. Based oniexperiments comparing the resistivity
present after irradiation at 20° and subsequent anneal at;80°K, with the
resistivity present after irradiation with the~same‘flug at 80°K;§/vit

has been argued that interstitial clustering occurs-below-SO?Kq There-
fore, the data of the preseﬁt'experimeﬁt'can be ‘explained by assuming

that although -all of the close Frenkel pairs recombine during Stage 1,

the remaining interstitials can form clusters causing a large change in
intensity. Unfortunately, neither the number of clusters nor:. the
‘radius of the clusters :are known. Therefore, quantitative comparison of
theory and experimené'cannot be made-at this temperature. It is interest-
ing to note that the recovery of‘the'X-ray intensity change was ‘large

in tﬁe (220) reflection which is consistent with Shimomura'spfindinggl/
that the clusters exist as dislocation loops in the (111) planes.

Scheidler-aﬁd‘Rothzg/

have ‘made electron microscope -studies
of defect clusters. in:3 MeV electron irradiated copper. -Although most
of the irradiation was done -at 120°K.and.above, one measurement was
‘made on a specimen irradiated at 15°K. They find upon warming up to
room temperafure'a defect cluster concentration of 2,7 X lO-7 after a

19 2 . .
flux of 2.9 X 10 e/cm’. TUnfortunately, the size and concentration of
the clusters as :a function of flux is not known .for the sample irradiated

at 15°K. One would expect a much different relationship to hold for

the-samplesﬁirrédiatéd.beloﬁ4Stage-I where the mechanisms of clustering
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are different than for samples irradiated above Stagé I. For example;
di-interstitials may be .formed upon annealing through-Stage I without the

8/

-presence of i@purities.* However, if we ‘assume an average cluster size
of 20-A in diameter which is consistent with Scheidler and Roth's data
in samples»irrédiated at 130°K, and if we’#ssume that the cluster con-
centration is a linear function of flux for ﬁhe 15°Kﬁirradiated crystals,

we would expect a cluster concentration of about 1 X 10_8.

6/

Results of the data of Baldwin,»Sherrill, and Young— on fast

neutron irradiation of copper indicate that for a concentration Clv=

8

6 X 10 - of dislocation loops with an average radius equal to ZO-K, the

experimental value of the -effective linear absorption coefficient for
the (111) reflection with MoK&.X-rays is given by
N |
M* & 4em . . (50)
Thus, by using the results in section 2 of the change in intensity due

to loops we expect for the intensity change in the (hkl) reflection

R A3 ¢ 2 2 273/4
AT ., -1 1 he + k° +. 1
SE (dem ) ¢ l: °o:| = [ 3 + ] . (D)
20A0 6 X 10 :

Using the values t =..9mm,‘Rov= 10 K, and Cl-= 10-8, we obtain
2 2 .23/6
A—i) =7 |:h “; + 1 :‘ % (52)

hicl
This -does not :agree :with the results of the (111) reflection but f;r'the
other sets of planes (i.e. (222), (333), (220)), the'results-agreé
‘remarkably well with the data. However,;there‘are‘so man& assumptions
made -in the calculations that it is quite fortuitous that the results

‘agree this well.
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. The'fact that the ‘intensity in the (ll1) reflection completely

recovers ‘is inconsistent with the results of the other reflecting planes,

T

and cannot be ‘explained at this time.



'stitial clusters forming during the stage I

74
VI. -SUMMARY AND CONCLUSIONS

'3 MeV electron irradiatibn‘at‘ZOOK'in nearly perfect copper
crystals (essentially -zero dislocations/cﬁz) has been investigated by

anomalous transmission intensity measurements. These measurements demon-

‘strate that anomalous transmission can be used to determine -structural

nature of point defects. They indicate that the interstitial present at

low temperatures in copper is mnot the split (100) interstitial. -However,

.additional measurements will be required in order to decide.on the exact

nature of the interstitial.
‘Moreover, since -anomalous transmission is very sensitive to
the .clustering of defects, information is given concerning the .inter-

E‘long range migration and

partially disappearing at higher temperatures.



10

2.

10.

11.

12.

13.

14,
15.
16.

17.

18.
19.
20.

21.

LIST OF REFERENCES

J. R. Pattel and B. W. Batterman, J. Appl. Phys. .34, 2716 (1963).

0. N. Efimov and A. M. Elistratov, Soviet Phys.-Solid State 4,

.2131 (1963).

S. Maruyama, J. Phys.. Soc. Japan .20, 1399 (1965).
R. Collella and A. Merlini, Phys. Stat. Sol. 14, 81 (1966).
T. 0. Baldwin and J. E. Thomas, J. Appl. Phys. 39, 4391 (1968).

T. 0. Baldwin, F. A. Sherrill, and F. W. Young, Jr., J. Appl. Phys,

139, 1541 (1968).

B. W. Batterman, Phys. Rev. Letters 22, 703 (1969).

For a discussion, see J.‘w.'CorBett,."Electron Radiation Damage ‘in

Semiconductors :and Metals,' Solid State:Physics, Supp..7, F. Seitz

~and D. Turnbull, eds., Academic Press, New York (1966).

R. A. Johnson and E. Brown, Phys. Rev. 127, 446 (1962).

‘A. . Seeger, E. Mann, and R. J. v Jan, Phys. Chem. Solids 23,

639 (1962).

M. Doyama and R. M. J. Cotterill, Lattice Defects ‘and Their '
Interactions, R. R. Hasiguti, -ed., Gordon -and Breach, New York (1968).

L. Tewordt, Phys. Rev. 109, 61 (1958).

K. H. Bennemann, Z. Phys. 165, 445 (1961).

R. A. Johnson, Phys. Rev. 145, 423 (1966).
G. Borrman, Z. Phys. 127, 297 (1950).
B. W. Batterman and H. Cole,-Rév.'of,Mod.-Phys.;Qg, 681 (1964).

R. W. James, Solid State Physics, Vol. 15, p. 53, F. Seitz and
D. Turnbull, eds., Academic Press, Inc., New York, (1963).

P. H. Dederichs, Phys; Cond. Materie 5, 347 (1966).
Y. H. Ohtsuki and S. Yanagawa, J. Phys. Soc. Japan 21, 326 (1966).
H. Wagenfeld, Phys. Rev. 144, 216 (1966).

Y. Shimomura,- Phil. Mag. 19, 773 (1969).



<y

22,

23.

24,

25.

.26,

:270

28.

29.

-30.

31.

32.

33.

34.

35.

-36.

37.

38.

39.
40,

41,

‘L. P. Hunter, J. Appl. Phys. 30, 874 (1958),

-P. B. Hirsch, Acta. Cryst. 5, 176 (1952).

‘Fast Electrons (ORNL-3813), (1965).

‘R.A. Johnson, J. Phys. Chem. Solids 26, 75 (1965).

Y. Shimomura, (to be published).

G. P. Scheidler and G. Roth, International Conference on Vacancies

and Interstitials in Metals, p. 391, Kernforschungsanlage Julich,

West Germany (1968).

P. H. Dederichs, Phys. Stat. Sol. .23, 377 (1967).

P. H. Dederichs, (to be published). |

F. -W. Young, Jr., T. O. Baldwin and P. H. Dederichs, International

Conference of Vacancies and Interstitials :in Metals,
Kernforschungsanlage Julich, West Germany (1968), (to be published).

F. W. Young, Jr.,and J. R. Savage, J. Appl. Phys. 35, 1917 (1964).

‘F. W. Young, Jr., and T. R. Wilson, Rev. Sci. Insts. 32, 559 (1961).

R. M. Nicklow, F. A, Sherrill, and F. W. .Young, Jr., Phys. Rev.

137, Al417 (1965).

. Okkerse, and P. Penning, Phillips Res. Repts. .18, 82 (1963).

os]

P. Penning and D. Polder, Phillips Res, Repts. .16, 419 (1961).

D. N. Batchelder and R. 0. Simmons, J. Appl. Phys. .36, 2864 (1965).

J. E. Whitehouse, T. A, Callcott, J. A. Naber, and J. -S. Raby, Rev.
Sci. Instr. .36, 768 (1965).

0. S. Oen, Cross Sections for Atomic Displacements in Solids by

R. A. Johnson, J. Phys. Chem. Solids 28, .275 (1967).

A. C. Damask and G. J. Dienes,.Point Defects in Metals, Gordon -and
Breach, eds., New York (1963).

K. C. Lie and J. S. Koehler, Adv. in Phys. 17, 421 (1968).

T. 0. Baldwin, F. W. Young, Jr., and A. Merlini, Phys. Rev. 163,
591 (1967).




77

< 42, F. Seitz and J. S. Koehler, Solid State .Physics, Vol..2, F. Seitz and
D. Turnbull, eds., Academic Press, Inc., New York .(1956).

* 43. R. A. Johnson, private communication, (1969).



78

VITA

Lewis Selig Edelheit-was—
— and attended pr'imary and }sé‘condary .schools -in that citly.

He received a B.S. degree in Engineering Physics (with high
honors) -at the University of Illinois lin June, 1964. |

.He -entered the Graduate College, University of Illinois. in
September, 1964, and received an M..'S_."degree iﬁ Physics in February,
1966. R

He held a teaching éss‘istantship. (1964-1965), a National
Aerqnautics and Space ‘Administration Traineeship (1965-1968), and a
E. I. .Du Pont De Nemours Fellowship (1968-1969).

He is a member of the American Physical Society and Tau Beta

Pi.






