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ABSTRACT

We have studied Ni ion damage in Cu using x-ray diffuse
scattering and transmission electron microscopy, and in Nb
using x-ray diffuse scattering. Single crystals of Cu and
Nb were irradiated at room temperature to a fluence of
1.2 x 1013/cm2 at 60 MeV, and Cu was also irradiated to
5 x 1012/cma at 4 MeV. The x-ray diffuse scattering from
loop-type defect clusters in the crystals was measured
near several Bragg reflections in order to probe the depth
distribution of the damage. In Cu, cluster size distri-
butions derived from the x-ray measurements agreed well
with TEM results. Comparison with fission reactor irradia-
tions using the damage energy concept suggests similarities
in retained damage between the neutron and Ni ion irradia-
tions.

In this work, we have used x-ray diffuse scattering and transmission

electron microscopy to investigate Ni ion damage in Cu, and x-rays to

study Ni ion damage in Nb. The emphasis of the work has been to develop

quantitative techniques for studying ion damage in solids, particularly

x-ray diffuse scattering. Three general areas were explored. First,

the retained damage from ambient temperature Ni ion irradiations in

Cu and N'b was characterized and compared with comparable damage energy-

fast neutron irradiations. Secondly, Ni ion damage in Cu was compared

at 4 and 60 MeV in order to check for a dependence of the damage on

incident ion energy. Finally, the applicability of x-ray diffuse

scattering techniques to ion damaged crystals was demonstrated. This

latter result allows the investigation of ion damage in some crystals

which are difficult to study in the electron microscope and opens tha

way for complementary studies in other crystals.
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EXPERIMENTAL

Nearly perfect single crystals of Cu and Nb were used in the

experiments. The Cu crystals were grown from 99.999% pure starting

material, acid cut into (111) platelets approximately 1 x 1 x 0.3 cm,

and polished in 10% H,P0., The Nb crystals were grown by the strain

anneal technique from thin sheets of zone-refined starting material.

This gave a coarse polycrystalline structure from which some -cm2

single crystal regions with primarily (220) orientations were spark cut

and etched in 2:1 HNO,, HF. Both the Cu and Kb crystals exhibited x-Tay

Bragg widths close to the intrinsic values for perfect crystals. The

results of impurity analysis on the samples after etching are shown in

Table 1.

The 60 MeV Ni ion irradiations for both the Cu and Nb samples were

carried out at the Oak Ridge Isochronous Cyclotron. Doses of 1.2 x 101-3

ions/cm2 were accumulated in .1 minute over an area of approximately

0.5 cm2. The 4 MeV Ni irradiations of Cu were made with a 5 MeV

Van de Graaff to a dose of 5 x 1012ions/cm2 in a similar time. Both

the Cu and Nb crystals were oriented approximately perpendicular to the

ion beams, J7° off the nearest principle axis or plane to avoid

channeling effects.

The radiation-induced damage in the Cu samples was studied using

both transmission electron microscopy and x-ray diffuse scattering.

The TEM measurements were performed using a sectioning technique which

allowed viewing the damage in depth profile. This TEM technique along

with accompanying micrographs is described elsewhere in these proceed-

ings.

The x-ray measurements were carried out on both Cu and Nb samples
2

using the integral diffuse scattering technique. The total diffracted

intensity was collected as a function of deviation from the Bragg angle

and corrected for the scattering curve from an unirradiated portion of

the crystal. The resulting diffuse scattering from the defects was .
2

interpreted by means of a computer program which uses a least-squares
fitting procedure to obtain a loop size distribution from the scattering
data.



Table 1.

(wt. ppm)

Cu

Nb

Impurity

H

30

<5

analysis

C

50

of

N

<5

10

Cu and Nb

0

10

50

samples.

Ta

50

W

15

Generalizing the integral diffuse scattering measurements to

ion-damaged crystals requires taking into account the inhomogeneous

nature of the depth distribution of the damage. This inhomogeneous

distribution is shown in Fig. 1 where we have plotted the results of

theoretical damage distribution calculations for 4 and 60 MeV Ni ions in

Cu. We dealt with the depth distribution problem in a straightforward

mannei by computing an effective absorbtion factor based on the total

path length of the x-rays as a function of depth. This absbrbtion factor

is shown in Fig. 1 for the (111) and (222) reflections in Cu.

A potential problem with this approach exists if there is a strong

depth dependence to the defect size distribution. The TEM measurements

indicate that the average cluster size increases slightly as the end of

range of the incident ions is approached. Ws have checked the effect of

this depth dependence of the size distribution by comparing distributions

derived from x-ray measurements near the (111) and (222) reflections in

Cu irradiated with 60 MeV Ni ions. Due to absorbtion, the (111) and

(222) measurements sample the depth distribution of the damage different-

ly (See Fig. 1). However, loop size distributions derived from these

measurements were very nearly the same, indicating that a small depth

dependence to the size distribution does not seriously affect the x-ray

results. Size distributions derived from (110) and (220) x-ray measure-

ments in Nb were also very similar.

RESULTS AND DISCUSSION

The results of x-ray and TEM measurements of loop size distributions

in ion-irradiated Cu samples are summarized in Fig. 2. Also shown in the

figure is a size distribution derived from x-ray measurements of Cu
4

irradiated with fast neutrons to a comparable damage energy. For the

ion case, the size distributions correspond to the cluster densities



Fig. 1. Calculated damage vs. depth profiles for 4 and 60 MeV Ni ions in
Cu. The absorbtion factor for Cu Ka x-rays at the (111) and (222) Bragg
reflections is also shown.

at the peak of the damage vs. depth curve. There are qualitative

similarities among all of the size distributions, and the absolute agree-

ment between the x-ray and TEM Tesults is a good indication of the

accuracy of these independent techniques.

The loop size distribution in ion-irradiated Nb was determined only

by diffuse scattering measurements since the TEM sectioning technique

employed with Cu is not applicable to Nb. This distribution is compared

with the results of the corresponding x-ray measurement in Cu in Fig. 3.

The damage energies are very nearly the same for the two cases, and

although the size distributions are somewhat similar, it is obvious that

fewer defects in loops have survived the ambient temperature irradiations

in Nb than in Cu. This reduced defect survivability in Nb has also been

observed in TEM measurements in fast neutron irradiations.

In an attempt to put the data on an absolute basis, we have computed

the theoretical point defect production for the various irradiations and

compared the results with the experimental defect densities stored in

loops as determined by integrating the size distribution curves. The

theoretical calculations are based on the damage energy concept using



Fig. 2. Loop size distributions in Cu for 4 and 60 MeV Ni ion and
fast neutron irradiations. The fluences and damage energies for the
irradiations are shown in Table 2.

the modified Kinchin-Pease formalism, while the experimental densities

are derived from the x-ray results. We have summarized the results in

Table 2. for Ni ions at 4 and 60 MeV as well as fast neutrons in Cu, the

observed defect densities surviving in loops are 4-6% of the theoretical

low temperature production. For Nb irradiated with 60 MeV Ni ions, the

defect surviveability is 1%. Efforts are currently underway to interpret

the significance of this difference between Cu and Nb.

SUMMARY AND CONCLUSIONS

We have investigated Ni ion damage in Cu and Nb using x-ray diffuse

scattering and transmission electron microscopy. The resulting damage



Fig. 3. Loop size distributions as determined by x-ray diffuse scatter-
ing in Nb and Cu irradiated with 60 MeV Ni ions. For comparison, the
data has been plotted on a linear scale in the inset.

from the ambient temperature irradiations is in the form of dislocation

loops and is similar in nature to comparable damage energy fast neutron

irradiations. The nature of the damage in Cu is not strongly dependent

on ion energy at 4 and 60 MeV. The fraction of the defects which survive

the ambient temperature Ni ion irradiations and are stored in loops is ;

approximately 4 times greater for Cu than Nb. Finally, the results =

have demonstrated the usefulness of x-ray diffuse scattering for studies |

of accelerator damaged crystals. 1



Table 2. Comparison of Fast N'eutron and Ni Ion Damage in Cu and Nb.

Fast. Neutron 4 McV Ni 60 MeV Ni 60 MeV Ni
->Cu ->Cu -*Cu -+Nb

Dose (cm"2) 1.0 x 10:9 5.0 x 10 1 2 1.2 x 1013 1.2 x 1013

E > 0.1 MeV
Damage Energy
per Ion at Peak - n o 80 80

(eV/A)

Point Defects y2 Q2\ 1<8 X JQZ\ 3>0 X 1021 3,O X 1(J2I
Generated (cm *l

Point Defects 19 19 lo2O 3 Q 19

Rotamed (cm 3)
Percent Retained 5.8% 4.7% 4.2% 1.0%

ACKNOWLEDGENENTS

The authors would like to thank R. E. Reed and F. W. Young, Jr. for

respectively providing the Nb and Cu crystals, and M. J. Saltmarsh and

N. H. Packan for helping with the Ni ion irradiations. In addition, we

acknowledge helpful discussions with B. C. Larson, O. S. Oen, and

T. S. Noggle as well as the experimental assistance of F. A. Sherrill.

This work was supported by the USERDA under contract with Union Carbide

Corporation.

REFERENCES

1. J. Narayan, 0. S. Oen, and T. S. Noggle, these proceedings.

2. B. C. Larson, J. Appl. Cryst. £, 150 (1975).

3. O. S. Oen, J. Narayan, and T. S. Noggle, p. 630 in Applications of
Ion Beams to Metals, ed. by S. T. Picraux, A. P. EerNisse, and
F. L. Vook, Plenum Press, New York (1974).

4. B. C. Larson, private communication.

5. 0. S. Oen, private communication.

6. M. Wilkins, p. 485 in Vacancies and Interstitials in Metals, ed. by
A. Seeger, D. Schumacher, W. Schilling, and J. Diehl, North-Holland,
Amsterdam (1970).

7. M. T. Robinson, Phil. Mag. 17, 630 (1968).



120
ORNL-DWG 75-11989

0 2 4 6 8
PENETRATION DEPTH (microns)

10"

5

2

*T 2

ORML-DWG 75-11988 S.
y- 5

cn

I *

2

40"

5

2

10"

OftNL-OWG 79-2676

\

— i —

\ ! .4
LV—-i—« B

>\ i

3 MeV, ELECTRON MICROS

M«V. ELECTRON MICROSC

ST NEUTRON. X-RAY

. \ \ S O WeV. X-R6V

— i

—

r ' •

h—'

— • -j——i

i

i

I ±Sy!

Is—

\
i 1

\

OPE

K
40 CO 80 400 420 440

LOOP RADIUS {£>

20 40 60 80
LOOP RADIUS (A)

100 120


