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ANOMALOUS X-RAY TRANSMISSION CHANGES IN COPPER CRYSTALS
ON ELECTRON IRRADIATION AT 14·K

Bruce Stilwell Brown, Ph,D.

V Department of Physics
University of Illinois at Urbana-Champaign, 1972

Anomalous X-ray transmission measurements were made at.4.2 K on

nearly perfect crystals before and after irradiation at 14 K with 3 MeV

electrons, Simultaneous resistance measurements were taken on high

purity copper wires. The measured intensity changes for  (111)-,  (222),

(333), (220), (200), and (400) reflecting planes were investigated at

intervals during the irradiation.  Annealing studies at.22 K, 37 K,

78 K, and 295 K show X-ray intensity recoveries similar to resistance

recoveries.

\' Resistance increases  show .a linear dependence with electron fluence

while transmitted X-ray intensity decreases show a.greater than linear

dependenre. Reoistance changes  with  dose were comparable with previous

data.  X-ray intensity decreases appear to be greater than predicted for

the estimated concentration of point defects.  A second irradiation of

the transmission specimen after a long room temperature anneal led to

decreases in transmitted intensity which were about.twice the changes

seen after a similar electren fluence in the first irradiation.

'.f
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INTRODUCTION

Dynamical diffraction of x-rays has been the subject of considerable

U                                                                                   1.-2/study-Z-, and is a powerful tool for investigating defects in nearly

perfect crystals.  Dislocations and large defect clusters can be photo-

graphed directly by means of x-ray transmission topography. Changes in

anomal nitsl y-tranomitted  x-rays  (Burrmanti effect) ·resulting from defects

aggregating into clusters or small dislocation loops have been studied

extensively; for example, oxygen precipitated in silicon, arsenic in1/

germanium, and neutron-irradiation damage in silicon, germanium,
&/                                                            .12/               2.4&/

and copper. Young, Baldwin, and Dederichs have investigated the1/                                         8/

correlation between the decrease in anomalous x-ray transmission and

defect concentrations determined by electron microscopy for fast neutron
U

irradiated copper crystals.

2/Larson and Young have shown that intensity changes in copper

resulting from fast neutron irradiation at room temperature·are con-

sistent with the theoretically predicted intensity decreases of

Dederichs for the presence of defect aggregates in the form of dis-12/

location loops, Defects introduced after electron irradiation have been

investigated. Long-range strain of the reflecting crystal planes has11/

12,13/been shown to have a large effect on anomalous x-ray transmission.

If a monochromatic x-ray beam is incident at the Bragg angle on a

single crystal as shown in Figure 1 then deep in the crystal (several

microns) two kinds of standing waves resdlt. One with maximum intensity

at the lattice planes, is anomalously absorbed. A second, with minimum
\J

intensity at the lattice· planes, is anomalously transmitted. The intensity of

the anomalously transmitted  beam  can  be many orders of magnitude larger  than
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Figure 1  Geometry of the beams when anomalous trantsmission is occuring.

When the beam emerges from the back face, it splits into two

beams, one in the forward direction, and one in the diffracted         k

direction.  The energy in the beam flows along the atomic

planes in the crystal,

t2
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that of a randomly directed x-ray beam of the same wavelength. The

electric field intensity distribution of the standing waves for the first,

second, and third order anomalously transmitted waves is shown in Figure 2.
'..

Note that an interstitial midway between these atomic planes would absorb

strongly in first and third order but would have small absorption in second

order. Note also that·small atomic displacements from the planes would

give larger contributions to transmission changes for third order than

for lower orders. In principle if the changes in anomalous transmission

were measured for all diffracting planes and for all orders then if only

one·kind of defect was present its geometrical configuration could be

determined. It was the aim of this experiment to determine the geometrical

configuration of the interstitial generated by low temperature electron

-                irradiation in copper.

The low temperature electron irradiation experiment previously

performed observed intensity decreases on the order of a few percent.11/

This was the expected size of the decrease dssociated with the calculated

concentration of isolated point defects.  The large decreases in trans-

mitted x-ray intensity found in the present experiments indicate·a dif-

ferent behavior than that expected for isolated point defects.  The ob-

servation of an enhanced intensity decrease upon: redoing.the experiment

with the same crystals raises additional questions. The transmi.tted

x-ray intensity changes and resistivity changes were carefully measured

at intervals during the production at 14 K by electron irradiation and

during subsequent annealing stages.

v                  At present the observed changes in the anomalous x-ray transmission

are not understood. Both the theory and the experimental data are being

examined carefully in an attempt to determine what physical processes
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Figure 2  Electric field intensity distribution for (nnn) reflections.
LI,

Absorption by an atom is proportional to the electric field

intensity at the atom.
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are important. The strange features of the data·and the possible

mechanisms responsible are described in the discussion. Several experi-

, ments aimed at clarifying the situation are suggested.
1

2xperimental Procedure

+
Single crystals of 99,999 % copper were prepared for Borrmann

x-ray studies ·by Dr. F. W. Young, Jr., at the Oak Ridge National.Labora-

tory, This preparation has been described previously.·14   A lxlx2 cm

parallelopiped was cut from the crystal by an acid saw technique. 16/

This crystal was annealed at 1075 C for about two weeks to eliminate

I7
dislocations. The crystal was then irradiated with 10 nvt fast

neutrons at a temperature below 100 C in order to pin the remaining
.„21

dislocations and thus minimize damage due to handling.  It'has been

shown·· Z  that the effect on the anomalous transmission due to this

irradiation is small and it is assumed that the effect remains a con-

stant during the experiment. It has been established that copper

crystals with low dislocation densities irradiated with the above

neutron fluence exhibit x-ray diffraction properties equivalent to

perfect crystals. After irradiation, the crystal was sliced into1§/

1xlxt cm pieces (t between .025 and .205).  For our experiment two

adjacent slices were chosen. The two crystals had (110) faces to with-

in  0,5 °.     They were polished and electropolished  to eliminate surface

damage.

a
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The thickness of the crystals was determined by absolute integrated

intensity measurements, and also by the relative intensities of various

orders of reflection. Both crystals were 0.9 + 0.1 mm thick. Due to
.. -
4

the polishing process, the crystal faces were slightly convex. Thus, the

crystal was thicker at the center than near the faces. Since we were

interested in the change in x-ray intensity due to irradiation, any

change in intensity due to thickness variations had to be minimized.

The crystals were mounted in·a liquid helium cryostat that has been

previously described. The sample chamber is shown in Figure 3.11/

Since·anomalous transmission is very sensitive to strain, mounting was

carefully performed to eliminate any mechanical strains due to dif-

ferential thermal contractions upon subsequent cooling. Thus the samples
..,

were not rigidly supported, but rather placed in a copper holder with

approximately 5-mil clearance on all sides. The electron irradiation

added approximately one watt of power to the sample. The samples'were

cooled by means of about an atmosphere of Helium exchange gas in the

sample can which provided better convection cooling between the samples

and helium reservoir. The beam current and exchange gas were adjusted

to  keep the samples below Stage  I annealing which starts  at   about

16 K,

The sample temperature was measured by means of a carbon resistor

glued to the sample mounting block,.and.all irradiation was done with

t. < 14 K. The· large heat intake resulted in a high helium loss rate

4 and required a remote control helium transfer system that permitted
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Figure 3  Sectional.view of the specimen chamber:

a)  copper crystals to be measured;

b)  1/4" brass aperture, for electron beam;
.

c)  valve to van de Graaff;

d)  ball bearing race to rotate outer chamber;

e)      , 010" wall inconel. tubes conducting liquid helium  te

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" h'eating element  to vary sample . temperature;                                   u

k)  worm wheel for 0 rotation;

1)   cut outs in sample mount used to locate the crystal

pesition;

m)  copper posts used to align the electrom beam with respect,

to the sample;

n)    3/16" copper shield which .can be raised from above,to

shield.the lewer copper crystal frem electron irradiation;

0)  copper fins used to cool helium exchange gas;

p)  8-mil copper resistivity wires.

»4
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the- transferring of liquid helium without . discontinuing the' electron

itradiation. The cryestat design allowed · twe translatiohal degrees

o                of freedom. (f .01·mm) and.two retational degrees.of freedom.  The·

Bragg angle could be set to within 1 sec of arc; rotation about.a

normal to the:crystal face was accurate to.+ .05'.

As a check on the stability of the x-ray production and.detection

apparatus, the experiment.was perfermed using two.copper crystals.

One  sample was shielded  from the electrons during irradiatioh -and  a.

movable shield was.lowered te expose both samples for the x-ray measure-

ments.  In this way the change in x-ray intensity on·the irradiated

sample indicated the effect ef the electron irradiation and the change

.

in x-ray intensity en the shielded sample indicated any drift in the

x-ray  apparatus. By comparing  the x-ray intensity  of the :irradiated
sample te.that of the unirradiated sample.the drift.effect could be

eliminated.      Fer all measurements the. drift effect ·was small, generally

less than 1% in a month.

The·resistivity samples were 8-mil diameter Cominco American

99.999% pure copper wires.  Two wires were used, one in front:of the

x-ray crystals and onetbehind, The wires were.beft.in the manner

indicated in Figure.1 to enable mechanical strains from differential

thermal contractions upen cooling to be.accommodated,witheut any·sample.

elengation.  High purity copper leads were.spot.welded to.the wires.

The·wires were carefully cleaned with benzene, methanol, HNO3' and

distilled water and were annealed at 800 C for three hours in a vacuum

-6
,- of 5 X 10 torr,  A side view of the final mounting and the movable

shield·is shown in Figure 4.  This arrangement allewed the wires to be
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.

Figure,4 Rotating sample holder:

a)  8-mil copper resistivity wires mounted in.nylon bushings;

b)  copper crystals which are free tQ move in the mount;

c)    .005" Be-Cu strip to prevent sample.from ,falling out;

d)     1/16" thick .copper mount;

e)  werm wheel which is turned.by the werm gear (f);

g)  outer bearing clamp;

h)  Miniature.Precision Bearing Company 3TKI bearing with,               *

stainless steel race and balls with teflon spacer

Slugs;

i)  inner.bearing clamp;

j) electron shield in "up" positien for electren

irradiation.

+
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raised inte the electron beam for irradiation and lowered to allow

-               x-ray irradiation with the,wires well below the lower x-ray sample.

The result of preparation, annealing, and mounting was a residual
-

-9resistivity·of the mounted copper wires of 1.60 x 10 ohm-cm at 4.2 K,

a room temperature to helium temperature resistivity ratio of 970.

Specimen resistance was measured potentiometrically using a Rubicon

6-Dial Thermofree Potentiometer and current-emf.switching arrangement

to cerrect for thermal emf's.  The current through the specimen during

5measurement was 1.0 ampere and was regulated te.1 part in 10 ,  No

change in residual resistivity was observed fer controlled currents.

in the range from .1 ampere te 1.5 ampere.  At 1.0 ampere no change

in resistivity was ebserved for different shield positiens or after

J                                      many   raisings and lowerings   of the shield. This indicated  no   cold

working was being performed on the samples by moving the shield.  The

-7precision of a typical series of resistance.measurements was t.2 x 10

-12ohm, corresponding to a resistivity uncertainty.of +4 x 1 0 9-cm.

Fer resistance measurements taken with samples of small dimensions

and at helium temperature, the mean free path fer the conduction elec-

trons becemes on the order of the sample dimensions and surface contri-

butions must·be considered.  The surface contribution depends on the

mean free path of the conduction electrons and is, therefore, net

censtant during irradiation as the resistivity changes with fluence.

The· surface contribution calculations were taken directly from Sondheimer' s

19/theory assuming completely diffuse scattering.- The result for the,

pre-irradiated . 008-mil copper.wire  at  4.2  K  is to reduce  the  bulk

resistivity by about 13%.  The bulk resistivity change from pre-irradi-
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ation  to full irra4iatien increases' less than  0.3%  ftom the ,uncorrected

resistivity change,values and will net.be included in,the results.

The x-ray power,supply was a GE XRD-6 unit with a constant·petential
.

assembly and voltage stabilizer to.minimize.power fluctuations.: A

molybdenum target xeray.tube.was used,.and the sample,was adjusted to

anomalously transmit.x-rays.

No monochromator was used in the system,  This precluded making

absolute. integrated intensity measurements. However, since the· primary

interest.was the change,of the x-ray intensity, an absolute integrated

intensity·determination was net.necessary.: Furthermore, the monochromators

tested intreduced nenunifermities   in: the  x-ray  beam.that  led to variations

in the.measurements.beyond our required precision.

6 The intensity measurements  were made using  a  NaI (Tl) detector.

A single-channel analyzer discriminated against.1/2 radiation and a

- 0.006-in. aluminum filter in front of the detecter reduced the number

ef low-energy x-rays to a negligible centribution.. The amplification

and pulse-height analysis components of the counting system were.en-

clesed:in a constant temperature cabinet (t 1 C) to minimize the temperature

55               7
effects of these components. Counts ef Fe decay up to 10  were

censistent within statistics (-0.03%) over periods of.days.

Measurements were made at two locations on the :unirradiated reference

crystal (LOC 1 and.2) and two.locations on the irradiated.crystal

(LOC 3 and 4).  Because of sample-thickness variations, the same locations

were always used and were relocated to 1 0.03 mm.  The x-ray-beam

                 diameter at the crystal was 2 mm.  All intensity measurements were made

by maximizing the counting intensity for MeKa x-rays.  This peak intensity
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was then measured. Since no monechromater was used,some x-rays other

than M0Ka are transmitted ; however, their number is small and-the same

for  both.unirradiated and irradiated crystals. At.the  peak th6 change,

in ceunting intensity frem the peak value to 99% of the peak-value was

smoeth and correspended to a change in 0 ef:about 200"1 -The- lecation

of   the  peak was determined  te 8" corresponding to about  0.02% · change ·

in intensity.

The· effect ef long-range strains  on. the anomalous, transmission

intensity was minimized by using the average intensity of the (hkl)

---                                       12,13/and:(hkl) reflections.  This has been justified and will be

mentioned in the discussion.

The experiment consisted of two runs.with,a leng room temperature.

anneal-between them:  Run I consisted of measurements- before irradiation,

after irradiating with .42 x 10 e/cm  and after..83 x.10 e/cm .
18     2                    18     2

Resistivity and x-ray measurements were taken after annealing.the

samples at.22 K fer twe hours, after annealing at 37.2 K for one hour,

after·annealing at 78 K for 24 hours, and.after annealing at.295 K

for 24 hours. All measurements  were  made at liquid-helium temperature

(4.2.K),  The first three erders of the (111) planes, the first two

erders.ef the (200) planes and the first erder.ef the (220) planes

were.measured.  Pre-irradiation data.were.not available.for the two

orders of the, (200) planes.  To check reproducibility the measurements

18     2
were made twice after the irradiation of .42 x 10 e/cm  and the results

-agreed within experimental error.

The samples were kept in vacuum at roem temperature for three months

after Run I,  Run II used the same resistance-samples and the same
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measurement -locatiens  en  the x-ray crystals.     Run  Ii·- eensisted«:of--

measurements before.irradiation and·after fluences of .10 x.1018 e/cm2,

.21 x 1018 e/cm2, and .42 x 1018 e/dm2. The first three orders ef .the
.,

(111) planes and the.first order of,the (220) planes·were measured.

Brief measurements were:taken after annealing to 78 K.·for 24 hours.

A High :Voltage Engineering van de Graaff accelerator.was the source

ef the irradiating electrons.  The (3.0 +·0.1)*MeV electron-beam.cur-

rent.was 0.35 A/cm2, and the sample.temperature during irradiatian was

- '' 18 2 2kept  below  14  K.. The· total fluenca  'of: .'83'->< ' 104 ' '"e/dm - -·in . Run - I.,raquired

about 140 hours irradiation time.  In Run I.after a fluence of 0.21 x 10
18

2               18     2                                               18
e/cm  and 0.·63 x 10 e/cm  and in Run II.after a fluence of 0.05 x 10

e/cm2, 0:15 x 1018 e/cm2, and 0.32 x 1018 e/cm2; the cryostat was rotated

» 180° se that Half the fluenee was·incident on.tkie opfels-itea-face.of the crys-

tal- for  each dose.' This'was  done  to:reduce  tha  strains·-in· theperystal due  to

defect cencentratien gradients. Since:the electrons lost .abeut. 1.0  MeV

in·traversing the crystal, the.total displacement cross section (including

secendary displacements) went from about 127 barns at the,entering face

te abeut 107 barns at the exit face assuming a displacement thresheld

20/
energy of 22 eV.-  Thus, the concentration of defects,was less at

the.back,surface of the crystal than at the front surface.  This was

14/
partially compensated fer by the Yang correction-- because the path

length (and hence the damage production) was larger near.the back face

due te multiple.scattering resulting in increased path length.  Because

of the neutren hardening, the strain.due to the defect concentration

»gradient  will be elastic   for . reasenably small concentrations.     By

irradiating-with half the fluence incident on one'surface and half the
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fluence incident on the opposite surface, the concentration'gradients were

-                made smaller. Calculatiens show that the defect concentration was a

maximum at the center of the crystal, and the difference from the center

to.either surface was.less.than.3%.  The effect. of the cencentration

gradient appears to be small,

As  a  result ef .retating the cryestat  by  1800, the resistance wires

(which are mounted in front  of and behind the crystals) are expos'ed  to.only

half the total fluence of the crystals. The wires are:about 1 cm from.the

face of the.crystal and multiple scattering of the·electrons in traversing

the crystal effectively defecuses the beam to. the point that the sample be-

hind the crystal sees little.irradiation.  This was verified experimentally

by observing the resistivity change.ef the wire in frent and in back.  In

-                            all  cases the resistivity change.of  th-e back wire was.zero.to within

experimental error.

Experimental Results

The· intensity of the anomaleusly transmitted x-rays ·was normalized

by  taking the ratio  ef the count  rate  for the irradiated crystal   (LOC· 3

and, 4)-te the count.rate:at one lecation en.the unirradiated crystal

(LO,C 1 and 2),  The percentage change.of this ratio as a function of.irradi-

ation fluence and subsequent.annealing temperature:for Run I is listed in

Table ·1 ·and shown in Figures  5-8. AI/Ii represents the percentage decrease

of' the x-ray intensity.

AI = -IBEFORE IRRAD
-

IAFTER IRRAD = Ie - I
I              I                                 I       '
e           BEFORE IRRAD              e

---

The·values plotted are:the changes of ..the averages of the . (hkl) and (hkl)

reflections.  The difference in.intensity changes.for Run I and Run II
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Table 1

AIPercentage-Decrease ·in ·Tran·smitted- X-ray Intensity  ·I
0

RUN I

Reflecting After 1/2 - After total After 22 K After 37 K After .77 K - After 295 K
planes flux flux Anneal - Anneal. ... . Anneal Anneal

111-1 :8 3.4 3,4            .9             „3           .2

111-2 5-.8 23.2 23.0 6.8            .6           .2

111-3 22:8 65.7 65.6 24.3 4.4           .1

220-1 5-.4 19.4 19.2 6.0            .2           .1

200-1                         .4                                                      .2

200-2 1.6                                                      .4

RUN II

Reflecting After 1/8 After 1/4 After 1/2 After 77 K
planes flux flux flux Anneal

111-1 1.5

111-2 ;5 2.·9 11.8

111-3 2-. 9 13.9 40.8            4

220-1 ,4 2.4 9.6

ti
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.

Figure 5 Decrease in.anomalously transmitted intensity for the (111)

reflection for Run I.  The left side of the figure shows the

intensity decrease vs electron fluencd.  The right side shoos the

intensity decrease vs annealing temperature.

a

L
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Figure 6  Decrease in anomalously transmitted intensity for the (222)

reflection for Run I.  The left side of,the figure shews the

intensity decrease vs.electron fluence.  The right side shows the       -

the intensity decrease vs.annealing temperature.

.
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Figure 7 Decrease in anomaleusly transmitted intensity for the (333)

reflection for Run I.  The left side of the figure:shows the

intensity decrease vs electron fluence.   - The · right side shows

the intensity decrease vs annealing temperature.
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Figure 8 Decrease in anomalously transmitted-· intensity' for- the  (220)

reflectien  fer  Run  I.     The  lef t. side  of the fi itre  §hows, the

intensity decrease:vs electron fluence.  The right side shows.

the intensity decrease,vs annealing temperature.
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is shown in.Figures 9-12.  The resistivity changes with itradiation and

annealing for both runs are shown in Figure 13.  A more detailed listing

of the data is in the APPENDIX.

There were a number of possible sources of error in thd ·x-ray measure-

rhents:  failure to.set the crystal exactly at the maximum.of the Bragg

peak, fluctuatiofts of x-ray tube and detection apparatus,.cou0ting statis-

tics, and error in repreducing the same crystal position.  Censiderable

effort was expended to minimize all of these problems and a result of

that effort can be seen by inspecting the ratio of .the two lecations on

the unirradiated crystal.  This is indicated as LOC 2 in the figures,

and the small changes shown there give an.estimate:.of the accuracy.  In-

tensity measurements at LOC 3 and LOC 4 indicate that the crystal thick-

-                ness at LOC 3 is about 1% greater than at LOC 4,  The intensity change

after irradiation is proportional to the sample thickness and LOC·3 should,

therefore, exhibit a slightly larger.AI/I  than LOC 4.  This is.seen,to

be.the case for all planes for both runs.  The similar behavior of LOC 3

and LOC 4 after this small (about 1%) correction is another indication

ef the approximate errer size.  The discussion in the next section of

the everall behavior shows that these errers of at most a few percent

are negligible«

The resistivity data is listed in Table 2.  Both runs show a resis-

tivity·increase appreximately linear with fluence.  The fluence was

determined.by a Faraday cup arrangement.with the entire cryostat acting

as  a  cup. ·All electrons   that went through  a 3/8" brass aperature  2"   in

-                front of the sample.were collected.  The linearity of.the resistivity

change is easily ebserved in Figure 13.  This acts as a check on eur

fluence measurement.



Table 2

Resistivity Increase From Unirradiated Values (10 Qcm)
-10

RUN I

After.·114 After 1/2 After-22 K After 37 K After 77 K - After 295 K
- flux - flux Anneal Anneal. Anneal Anneal

Sample 1 .19.80 43.20 40.10 20,69 6.51 1.31

Sample 2 15,39 36.61 35.53 17.22 5.21 .81

· RUN II:

After 1/16 After 1/8 After 1/4 After 77 K
flux flux flux Anneal

Sample 1 6.23 11.59 22.77 3.43

Sample:2 6.73 11·91 23.77.. - ..3.33

N
C)
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Figure 9' Decrease · in anomalously transmitted intensity  for  the   (222)

reflection fer beth runs.  LOC 2 is en the unirradiated crystal,

LOC 3 and ·LOC 4 are on the ·irradiated crystal.

:
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Figure &0 Decrease in anemaleusly transmitted intensity for the (·333)

reflection for beth,runs.   LOC·2 is on the.unirradiated,crystal,
LOC 3 and LOC 4 are on.the irradiated. crystal.
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Figure 11 Decrease in anomalously.transmitted intensity for the (220)

reflectien for both runs. LOC 2 is on the unirradiated

crystal, LOC 3 and LOC 4 are on the.irradiated crystal.

.
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Figure.12. Comparison.of·anomalously transmitted,intensity decreases

for (222), (333), and (220) planes for both'runs.
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Figure 13 Resistivity change.for both wires for both runs.  The left

side of the figure shows the resistivity increase vs electron
.

fluence,  The right side shows the resistivity increase vs

-annealing temperature.



111
RUN I

--- RUN U

0\

5 8 A99 m  44,16-
Ixic'''0 dill \

Zzl

\,X \                  Si
d .

 24-          •
<1

32

40

1
1                                                               

                       1

0 .20 .40        0 100 200 300
I8FLUENCE (10 e/cm2) ANNEALING TEMP. (°K)     u;



40

The 22.K annealing stage was investigated to see if.annealing to.

11/the temperature of.a previous irradiation-- would have. any effect.  Very.

little recovery.was 0bserved.  The 37 K annealing stage was selected in

an attempt. to separate Stages „Ib,  c,  d from Stage  Ie. The annealing

temperature'and·time were.selected,such,that less.than 1% of·Stage Ie would

anneal.  The uncorrelated long-range.motion of.Stage Ie is-described by

21/a second-order kinetic rate equation as presented in Granato and Nilan.-

a     Theiliquid nitrogen annealing stage.(78 K) was.investigated to see the

effect of.full.Stage I.annealing.  Finally, a room temperature,anneal was

taken  to observe-any. additional recovery. The-percentage  annealed  in  each  

stage: -is   listed in Table   3,   and the fesistivity·.data  agree  vity ·well  with

.   14,22/
previous" annealing s tudies. - The.resistivity recevery is compared

wit:h  the  :x--ray intensity recovery for  the . (333) planes in Figure 14 .   The

room temperature,resistivity was calculated ,using the value 1.55 UO-cm

at.0 6 and a temperature coefficient.of 4.33 x 10-3/degree for the resis-

23/tivity of.copper.-  Values.of the. residual resistivity and resistivity

changes 'were· found by calculating the ratio of room temperature to low

temperature resistances.  Three of.the four data show a similar prpduction

-10                                                18        2
rate of 22.8 x 10 Q-cm for a fluence.Of .21 x 10   6/cm with the

fourth value abeut 20% lewer.  The purpose ef the resistivity measurement.

was to inspect.such.aspects as uniformity of electron beam over the long.

irradiatien times, effectiveness of keeping the temperature below peint

defect-migration temperatures, and·the effect of subsequent anneals.  The

"data=of:the resistance measurements agree with previeus data ef Corbett

221et·'al.-  sufficiently well to remove most questions on.beam.uniformity,
--

temperature centrol, and annealing effects.



)              I                                                                                                                     -              I                                                                                           '               '

Table 3

X-Ray Intensity and.Resistivity Recovery After,Annealing

RUN I RUN II

Reflecting
 .        Planes

After 22 K After 37 K After 77 K After 295 K      -       After 77 K.

111-1             0% 74% 91% 94%

111-2             1% 71% 97% 99%

111-3             1% 63% 93% 99% 92%

220-1             1% 69% 98% 99%

Resistivity

Sample 1          7% 52% 852 97% ·85%

Sample 2          3% 53% 86% 98% 86%

is
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Figure 14  Comparison.of resistivity change and anomaleus transmission

decrease for (333) planes.  The left side shows the changes

vs electron fluence.  The right side shows the changes.vs

annealing temperature.

.
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Using a tetal displacement cross, sectien  ef 127 barns  for  3  MeV,

20/
eleetrens on copper,- and assuming simple production rate as given by:

Concentration of defects = (total cross section for. production
per electron) x (total number of'
electrons)

Ci = aT4 (2)

a  = 127 barns
T

2
$  = fluence (electrons per cm ) ,

we get a.concentration of

-24 2 18    2             -4
Ci = (127 x 10   cm )(.208 x·10  e/cm.) = .264 x 10

With a resistivity change of Ap fer this number of defects, the resisti-

vity per.atomic percent of defects, Ap/1%,is·given by

Ap - Ap/1% x Ci (in %)

-10

8011% m
.

.86 110-cm/%
22.8   x   10           0-cm

-2.
.264 x 10   (%)

The feur values of resistivity change per atomic percent of.defects are

.695·; .817, .863,·-and..902 110-cm/atomic:%. The, average ef the last

three values is .857 TO-cm/atomic %.  Two previous irradiatiens·of.abeut

the same·: fluence witheut  the x-ray crystals yielded resistivity changes

fequal to the abeve average t 10%.
22/These values are to be compared with data of Corbett et.al.-

Their source of high energy electrons.produced.an electron beam with

a gated half·,sine wave of veltage, the average energy ef,which was.1.37

MeV. Varieus preblems asseciated with beam measurement.and uncertainty
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in' the: exact   position   ef . the sample during irradiatien introduced.a  t  10%

..     uncertainty in their.fluence measurement.  Using a threshold'di flace-

-ment  energyof  22  eV, the value  fer the total displacement creas . section

20/
at' 1.3-7 MeV- is G  = 70 barns.- It.should be noted that further error

is introduced, since fer their nen-constant·voltage, CT(E) does·not neces-

sarily equal aT(E).  A typical set.of data are

-10
Ap =.2.06 x 10 R-cm

$  = 2.56 x.10 elec/cm  o
16        2

This yields-a··value of Ap/%.= 1.15 Unicm.  The rest ef .their data yield

values between 1.14 and 1.19 un-cm. The value.of  .86 Un-cm represents .

an errer ef 25% from the average Corbett value.

The fluence measurement.uncertainty in this experiment is less than

er  equal · to  the. 10% errer  in the Cerbett measurement.     His  use  of  the,

value 3.93 x 10-3/degree C for the.resistivity temperature coefficient

will' result in a small errer. There is probably a large errer intreduced

in-eomparing resistivity changes from electrons differing- in  energy by

greater than a factor of two.  The determination of·the cross.section

is highly dependent.on the threshold energy which is not accurately

known and which is different for different recoil directions.  The24,25/

energy loss of the.primary displaced atems is not well known and, there-

fere, the number-ef secendary displacements is net:accurately known.:

An illustration of. the problem with total cross. section determination

is·.the use·:by Cerbett  et  al.  of  0   =  (57  + 17) barns .which differs.con- 4
--    -

siderably from the.more.recently calculated value of 70 barns.of Oen.."

-
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-   In  view'-ef these preblems·, the value of,resistivity change per atomic  %

-of defects-is acceptable, and.the primary purpeses of .the- resistivity

measurements -- uniform fluence check, irradiation temperature and an-

-nealing effects -- are achieved.

--The-x-ray.intensity data show different behavior from the. resistance

data.      The main- features   can be. represented  by   the , following peints:

1.   The· intensity changes  fer  (111),  (222),  (333),  and  (220)  are

larger than predicted by the theoretical concentration ef.point

11/defects,- whereas the changes for the (200) and (400) reflec-

tions· are in the predicted range.

2.  In Run I the:intensity decrease was.quadratic with fluence as

centrasted· with the linear behavior  of the resistance changes.

3.  Run II, which used the same x-ray crystals as.Run I.after a

three-month reom temperature anneal, shows.a similar quadratic

production rate and exhibits a productien rate of approximately,

twice that of Run I.

4.--In both,runs the x-ray intensity showed almost' full recovery

after Stage I annealing (eur 78 K,anneal).
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DISCUSSION·

.

There ·are·' three remarkable features  ef the anomalous transmission

data, -The decreases.in x-ray intensity are net linear.with-.electron

fluence.  Second, electron irradiation at.14 K plus a:leng anneal at

295 K leaves the Fpprimen in an altered state such that a subsdquent.

low temperature electron irradiation produces larger x-ray intensity

decreases than occurred during the first irradiatien -- a "radiation

history" effect.  Third, the decrease in.intensity for the (nnn) planes

2
vary more rapidly than n .  At present we do not.have.an understanding

ef-these results.

As mentioned previously, the resistivity data have been used to

establish-the accuracy of the fluence,measurements and irradiation

temperature:  These facts.will be assumed to apply.to the x-ray crystals

as-various models are.considered.  The important·differences between

the'resistivity data and the x-ray data should be clearly emphasized.,

The- twe properties were.measured en different samples' that were prepared

differently.  As pointed out in the Introduction, x-ray anomalous trans-

-          mission is.much more.sensitive to strain and.defect clustering than:is

resistivity.  The resistivity data may not, therefore, be a measure of

defect behavior in the x-ray crystals, but rather act as.a check on the

electron beam measurement.

If the production of,defects is linear with electron fluence as.seen,

-  by' the - resistivity measurements and as expressed by equatien  (2),  then

then non-linear change.in x-ray intensity requires.the intensity to.have

- a greater than linear.dependence on.defect concentration.  The cencen-
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tration ·dependence was. investigated by calculating the absorptien  co-
*

efficient,due-to irradiation W '

*

I=I e                                                     (3)
-U t

0

*
with ,I and . I  as.in equatien (1) and:t the sample thickness.  U t was

calculated:for all planes.after the.various values of electron fluence.

*
The   ratio ' o f   11-  t   for. full. fluence   to half fluence  was   4.1  +   .3   in   Run   I

*
and 3.9 +..4 in Run II. Quadratic dependence of.11 on fluence predicts

2
a value of (2)  = 4.  Therefore, experimentally we.see

U  = A42 (4)

where A-is.a constant depending on the reflecting planes cons.idered and

*24 is the, elleetron fluence. Figure 15 is a plot of 11't·vs. $..   If

Ci = GT0 (2)

then
2

U*   =   A<   1'   1       =   A' (2    .                                                                                                                         (5)GT ,        1

The effective absorption coefficient is then quadratically propertienal

to the defect concentration.

The·annealing data were inspected assuming quadratic dependence on

concentration for the absorption coefficient.  The x-ray intensity change

ean,then·.be found from. (1)
*

-U.tI-I I-I e             *          2
AI. e eo -U t -A'C t
---- = 1-e =1-e                                     (6)I I   I

0                0                            0

The percentdge of the initial defect concentration remaining after an

anneal was taken from the electrical resistivity recovery data assumidg
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an  x% reeevery-in resistivity resulted  from  an x% annihilation ef defedts,

This assumes that all defects that.recover at different temperatures

have-the same resistivity, and application of the,recovery.idea to the

x-ray-crystal represents an additional assumption.  The recovery after

the 22 K anneal was tee small to be analyzed.

Table 4 shows the predicted and observed recovery.  The agreement

appears good.and gives.additional evidence of.the quadratic dependence
*

for V  as observed experimentally during irradiation.

Table 4

X-Ray Intensity Recovery After Annealing

PREDICTED OBSERVED

After After After After After After
37 K 77 K 295 K 37 K 77 K 795 K

222 75% 97% 99% 71% 97% 99%

333 67% 96% 99% 63% 93% 99%

220 75% 98% 99% 69% 98% 99%

The possibility of.quadratic dependence of the defect concentration

on electron fluence, and.linear dependence of the absorption coefficient

on concentration has not.been.overlooked. In view of the linearly ob-

served preduction rate for resistivity and the previeusly observed

linearity, this pessibility seems less- likely   than the above model.

Assuming the first model it is necessary te understand the ·non-linear,

decrease·of x-ray intensity resulting from a linear production of defects.

Possible examples of such a.mechanism are straining ef the reflecting

atemic planes.or clustering of the defects.
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The-influence·-of long range strain on the reflecting atomic planes
12/• was   investigated using a,theery developed by Okkerse and Penning.-

They give expressions for the anomalously transmitted and reflected beams

for deformed perfect crystals when the strain extends over disthnces large

compared to an.extinction distance.  (An extinction distance is the dis-

tance required to, obtain the standing waves apprepriate for anomalous

transmission.  In copper for Mo Ka it is 10-4 cm.)  An undeformed crystal
---

should"have-'the  same x-ray intensity  for. (hkl).· and·· (hkl-)·, reflections.

Only certain kinds of strains can be detected by the intensity difference
---

between the (hkl) and (hkl) reflections.  Given the geometry of the crystal

and' the:' irradiation, symmetry arguments yield a strain medel that could

be used in the Penning theery, It is not te be assumed that this strain

-                 model'is the only one that ceuld be used. This expression: for the strain
---

from-the difference of the (hkl) and (hkl) reflections can then be used

in the average of.the front.and back reflections to give an estimate of

the effect of long range strain.  All of the intensity results use the

average of the front and back reflections.and the data show that for the

(111), (222), and (220) reflecting planes the calculated change due to.

strain is less than:1% throughout.both.experimental runs, and changes

in the strain contribution are much less than 1% fqr successive x-ray

-measurements during irradiation and annealing.  The intensity change upon

-                     - -   irradiation  for  the  (222)   and (220) planes  is  on the order  of  20%  and  the

calculated long range strain can account for 1% at mest.
D

A general theory dealing with anomalous transmission of xrrays in

-                strained perfect crystals has not.been.satisfactorily completed.  Penning

discusses in considerable detail the dynamical theory of x-ray diffraction
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9

26/and-its application to strained crystals.- He derives-a ray theery

0                -     for slightly deformed crystals. Penning discusses only cases in which

the deformation varies slowly, i.e. Au/u is small compared with unity

where-Au is the change.in the atomic displacement as one.traverses an

extinction'distance. The basic assumption is- that in deformed.crystals

: - well.defined beams are present as in undeformed crystals.  Thus, his

theory may be-applied only if the,strain is.not too inhomogeneous.  It

is assumed that for slowly varying strain, "one mode remains one mode."

The adjustment of the,wave field te the gradually changing lattice requires

only-a gradual change in wave vector.and amplitude.  The·absence of generated

modes with an appreciably different wave vecter puts an upper limit en the
.

permissible change in reciprecal-lattice vector per unit distance:  Penning

-   treats.in an.exact form without using the above assumptions.of the ray

theory only some particularly simple.and highly symmetric strains.  The.

strain is a linear function ef one space coordinate only.  From the exact

treatment for simple examples it follows.that.for sufficiently slowly

-      -varying strain the ray theory gives correct results.

3,7,9/-It»has-been established experimentally and theoretically that

the"aggregation of defects into clusters er.loops has.a much larger effect

on-the absorption of anomalously transmitted x-rays than do the same

number of-isolated point defects.  An attempt has.been.made.to fit the

:                        10/- -               theory of Dederichs-   to our.data. Using the parameter H = 27r/d      =
hkl

(2 T /d)(h2+k2+12) te characterize the reflecting planes, the theory,1/2

-                     predicts.an H dependence. for the photoelectric absorDtien coefficient .of

3/2                2
H    for loops and H  for spherical clusters.  The absorption coefficient,
*                                                                  *

11 ,-is defined in equatien (3). Figure 16 is a plot of 11 t.vs. H for
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both-runs.  The three nearly parallel straight lines· have a slope,of„

0             3.1 i-,2. This is.larger than the 2 or 3/2 slope.predicted for photo-

2' electric absorption, It should be mentioned. that  the H dependence  for
*                                                                2

Up  (clusters) is the first term of an expansion in H .  Calculations

4                             *
have. shown that the· H  term contribution to,li (clusters) is.less than:PE·

210% -of the .H·' term and is insufficient to increase the H dependence

"significantly above H2.

Dederichs peints out that the diffuse scattering absorption coef-

ficient, p .is even more sensitive·'to clustering-than is the photo-
DS'

electric-absorption coefficient, p  .  Estimated loop radii #*re foundPE

by assuming U >> U  .  These.radii were then put in Dederichs theoryPE DS
.

for U It was found  that  u      <  . 01.upE  for all planes  and. it appearsDS' DS

- -that the estimated cluster radii  are · to,o· small to give' significant

diffuse.scaLLering.

Dederichs' theory is a generalization of the dynamical theory.which

- "·considers·only:.the.mean elastic or coherent wave, the scattering ef which

'             can be described by an"effective periodic potential.  He applies the.theory

-to statistically distributed defect aggregates, the sizes of which are

-           small-compared-with an extinction length.  It is assumed that the measured

-      intensity dees not depend on the.accidental microscopic defect configura-

-tien in"a given'crystali but only on macroscopic quantities as the,average

defect density. Attention is .restricted  te the coherent' wave,  that,part

of the total wave which interferes with the incident wave, since fer
'.

small defect clusters.the other:parts of the total waves, the,diffuse -

waves; de not satisfy the,Bragg condition due to oblique angle scattering

and:are absorbed in the crystal in the normal way.
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The-displatement fields of defect aggregates must:be known in order

to understand the effect of clustering on photeelectric absorptibn.

Beeause-'calculations.from :first principles are not available, Dederichs

-considersf two, medels· -- loose clusters with spherical symmetry and disks

   of.defects-or dislocation loops.  The displacement-fields are fouhd assuming

a:continuum theory displacement field for a.single point defect and appro-

priately summing these displacements, resulting in displacements.of all

. -   defects,in the same cluster adding coherently and different.clusters

adding incoherently,  The cluster medel assumes the defects in the cluster

are independently distributed and have a constant defect density.  The

loop°model assumes.a distributien of loops over:all equivalent cubic

directions, resulting  in  a  loss  o f sensitivity  of the- incident  x-ray  beam

-     -    direction.

The  putpose  of this brief discussion of Dederichs' theory . is  to

understand upon what assumptions the theory is.based.  His assumptiens of

statistically distributed clusters or 100ps, distributien of loop orienta-

tions, and-constant defect.density in the clusters.may net be valid in

- -         the-case ef:defect aggregation in our specimens.  The crystals used in

17          2the -present- experiments were irradiated with,10 fast.n/cm. at 100 C

to pin.existing dislocations, thus hardening the crystals.  Various esti-

mates have been made as to the effect ef this n irradiation on the

crystals,- but it can be assumed that this 100 C irradiation results
17/

in-the production of some damage, probably.in the form of defect aggre-
-

gates.  Topographs of the crystal shew no dislocations passing through

the crystal and.very few aggregates as large as 5 v.in diameter.  Although

our' crystals- appear .to be nearly perfect with respect  to x-ray diffraction
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18/properties,- the presence ef this damage could affect sub-sequent defect

'

aggregation upon electron irradiation.  An example-of.this would be the

migration of interstitials away from regions of increased.strain around

interstitial loops.  The presence of the neutron damage will-pibbably

-upset:the statistical distributions assumed by Dederichs, and the effect

of :this on expressions for the abierption ceefficients has not been

determined.

Tepegraphs were taken ef our crystal before any electron irradiation

and after Run II.  No new defect.clusters 2 5 w i n diameter could be

seen-in the post-irradiation topographs.  The, topegraphs were taken after

Run II'to see if.any large clustering had occurred, but there was essen-

-tially no difference in the two sets of topographs.

"The-intensity changes· fer- the  (200)  and (400) reflecting planes .are

considerably smaller than the ether planes.  This can:be the result ef

an- anisetrepic effect where the displacements normal  to  the (200) planes

are-less  than ' the displacements normal:to  the  (111)  and (220) planes.

The anisetropic stress field produced.by a point force in a cubic crystal

271        ·'·has been calculated.- The displacement of an atem a.distance r frem a

2
peint force gees,as 1/r .  For copper the anisotrepic,theory yields that·

the displacement perpendicular to the (111) plane is 7 times the displace-

ment·perpendicular to the (100) plane,  The displacement perpendicular

te-the (110) plane is 5 times the displacement perpendicular to the:(100)

plane.  These.calculations are useful for atoms greater than a few atomic.

-r

distances from the point force.  Thus, if the leng range displacements

are important, anisotropy plays a very.important role in atomic displace-

ments.  There-is no complete discussion of the relative role,ef displace-
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ments for atoms a few atomic,distances of less from the force and for

:- atoms at:a greater distance,

The-radiation history effect indicates that different' mechanisms  are
„

observed in the resistivity and x-ray samples.  The·changes in x-ray

intensity, but net resistivity (measured on:different specimens), are

larger on-a second electron irradiation at low temperature after.a three

menth 295 K anneal than the changes during the initial 14 K irradiatien.

The-x-ray changes  show-more  than 90% recovery after  a  77 K anneal  and  

nearly:full-recovery.after the 295 K anneal.  Thus, the history effect

doesinet"decrease the intensity after annealing,  but does leave the specimen

-   -    -  in a'state resulting in.enhanced defect production upon.subsequent irradi-

•                                                                                18     2
ation.  The*present crystal received an.irradiation of .4 x 10 e/cm

-- -        ''prior to '· the first reported irradiation.. The results of this irradiatien

could·not be-measured due.to equipment failure.  This crystal was used for

-     subsequent irradiations since the radiatien history effect was not knewn

until two full irradiations later.  This previous unreported irradiation

and the'observed:importance of.radiation history.are important in comparing

11/the present x-ray data with that previously.reported.by Edelheit, et al.-
--

His 22 K irradiation on a previously unirradiated crystal resulted in

intensity changes considerably smaller than reported her6.

As mentioned previously, the crystals were hardened by neutron irradi-

ation., This.introduced a number of small:defect loops or clusters.  It

was mentioned.how such loops could affect the defect production. If upon

--

annealing the number and.size of these loops.changes so that there are a

greater number of loops, it is then pessible that the production rate

upon . irradiating this sample  with  a  new loop distribution would be. larger,
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Any-model-such,·as-this must incorporate  the faet  that' wersee nearly  full

A                    --    intensity-recovery-'after·-annealing  and-,  therefore5  an'increase  in  the

-·  -number' of loeps requires an apprepriate decrease in. their  size to permit
a

the-x-ray-intensity to recover to its initial value.  This hodel is.pre-

sented' qualitatively only since quantitative analysis requires ..further

experimentation, possibly electron microscopy.

*

t..
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CONCEUSTONS

.

The'. anemalous x-ray transmission experiments were initiated  to .  *•
. determine the structure of the interstitial in copper.  Unfortunately,

the  interpretation  ef -the experiments is clearly mere cemplex than· origi-

nally expected.  The three remarkable observations described above.cannot

at this-peint be understeed in terms ef any existing theery,

In view of the fact that none of the.existing models answers all of

the questions posed by the data, thought has been given to future.experi-

ments.  The·non-linear intensity decrease could.be investigated by

simultaneously measuring on the same specimen the electrical' resistivity

                or lattice parameter together with anomalous,transmission intensity.  If,

as suspected, small defect clusters .are respensible fer the "radiation
..

history" effect,   it may -be·:necessary to inspect the crystals  with  the

eleetren micreseepe.  Lattice parameter measurements might reveal that

some alteration of the crystals had occurred, but would net-give unequi-

vocal knowledge as.to the actual crystallographic process.  Nene of the

existing theories gives the very large ebserved dependence en H.for the

abserptien ceefficient,  Measurements ef the intensity change.for dif-

ferent wavelengths,can  give a measure  as  te the· relative importance. ef

photeelectric absorption and diffuse scattering.  The importance of

multiple knock-ens from the 3 MeV electrons could be investigated by using

lower energy electrens.  The effect ef cluster formation on the radiation

history ceuld be studied by a high temperature anneal.of the samples

between irradiations.
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2.0                                                                                        3         D

Percentage Decrease in Transmitted X-ray Intensity  - for (hki) and (hki)
0

Et··

RUN I

After 1/2 After total After 22 K After 37 K After 77 K After 295 K
Reflecting

fluence fluence Anneal Anneal Anneal Anneal
Planes (hk£) (hkE) Ave. (hkE) (h-ki) Ave. (hkE) (hk-I) Ave. (hkE) (hkE) Ave. (hkE) (Ski) Ave. (hk£) (hkE) Ave.

111-1      .4 1.2 .8 2.3 4.5 3.4 2.3 4.5 3.4 .4 1.4 .9   .1    .5    .3 0.0 .4 .2

111-2 4.0 7.6 5.8 19.7 26.7 23.2 19.5 26.5 23.0 4.3 9.3 6.8 0.2 1.0 .6  0.0    .4    .2

111-3t   14.9  30.7  22.8 57.3  74.1  65.7 57.2  74.0  65.6 18.6  30.0  24.3  4.0   4.8   4.4  0.0    .2    .1

220-1 3.9 6.9 5.4 16.8  22.0  19.4 16.7  21.7  19.2 4.1 7.9 6.0   .1    .3    .2 0.0 .2    .1

100-1                                                                         .3             .5             .4                                                                                                                                                                          .1             .3             .4

200-2 1.2 2.0 1.6 .4    *     .4

 
RUN II

After 1/8 After 1/4 After 1/2  ,

Reflecting
fluence fluence fluence

Planes (hk£) (REI) Ave. (hki) (SEI) Ave. (hk£) (hEI) Ave.

111-1                                          * 1.5 1.5

111-2      .6    .4    .5 3.4 2.4 2.9 12.7 10.9 11.8

111-3t 2.6 3.2 2.9 13.3 14.5 13.9 40.3 41.3 40.8

220-1      .3    .5    .4 2.2 2.6 2.4 9.4 9.8  9.6

t
(hkt) and (hk£) were taken at different locations for 111-3 reflection for both runs.*
data not available.
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