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A"FIELD ION MICROSCOPE INVESTIGATION 
OF RADIATION DAMAGE Dr IRIDIUM BOMBARDED WITH 

10 MeV PROTONS 

Pierre Petraff 

Inarganic Materials Research Divisian, Lawrence Radiatian Labaratary; 
and Department .of Mineral Technalagy, Callege of Engineering, 

University .of" Califarnia, Berkeley, Califarnia 

ABSTRACT 

The aim of .our investigatian was a better understanding .of radiatian 

damages ana of their annealing behaviors in face-centered-cubic metals. 

Far this purpase well annealed iridium specimens were irradiated at 5°K 

with 10 MeV protons,; t'in situ" a field ian micrascapeattached ta the 881f 

cyclatran at Berkeley~ Because of the atamicscale resalutian .of the 

field-ian micrascape, paint defects and their clusters were directly ab-

served at the surface and in the bulk .of the irradiated specimens. 

The low temperature surface damage caused by bambardment with 10 MeV 

pratans was mastly campased .of ejected surface atams. The larger surface 

damage .observed during irradiatian with the imaging field applied ta the 

specimen has been related to the lawering in the binding energy .of the 

surface atams when the electrastatic field is applied ta the specimen. 

The interpretatians of the cantrast effects assaciated with same .of 

the observed defects are alsa discussed in detail. Interstitials have 

been associated with extra-bright dots papping up ta the surface upon an 

increase .of the field applied tathe specimen. Pairs .of extra-bright 
, 

datspopping up to the surface have been associated with single inter-

stitials as well as 4iinterstitials. 
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The annealing behavior of the defects, as observed from the surface 

changes and the variations in the bulk. interstitial concentration, shewed 

that both annealing stages I and III correspond to interstitial migration. 

However the limitations of the field ion microscope technique did not per- ~ 

mit a decision as to the existence of two different types of interstitials 

associated with stage I and stage III. 

The effects of the irradiation temperature were also investigated. 

The large voids.and dislocation loops observed in the specimens irradiated 

at room temperature suggested both a vacancy migration process and a 

different formation mechanism for the damage. 
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I. INTRODUCTION 

Following the development of nuclear reactors and particle acceler-

ators, interest in radiation damage produced in metals by high energy 

particles has resulted in extensive investigation. Several approaches 

have been used so far in an attempt to build and perfect a theory of 

radiation damage; mainly three methods of approach can be distinguished. 

1 2 Computer simulations of radiation damage in F.C.C. and B.C.C. metals 

have contributed to the development of a model; which still needs a 

better knowledge of the atomic interaction potential in metals. Through 

the study of the annealing behavior of the radiation-induced damage,3 

information on the nature of the defects has been gained. These annealing 

stUdies have relied mainly on results obtained from the resistivity 

changes of the metals upon irradiation at low temperature and annealing 

at higher temperatures. Most of the time, because of the. complex nature 

of the damage, this indirect method leads to ambiguous interpretation of 

the results. Direct observation of the damage structure by electron 

microscopy has been limited to large defects because of the resolution 

limit of the techniques. However, the advent of the field ion micro-
4 . 

scope, which allows direct observation of the atomic structure of 

metals, has opened a new and promising era in the understanding of the 

processes of radiation damage in metals. 
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AQ Radiation Damage Theory 

An energetic part:icle .incident on a metal transmits part of its 

energy to an atom through coulomb interaction if it is a charged par-

ticle (protons, electrons, deuterons, ex particle) or through a short 

range nuclear action, if it is a neutron. The nucleus which receives 

part of the particle energy can interact with its neighboring atoms in 

several possible ways, depending on the amount of energy received and 

on the crystal structure of the metal. If the recoiling atom, also 

called "primary", receives a small energy, it will stay in its lattice 

position and the result will be a local heating of the lattice. If the 

energy of the primary is larger than the threshold energy for displace-

. ment, Ed' it will leave its lattice position, creating a vacancy in the 

process. Through displacement and replacement collisions in which the 

primary gives some energy to neighboring atoms, the damage induced by 

the primary may then lead to a "cascade ll of events. The result is 'the 

creation of several vacancies and interstitials in the neighborhood of 

the primary. This region, containing a high concentration of vacancies 

surrounded by interstitials, is called a IIspike" or a IIdepleted zone" 

according to Seeger t sTheory.5 On the other hand, Brinkman6 argued 

that at a certain size the configuration would collapse and form· a dis-

ordered region which he called a IIdisplacement spike". The damage dis-

tribution is further complicated by two other kinds of events. Through 

('\ 

focusing replacement collisions,7 the damage will be spread far from the f' 

primary, since through this process transport of energy or matter may 

occur along close packed rows of atoms. Focusing collisions lead 

generally to the creation of interstitials far from the vacancy site 

left behind the primary or far from the displacement spike. Through a 
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8 channeling event the primary is guided along a lattice ItchannelTl with-

out producing secondaries and may come to rest in an interstitial posi-

• tion. This kind of event leads, generally, to less extensive damage in 

the lattice and to interstitials widely spaced from the original vacancy. 

computer simulations have given evidence for focusing and channeling 

-events; they show the existence of close pairs of Frenkel defects and 

of vacancy and interstitials, widely spaced from the regions where the 

primary was initiated.. As stated previously, the limited knowledge of 

the interatomic potential has been the main drawback of these computa-

tions. It should also be pointed out that these calculations have been 

. limited to damage induced by medium low energy primaries (E ~ 500 key) 

and that no ttspike" or "displacement spikes" have been observed with 

this method. In this work the field ion microscope has been used for 

a.direct investigation of the structure of the radiation damage produced 

by-10 Mev protons at the surfa.ce and in the bulk of iridium single 

crystals~ The effects of the irradiation temperature on the features 

of the damage were also investigated by this technique .. 

. /" 
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B. The Stage I -'Stage III Dilemma 

The annealing studies of radiation-induced damage in metals have 

aimed at an understanding of the configuration and interactions of 

point defects and their clusters. The recovery of an irradiated FCC 

metal is generally characterized by five annealing stages. often sub-

divided in substages. Each recovery stage or substage is generally 

considered to be associated with some particular process. However, 

the interpretations are still highly controversial as is shown in 

Table I. It has often been assumed that in FCC metals, stage I 

stage 
References 

I 

II 

III 

IV 

V 

TABLE I 

Various Assignments of Defect Processes 
to Recovery Stages in FCC Metals 

Corbett 
(3 ) 

F, I 

(I )* . 
-r 

(I )*, I2 
-r 

(I2)*V , . 

V* 1" 

D 

Meechan and SoBin .and 
Seeger (5),(9) Hasiguti 

(13) (14) 

F, C F, I 

(I )* 1" ' 

I (I )* 1" 

V V 

D D 

Von Jan 
( 12) 

(I,Dh-q) 

I 

V 

D 

Bauer and 
Goepinger 

(11) 

F 

(I) (I) 
c 1" 

(I )*,I
2 

-r 

(r2 )* 

V 

D 

Symbols without parentheses denote motion of the defect; e 9 g., I2 

iJnp~ies di-interstitial migration - Su~s9r,ipt :rdenotes ':'trapp~d',':~ 

Superscript * denotes dissociation; eog. (I1")* = release of interst~tial 

fr~m tr~·~s. (1)1"' (1) ~ denote, ~~s:pective~;~~terstitial tra;p~d at" ~is~ 
locations or '~:Unpurit:tes . and' clusteringo::f': interstitials.· (I,DLR) = re

combination of interstiti~ls ~ith derocused long range sequences. I = 2 ..... .. '. '" ... . . 
interstitials, I = di-interstitials, C = crowdion, V = vacancy, F c 

. . . . . . .' . . 
self" diff'tision. ,. 

" 
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corresponds to close pair recombination4 For noble metals this stage 

occurs below 60°K.; However} Meechan, Sosin and Brinkman9 and Seeger5 have 

suggested that motion of crowdion (an interstitial split along the (110) 

directions) also occurs in stage I and that the normal interstitial is 

mobile in stage III. On ,the other hand, Corbett, Smith and Walker lO ,13 

attributed stage I to recovery of close pairs and migration of normal 

interstitials; stage III recovery is attributed to di-interstitial migra-

tion, release of interstitials from traps, and vacancy migration. 'Bauer 

and Goepingerll argue that stage I corresponds to close pair recovery and 

free interstitial migration; interstitial detrapping and dimer migration 

occurs in stage III and vacancies migrate in stage IV. 
, 12 

Recently Von Jan 

suggested that no uncorrelated or free migration of either the crowdion or 

normal interstitial takes place in stage I. According to his model, stage 

I recovery is due to recombinations of (100) displacements (normal inter

stitials) and defocused (110) long range sequences (crowdion); uncorrelated 

or free migration of the normal interstitial would take' place in stage III. 

Experimental results have been presented which support the validity of 

each of these models. Therefore the controversy concerning stage I and stage 

III remains. A direct observation of the different point defects and their 

clusters should make it possible to decide which model is correct. 

The field ion microscope technique used in the present experiments, 

permits such a direct observation. It allows observation of defects in 

the bulk ~ the specimen by the use of, the field evaporation technique. 
4 

It also makes it possible, during annealing of a specimen irradiated at 

5°K} to detect the arrival at the surface'of interstitials, di-interstitials 

and vacancies. 
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C.. Field Ion Microscope Limitations 

Although the field ion microscope, hereafter designated as F. 10M.., 

allows .direct observation of the atomic structure of a metal surface and 

permits detection of changes such as the arrival of an interstitial Or a 

vacancy at the surface .. the technique has several important limitations 

which must be considered. In the F.1.M. the image of the clean surface of 

a metal is formed by field ionization 
4 

of a gas by the surface atoms of 

the metal. This field ionization process requires that a high electro~ 

static field F be applied to the surface while under ob servation. As a 

consequence .. a high electrostatic negative pre ssure is applied to the 

specimen. The hemispherical shape of the specimen tip makes it possible 

to approximate this stress by a hydrostatic tension aN = ~/8TI = 44.3¥2 in 

kgjrmn
2 

with F in vjA., As is shown in Appendix I, the forces acting on the 

tip cause shear stresses in the shank of the specimen of the order of 135 

kgjrmn
2 

to 1000 kgjrmn
2

.- FCC metals are expected to yield under such high 

shear stresses even at low temperatures. Fortunately, the small size of 

the specimens (radius at the tip varying from 100Ato 1000A) reduces the 

! number of dislocations present and results in a strength similar to that 

expected for a whisker of the same material. This may explain why even 

softer metals like Pt or Au do not always yield under the applied electro-

static field. Elastic anisotropy of the metal or asymmetry of the tip 

leads to an increase of the shear stresses which frequently causes the 

specimen to yield. These high stresses have generally limited F.1.M. ob-

servations to refractory metals. 

The elastic dilatation undergone by the lattice near the surface can 

be as high as 10% and consequently the elastic stored energy is not negligible 
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as shown in Appendix I. For the values of the evaporation fields calculated 

by Brandon
16 

it is seen in Fig. 3 that the stored elastic energy is of the 

order of 0.02 ev per atom for pt and Ir and of the order of 0.065 ev per 

atom for W. 

During field evaporation the field applied to the specimen is increased 

from its best imaging value (about 75% of the evaporation field) to a value 

. equal or superior to the evaporatiOln. field. The stress gradient correspond-

ing to this field increase is important and corresponds to an increase in 

the elastic stored energy of 0.015 rev per atom. Some po1r;tt defects such as 

interstitials have very low' migration energieS1Em:l = 0.065 ev per atom for 

ptll and E 1 = 0.25 ev per atom for W. 10 Thus the above calcuYated values . m 

of the field induced activation energy suggest that spontaneous migration 

of interstitials should not occur in W or pt under well controlled field 

evaporation conditions;-. 

However Sinha andM'ull~r17' and Attardo and Galligan18 carried out 

radiation damage experiments in W and pt by the F. IoM. technique. They 

reported migration of interstitials at4.2°K during field evaporation of 

the low temperature irradiated specimens. One explanation for this phenom-

enon would be that during field evaporation the value of the electrostatic 

field J F, applied to the specimen may have exceeded the minimum evaporation 

field by 2 or 3 vOltS/A. Since the field induced activation energy varies 
, 4 

as F , .spontaneous migration of interstitials is expected in both pt and W 

under these conditions .. , Another possible explanation would be that the 

migration energy of an interstitial lying close to the surface is greatly 

reduced; it may then be extremely easy to' induce its migration. As will be 

seen later in this work it was found that this second explanation is prob- . 

ably the most likely. 
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In order to avoid· as much as possible .this effect, iridium was chosen 

as the most favorable metal for a study of radiation damage by the F. I .. M.. 

technique; special care was also taken not to exceed the minimum evapora- ~ 

tion field during the investigation of the bulk damage. We have assumed 

here that interstitials in Ir have approximately the same migration energy 

as those in Pt (for the validity of this assumption see the next section). 

In addition the presence of lattice defects implies localised regions 

of higher strain energy and lattice defects frequently give rise to pre-

ferential field evaporation and corresponding surface irregularities. 

As a consequence interpretation of F.I.M. results concerning point 

defects is not as straightforward as it might at first be supposed. Be-

cause observations must always be made at a surface, this technique cannot 

give an exact 3-dimensional picture of the damage as it exists in the bulk 

of the crystal. 

D. .The Annealing Behavior of Iridium Irradiated 
at Low Temperature with 10 Mev Protons 

Although no annealing studies of irradiated iridium are presently 

available, its annealing behavior will be assumed to be similar to that 

of irradiated platinum. Recent resistivity annealing studies carried out 

on pt irradiated at low temperature with 2 Mev electrons by Bauer and 

11 Goepinger .. rill be used as a reference for the annee~ing behavior ob-

served by field ion microscopy on Ir bombarded at low temperature with 

10 Mev protons. The assumption of Bimilar annealing behavior is not 

unreasonable since these 2 metals both have an FCC structure .and have 

very similar electronic structure, atomic; weight and displacement 

threshold energies. Therefore the annealing stages of Ir probably 
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correspond closely to those given by the following table taken from 

the annealing behavior.: of irradiated ~ll 

Stage I 

Stage II 

Stage III 

Stage IV 

Temperature Range 

lO()K :s T :s ,7() K 

37()K :s T :s 2800 K 

280
0
K :s T :s 390

0
K 

390
0
K ~ T ~ 700

0
K 

It is very likely that the annealing substages of Ir and Pt do not 

occur at corresponding temperatures or with the same relative importances 

because it is a characteristic feature of subAtages that they are sensi-

tive to the impurity content of the material;· how'ever,thetemperature 

ranges of the five main annealing stages are not sensitive to purity. 

For the present experiments 99.98% pure Ir was used~ 
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II. EXPERIMENTAL PROCEDURE 

A. Method of Investigation 

Iridium specimens were prepared from 5/l0001t diameter wires of 

99.98% purity (from Englehart Company). The wires were annealed at 

600°C for 10 hours in a vacuum <10-
8 

Torr in order to remove defects 

introduced in cold drawing the wire~. From these 'wires, specimens 

suitable for field ion microscopy were electropolished in a saturated 

solution of chromic acid at room temperature (5 volts DC). A first 

series of specimens (label~d IA to. N A ) were bombarded at low tempera

ture with 10 Mev protons inside a liquid helium cooled field ion micro-

scope. The instrument was coupled to the Berkeley 88" cyclotron as the 

radiation source. 

A second series of annealed Ir wires were irradiated with 10 Mev 

protons at room temperature.. F .. LM •.. specimenslabeled IE' and lIB 

were prepared from these irradiated wires by electropolishing at room 

temperature. The damage resulting from 10 Mev protons was observed on 

the specimen surface and in its bUlk by-using.the methods described below. 

1. Defects "identification for the' surface damage. 

Using an image comparator device (4) the surface damage upon 

° irradiation at 5 K was observed by comparison of the micrographs of 

the surface before and after irradiation. Vacanc1,es and voids were 

readily identified as missing spots on the surface. Interstitials were 

identified as extra-bright dots. All other changes in the micrographs ~ 

were also identified with the image comparator. 

The direct comparison method requires that no changes other than 

those- induced by the bombarding particles occur at the surface, i.e., 

there should not be any contamination or corrosion of the surface during 
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the irradiation time. Such a condition 'is ea,silyachieved so long as the 

high electrostatic imaging field is applied continuously since it ionizes 

all gas impurities before they reach the speCimen surface. Hovrever the 

imaging electrostatic field introduces up to 10% dilatation16 in the 

specimen lattice and this may affect considerably the nature of the dam-

age at the surface and even in the bulk of the specimen. 

The present experiment, because of the ultrahigh-vacuum system at- , 

tached to the F.I.~ and because the ,cyclotron could provide a short pulse 

at a high flux density, allowed "field off" irradiation, i.e., no imaging 

field was applied to the specimen and the lattice was not distorted dur

ing the bombardment time. The effects of the applied field w'ere also 

investigated in a series of experiments for various applied fields during 

irradiation. 

The irradiation times for the "field off!! experiments were w'ithin 

the limits of time which guaranteed no contamination or corrosion of the 

surface by gas molecules.. "Field off" and "field on" experiments could 

'be repeated on the same specimen several times and w'ith various incident 

fluxes of protons. 

2. Defect identification for the bulk drunage I 

Investigation of the bulk damage in the low'temperature and the room 

temperature irradiated specimens was carried out by field-evaporation. 

This technique consists of removal of surface atoms in a controlled fashion; 

how'ever identification of the defects as they appear at the new surface 

becomes quite delicate. 

Vacancies still appear as missing dots, but their Unambiguous identifi

cation is restricted to fully resolved atomic planes, i.e., a few' high index 

planes on the micrographs. In these planes it also is easy to recognize 
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divacancies or vacancy clusters. Identifying vacancies or even small 

. vacancy clusters in other .areas of the micrographs is less reliable be-

cause the field evaporation of atoms from the edges of atomic planes f\ 

occurs in a very irregular fashio;n. This is due essentially to the 

non hemispherical shape of the specimen ~hich causes inhomogeneities 

in the electrostatic field at the surface. The areas with higher electro-· 

static field ~ill then field evaporate at a faster rate. However, 

identific·ation of larger vacancy clusters w·ith more than 4 or :5 vacancies 

was carried out in a reliable fashion by comparing the field evaporation 

seCluence of the irradiated specimen ~ith a field evaporation seCluence of 

a non irradiated specimen having about the same radius. 

Interstitials and interstitial clusters were again associated ~ith 

the extra-bright spots on the micrographs. Moreover, the bright spots 

associated with interstitials were found to pop up to the surface upon 

a small field evaporation pulse. Thus by careful comparison of the 

surface before and after the pulse all bright spots on the surface were 

considered to come from interstitials if' they were .not the remnants of 

a small plane incompletely evaporated or if they were not associated 

with the "zone decoration li;nes .. " The assumptions underlying the identi

fication of interstitials are discussed in detail in the third part of 

this report. 

Care was taken to minimize the preferential field evaporation which 

is expected to occur around or in the zones where severe damage is 

present. By pulse field evaporating, small amounts of material (2 to 

3 atoms per plane at a time, in most favo'rable cases), a fairlyaccu

rate three dimensional picture of the damage could be obtained. In 

. between each field evaporation pulse; a picture of the surface was 
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recorded on 35 rom film (Tri X Kodak developed in Acufine). This method 

was quite cumbersome·since·it required an·average of 400 pictures for ex

ploring the bulk structure down to 60A below the initial surface. 

Furthermore, great care had to be taken in the interpretation of the 

defect contrast and the third part of this thesis will discuss, in 

detail, the contrast effects infield ion micrographs.: " The following sections 

will expose, in more detail, the instruments and procedures used for 

1 the experimental investigations. 

B. Description of the Instrument 

The liquid helium field ion microscope described below was built 

for direct observation of the defects produced by irradiation and the 

changes that accompany subsequent heating. The instrument was set at 

the end of the beam pipe of the 88" cyclotron of the Berkeley Lawrence 

Radiation Laboratory. The experimentals~t up is shown in Figs. 4a,b •. 

This microscope is equipped with a ultra-high vacuum system composed of 

a liquid helium c;r-yopump and a vac ion pump. Whenever necessary, a 

vacuum of 10-9 Torr could be reached in 6 to 8 hours pumping time. At 

the attachment of the field ion microscope system to the cyclotron beam 

pipe, a 3 mil foil was inserted in the connecting flange (G), thus pro

viding isolation of the vacuum system of the microscope from the cyclo~ 

tron vacuum system. The microscope chamber, Fig. 4(b ) .. is composed of a 

large stainless steel dewar {H) holding liquid nitrogen and surrounding 

the liquid helium cryotip (B). The stainless steel cryotip was. surrounded 

by a copper heat shield (C) to minimize the rate of evaporation of 

liquid helium. The cryotip. is composed of a liquid helium tank encased 

by a vacuum jacket (D) which is attached to the thermal shield through 

two thin wall stainless steel tubes (E). An alumina specimen holder 
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(F)inwnich·the specimen is clamped, 'Was . .used;;to insure proper 

cooling of the specimen a;s well as the electric insulation of the· 

microscope chamber. The high voltage lead and the thermocouple leads 

were fed into the microscope chamber through a 1-1/2" flange (seen in 

Fig. 4a). The liquid helium consumption was found to be dependent on 

the gas pressure in the microscope chamber as shown in Table III. 

TABLE III. 

Liquid Helium Helium Gas 
Consumption Pressure 

SOOcc/hour lXlO-4 
Torr 

.. 800cc/hour lXlO-3 Torr 

lOOOcc/hour 3XIO-3 Torr 

lSOOcc/hour. SXIO-3 Torr 

. For a well precooled cryotip filled with liquid helium, the specimen 

temperature, as measured with a resistance thermometer, was SOK. The 

improvement in image contrast and quality obtained by cooling the speci-

men from 77°K to SOK is shown in Fig. (Sa,b).,·Furthermore,. because of. in-

creased image brightness, the exposure times are roughly half as long, 

which is not' negligible since a large number of pictures had to be 

taken o 

.: . 
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c. Irradiation and Field EvaP9ration Procedures 

For the low'temperature irradiation, the F.I.~ is coupled to the 

cyclotron beam pipe and pictures of the specimen are recorded prior to 

any irradiation. The proton beam is focussed an~ aligned on a quartz 

set 5 feet in front of the target. Immediately behind the quartz a 

dummy target enables one to set the beam current to the proper intensity. 

During the alignment procedure, the target was protected from energetic 

radiations by the 5" thick carbon dummy target. No changes in the sur

face structure of the iridium target were recorded during these operations. 

We should note that, because of the optical design of the experimental 

set up, the beam was' slightly divergent. Nevertheless, the dose of 

incident radiation on the target could be evaluated with an accuracy 

of 20%. Through a repetition of shor,t irradiation pulses, several 

"i'ield off" and "i'ield on" irradiation experiments could be performed 

on each specimen; the effects of each pulse on the surface being re

corded, betw'een each pulse. 

In the case of small beam current or, small surface damage, the 

surface changes upon irradiation w'ere detected with the :image comparator. 

When the specimen had be,en irradiated to the desired integrated dose, the 

investigation of the bulk damage was then started with the field evapora

tion technique. 

As shown previously, the field evaporation process must be carried 

out in a carefully controlled fashion in order to avoid any field-induced 

migration of point defects and to prevent extensive evaporation in the 

neighborhood of clustered defects. For this purpose we have adopted a 

pulsed field evaporation techni~e. Short positive voltage pulses are 
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superimposed on the best image voltage' •. By increasing the amplitude of 

these pulses the evaporation field is reached. Once the evaporation 

voltage is reached the amount of material removed from the surface dur,":, 

ine each pulse is' controlled by the duration of the pulse. Large 

amounts of material were removed from the surface by applying short 

pulses w'ith a frequency ·of 3 pulses per second. 

A Velonex pulse generator Model 350 provided the voltage pulses 

w"ith the desired amplitude, w'idth and frerJ.u:ency. The pulse· shape is 

-8 approximately square w"ith a rise time of 10 sec and a fall time of 

sec. The pulse w·idth could be adjusted from 0.1 J.l. sec to 200 J.l. 

sec. The typical pulse amplitude was 2 to 3 I0T in the case of liquid 

helium field ion micro scopy_ The schematic diagram of the field evapor

ation pulsing unit is shown in Fig. 6. 

D.Annealing Procedures 

The annealing experiments were performed in two steps for the low' 

tempere.ture irradiated specimens. By letting the cryotip warm up from 

4 OK to 77°K, the specimen was slow'ly annealed at a rate of about 10° 

per minute. During the ar...nealing the imaging field was maintained at 

1 KV below the best imaging voltage so as to avoid any contamination of 

the .surface. Furthermore, except when taking pictures., the anneal"ing 

was done under vacuum (below' 10-7 torr). In this w'ay bombardment of 

the specimen by energetic copper ions sputtered from the heat shield 

by helium ions WRS avo.ided. Continuous recording of the annealing 

temperature was achieved between 14°Kand 77°K with a Cu-Cu constantan 

thermocouple with a cold junction at liquid nitrogen temperature. 

By warming up the cryotip with heated helium gas, the specimen 



.. 
. '" 

I .... . {, '.~ . :;-' ~ , 

:'" . .. , 

',. " ,'. 

, '\;;>':' 

...•.•• :: .. ' :',.)0.' 

- "';'0' 

. ..... " 
•• > 

-17~ 

w'as annealed from 77~Kto ~300~Kin steps of 30d~grees. As in the 

previous annealing experiments, precautions were taken to avoid .con

tamination or bomb~rdment.· of the surface during the annealing steps • 

. More details on these procedures and on, the instrument have been given .,., . 

. 19 elsewhere • 

. ~. ':', 

,,' . 

.\ .. 
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III. EXPERTh1ENTAL- RESULTS 

A. Surface Damage 

The surface damage .resulting from an irradiation pulse at low 

temperature has distinct features depending on: 

a. the value of the electrostatic field applied to the specimen 

during irradiation, 

b. the integrated flux during the pulse} 

c. the temperature of· irradiation, and 

d. the locations of the primary knock on in the bulk of the specimen. 

The control of the last experimental condition re~uired a sophisticated 

beam focussing system which was not available for -these experiments. 

1. Field dependence of the surface damage. 

The effects of the electrostatic field applied during irradiation 

we.re observed on 2 samples (IA and IIA) irradiated at 5°K with an integrated 

flux of cP = 1017 protons/cm2 • Figures 7} 8; 9 .and 10 show the changes 

in the surface of specimen I
A

} for different values of the applied elec

trostatic field F during irradiation. 

The damage is essentially composed of atoms sputtered from the 

edges of atomic planes; in many cases of complete removal of an atomic 

layer and of surface interstitial and surface vacancies~ For large 

values of F the dainage shows in many cases a large number of planes 

removed from the surface. The amount of material}. :R, removed from the 

surface was approximated by measuring the area of the top (h) k} l} planes 

before and after irradiation. In the case of complete removal of 

this plane; the amount of material removed from the plane immediately 
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below was measured in the same way and a.dded to 100. 

R is then given by: 

R ::: 

S 1 - S + 100 
R::: i f 

Sf 
i 

w'ith S. ::: area of {h,k,l}plane 
~ before irradiation 

Sf = area of {h,k,l}plane 
after irradiation 

S' i = area of plane below' 
the {h,k,l} top plane 
before irradiation 

Figure 11 shows the variations of R as a function of the applied electro-

static field for {110}, {lOO}, and {lll} planes. The scattering of 

, experimental points is great; nevertheless the rate of removal of 

material was found to be strongly dependent on the value of the applied 

field during irradiation. If irradiation is carried out with the applied 

electrostatic field at its best imaging. value (noted as FB) ,R is about 

1 order of magnitude higher than in the case of "field off" irradiation. 

The field dependence on R disappears 

is carried out w'ith an applied field 

almost completely when irradiation 
FB 

F ::: 3". The damage appears also 

to be more extensive in {lll} planes than in {lOO} and {110}; R is ob-

served to be 10 times higher for such planes. 

Careful field evaporation of 1 atomic layer of the surface after 

observation of the surface damage shows a regular surface (Fig. 12); all 

bright spots have disappeared and the surface appears free of damage 

except for a feW' surface vacancies and interstitials. 
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2. Irradiation dose dependence of· the surface damage. 

Specimen (IlIA) was irradiated at 5°K with a proton dose 1000 

times smaller than the one used for specimens IA and IIA" The damage 1s 

observed to be much smaller and consists mostly of surface vacancies, few 

interstitials and some atomic planes partially evaporated (Fig. 13a, b) 

and Fig~ 14 (a,b). The damage is mostly concentrated on the side of the 

incident proton beam. 

The field dependence on the damage was similar to the one observed· 

at high doses; Fig. 13 (a, b) shows the specimen irradiated "field off" 

and Fig. 14 (a, b) shows the same sp~cimen irradiated "field on~I.1 

3. Dependence of the surface damage on the location of the 
primaries in the bulk. 

The pictures presented in Section A .. l were selected as being typical 

of the surface damage. However in one instance the observed damage was 

drastically different. 

Specimen DlA was irradiated at 5°K with an applied field correspond

ing to the best imaging field.. The total proton flux was· the same as for 

specimens IA and IIA• Figure 15 (1 to 8) Shows 4 "diffuse voids" inter

secting the surface as well as a large number of extra-bright spots. The 

damage persisted upon field evaporation of the specimen and after removal 

of 10 {lOO} layers the specimen surface became again fairly regular (Fig. 

15-8). such an effect may be associated with the creation of 1 or more 

primaries events in a region close to the specimen surface. 

B. Bulk Irradiation Damage 

1. Low temperature damage. 

The bulk damage in specimens IA and IIA after irradiation at 5°K 
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with a total dose of 10
18 protons/cm

2 
w'as analyzed, by field evaporation 

technique. For reasons previously discussed the field evaporation of 

the specimens was carefully controlled. 

a. Bright spot contrast - ,In the irradiated specimens two 

kinds of extra-bright spots were noted on the micrographs of a field 

evaporation sequence. 

The first kind could easily be traced to atoms of a small plane 

which had not completely evaporated. Figures 167"1 to 16-20 show a field 

evaporation sequence where atom A in Fig. 16.8 could have easily been 

associated with an interstitial if'the surface had not been observed 

between Fig. 16:"1 and 16-8. 

The second kind of bright spots appeared to pop up to the surface 

upon a small field pulse. Figures 17-11:017-3, and 18-1 to 18-3 show 

two field:,evapo:;-ation ,sequences' where bright spots in Figs. 17-2 and 

18-2 have appeared on a plane which did'not field evaporate during the 

sequence. Pairs of bright spots are also observed to pop up to the 

surface upon a small increase of the field, as is shown in Figs. 19-2, 

19-6, and 19-7. Such bright spots field evaporate preferentially and 

their original site after 'their'evaporationdoes not correspond to a 

vacancy on the surface (Fig. 17-3 and Fig. 18-3). Such extra bright 

spots are not observed in non-irradiated specimens and we associated 

them w'iththe presence of interstitial atoms in the specimen. 

b. Results of the field evaporation analysis - The damage' was 

analyzed for 10 consecutive (100} layers then 5 (100} planes were 

removed and again a field evaporation sequence was recorded for 10 

consecutive (100} layers. A bulk corresponding to 20 (100} layers w'as 

, analyzed by this technique for specimen IA and IIA- As shown in Figs. 
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19 and 20, both specimens contained vacancies and small voids of 5 

to 10 vacancies. Single bright spots and double bright spots associated 

with interstitials were observed with an atomic concentration of about 

10-5• The concentration of double bright spots was about 5% of the total 

number of the extra bright spots associated with interstitials. Small 

clusters made of vacancies dispersed through a small volume of .crystal 

were also ob served. 

As mentioned in Section (A-3), specimen IVA contained 4 voids with 

very irregular ellipsoidal shapes, elongated along the {100) direction. 

The inside of these cavities did not contain atoms and the atom arrange-

ment in their vicinity appeared disordered as indicate,d by the number of 

bright spots and the absence of regular rings. Figures 15-3 to 15-6 show' 

sections across 4 of these diffuse voids. The voids disappeared after 

removal of8 to 10 (100) central planes and subse<luent pictures showed 

a large number of interstitials (Fig. 15-7).. After removal of 10 (100) 

central planes the specimen appeared regular again .. 

2. Room temperature irradiated specimens .. 

The bulk damage was investigated by field evaporation techni<lue 

for specimens IB and lIB irradiated at 300 0 K with a total dose of 1018 . 

2 protons/cm. The same technique as previously described w'as used for 

, identifying the defects. 

The point defects observed in the low' temperature irradiated speci-

mens were present (Figs. 21-1 to 21-10).. Tn addition divacancies were 

observed (Fig. 21-6) • 

. These specimens .contained voids with an irregular ellipsoidal 
, , 

shape. Figures 22-1 to 22-22 show a field evaporation sequence of a 

° void elongated along the [lllJ direction; the length w'as 35A and its 
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o 
greatest width perpendicular to [lllJ w'as about 20A. Smaller voids 

(30 to 40 vacancies) with irregular spherical shapes were also noticed; 

(Fig. 21-7)" Some of the small voids appeared in .clusters and the crystal 

structure in the vicinity of the voids appeared disordered as suggested 

by the number of bright spots and the features shown in Figs. 21 and 22. 

In both specimens IB and IIB, dislocation loops were observed during 

field evaporation.' Figure 22 shows a field, evaporation sequence of a 

dislocation loop lying in a {lll} plane and intersecting a {113} surface 

plane. The plane of the loop was identified by the method described in 

Appendix 3. The contrast of the loop changes as the specimen is field 

evaporated. The loop is first visible on 1 side of the {113} plane, then 

2 and 3 intersecting points are visible on both sides and again one point 

of intersection disappears (see Figs. 22-4, 22-9, and 22-21). Similar 

contrast effects were observed' on 4 dislocation loops. The size of the 

° observed dislocation loops ra:p.ged from 10 to 25A.. In both specimens di-

vacancies w'ere also found .. 

c. Results on: the Annealing Behavior of Proton Damage 

1. Surface changes upon annealing between 5°K and 160 o K. 

Specimens IA and IIA after irradi~tion at 5°K with a total dose 

18 2 of about 10 protons/cm were heated between 5°K and 77°K at a rate of 

about 2° per minute. The surface changes upon heating show extra bright, 

spots appearing at the surface in the temperature range 18°K _ 40 0 K 

(Figs" 23-1 to 23-8). An increase in the specimen temperature from 

40 0 K to 77°K did not show' any ne~' bright spots on the surface. 

Figures 23-2 and 23-4 show' the surface changes upon a 7° increase 

in the specimen temperatune. A new' bright spot adjacent to an existing 
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one has appeared in the (100} center plane. Extra-bright spots popping 

up to the surface are associated vrith interstitials. Such bright spots· 

disappear upon a very small evaporation pulse (Figs. 23-7 and 23-8)~ 

Specimen IIA wasf'urthe'r ~nnealed betw'een 77°K and 1600 K. Pictures 

of the surface were recorded. every 30° by bringing back the specimen 

t t ... 77°K" empera ure vO No changes in the surface were observed between. 

77°K and lOOoK. In the .temperature.range.l00oX to. 1600 K some thermally 

activatedeiraporation of:.the· {Ill} and {113 } planes is observed. Never-

theless) in:the areas whichwerele:ft unchanged; no extra bright dots 

appeared at .thesurf.ace. 

2. Annealing of the bulk damage. 

The features of the bulk damage were investigated by field evaporation 

tecPJlique after irradiation at 5°K and a subse<luent 2 days annealing a.t 

77°K for specimens I A" A similar analysis was carried out on specimen 

IIA irradiated at 5E>K and annealed 3 days at 300 o K.. Both speCimens were 

'8 2 
,.irradiated with a total. dose of 10-'- . protons/cm~' The same method as 

previously described was used in field evaporating the specimens .. and 

identif~~g the point defects. 

The bulk damage after annealing at 77°K shows vacancies and 

small diffuse voids containing 5 to 10 vacancies. Single bright dots 

and pairs of double bright dots associated with interstitials w'ere also 

found. The total. concentration of bright dots .corresponding to inter-

stitials wa.s lower by 60% in the anneal at 77°K than in the same non-

annealed specimen after:irradiation at 5°~ The concentration of pairs 

of bright dots was e<lual to about 5% of 'the total number of extra bright 

dots. The number of small diffuse voids and their size vrere similar in 

the irradiated and subse<luently annealed specimens. 
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. The bulk, damage of the specimen, IIA annealed at 300 0 K show's the 

same type of defects as in the specimen annealed at 77°K •. However, in 

addition, a larger concentration of pairs of adjacent bright spots are 

observed to pop up to the surface. 'The total concentration of bright' 

dots associated with interstitial w'asfound to have decreased by 65% 

upon annealing from 5°K to 300 o K. The concentration of pairs of bright 

dots w'as e<lual to 8010 of the total concentration of bright dots found 

in the specimen annealed at 300 o K. The,size of 'the diffuse void was 

the same in specimens IA and IIA" An interstitial cluster was also 

observed in specimen IIA and Figs. 24-5 to 24-8 show'2, 3 ,and 4 bright 

spots coming to the surface. The results of the annealing featUres are 

summarized ,in Fig. 25. 



'N. DISCUSSION 

A. Effects of the Applied Electrostatic Field 

on the Sputtering of Surface Atoms 

ItField on" irradiation caused a larger number of surface atoms to 

be removed than did "field off" irradiation. This feature can possibly 

by correlated with the field evaporation process. 

During field evaporation a metal atom is removed from a surface as 

an ion. The energy diagram, Fig. 26, shows that e:vaporation of the sur-

face atom occurs when the energy provided by the applied electrostatic 

4 field is large enough to bring the atom over theJ~chottky hump." 

with 

and 

The activation energy involved in the process is 

Q = 

Q = "- + L:. I- ncp o n 

"- = sUblimation energy of the atom 

L: I = sum of ionization potential; the charge of the evaporating 
n n 

ion being ne 

cp = total work function (measured with respect to an electron 

at infinity 

F = applied electrostatic field 

P(F) = polarization oorrection factor which is neglected in the 

present calculation. 

. . 
We show in Section B that a focussing collision sequence with energy Ef 

might sputter an atom at its intersection from the surface and also re-

lease an amount of energy 6E to the neighboring atom. Thus it will 



then be possible during "field on" irradiation to remove from the surface 

the atoms as ions providing Ef"or 6E is ~ Q. 

20 
Brandon has shown that iridium atoms wi9-l be field evaporated as 

: 

doubly charged ions with an activation energy given by 

and F2= eVaporation field for doubly charged ions. 

thus 

Following MUllerts approximation F2 is given by 

ex 1/2 )"" 
2 

- 10 (1) 

Similarly we define the activation energy for field evaporation of singly 

charged ions by 

(2) 

with ex1 given by 
ex 

F IF"" h F = 100··: 1 were 1 ::: evaporation field for singly charged 

ions is given by: 

20 
The values of QOl and Q02 were calculated from Brandon's data and found 

to be 
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QOl = 10~7 ev 

Q02 
=. 21.5 ev 

Considering that 
(Xl F2 lC02) = 0.55, Eq. (2) can be re-= = g Q

Ol (X2 F 1 
written as: 

. 1/2 

Q 
( (0:55 "2) ) 

= QOl 1 - 10 1 

Figure 27 shows the variations of Q
l 

and Q2 the activation energy for 

evaporation of singly and doubly charged ions as a function of~.. 'It 

follows from this figure that in the case of "field on" irradiation, 

the energy required for ejection of a surface atom decreases as the 

field applied during irradiation is larger. Moreover at high fields, 

surface atoms will be ejected as doubly charged ions. At low applied 

field it is more likely that the atoms will be ejected as singly charged 

ions since the activation energy for such a process becomes smaller than 

Q2 given by Eq. (1). Figure 27 shows that for iridium,the field F* at 

which the change in the 'charge of the ejected ions occurs is equal to 

~ 0.6 F2* For fields F such that 0 < F < F* the activation energy for 

ejection of atoms varies more slowly with the field. 

Nelsonfs exper1ments21 have shown that Au atoms are ejected as 

singly charged ions upon proton bombardment under zero applied electro-

static field. It is quite reasonably to assume the same behavior in the 

case of iridium bombardment and therefore we will not expect iridium 

atoms to be ejected as neutral atoms. 

The observed amount of ejected surface atoms (Fig. ll) was found to 

be independent from F, the field applied during irradiation up to values 



of F: 0.4 F2 ; F2 is the evaporation field. This discrepanc.y with 

the mechanism discussed above is likely to be due to the scattering in 

the experimental points and the limited number of experiments. However 

as is shown in the next section the sharp increase in the observed amount 

of damage for applied fields F > 0.4 F2 cah be assooiated with the 

different focussing mechanisms involved in the ejection of atoms. 

B. Surface Damage During "Field Off" Irradiation 

The field ion micrographs of the surface after "field off" irradia

tion exhibit a large number of br.ight spots, along the edges of the atomic 

planes. They also show a shrinkage of some atomic planes and some surface 

vacancies visible in the high index planes.. In the case of ":field on" 

irradiation the same features appear to be present but. in addition com-

plete removal of entire atomic planes is also present. 

Muller
4 

has shown that protruding sites on an atomic surface will 

give rise to a local field enhancement and result in an increase of the 

ionization probability of the imaging gas atoms o Such sites will appear 

as brighter spots of larger dimensions thap. the spots given by normal 

lattice atoms. The contrast given by an interstitial coming on the atomic 

plane or lying below an atomic plane will be of this nature. If a closed 

packed plane presents very jagged edges, some of its atoms will be in 

protruding positions with respect to the plane immediately below. We then 

expect the same kind of contrast as the one given by interstitials. There-

fore the bright spots on the edges of close packed planes indicate that a 

large number of atoms have been ejected f,rom the edges of the planes. Gas 

impurities on the surface would give a contrast similar to the one des-

cribed above. However this possibility is to be discarded since a large 



number of bright spots bn the edges of the planes was also noted for 

irradiation at a field equal to SO%. of the evaporation field (Figo 10a,b). 

A small field evaporation should remove most of these atoms and smooth 

the edges of the atomic planes; such an effect is indeed observed (see 

Fig. 12). 

We now show that in the case of lIfield off" irradiation the. ex-

tent of the damage cannot be entirely accounted for by the interaction 

of focussings or crowdions with the surface of the specimen.' During 

irradiation, 'focussed collision sequences originated by primaries will 

intersect the surface of the specimen. Both the "Silsbee type" and 

. 22 
"crowdion type" collision sequences respectively bring energy or energy 

and matter to the surface. This energy may be dissipated in several 

possible ways which we now discuss o 

An atom corresponding to the intersection of a focussing collision 

sequence or a crowdion type 'sequence will be e,jected from the surface 

if it receives an energy larger than its binding energy Eb • Eb is taken 

equal to the sum of the sUblimation energy and ionization energy minus 

the atomic work function. (This value of Eb is fairly accurate for an 

atom situated in a kink site and is too low for atoms in the middle or 

at the edges of a plane.) 

As shown in Appendix II the number of primaries created:' by irradi
. 17 

ation with 10 Mev protons and for an integrated flux of 10 protons per 

cm2 is 3.7$xlO-7 primaries per A?~ The average energy E per primary is 

found equal to 31S ev and the average number of atoms displaced per unit 

area, as apprQximated with the assumption of a hard sphere collision model 

.Jt °2 
was ndCE) = 1.3XIO per A . for the above radiation flux. 
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Silbsee7 has pointed out that the number of displacements calculated 

with this model is an upper limit since it assumes that the primary energy 

was dissipated only by displacements in the cascade. A more exact calcu-

lation should include the possiblity of energy and matter transport by 

focussing sequences, thus reducing drastically the number of displaced atoms. 

The observed damage 'shows a density of, ejected atoms equal to ~ 0.2 
, 02 

atoms/A in fUlly resolved planes; this is 2 orders of magnitude larger 

than the damage gi veri by the Kinchin f s and Pea se model. Thi s di s crepancy 

with the theory,is thought to result from 3 possible mechanisms through 

which some energy larger than Eb is transmitted to the surface atoms. 

As shown by Silsbee and Liebfried7,22 the range of focussing sequences 

and crowdion sequences moving along a (110) direction in an FCC metal is 

limited by the ,energy losses due to interactions with the atoms of the 

. / neighboring chains~ Nelson et al:1 have also shown the existence of (Ill) 

and (100) focussing sequences in FCC metals; these were "crowdion type" 

sequences and resulted from the interaction of the focussings with the 

atoms of the neighboring chains'O 

If we now consider the intersections of one of these sequences with 

the surface it, appears that in addition to the' ejected surface atom at the 

end of the sequence, some surface atoms in the neighboring chains will re-' 

,ceive an amount of energy 6El .Following Nelson's, et al. calculations on 

gold, ~l can be approximated for iridium. Assuming a hard core potential 

V(r) for the atomic interaction with V(r) :: Ae-r / a, the hard, core radius R 

is then defined by'V(R) c ~ and R :: a ln 2~, with A and a constants to be 

determined from elastic constants. 

'For Au; A:: 8XI05 ev and a :: D!15; the energy'limiti,t'and'attehuati'on .. ,: 

of focussed collisions are given for each focussing direction in the fo11ow-



ing table after Nelson et.al. 

crystal direction Ef(ev) Ef nr 

(110) 800 0.006 170 
(100) 700 '0.04 13 
(Ill) 7300 0.021 45 

with 
Ef ~ focussing energy (i.e., maximum energy at which focussing 

will occur) 

Ef = fractional energy loss per replacement 

nf = number of replacements .. 

We now assume the values 'of the fractional energy losses per replacement 

to be the same for Au and Ir'. 

The energy;gain 6El for each atom in the neighboring of a focussing 

sequence can now be calculated assuming the same focussing energies for 

Ir and Au: 

bE = . energy loss per replacement 
number ofl :atoms' in ,neighboring :cha.ions between 2 replacement points 

and 

.for (110) sequence bE= 
0.006x800 102 ev 4 = 

for (110) sequence bE", 0.040x700 
7 ev 4 = 

for (Ill)' sequence bE= 0.02lx7300 26 ev 6 = 

The surface binding energJof Ir atoms is equal to ~ 10 ev and in the 

case of "field off" irradiation only (111') sequences will release, 

through this mechanism, enough energy to the neighboring atoms to ~ject 

some of them. 
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However, as indicated by Fig. 27, in the case of irradiation under 

applied fields F ~ 0.30 F2 (F2 is the evaporation field), the (110) 

sequences become effective in ejecting surface atoms through the above 

mechanism. This may then explain the sharp increase observed in the 

damage (Fig. 11) when irradiation is done at fields F ~ O..}O F
2

• But for 

trfield offll irradiation this mechanism would at most result in multiplying 

by 2 or 3 the damage previously calculated from the theory. We then 

consider a second mechanism through which the 3 types of sequences (111), 

(100), (110») become effective in ejecting surface atoms other than the 

atoms at the end of the sequence. 

,A finite number of collisions are required before a sequence be-

comes perfectly focussed; thus the sequences initiated just below the 

'surface will arrive in an imperfectly focussed state and then transmit 

some eh~rgy bE2 to the'neighboring surface atoms. Furthermore some 

.crowd::i.on sequences get more and more defocussed through interactions 

with the neighboring chains; such sequences will provide an energy bE
3 

to the neighboring surface atoms. Whenever bE2 and bE
3 

are superior 

to the binding energy of the surface atom, the damage due to focussing 

sequences is 'increased through these mechanisms. 

The above discussion has neglected the thermal vibrations of the 

surface atoms during irradiation. 
,23 

Nelson and Thompson hav~ shown 

that the surface ~ge is increased with higher specimen temperatures 

during irradiation. Although our observations on, surface damage were 
, , 0 

done on specimens irradiated at 5 K, a certain amount of the energy in 

the cascade is released in the form of heat thus inducing lattice vibra-

tions at the surface., The focussed collision sequences intersecting the 

surface will interact with a larger number of surface atoms and this will 



result in an increase in the damage. We should point out that in the 

'. case of "field onl! irradiation this local heating of the specimen may 

provideenough~ 'energy to activate the evaporation of the surface atoms. 

The difference between the calculated number of sequences inter-

secting the surface and the number of surfact atoms. ejected is so large, 

it suggests that the three mechanisms described above are responsible 

for a veryl:arge part of the surface damage. 

The number of surface atoms removed from the (111) regions was 

observed to be 10% higher than the (100) and (110) regions. A similar 
24 . 

effect was observed by Francken etal. during sputtering of a gold 

hemispherical crystal with 5 kev argon ions. The same authors suggested 

that the inclination of the focussing direction with respect to the 

free surface plays a role in determining the amount of ejected atoms. 

If we con;:lider the {lll} plane, there are three (110) directions at 70° 

with respect to the surface. Each atom is therefore at the end of three 

possible paths for focussing sequences. However, each atom in a {100} 

plane is at the end of 4 (110) focussing directions at 45° to the surface 

anyone of which could be effective for its ejection. The atoms in the 

{110) planes are at the end of 5 such directions, one at right angles to 

the surface .and4 at 30°. Therefore the probability that an atom will be 

ejected from a {lll} plane might be expected to be slightly lower than 

for tlOO} or tIlO) planes. However if (110) focussing sequences are the 

most numerous the observed results suggest that the angle of the focussing 

sequence relative to the surface interse~ted is an important parameter. 

C. Contrast from Point Defects and Their Clusters 

A number of contrast effects due to point defects or to their 

clusters were observed in FIM micrographs of irradiated crystals and 

.' 
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a discussion of their interpretation is heeded .. 

1. Vacancies and vacancy clusters ' 

Vacancies and divacancies are easily identified as missing atoms 

in fully resolved planes. Larger vacancy clusters will always appear as 

dark area~ on the micrographs~ However during field evaporation their 

size may become enhanced by preferential evaporation of the atoms at the 

edges of the cluster. In atomic planes containing a vacancy or a di-

vacancy in their center, the field evaporation proceeded as usual from 

the edges of the plane as shown in Figs. 16-9 to 16-13. 

2. Interstitials and interstitial clusters 

The contrast arising from interstitials is somewhat more compli-

cated o What exactly causes the interstitial to appear as extra-bright 

dots is still uncertain because of the difficulty in understanding the 

electronic configuration at a surface. The large increase in loca~ ion-

ization probability of the imaging gas might not only be due to a geomet:t.:1:":", 

cal field enhancement, but to a change in electron distribution at such 

surface sites which would ease the electron acceptance from the imaging 

gas atom. 

, As suggested by Sinha and MUller17 an interstitial lying below the 

surface plane may give rise to a larger bright spot than an interstitial 

at the edge of an atomic plAne. Such a difference 'is expected from the 

relaxation of the surface atoms at the edges of the atomic plane in the 

vicinity of the interstitial. 

However, this kind of interpretation does not take into account the 
, , 

fact that computer simulations in FCC metals25 have shown that the most 

stable interstitial configuration was the (100) split configuration in 
<: 

which 2 atoms 'are symmetrically displaced in the (100) direction from 

" , , : .-
.: l .! 
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the vacant lattice site. The (Ill) split in which 2 atoms are symmetri

cally displaced in the (Ill) direction from a vacant lattice site was 

found to be metastable. The (110) split configuration, the so-called 

" crowdion", was just barely metastable and migrated very easily. 

The contrast arising from a split interstitial is expected to depend 

on the splitting direction and on its position underneath the surface plane. 

Considering a (100} surface and a (100) split interstitial immediately be-

low the .surface, the 4 surface atoms closest to the interstitial will under

go large displacements (see Fig.,; 28). If the resulting protrusions.were 

large enough to give a local field enhancement, this split interstitial 

would appear as 4 extra-bright spots on a (100} plane. The experiments 

did not show the existence of such clusters of bright dots. However 

they did show. single ext:..~a ... bright dots popping up to the surface upon a 

very small increase of the applied field. We suggest-that the displacement 

of the surface atoms above the split interstitial is enhanced upon a small 

increase of the electrostatic field and concurrently the migration of the 

(100) split interstitial is occurring. One end of the split will jump in 

a protruding position on the surface, the other end comes to a regular 

lattice position below the surface (see Fig; 8-3). Upon another field 

evaporation pulse, this protruding atom is expected to leave the surface 

'. 

which will appear regular afterwards. This is again observed experimentally. ~ . ~ . . 

If on the other hand, a (100) split interstitial comes below the 
". 

edge bf:a surface plane (Fig. 28-4) the 2 edge atoms closest to it will 

relax in more protruding positions. We may then expect a pair of extra-

bright· spots as the resulting contrast. Experiments indeed show double 

extra bright spots popping up at the ledges of planes upon a small :l.n-

crease of the field. Upon field evaporation the protruding atoms may 
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evaporate preferentially with one end of the split interstitial; the 

other end will then migrate in a regular lattice position. Experiments 

shaw these pairs of extra bright dots evaporating from the surface ·upon 

a small evaporation pulse field. 

The orientation of the surface immediately above the split inter-

stitial might also playa significant role on the resulting contrast. 

For example, a .(100) split interstitial lying immediately below a (110} 

plane (Fig. 29) could bring 2 surface atoms in a more- protruding position 

and lead again to a double extra-bright spot contrast. The metastable 

{Ill} split and the (110) crowdion are expected to migrate very easily and 

will give rise to the same kind of contrast as the one described above 

for the (100) split when lying immediately below the specimen surface. 

. 26 
Computer simulations have shown the existence of many metastable 

di-interstitials. The most stable pairs consisted of 2 parallel (100) 

single interstitials at nearest neighbor lattice sites with the line 

joining their centers perpendicular to their axis as shown in F~ig. 30. 

It is expected again that in some cases di-interstitials below the sur-

face will also give rise to pairs of ·extra-bright spots. 

These extra-bright spots popping up to the surface are definitely 

associated with interstitials or interstitia:!.. complexes since they were 

not observed in non-irradiated specimens. They are most likely associ- . 

ated with 1 or 2 atoms sitting on, top of the surface. In most cases it 

appears impossible to characterize more precisely the interstitial or 

interstitial clusters associated with these extra-bright dots. 

Large interstitial clusters should appear as clusters of extra-
. ,. 

bright spots popping up·to the surface during a small increase of the 

imaging field. Figure 24-5 to 24-:8 shows such an example which may be 
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interpreted. as a smiULcluster of 3 to 4 interstitials~ 

27 Attardo and Galligan claimed to have observed '2 kinds of single 

extra-bright spots in FIM micrographs of neutron irradiated platinum. 

One kind of spots was similar to ours and was associated with interstitials 

popping up to the surface. The other kind of spots was also associated 

with interstitial sitting 1 atomic layer below the surface; according to 

them these interstitials would be more stable and would not pop up to the 

surface. After having looked carefully for a similar effect in irradiated 

iridium and not finding it , we concluded that all interstitials once they 

come 1 atomic layer below the surface will pop up to the surface. Further-

more this conclusion was supported by the observed surface changes upon 

annealing from l4°K to 40
0

K of an irradiated specimen (Fig. 23). As a 

consequence our criterion for finding interstitials in the specimen was 

to look for extra-bright spots popping up to the surface.' 

3. Contrast from dislocation loops. 

The contrast of dislocation loops in field ion micrographs raises 

'several interpretation problems because of the number of variables in-

volved... The loop plane, its Burgers vector, its extrinsic or intrinsic 

character are the main factors contributing to its contrast in a field 

ion micrographs.. The siz,e and shape of the loop, and the unknown effects 

of the imaging electrostatic fieid on,the loop contrast will further com-

plicate the loop identification. Thus we first 'consider an ideal case. 

We assumed the tip to be perfectly hemispherical and the loop plane 

to intersect a low index surface plane (R) in only '2 well defined points M 

and N as shown in Fig. 31-1. For simplicity we further assumed the loop 

to be large and the final contrast to be unaffected by the imaging field. 

.• 
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Providing that a sequence of field-ion micrographs corresponding to 

the field evaporation sequence of the dislocation Ioop·is avaiIable, the 

following information can be gained from the observed contrast. 

If the loop is intersecting the specimen in 2 points M and N, the 
~ 

,directions (Ll ) passing through these points is in the loop plane (p). 

Two micrographs of the sequence will define 2 such directions (r:
l

) and (t;) 

which are in the same loop plane (p). The normal to this plane (p) is 

then given by ~ . = eLl) x ('t2 ) providing that we can find eLl) and (r;2). 

A method for obtaining the orientation of a line intersecting the specimen 

surface in 2 points with respect to the specimen axis is described in 

Appendix III. 

If the loop 1s large enough, a perfect and a faulted loop will 

28 give rise to a different contrast. Indeed, Ranganathan has shown by 

a computer simulation method that a stacking fault in a FIM specimen 

gives a contrast characterized by the shifting of some of the planes 

intersected by the fault. Furthermore, it was found that intrinsic and 

extrinsic faults give rise to a different contrast as. shown in Figs. 32_33.28 

The stacking fault becomes invisible for the planes which are shifted by 

an integral number of their spacing distance. Nevertheless in some 

favorable cases it should be easy to distinguish an imperfect loop from 

a perfect one. A determination of its Burgers vector is nat even necessary 

since the loop plane and its extrinsic or intrinsic character are known. 

For example, Figs. 31-2 and 31-3 show the contrast expected from intrinsic 

and extrinsic Frank loops with ~ = a 
3" [Ill:! intersecting a (113) plane. 



:"'40-

Complications appear in the case of perfect loops which do not have 

a stacking fault; determination of the Burgers vector becomes necessary 

for:' tX:eit characterization. Application of theg • 1i rUle'~21n which g 

is the reciprocal lattice vector of the planes intersected by the dis

location loop,should in principle give the Burgers vector 'b associated 

with the loop. This rule indicates that the number of extra-half planes 

. that appear between the 2 intersecting points M and N is given by the 

product g . 'b. For example, a dislocation loop with b = ~ [110] should 

give rise to one extra half plane when intersecting a· (113) plane and. 

its contrast will then be similar to the one shown in Fig. 31-4. 

A number of uncertainties arise from the use of this rule since 

loops with different Burgers vector can give the same number of extra-

half planes as is shown in Fig. 31.5. In some cases also no extra-half 

plane will be visible even though the loop is intersecting the surface 

in 2 po:!nts as is shown in Fig. 31 ... 6~. 

Thus it appears that determining the sign (vacancy or interstitial 

character) of a perfect loop will sometimes be impossible. The ideal 

case discussed above is rarely met in reality and the use of computed 

simulated fie·ld-ion micrographs containing different kinds of loops 

should be of great help in <the: interpretation of loop contrast. 

In reality the intersecting points of the loop with the surface are 

not well. defined o It is quite probable that the imaging field is modify

ing the contrast of the loop by producing a preferential field evaporation 

of atoms at the intersection points of t~e loop with the surface as is 

shown in Fig~ 34. The specimens are usuallY,not perfectly hemispherical 

and the method described above for obtaining the loop plane (p) is 

subject to some errors. 
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As can be seen in the field evaporation sequence shown in Fig. 22, 

the loop contrast varies with the number of points of intersection of 

the loop with the surface. At first only 1 point of intersection was 

visible, even thoughthe.loop shquld intersect the surface in 2 points. 

It is likely that the 2 intersecting points were very close to each 

other, and could not be distinguished. Then 2 and 3 points of inter

section were visible which indicates strongly that the loop was polygonal· 

. in shape. Then again only 1 point of intersection became visible before 

the loop disappeared completely fr~m the specimen s:l shewn in. Figs .34. and 22-21. ~ 

The loop plane (p) in Fig. 22 was identified as a (lll} plane and since 

the loop intersected a (113) plane and no stacking fault was visible we 

concluded that the loop was a perfect loop. No conclusions on this 

vacancy or'interstitial character of this loop werereached~ 

Figure 35 shows a loop which exhibits a conttast quite similar to 

a st~cking fault contrast and it is probable that this loop is an in~ 

trinsic Frank loop. However, as is seen from the pictures 'the contrast 

is not quite similar to the one discussed in the ideal case, thus sug-

gesting distortion of the contrast due to the imaging field • 

. D. Annealing of Proton Damage in Iridium 

U li · th t t 14°K - 400 K interstitials pon annea ng ~n e· empera Ure range 

were observed to migrate to the specimen surface. The surface was under 

a high-electrostatic field d~ring the annealing experiments in order to 

avoid any contamination of the surface and inhomogeneities in the field 

distribution could have produced the observed migrationo However, we 

showed in Appendix I, that under the present experimental conditions, the 

elastic stored energy due to the applied field was smaller or equal to 
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of the expected migration energy for interstitial atoms in iridium. 

Moreover, specimens irradiated at 5°K did not show any change in the 

° 1 surface when, the, sp~cimen temperature was kept at 5 K for 2" hour. Thus 

the interstitial migration observed upon heating of the specimen between 

14°K and 40o K, is mostly due to thermal activation. 

The experimentally observed decrease of 60% in the interstitial con-

centi'ation in the 'bulk of an irradiated specimen annealed from 5°K to 

77°K i~'dicates again that interstitial migration to vacancies or traps 

is occurring in this temperature range. 

The resistivity measurement of low temperature irradiated platinum 

show a decrease of 70% in the specimen resistivity upon a~~ealing from 

lOoK to 35°K. This change in resistivity in stage I was attributed b~ 

Bauerll to re,combination of Frenkel close pairs" We also found that 

stage I of annealing in iridium corresponds to interstitial migration9 

However more annealing experiments at temperatures between 14°K and 4o°K' 

are needed to' determine in what temperature range the intoersti tial mi-

gration corresponds to the close pair recombination process. The limita-

tions of the FIMtechnique will not permit distinguishing between 

crowdion interstitialsor free interstitials migration if they take 

place during stage I of annealing. 

Furthermore, it appears that absolute values in the defect concen-

tration as detected by the field eyaporation technique are subject to 

the statistical validity, of the counting process. To obtain statistically 

reliable results ,by .this method require~ a large number of pictures and 

demands an extremely cumbersome analysis. However, the changes in the 

defect concentration upon annealing are detected easily in a more reliable 

way providing the~ sampling technique was retained during the counting 

j., 
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process for the non-annealed and annealed specimen~ It is still very 

likely that in the'counting of interstitials by the method described 

above) a 'Y/o tolCf/o error is made. 

The absence of interstitial and vacancy migration to the specimen 

surface in the temperature range 400 K to 1600 k would indicate that no or 

very little migration is operating in this temperature range. Indeed no 

resistivity changes were observed upon annealing of low temperature 

irradiated ptll in the temperature range 35°K to 280o K. 

The marked increase in the concentration of pairs of extra-bright 

dots observed in the bulk of an irradiated Ir specimen annealed from 77°K 

to 3000 K indicates that some interstitial clustering has occurred during 

the annealing. A high percentage of these pairs 'of bright dots would 

then correspond to the presence of di:"'interstitials in the specimen. 

Correspondingly an almost equal decrease in the concentration of single 

bright-dots was observed in this specimen, indicating again di-interstitial 

formation and interstitial trapping. Since the resistivity of low temper-

ature irradiated platinum does not change during annealing in the tempera

ture range TIoK to 2800 K it is likely (assuming again similar annealing 

behavior in irradiated Ir and pt) that the observed interstitial migration 

in iridium occurs in the temperature range 2800 K to 300o K. 

The experimental results give evidence of interstitial migration in 

stage I and stage III of annealed Ir. However the technique used and the 

limited number of experiments do not permit a conclusion relative to the 

existence of 1 or 2 types of interstitials.Therefore the problem of 

whether or not annealing stages I and III correspond to migration of 2 

different types of interstitials still remains. 
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E. Proton Damage ~n Roam Temperature 

Irradiated Specimens 

A13 opposed to the specimens irradiated at 5°K and annealed to 

300~J the room temperature irradiated specimens show differences in 

the types and dimension of the damage. 

The presence of dislocation loops and the larger size of the voids 

suggest that a different annealing process than the one expected in 

Stage I and III is operating. The possibility of a different formation 

mechanism for the damage observed in the room temperature irradiation 

should also be considered. 

23 
A13 shown by Nelson et ale thermal lattice vibrations during 

irradiation are .expected to scatter energy out of focussed collision 

se<luences and to curtail their maximum range. As a direct conse<luence 

the separation of interstitials and vacancies is reduced and the collision 

se<luence is effectively reduced to a focussed energy packet above room 

temper~ture. Possibly this will result in a more localized defect 

concentration and a local heating of the specimen in the region of the 

primary knock-on. This lat.er process is very likely if the specimen is 

not efficiently cooled and if the radiation flux is high. 

Indeed, the larger size of thevo~ and the presence of divacancies 

does suggest that vacancy migration has taken place during irradiation. 

It further indicates that the specimen temperature was higher than 300 oK. 

The dislocation loops observed in these specimens are possibly 

., formed' ,by, : thee collapsing of some of the larger voids formed during 

irradiation. Dislocation loops were also Observed by Fortes and RalPh
29 

in neutron irradiated t.ridium at 320 oK. 
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V. CONCLUSIONS 

1. The low temperature surface_ damage in iridium bombarded with 

10 MeV protons is mostly composed of ejected surface atoms. The total 

number of ejected surface atoms is strongly dependent on the value of the 

electrostatic field applied to the specimen during irradiation. The 

larger surface damage during "field on,r irradiation was related to the 

iowering in the binding energy of the surface atoms when the electro

static field is applied to the specimen. 

2. The classical radiation damage theory cannot account for the 

observed surface damage during "field off" irradiation. Thedefocussing 

of focussed collision sequences by surface lattice vibrations, the number 

of defocus sed collision sequences reaching the surface, and the excitation 

of surface atoms in the neighborhood of focussed sequences are 3 possible 

meChanisms which may be responsible for a large part of the observed 

surface damage. 

3. Interstitials in irradiated iridium are associated with extra

bright dots popping up to the surface during an increase of the field 

applied to the specimen. These extra-bright dots would correspond to one 

end of the split interstitial sitting on top of an atomic plane. Pairs of 

extra-bright dots popping up to the surface may be associated with di

intersti.tials as well as Single interstitials. 

4. Both annealing stage I and stage III of irradiated iridium corre

spond to interstitial migration. However the limitations of the FIM 

technique and the small number of experimental data do not permit a de

cision as to the existenc~ of different types of interstitials. The 

. problem of whether or not stage I and III correspond to migrations of 2 . 

different types of interstitials still remains. 
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5. The importance of the irradiation temperatures on the resulting 

damage was observed in-'specimens irradiated at 5°K and annealed at 300 oK 

and in specimens bombarded at 300 oK. The presence of dislocation loops 

and larger voids in the room temperature irradiated specimens suggest 

both a vacancy migration process and a different formation mechanism 

for the damage. 

,0 
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APPENJ) IX I. 

CALCUIATION OF THE FIELD INDUCED STRESSES 
AND ELASTIC STORED ENERGY 

The distribution of the electrostatic .. field F, applied to the 

specimen under observation in the FIM, is, according to the electro

static theory,15 maximum at the tip and decreasing iriversely with the 

radius of curvature of the specimen (See Fig. 1). 

So far; no experimental studies of the field distributions have 

been done for FIM specimens.. Furthermore, the specimen shape changes 

fr~m one to another. We now calculate the tensile stress exerted on 

the specimen. We will approximate the specimen shape to a hemispherical 

cap mounted on a conical shank and consider a field distribution inter-

mediate between the two shown in:'Fig. 1. 

The negative hydrostatic stress a is taken as a constant in a 
n 

solid angle of 1800 aroUnd the tip axis and equal to: 

F2 2 2 0 

an 87T = 44.3F kg/rrrrn with F in volts/A" 

The tensile stress applied to the specimen is due to the components of 

an parallel to the specimen axis (see Fig~ 2 ). Thus, the tensile force 

P., applied to the shank is t 

90
0 

2 
PI = Je=o a ds cos e = Ja(dJ:, = a 7TR n n .. t n 

e=90° &"2J 2 a 

Je=45° 
a ds cose !:: J adZ= n 

P2 . = 7T -- a = 7TR '2 n n 2 n 

.. 4i 
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ds = unit area on the sphere. 

~ = projection.~of ds on the equatorial plane xoy (Fig. 2 )" '. 
The tensile aT' applied on the shank is then: 

< a n 

a < T _ 

or 

F2 F2 
The maximum shear stress in the shank is: then 32n ~ T ~ 15n. We 

have neglected in this calculation, the effects of the field for the 

portion of the specimen below the equatorial plane. This assumption 

is reasonable since the field has a low value in these areas. The 

evaporation field of most metals of ~nterest lies between 3.5 and 6.5 
o 

vOlts/A so that during field evaporation the maximum shear stress ~ 

applied to the shank is approximately 

135 $ ~ ~ 270 kg/mm
2 

2 
475 ~ ~ ~ 950 kg/rom 

o 
for F = 3.5 vOlts/A 

for F = 6.5 vOltS/A 

The elastic strain undergone by the surface lattice under the stress 
an 

,an is e == k where k is the bulk modulus of the spec imen. The 

, rvi30 
distortion of the lattice at the surface can be as high as lv]O ;,"and 

the elastic strain energy stored in the specimen as given by the 

elasticity theory is: 

E == 

If the specimen is hemispherical and if the stress a is purely hydro-
n' . 

static there is no stress gradient in the specimen near the surface and 
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this stored energy should not affect the. structure of thelattice~ If 

the field FO applied to the specimen is i~creased to a value Fl,a 

stress gradient is produced in the specimen and the change in stored 

energy 6E is given by 

2 2 
1 O'nl - 0' 

6E 
no 

::: 2" Ii: 

F 2 F2 
1 and 0 

0' = B7T O'nO = B7T nl where 

or 

4 4 
1.22 V(F1

4 - Fo4) 
6E 1 Fl - FO . 

ev/atom = 2k 64i2 
::: 

k 

. ~3 .2 
with V;i:= atomic::VolUli1.einA ,and k =:·,b:Cllk modulus·.:in (lynes/em... 6E can 

be obtained from the curves shown in Fig. 3 which gives the variatiom 

of E as a function of F for pt, Ir, W. The values ofevap<?ration field 

. . 20 
calculated by Brandon are also indicated on the same figure .. 

We now see that processes which require an activation energy ewill 

operate upon a change of the applied field, providing that the ~E 

corresponding is such that 

,'. 

.. 
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APPENDIX II. 

CALCULATIONS ON THE RADIATION DAMAGE IN IRIDIUM 
AS GIVEN BY THE RADIATION DAMAGE THEORY 

The calculations presented below give the average damage obtained 

from the theory. Most formulas can' 'be found, inChadderton.31 ,' 

The assumptions underlying these calculations are also stated. 

The maximum energy transferred to a lattice atom by a proton with 

energy E = 10 Mev is given by 

where 

~ 206 kev 

Ml c proton mass = 1.008 

~ = Iridium mass = 192 

E = proton energy '10 Mev 

The average energy E transferred to a primary is then 

E ::: Ln 

where Ed = displacement threshold energy. We have assumed here that 

Ed for Ir has the same value as for pt. Thus with Ed ::: 37 ev 

E = 318 ev 

The atomic displacement cross section is then 

o'd ::: A (2:... - ~) 
Ed E m 

4na2(~/~) Z 2 Z 2 
E 2 

where A :: (2-..) 
1 2 E 
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with: 

First Bohr radius for hydrogen =5.29X10-9 em 

E = Rydberg energy = 13.6 ev 
r 

E == proton energy = 10 Mev 

O'd is then equal to 

0' == d = 5400 barns. 

The number of:atans,v(E\)}"dispJacedby pr:iJna.ry of energy Ep was calculated 

with the Kinchin and Pease approximation. It assumes a hard sphere 

model for the atomic collisions and gives 

v(E ) := 0 for Ep < Ed p 

V(Ep) == 1 for Ed < E < 2Ed - p-
E 

v(E ) =....E. for 2Ed < E < E 
. P 2Ed - P - c 

E 
v(E ) c for E <E == 2Ed P .c P 

where E is the limit energy above which the ionization energy losses 
c 

are dominant over the elastic collision energy losses. For metals 

with Ef 
c 

~ := 

m == e 

Since there is 

E == c E
f 

::: 130 kev 

Fermi energy 

iridium atomic weight 

electron mass. 

an unknown distribution in the pr:iJna.ry energies, we con-

sider the primaries with average energy E'., 'r'he number of atoms displaced 

by such primaries is 
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. vCE) ·E 
= 2Ed "" 4. 

The total number of primaries per unit volume is 

n == p 

n = o 

<P = 

atomic derisity per unit volume 

number of incident protons per unit area 

If we now assume that the average number of displaced atoms v(E) 

is equal to the number of atoms displaced by a primary with average 

energy, the number of atoms displaced by n primaries of energy E is 
p 

if 

and~if n o 

with v(E) = veE) 

= 7 .. 10
22 

atoms/cm3 • 

We get n = 3. 78xlO-7 primaries 
p 

per P? and nd (:E) = 1.. 5xlO -6 displaced 

atoms per 13. If the density of defects is assumed to be uniform, the 

density of defects per unit area is 

C-) C-) 2/3 -4 02 
n~ E = {nd E . } = 1..3xlO displacement per A 
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APPENDIX III 

DETERMINATION OF THE DIRECTION (L) OF 2 POINTS 

A MID B ON A FIELD ION MICROGRAPH 

We assume again a hemispherical specimen. The line (L) on the 

field ion micrograph, passes through points A andB. We then consider 

a stereograrmn corresponding to the specimen axis orientation.. The 

points A and B are plotted on this stereogramm (Fig. 36a) after 

measuring their distance with respect to 2 crystallographic poles on 

the micrograph. The great circle (SN) passing through these points is 

then easily obtained with a Wulf net. From Fig. 36b, which represents 

the intersection of the specimen by the plane containing the great 

circle (SN) it can be seen that the line OF is parallel to (L). The 

pointP is 900 away from R, middle point of the arc AB. 

T~e method consists then in finding the point R such that fl = f1 
n 

on the big circle (SN) and the point P such that the arc RP corresponds 

° to an angle of 90. The indices of Pon the stereograrmn are the indic es 

of (L) .. 
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Fig. 2 

Fig. 3 

Fig. 4 
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Fig. 6 
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FIGURE CAPTIONS 

Approximated electrostatic field distribution around a FIM 

specimen. 

Schematic of the hydrostatic stress distribution on the tip. 

Elastic stored energy per atom as'a function of the electro-

static field applied to the specimen. 

a) Apparatus setting i,n the cyclotron cave. 

b) Schematic of the apparatus. 

a) Iridium specimen at 77°K. 

b) o 
Same surface at 5 K under the same imaging voltage and 

imaging gas pressure. 

Schematic of field evaporation pulsing unit. 

a) Iridium specimen (IA) at 5°K. 

'b) Same; surface after bombardment at5°Kwith 10 MeV protons. 

No electrostatic field was applied during hombardment. Total 

'17 2 proton fluxl, 10 protons/em .. 

a) Iridium specimen (IA) at 5°K. 

b) Same surface after bombardment at 5°K with 10 MeV protons. 

17 2 Total proton flux: 10 protons/cm. The electrostatic field, 

F; applied during bombardment was equal to 1/3 of the best 

imaging field, FB-

a) Iridium specimen (IA) at 5°K~ 

b) Same surface after bombardment at 5°K with 10 MeV protons. 
, ~ 2 

, Total proton flux r 10, protons/em. The electrostatic field, 

F, applied during bombardment was equal to 1/2 of the best 

imaging 'field, FB• 



Fig. 10 

Fig .. 11 

Fig. 12 

Fig .. 13 ' 

Fig. 14 
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a:) Iridium specimen CIA.) at 5°K. 

b) Same surface after bombardment at 5°X with 10 MeV protons. 

17 I 2 Total proton flux: 10 protons em.. The electrostatic field, 

F, applied during bombardment was equal to the best imaging 

field, F B. 

R! Percentage of material removed from (lll}, (100}, (110} 

planes upon irradiation as a function of the electrostatic field, 

F, applied during bombardment. 

Iridium specimen (IA.) ,after bombardment and 1 small field-

evaporation pulse. 

a) Iridium specimen (rElA) at 5°K. Dotted atoms have been re-

moved from the surface during bombardment with 10 MeV protons. 

14 2 No field was applied during irradiation. Proton flux = 10 Icm. 

b) Same surface after irradiation. Dotted atoms are inter-

stitials. 

a) Iridium specimen (IlIA) at 5°K. Dotted atoms have been re-

moved from the surface during bombardment with 10 MeV protons" 

The field applied to the specimen was equal to the best imaging 

field .. 
, 4 2 

Total 'protonflux = 10 Icm • 
b) Same surface after the irradiation pulse ~ 

Fig. 15- 1. Iridium specimen (IVA) at 5°K. 

2. Same surface after 1 irradiation pulse • 

. 3.. Same specimen after another irradiation pulse .. 

4 - 8. Field evaporation sequence of the same specimen. 

.' 

,. 



Fig. 16 

Fig. 17 

Fig. 18 

Fig. 19 

Fig. 20 

Fig. 21 

Fig .. 22 

Fig. 23 
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Pictures 16-1 to 16-20 show field evaporation sequence of a 

<> • 
specimen bombarded at 5 K with 10 MeV protons. 

Pictures 16-9 to 16-13 show a field evaporation sequence of 

atoms and 2 vacancies. 

Pictures 11-1 to 17-3 show a field evaporation sequence of an 

irradiated specimen with 2 interstitials popping on top of a 

'plane which did not field evaporate. 

Pictures 18-1 to 18-3 show a field evaporation sequence of an 

irradiated specimen with an interstitial popping on top of a 

plane which did not field evaporateo 

Pictures 19-1 t.o' 19-7 show a field evaporation sequence of 

specimen (IA) irradiat'ed at 5°K and annealed at 300
o

K. Inter-

stitials popping up to the surface are indicated by dotted 

atoms. White arrows indicate a small voia. 

Pictures 20-1 to 20-12 show a field evaporation sequence of 

specimen (IA) irradiated at 5°K and annealed at 77°K. Inter

stitials popping up to the surface are indicated as dotted atoms. 

Pictures 21-1 to 21-10 show a field evaporation sequence of 

specimens (IB) irradiated with 10 MeV protons at 300
o

K. Vacancies 

(V).,divacancies (dV) and small voids (D) are indicated. 

Pictures 22-1 to 22-22 show a field evaporation sequence of 

specimen (IIB) irradiated with 10 MeV protons at 300
o

K. A 

:large void (white triangles) is indicated.' A loop (small 

white arrows) is also shown. 

Surface changes of specimen (IA) upon heating aft~r ,irradiation 

at 5°K. Dotted atoms indicate interstitials popping up to the 

surface. Pictures 23-7 to 23-8 show the surface changes upon 



Fig. 24 

Fig. 25 

Fig. 27 

Fig. 28 

Fig. 29 

Fig. 30 
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small field evaporation pulses. 

Field evaporation sequence of specimen (IA) after irradiation 
0' 0 ' ' 

at 5 K and annealing at 300 K. An interstitial cluster 

(dotted atoms) and a small disordered region (dV) are shown. 

A small void (white triangle) is also shown. 

Surface and bulk changes in the interstitial concentration as 

a function of the annealing temperature. The surface results 

are normalized to the bulk measurements. " 

Atomic and ionic potential energy as a function of the distance 

from the surface under an 'applied electrostatic field F. 

Field evaporation energy of singly and doubly charged ions as 

a function of cx
2

; where ~ is equal to-the'rati6 of the electro

static field F to the evaporation field F2 of the ~oubly 

charged ions. 

Ii.. Corresponds to the perfect crystal. 

b. Corresponds to a (100) split interstitial under a (00l;} 

atomic plane. 4 atoms A, B, C, D are slightly protruding. 

c. After 1 evaporation pulse. 

d. A (100) split interstitial at the edges of a (001) atomic 

plane. 2 atoms C and D are more protruding. 

a. Corresponds to the perfect crystal. 

b. Corresponds to a (100)~plitinterstitial under a (110) 

'surface. Two atoms A and B are more protruding. 

A (100) di-interstitialin a stable position. Atoms A and B 

may be more protruding. 



Fig. 31 

Fig~ 32 

Fig. 33 

Fig. 34 

Fig. 35 
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a,. Dislocation loop intersecting a plane .. (h k £} 

points M and N. . 

in 2 

~ a Contrast from an intrinsic Frank loop with b = 3 [lllJ 

intersecting a (113) plane.· 

C' • Contrast from an extrinsic Frank loop with F:= .3- [illJ 

intersecting a (113) plane • 

. ch Contrast from a perfect loop with 'it <= ~ [llOJ intersecting 

a (113) plane. 

~ a e. Contrast from a perfect loop with b = 2' [llOJ intersecting 

a (113) plane. 

-fl. Contrast from a perfect loop with V= .~ [llOJ intersecting 

a (113) plane. 

Computer simulation of the contrast due to an intrinsic 

stacking fault on a (111) planet. (After S. Ranganathan). 

Computer simulation of the contrast due to an extrinsic 

stacking fault on a (111) plane: (After S. Ranganathan). 

Field evaporation sequence of a dislocation loop (A) in 

specimen lIB.; 

Field evaporation sequence of a di.slocation loop (white arrows) 

in specimen lB. 

Fig. 36. a). Construction on a. stereogrami\ of the line (L) passing 

through 2 points A arid B on a micrograph. 

:b) Intersection of the'specimen by the plane containing the 

great circle (SN). 
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surface (15) 

Fig. I 

Fig.2 
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XBB 671 - 84 

Fig. 4a 
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Fig. 5a 

XBB 674-1897 

Fig . 5b 
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Fig. 7a· 

XBB 674-1900 

Fig . 7b 



Fig . 8a 

XBB 674-1901 

Fig . 8b 
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Fig. 9a 

XBB 674-1902 

Fig. 9b 
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Fig. l Oa 

XBB 674 -1 898 

Fig . l Ob 
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XBB 674-1854 

Fig. 12 
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Fig. 14a 

XBB 674-2079 

Fig. 14b 
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Figs. 15, 1-4 
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Figs. 15, 5-8 
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XBB 676-3522 

Fig. 16 , 1-12 
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XBB 676-3523 

Fig. 16, 13-20 
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XBB 676-3524 

Fig. 17 
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XBB 676-3525 

Fig. 18 
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XBB 676-3527 

Fig. 20, 1-20 
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XBB 676-3528 

Fig. 21, 1-6 
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XBB 676-3529 

Fig. 21, 7-10 
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Fig. 22, 1-12 
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XBB 676-3531 

Fig. 22, 13 -22 
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Fig. 23 
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Fig. 23 (cant) 
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Atomic potential curve 

---- Ionic potential curve 
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Fig. 27 
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( a) 

( b) 

( c ) 

( d) 
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Fi g. 28 
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( a ) 

Fig. 29 

( b) 

Fi g. 30 
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Fig. 31 
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mission, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, wit~ respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 
this report. 

As used in the above, "person acting on behal f of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
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