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ABSTRACT: We report a systematic experimental study of the conditions leading

to vacancy dislocation loop formation at the sites of defect cascades produced

by ion irradiations. Transmission electron microscopy techniques and the

ordered alloy CuoAu were employed to measure the probability of dislocation

loop formation as functions of irradiating ion mass (Ar , Cu and Kr ), ion

energy (50 and 100 keV), and sample irradiation temperature (30 and 300 K).

Disordered zones in the ordered alloy were produced at every defect cascade

site and imaged in dark-field superlattice reflections. Dislocation loops

were imaged in fundamental reflections in the same sample areas to produce a

very accurate measurement of the probability of the collapse of each cascade

to a dislocation loop, within a large set (~200) of defect cascades for each

irradiation condition. The size distributions of dislocation loops and dis-

ordered zones were also measured for selected irradiation conditions. A

central result was that defect cascades collapse to dislocation loops with

significant probability ("0.5) even at sample irradiation temperatures of

30 K. Other observations include an increasing collapse probability with

increasing cascade energy density (increasing ion mass) and with increasing

sample irradiation temperature. However no additional collapse was observed

upon annealing from 30 to 300 K, and no increase in collapse probability was

observed upon increasing the bombarding ion energy from 50 to 100 keV. Disor-

dered zone sizes also increased with increasing ion mass and with increasing

sample irradiation temperature (30 to 300 K).
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Introduction

That fast neutron bombardment of metals introduces defects in an

inhomogeneous manner by so-called displacement cascades has long been

appreciated [1]. The collapse of the vacancy rich cores of such cascades to

vacancy dislocation loops is known to have significant consequences for the

subsequent evolution of the damage structure and may influence such processes

as void swelling, irradiation hardening and irradiation induced creep [2].

Despite its importance cascade collapse is poorly understood. The aim of the

experiment reported here was to increase our understanding of vacancy motion

within cascades by a systematic study of cascade collapse in an ordered alloy,

CU3A11. Cascades were induced by heavy-ion bombardment. Two irradiation

temperatures were chosen: one below stage I, where no long-range thermally

activated point defect migration can occur; and one above stage III where all

point defects are mobile. The advantage of carrying out the experiment in

CU3AU is that information both on loop formation and of the location and the

spatial characteristics of the cascades may be obtained through a study of the

disordered zones created at cascade sites.

The collapse of displacement cascades to vacancy loops has been verified

in many experiments see, for example, the reviews by Ja'ger [3] and Thompson

[4]. The usual approach adopted has been to irradiate thin-foil specimens

with heavy-ions (which simulate the primary knock-ons) and to analyze the

resulting dislocation loops by transmission electron microscopy. This enables

careful control of the irradiation parameters. In several previous studies

using this approach, attempts have been made to determine the influence of the

ambient lattice temperature on the collapse process. Howe, McGurn and Gilber

[5] demonstrated that collapse occurs in heavy-ion irradiated gold and

aluminum at temperature as low as 10 K, and this has been confirmed more



recently in gold and sliver [6], This has led to suggestions that the

mechanism of collapse is atherma1. This has not however been studied

systematically. The main experimental problem in these in-situ irradiation

experiments has been control of the ion dose. This has meant that no detailed

comparisons of defect yields (i.e. the fraction of cascades produced which

collapse to dislocation loops) has been possible.

The method employed in this paper overcomes this difficulty. Under

certain well-defined conditions, individual displacement cascade sites in

CuoAu can be identified from the local disordering created in the cascade.

The method, which has been reviewed by Jenkins and English [7], involves the

imaging of these 'disordered zones' by means of superlattice dark-field

reflections which are sensitive to structure-factor contrast. Dislocation

loops present at some cascade sites may then be imaged in the usual way using

fundamental reflections sensitive to strain contrast. Comparisons of images

of the same area obtained using the two different types of reflection allow a

direct measurement of the defect yield which is independent both of the ion

dose and of the microscope magnification. Furthermore, the disordered zones

themselves reflect the sizes and shapes of the individual cascades, and so

allow correlations to be made be_ween these parameters and the collapse

probability.

The limited presentation and discussion of material in this paper is based

on a more complete manuscript to be published elsewhere [8]. It is the

authors' desire to present here a summary version to the audience of this

meeting in the hope that those with strong interest will also read the

complete manuscript when it becomes available.



Experimental Methods

In order to produce specimens in which both disordered zones and

dislocation loops show good contrast it was necessary to produce well-ordered,

highly-stoichiometric foils of CU3AU of t. controlled thickness < 35 nm. This

was achieved by vacuum evaporation followed by heat treatments. All specimens

had <001> foil normals. Two batches of specimens were irradiated with Ar ,

Cu+ and Kr+ ions at both 50 and 100 keV to doses of 10i5 ions/m~2. The first

of these batches was implanted at room temperature at AERE Harwell on the

commercial Lintott ion implantation system and the second at 30 K on the HVEM-

Accelerator Facility at Argonne National Laboratory [9]. Those specimens

irradiated at room temperature were observed using a JEOL JEM100B transmission

electron microscope at Oxford, while those irradiated at low temperatures were

examined both in-situ on the Argonne EM7 HVEM and subsequently on return to

Oxford in the 100 kV instrument. The HVEM was operated at an accelerating

potential of 300 kV, below the threshold for the production of electron

radiation damage in CU3AU. Under typical illumination conditions of our

experiments the maximum temperature rise of the specimens due to local beam

heating effects was estimated always to be < 10 K, using the expression given

by Fisher [10].

Disordered zones created in CuoAu in all cascades initiated by incident

heavy-ions of energy > 10 keV can be rendered visible as dark regions against

the lighter, well-ordered background by forming dark-field images using a

superlattice reflection of type g - <110>. Dislocation loops produced by the

collapse of some cascades were imaged using fundamental reflections of type

g = <220>. The defect yield under any irradiation condition was obtained by

comparing micrographs of the same region of foil imaged in superlattice and in

fundamental reflections. The process of loop identification was carried out



without reference to the micrographs showing disordered zones. Later a

careful comparison of the locations of the disordered zones and of the loops

confirmed that all loops were associated with disordered zones, and allowed a

direct determination of the defect yield. Examples of the procedure are shown

in Fig. 1, where for clarity only one micrograph of each type is displayed.

In practice as many as 20 fundamental micrographs of each area were analyzed.

Vacancy migration can be stimulated by the electron beam even when thermal

migration is not possible, so it was important to establish that this effect

was small. Some low-temperature experiments were therefore carried out using

minimum exposure techniques. It was found on film records that dislocation

loops were present in areas which had been exposed to the diffuse electron

beam for < 60 s. No new dislocation loops were ever found to form during

observation over periods ranging from 10 s to 15 min, under any illumination

conditions.

All measurements of disordered zone and loop sizes were made from prints

of total magnification in a range 7-8xlO5 taken from negatives obtained using

the JEM100B instrument. These micrographs were better quality than those

obtained using the HVEM. Typical disordered zone diameters were ~1 cm on such

images.

A potential problem encountered in the sizing of disordered zones is the

possibility that strain contrast from dislocation loops could perturb the

image contrast. This effect has been considered by Wilkins, Jenkins and

Katerbau [11]. For foil thickness <, 30 nm, and for disordered zone and loop

sizes typical of those found in the current work, the structure factor

contrast of disordered zones dominates any contribution of strain, end the

effect on measured disordered-zone sizes is expected to be small.



Results

A comparison of the defect yields for both the room and low temperature

irradiation conditions are given in Table 1. Clearly, cascade collapse to

dislocation loops occurs even at 30 K where vacancies and interstitials are

thermally immobile. Additionally it was discovered that there was no change

in the defect yields measured on samples irradiated at low temperatures upon

warming them to room temperature. All defect yields obtained from the room

temperature irradiated specimens are seen to be significantly higher than

those obtained from their low temperature counterparts. No significant

changes in defect yield were observed on increasing the ion energy from 50 to

100 keV at either irradiation temperature. An increase in defect yield with

increasing ion mass was clearly observed in the results of room temperature

irradiations and between Ar+ and Cu+ (or Kr+) irradiations at low temperature.

The mean diameters of disordered zones for most of the irradiation

conditions are given in Table 2. The primary objective of the size

measurements was to explore any correlations which might exist between

disordered zone sizes and cascade collapse behavior. It can be noted in Table

2 that disordered zones which collapsed to loops are on average larger than

uncollapsed zones for any given irradiation condition. Disordered zone sizes

increase with increasing ion mass for room temperature irradiations. However,

zones produced by 50 keV Kr+ ions at 30 K are smaller than their Cu+

counterparts. Disordered zone sizes increase with increasing ion energy.

Disordered zone sizes increase with increasing irradiation temperature, an

effect confirmed in Fig. 2. All the effects described are believed not to

arise from contrast artifacts due to the presence of loops within some

cascades. Note that the ion mass and irradiation temperature effects are

evident also in the uncollapsed zone population.



Dislocation loop sizes are given in Table 3, together with values of

cascade efficiencies calculated from the modified Kinchin-Pease expression

[12] with displacement threshold E^ = 25 eV. Cascade efficiency is defined as

the proportion of the vacancies produced that are actually retained in loops

after the collapse process.

Discussion

The central result of this work is that collapse of displacement cascades

to dislocation loops occurs with high probability at temperatures as low as

30 K (Table 1). At this temperature, vacancies cannot undergo long-range

thermal migration. It was found that cascade collapse cannot be due to local

beam heating effects or to electron irradiation induced diffusion. Therefore

we conclude that collapse must occur during the phase of collision cascades

when extensive vacancy motion is possible, that is the so-called thermal spike

phase that occurs within about 10 second of cascade initiation [13].

Furthermore, the lack of additional collapse upon warming to room

temperature, suggests that the vacancy motion required for collapse is not the

same as that of thermally-activated non-directional free vacancy motion from

cascades, which is known to occur at 300 K in CU3A11 [14]. This conclusion is

reinforced by the high values of the cascade efficiency found in this study

(Table 3) and typical of many heavy-ion irradiation experiments [3], The

formation of large vacancy loops, containing a high fraction of the total

number of vacancies created in the displacement cascade, would seem to require

not only appreciable vacancy migration but also directed motion of the

vacancies towards the cluster nucleus.

A further interesting aspect of our results is the dependence of collapse

probability on ambient lattice temperature. Under the same irradiation



conditions, displacement cascades collapse with a significantly higher

probability at room temperature than at low temperature (Table 1). This

effect is more pronounced the higher the mass of the incident ion. Within a

thermal spike model an increase in ambient temperature might be expected

qualitatively to decrease the cooling rate within the cascade region and so to

increase the thermal spike lifetime. Even without a detailed model this would

appear to favor collapta.

The trends shown by the defect yield with incident ion mass and the

dependence of these trends on the lattice ambient temperature may be

understood with a thermal spike model. The cascades produced by heavier ions

are more compact and lead to initial vacancy configurations on average more

favorable to collapse than those formed by lighter ions. For Kr -KJû Au the

defect yields are already moderately high at 30 K. The distribution of

cascade sizes is not expected to be broad for such heavy ions [15]. There

must exist therefore a population of cascades close to collapse at 30 K, but

where collapse is prevented by the short duration of the thermal spike. At

300 K such cascades do collapse, giving the observed large increase in defect

yield. The change in yield would not be expected to be so extreme for the

more diffuse cascades with a greater range of initial vacancy configurations

produced by lighter ions.

Another trend shown by the defect yield can also be fitted into the

overall picture. For any particular combination of ion and irradiation

temperature, no significant change in defect yield was evident on increasing

the ion energy from 50 keV to 100 keV, although mean disordered zone sizes did

increase. This similarity of defect yields at 50 keV and 100 keV is

consistent with numerous other experiments on heavy-ion damage in metals where

multiple loop formation is not often observed in individual cascades. In



Cu^Au the plateau in defect yield is reached for incident ion energies

typically 30-50 keV [16] and coincides with the development of cascade sub-

structure. For the ions used in the present work, disordered zones at 50 keV

were fairly regular in shape but showed some evidence of extrusions and small

sub-cascades (Fig. 1). At 100 keV extrusions and sub-cascades were more

evident, but cascades still usually showed a single major cascade region of

similar appearance to zones produced by 50 keV ions. It was unusual to

observe the splitting of cascades into two or more major sub-cascade regions,

and double or multiple loop formation were very rare. These observations

suggest that the cascade collapse process in a 100 keV cascade is triggered

within a single local region of high vacancy concentration and deposited

energy density. Such regions occur also in 50 keV cascades. Our results

suggest that the peripheral regions play little or no part in the initial

collapse process, but may contribute vacancies to the growing loop and may

become partially disordered.

The discussion so far has established that the thermal spike probably

plays an important role in the cascade collapse process. Disordering is

recognized to occur within the collisional phase of the cascade. Our results

suggest that significant additional disordering also takes place in the

thermal spike phase. Evidence for this is found in the dependence of

disordered zone sizes on irradiation temperature and on incident ion mass.

Although our data are incomplete, there appears to be a trend for disordered

zone sizes to be larger at room-temperature than for corresponding low-

temperature irradiations, particularly for heavier ions. As the size of the

collisional region is not thought to be dependent strongly on irradiation

temperature this suggests that disordering is influenced by the changes in

thermal spike cooling rates and lifetimes postulated to occur with changing



latlce ambient temperature.

We examine this argument in more detail to try to establish the relative

importance of disordering within the collisional and thermal spike phases,

respectively, at the two irradiation temperatures. The following observations

suggest that at 30 K for the ions studied here the disordered zones correspond

approximately to the collisional volume of the cascade. First, at 30 K the

disordered zones produced by 50 keV Kr+ ions are smaller than those produced

by the lighter Cu+ ions. This trend is in agreement with predictions of the

analytical theory [15] where the second moment of the cumulative deposited

o
energy distribution function <Y >p decreases with ion mass. The quantity

2 1/2
2<Y >Q given in Table 2 is a measure of mean cascade diameter. Second, the

disordered zone size data for 50 keV Cu+ ions are in good agreement with

predicted cascade sizes in CuoAu obtained using the binary computer code

MARLOWE, which describes the cascade at the end of the collisional and

relaxation phases [17,18]. A major cause of disordering at 30 K is

undoubtedly random replacements occurring during the collisional phase,

although we cannot exclude subsequent quasi-melting of the cascade core (as

found in the simulations of Protosov and Chudinov [19]) as a further

disordering mechanism. Neither can we exclude spike effects, but there is no

evidence that they play a major role in disordering at this temperature.

However, at 300 K, there is evidence that significant disordering occurs

within the thermal spike phase. Not only are disordered-zone sizes larger

than at 30 K, disordered zone sizes increase with ion mass, with the trend

being more pronounced at 100 keV than at 50 keV. These results suggest that

additional disordering, of a non-collisional nature, is occurring at the

peripheries of cascades by a thermal spike mechanism which probably consists

of defect motion: either vacancies, interstitials, or both.
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Conclusions

1. Cascade collapse in CuoAu occurrrd at 30 K under all irradiation

conditions investigated. Values of the defect yield at 30 K ranged from

-0.3 for 100 keV Ar+ ions to -0.5 for 50 keV Cu+ and for both 50 keV and

100 keV Kr Ions. Since thermal migration of point defects in CuoAu

cannot take place at 30 K, the observation of collapse at this temperature

suggests a thermal spike mechanism.

2. No further collapse occurrred on warming specimens to room temperatures.

This, coupled with the high values of defect yield at 30 K, suggests that

directed motion of vacancies occurs during the collapse process.

3. Defect yields in room temperature irradiations were larger than the

corresponding values at 30 K. The effect ranged from ~15% for 50 keV Cu

ions to over 50% for Kr+ ions at both energies. It has been argued that

this observation is consistent with thermal spike quenching, leading to

reduced spike lifetimes at low ambient temperatures.

4. Defect yields increased with increasing ion mass, but there was no

observed dependence on ion energy. For any given ion species and

irradiation temperature, there was no significant difference in yield

between 50 keV and 100 keV.

5. On average the disordered zones produced at the sites of collapsed

cascades were larger than those produced within uncollapsed cascades.

6. The sizes of disordered zones increased with increasing ion energy and

irradiation temperature. In room temperature irradiations the sizes of

disorderd zones also increased with increasing ion mass, but at 30 K the

limited results show the opposite trend. At the highest cascade energy

densities in room temperature irradiations the disordered zone sizes

exceed the theoretically predicted cascade dimensions.
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7. It has been argued that both collapse and a substantial part of the

disordering may be understood within the context of a thermal spike model.
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TABLE 1-Comparison of yield values from low temperature (30 K) and room
temperature (300 K) irradiated specimens.

Low Temp
Irradiation

Room Temp
Irradiation

Difference

50 keV
Ar +

(0.31)*

0.40
±0.04

(29%)

50 keV
Cu+

0.53
±0.05

0.61
±0.03

15%

50 keV
Kr+

0.48
±0.03

0.74
±0.03

54%

100 keV
Ar+

0.32
±0.02

0.38
±0.04

19%

100 keV
Cu+

0.49
±0.04

0.63
±0.03

29%

100 lu
Kr+

0.52
±0.04

0.78
±0.03

50Z

*estimated from incomplete data.



TABLE 2-Disordered zone diameters

Ion Energy (keV)

Ion type / T i r r ( K )

Mean diameter of
disordered zones

(nm)

WSS theory

2<Y2>J/2

30

300

50

Ar+

—

8.4
7.5±0.2

7.0

9.6

50

Cu+

7.8
7.2±0.2

6.6

9.0
3.5±0.2

7.8

9.2

50

Kr+

7.0
6.3±0.2

5.7

8.8
8.6±0.2

7.8

7.2

100

Ar+

8.7±0.2

10.9
9.0±0.2

7.9

16.8

100

Cu+

—

—

15.4

100

Kr+

—

12.0
11.2±0.3

8.1

12.0

- Irradiation temperature Key: Central in box: Value for total zone population with standard
deviation

Upper right: Value for collapsed zone population
Lower right: Value for uncollapsed zone population



TABLE 3-Klnematical image widths of loops and calculated cascade efficiencies

Mean Image
Width (nm)

Maximum
Image Width (nm)

Cascade Efficiency

Low Temp
Irradiation
50 keV Cu+

5.1 ± 0.2

6.4 ± 0.3

Room Temp
Irradiation
50 keV Cu+

5.2 ± 0.2

6.4 ± 0.2

0.37

Room Temp
Irradiation
100 keV Kr+

6.4 ± 0.2

8.1 ± 0.3

0.29



Figure Captions

Figure 1. Matching of disordered zones with dislocation loops under various
irradiation conditions:
a) 100 keV Cu+ at 30 K, recorded on the Argonne HVEM at low

temperature
b) 50 keV Cu+ at 30 K, recorded on the JEM100B at room temperature
c) 50 keV Ar+ at 30 K, recorded on the JEM100B.

In each case a pair of micrographs of the same area is shown. The left
micrograph is an image obtained in a g * 110 superlattice reflection, and
shows disordered zones. The right is a bright-field kinematical image
showing loops. Some loops and their associated disordered zones are
ringed.

Figure 2. Distributions of disordered-zone mean diameters illustrating that
zones produced in room-temperature irradiation are larger on average than
those generated at low temperature.
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