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N ,,"ABSTRACT

. N . .
~ Y . ; LY

: Scatterlng ‘and rddiation damage parameters are analy-

)

@icggly,evgluated for; 14 MeV neutrons and 10-17 MeV protons
. . X . o - >
on Fe, Ni, Cu, Z¥, Nb and Au. Damage energies are computed

.

for the 1nzeractlons using both elastic and non- elastlc data.

The theoretlcal results show that prctoﬁ encounters ﬁep051t

P

-

a damage—energy greater by Q\Mégtor of two than that calcur
N
late§ for mono—energetic 14-MeV_neutron events

To examine the theoretical results, electrical resis-
tivity measurements are undertaken for Fe, Zr and Cu irradia-
ted at 12 to 17.5K with 10 to 16 MeV protons. The resis-
tiviﬁy’change is measured as a function of dose., In addition,
post-irradiation isochronal annealing is carried out in-situ
using a closed-cycle. helium-cooled cryostat.

Values of the resistivity damage rate are determined
from the experimental plots of Api versus ¢t, and cgmpared
with the values of dApi/d¢t estimated from the theorétical
damage-energy results. Also, the observed stage-I recovery
is analysed in tefms of the correspondingwrecovery reported
for electron and fast-neutron irradia£ioﬁs. The data analy-
sis also includes a discussion of the relation between the

present 16-MeV proton data and published data estimated from

a fusion-reactor spectrur(rh

-
i
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"N
The results presented in this thesis indicate that

16 MeV protons approximate the anticipated damage due to a
fusion-reactor spectrum. It is also shown that prg;éns
create a damage structure similar to a superposition of
the damage structures generﬁked by electrons and fast-neu-
trons. The sample\state of imperfection fg shown to in-

fluence the induced damage-state in proton irradiation.

A4Y



“

o

ACKNOWLEDGEMENTS

I would like to express'my gratitude to Dr. J. E.

Robinson for his advice and kind encouragement, without which

this work would not have been possible. I am also grateful to
Dr. D. A. Thompson (in Engineering Physics Department), Dr.

G. R. Piercy, Dr. R. Kelly and all other staff members and

fellow graduate students (in the Department of Metallurgy and

‘Materials Science and the Institute for Materials Research)

whose discussions have been helpful.

The assistance giQen by Df‘ S. M. Grimes in gathering
nuclear data for non-elastic¢ scattering, and a number of dis-
cussions with Dr. C. M. Logan (both at Lawrence Livermore
Laboratory, Cafgfornia) are acknowledged. Also, I wish to
thank Dr. R. R. Coltman, Jr. (at Oak Ridge National Laboratory,
fendessee) for supplying the copper specimens.

I also would like to thank the staff of the ?andem

Accelerator Laboratory-.at McMaster University for their ex-~

.cellent technical assistance. In addition,_ the help of Mr.

/

A. Afneja during the course of the experimental part is much
aépreciated.

This work is supported by a contract from the Atomic
Energy of Canada Limited and a grant from the National Research

Council of Canada to Dr. J. E. Robinson. I thank the National



3
i

Research Council of Canada for the Pgst-graduate Scholarship
(1974-77) and McMaster University fox the Teaching Assistant-
sh;p.

The excelleﬁt typing job of Mrs. Helen Kennelly is
deeply acknowledged.

Finally, I would like to present this work to my

L4 b
g

wife, Mona, for her patience and constant support,

B

¢



"

TABLE OF CONTENTS

LIST OF FIGURES

LIST OF TABLES

LIST OF SYMBOLS
1.

2.

INTRODUCTIbN

RADIATION DAMAGE A,

2.1 Primary Collision évents
2.1.1 Elastic collisions

2.1.2 Non-elastic col;isions

2.2 Secondary Collision Events: Displacement
Cascades

DETECTION AND RECOVERY OF DEFECTS IN SOLIDS
3.1 Detection of Simple Defects

3.1.1 Dilation and lattice parameter
changes

3.1.2 Internal friction

3.1.3 Magnetic properties

3.1°4 Resistivity change measurements
3.2 Recovery of Simplé Defects
3.3 ‘Defect Clusters

THEORETICAL TREATMENT OF THE PROBLEM:
SCATTERING AND RADIATION DAMAGE PARAMETERS

4.1 Nuclear Data and Calculation Procedure

4.2 Results of the Calculations

.4.3 Discussion of the Theoretical Results

PAGE

Xll1

Xv

10

13

20
20

20

21
21
21
23
26°

29

29
31

39



5. EXPERIMENTAL METHOD: SAMPLE PREPARATION
AND EXPERIMENTAL FACILITIES

5.1
5.2

5.4

Sample Preparation and Mounting
Closed Gycle Helium Cooled Cryostat

Temperature and Resistivity Measurements

Proton Source and Beam Alignment

6. RESISTIVITY-DOSE MEASUREMENTS

6.1

6.2

Experimental Observations
6.1.1 Iron
6.1.2 Zirconium

6.1.3 . Copper
O~ g\\;,/

Discussion

-
;¢? 7. ANNEAL MEASUREMENTS

7.1

7.2

Results for Iron

7.1.1 Experimental observations
7.1.2 Previous experiments
7.1.3 Discussion ‘

Regults for Zirconium

7.2.1 Experimental data

7.2.2 Discussion

 Results for Copper

7.3.1 Experimental. data

L . .
7.3.2 Discussion (

S
- L

Vi

PAGE

—

56

56
59
65
66
69

69

69‘\

74
76
78‘
79
79
?9
87
88
30

90

93

a8
98

103

3



P AGE

8. SUMMARY ANALYSIS 0
8.1 Comparison of the Pxperimental and Theore- 104
tical Data of the Resaistivaity-darage Rate
8.4 Pralysrs of the Dargge State Uainag the .k
I Covery Data P
1]
. 8.3 Relathwon of Proton Lata to Kusion -t ron . P
Spectra
S . °
N
9, CONCLUSIUGNS v 2
AFPENDIX ' 113

REFERENCES 115



FIGURE

NO.

LIST OF FIGURES

L4

Elastic scattering in LAB- and COM-systems

Vector diagram for the projectile velocrti®s

after collision in LAB- and COM-systems

Resistivity change per vacancy as a func-

tion of the number of vacancies in a
cluster ‘ -
Primary recoil spectra for Fe. Total
differential scattering cross-sections,

do/dEr) versus the PKA energy ol

total’
[ Y 1

Primary recoil spectra for Ni. Total
differential scattering cross-sections,

r ‘ r
do /dE )total' versus the PKA energy E

Ed

Primary recoil spectra for Cu. Total

differential scattering cross-sections,

. q r
do/dE )total' versus the PKA energy E

Primary recoirl spectra for Zr. Total
differential scattering cross-sections,

do/dEr) versus the PKA energy EX

total’

Primary recoil spectra for' Nb. Total

‘differential scattering cross-sections,

r r
do.dE )total’ versus the PKA energy E

-

e,

PAGE

28

34

35

37



FIGURE
NO.

4.6

4.13

5'3
5.4

5.5

Primary recoil spectra for Au. Total
differential scattering cross-sections,

do/dEr) versus the PKA energy ol

total’
Damage energy spectra for Fe. Damage'cross—
sections, oD(Er), versus the PKA energ§ o
Damage energy spectra for Ni. Damage Cross-
seétions, GD(Er), versus the PKA energy Er
Damage energy spectra for Cu. Damage cross-
sections, GD(Er), versus the PKA energy.Er
Damage energy spectra for 2Zr. Damage Cross-

s&ctions, oD(Er), yersus the PKA energy joud

amage energy spectra for Nb..Damage cross-

S OD(Eri, versus the PKA énergy oud
Damage energy spectra for Au. Damage cross-
sections, OD(EI), versus the PKA énergy o
Damage energies for neutrons‘and.prOtons
(for selected E;in) as a function of the

target atomic number

.Anodized aluminium specimen-sheets
A

Sample holder assembly

Cryostat system

Load-transmission linkage mechéni%m
Typical isochronal pulses at 8§ and 136 K

Beam alignment and irradiation set-up

PAGE

38

42

44
45

o4

37
58
61
62
64

68

M e gsed v



FIGURE

NO.

6.1

7.6

7.7

8.1

Resistivity-dose schemes

Resistivity-~dose
Resistivity~-dose

Resistivity-dose

[
schemes
schemes

schemes

for as-received Fe

for
for

for

annealed Fe
as-received Zr

annealed Cu

% recovery change with.annealing tempera-

ture for as-received Fe

§ recovery change with annealing tempera-

ture for annealed Fe

]

Differential recovery schemes for annealed

Fe

Differential recovery schemes for annealed

Fe .

-

% recovery change with annealing tempera-

ture for as-received Z2r

2r

‘Differential recovery schemes for as-received

% recovery change with annealing temperd-

ture for annealed Cu

Differential recovery schemes for annealed

Cu ‘ ’

Stage I recovery of Fe, Zr and Cu irradiated

by electrons, neutrons'and 16 MeV protons

xii

A

=

AGE

72
73
75
77

80

81

92

99

100

109



TABLE
NO.

4-1

7-3

LIST OF TABLES

Target elements studied and sources for

glastic scattering data

The four paramgters required for inelastic

calculations

Damage energies,
. ™

Damage energies,

Damgge energies,

Damage energies,

Damage energies,

Damage energies,

Present calculations of the damage energy
for Nb in comparison with Logan's results

Sample parameters before and after irra-

diation

Summary of the present recovéry results

in
in
in
in
in

in

barn—kevi

barn-keV,

barn~keV,
barn-keV,
barn-keV,

barn-keV,

1

for

for

for
for
fgr

for

for as-received and annealed Fe

Published daté fof electron and neutron

irradiated Fe

Sumﬁary of the present recovery results

for as-received Zr

- 4

xiii

Fe
Ni
Cu
Zr
Nb

Au

32
46
47
48
49
50
51
70
84
85

94

PRI



Published data for electron and neutron
irradiated Zr
Present and published recovery data for
Cu

. . -24 T3
Resistivity damage rate, in 10 Q cm™/

particle, as estimated from theoretical

and experimental data for Fe,  Z2r and Cu

A comparison between published 14-15 MeV

neutron damage-energy data and the present

results.

101

107 -

113



LIST OF SYMBOLS

English Symbols

IS

a intercept value, eqg. 6.1

A effective‘scattering cross-section, Eqg. 3.2
AO 5 pre—-exponential coefficient

A2 2?& target atomic mass. number

b slope value, Eq. 6.1

c _defect concentration

E energy of ejected particle in ;‘collision,
E, incident particle energg

Ed ' displacement threshold energy

E; ionization threshold energy ‘

EL Liﬂdhard pafameter, Eq. 2.17

E, migra%ion energy for a defect

E” recoil energy

Eg . recoil damage energy )
Eiéx maximum recoil energy

E;in minimum recoil energy .

e - " electronic charge

F pre-equilibrium emission factor
F(c) deﬁect—concentration.function
g(e) function for the reduced energy

k Jgoltzmann's constant | |
kL' Lindhard parameter, Eq. 2.16



‘time

projectile mass
target-atom mass ®

electron mass

number of displaced atoms per incident
projectile

experimentally-determined number, Eq.2.11
number of electrons per atom
absolﬁte temperaturé
melting £empératuie

nuclear temperature
residual energy = Eo-é
velocity of centre-of-mass

velocity of the ejected particle, after
collision

incident particle velocity -
centre-of-mass velocity
electron velocity at the top of Fermi level

vacancy recombination volume

"velocity of recoil atom

.

maximum recoil velocity °

atomic number

Xvi

&



Other Symbols

I,II,III
IV, V

a

a(vr)

recovery stages '
non-elastic equilibrium-contribution
function

approximately equals to 2Ed/m, Eg. 2.20

non-elastic pre-equilibrium-contribution
function '

coefficient accounts for vacancy recombina-
tion

kinetic order

mass faskor, Eq. 2.4
infinite ‘mafﬂzhange
reduced /energy = Er/EL
coefficient = 10 kev™!, Eq. 2.21
En/Tn 7 Eq- 2712

damage efficiency

E/EO, Eq. 2.8

scattering angle in LAB-system

displacement efficiency

¥y
resistivity due to imperfection

intrinsic resistivity

resistivity due to magnetic disorder

\
resistivity- at room-temperature
TN

microscopic cross-section _
damage cross-section, Eq. 4.2
scattering angle in COM-system

< "o solid  --7-

TNV e e e e o

‘n

-

R T SN



Superscripts

r recoil aéom
Subscripts

o incident

1 projéctile

2 _target .
b X backward

o] corrected

D damage

da * . displacement
e electronic
el elastic

£ forward

FP Frenkel pair
i irradiation s
L Lindhard's

m migration
max maximum

ﬁin minimum

Xviii.

o~

b



n . nuclear

ne non~elastic - |
R reaction .

r recompination

r reference

T temperature dependent ‘
A,B;C recovery substage l&bels

D,E,F ,

Abbreviations

CcoM centre-of-mass

DSCS differential scattering cross-section
FP Frenkel pair

LAB laboratory

PKA primary knock-on atom '

RR resistivity ratio

RT room témperature‘

RTNS rotating target neutron source

SKA secondary knock-on atom

V-1 vacancy~interstitial pair .



'y

¥

CHAPTER 1

INTRODUCTION

The rapid development of the field of nuclear
energy lgd to considerable interest in the stuay of
radiation;damage effects in materialsl-4. Of particular in-
terest in the present study are the structural components in
proposed fusion devicess. For example! the "first-wall"

-

in such dEVices is subjected to 14.1 MeéV neutrons at a flux
of 102]'—-1‘()?2 n~cm- per years. The first wall is also ex~
posed to a spectrum of less energetic particles as well as
x-rays7. Available laboratory sources provide neutroﬁ.fiu;;s
two orders of magnitude lowér than the anticipéted:flux

in a fusion reactors.' Therefore, to investigate tﬁé éamage
effects in fusipn-reactor materials ;imulationltéchniques
have beén introduced.

Fission neutrons have been emp;oied to study the dis-
placement effects created by 14 MeV neutron irradiation. 1In
such approaches, a parameter called "damage effectiveness"”
was introducedg‘ "This parameter expresses the damage induced
by fusion neutrons in terms of the damage created by a fission-
neutron speétrum. Its value varies between 2 and 7 for most

9,10

metals . This approach is impractical since fission-neu-

trons neither simulate the primary recoil spectra nor the

L
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transmutation interactions anticipated in a fusion device.

In a limited number of applicatiOnsll’lz, heavy~ and
self~-ion bombardments have been used to simulate fast neutron
damage in reactor materials. The limited depth of penetration
precluded the use of such technigues to study the bulk damage
of the target elements.

Prediction of the damade cascades has successfully
been made using'computerslB’ll%
exploring the state of the induced damage, and in determining
some lattice parameters}4. The drawback of this approach,
besides the high cost of computatién time, is its dependence on
theoretical modéling. This implies several approximatiogs to
what is expected to, bé observed by experiments.

Proton simulation, which is the subject of the present
thesis, was introduced by Logan and his collaboratorsls’16 to
approximate the displacement effecés,y{niobium when subjected
to 14.0 MeV neutron bombardment. The%; treatment of the prob-
lem showed that the primary recoils created by 14" MeV neutrons
can closely be épproximated by 14-16 MeV proton scattering.
Experimental verificékion of such a hypothesis has been under-
takeﬂ by Mitchell et al.l7c§ They useé a high voltage electron
microscope to investigate the cluster densities created in two
copper samples separately irradiated at room temperature by

14 MeV neutrons and 16 MeV protons.[ Their micrographs, where

visible clusters were eiamined,ﬂshowed that proton bombard-

(

|
|

This approach is very useful in

~/
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ment produced similar defect clusters as did 14.0 MeV neutrons.

Subsequent to this theoretical and experimental work, a num-

ber of 'researchers have used the protdn simulatloq technique

to study surfacel8_21 and bul&k22 damage effects. ’ —
The aim of the present work’is to test the validity,

and to determine the limitations, of using high energy protons’

to simulate fusion-reactor damage effects. Scattering and

radiation damage parameters are numerically evaluated for

six elements of interest, namely Fe, Ni, Cu, 2r, Nb and Au.

For this part of the study, neutrons at 14 MeV and protons

with energies between 10 and 17 MeV are employed as incident

particles. To fustify the results of the theoret}cal part,

electrical resistivity measurements are undertaken for Fe,

zr and Cu irradiated at 12 to 17.5 Kwith 10 to 16 MeV protons.

-

A ‘geperal background on the primary and secondary
cpllision eventg is presented in Chapter 2. Chapter 3 includes
a presentation of several techniques normally u for the
detection of simple defects and defect~clusters. It also con- .
tains a survey of the methods normally adopted to interpret the
recovery schemes of simple and complex states of radiation
damage. The theoretical trea;ment of the problem is found
in Chapter 4 while Chapters 5 through 7 deal with the-experi—
mental method and results. Sample preparation, irradiation

Ca ey Foo .
facilities and measurement resolution are presented in Chapter

5. The experimental results are displayed and discussed in



Chapter 6 (resistivity-dose measurements) and in Chapter 7

(anneal measurements). A summary of the theoretical and

experimental results is included ipThapter 8. Conclusions

are reported in Chapter 9.



CHAPTER 2

<
RADIATION DAMAGE R

Radiation damage may be defined as the disorder in-
duced in materials when exposed to reactor environment. Under

-

such conditions”_photons; slow-moving or energetic particles
collide with the structural components, and lose part of their
energy in atomic displacement. events. During these priﬁ&ry
encounters, the target atoms may be dislgdged from their
normal lattice sites. Such displaced atoms will be tefmed
primary knock-on atoms, PKA's. The damage may then propagate
if a PKA has sufficient energy to cause more displacements.
Several models for the collision between the projectile
and target atoms are discussed in section 2.1. The gover-
ning equations for these models are presented as well.
Sectioq}2.2 will include a detailed presentatfon of several

models used to estimate the number of displaced atoms for

each incident particle.

2.1 Primary Collision Events .

In the energy range_of interest (10-17 MeV), the interac-
éion between an incident particle and a target nucleus may adequate-
ly be described by a binary collision mode123.x The mean-free path
for neutroné or protons undergoing nuclear scattering in such

cases is a few tens of centimeters. The scattering events are

?
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produced rélatively uniform}y within the bulk of the target.
Neutrons interact directly with taféet nuclei without 4051ng
energy 1in penetratiné the electron cloud surrounding them.

.0n the contrary, coulomb interactions with electrons consume
part of the i1ncident protons energy before they interact with
target nuclei. Thus, protons with energies higher than 14.0.
MeV must‘be used if f&sion reactor neutrons are to he simulated.

Two modes of collision take place in a érojectile—
nucleus encounter; these are elastic and non-elastic scat-

tering. Each scattering mode will be described in detail

- in the following two’subsections.

2.1.1 Elastic collisions

Elastic collisions are those events whergin the kinetic

®

energy is conserved24. In a laboratory system of co-ordinates
(LAB-system), an 1incident particle having energy EO' velocity

v, and mass m, will collide with a target Atom of mass m, at

0 1 2
rest. After collision, the projectile: particle will be scat-
k2 J -
tered at an angle 6 to its incident direction with.a velocity v.

y

At the same time, the target nucleus will recoil with an energy
r . . ! .
‘E*. Evaluation of E' as a fungtion of E.,. 8, my ana.mzlls

mathematically complicated if one uses the LAB-system. In-
éteau, a centre-of-mass systemof coordinates (éOM-system)

m;y be introduced as displayed in Figq. 2.1.‘ Here, the centre-
of-mass for the projectile and target nucleus‘is assumed to

bes at resf, and both approach it with the velocities indicated

f
.

\/‘w
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£ m, Vo
“my,Vo, Ve = m
LAB-SYSTEM .
s
- @ -0
mli( VO- Vc) . Vc ,ma ’
COM-SYSTEM . o
BEFQRE GOLLISION AFTER COLLISION
Y .

x projectile , @ tentre-of-mass, o target

L4

Fig. 2.1: Elastic scattering in LAB- and COM-systems.

Fig. 2.2: Vector diagram for the projectile velocities
after collision in LAB- and COM-systems.

peary Mooy chipaibihe o "



in Fig. 2.1. After collision, the conservation laws of energy
and momentum lead to the same magnitude of velocities of the
collidipg species. These velocities will only change their
directions. The scattered particle will move at an angle ¢,
while the recoiled nucleus will move off at an angle 18C+¢
with the inciaent direction.

-After collision, the scattered-particle velocity v can
bé expressed as a function ofk¢ by applying the trigonometric law

of cosines to Fig. 2.2. This yields

2 _ 2,2 2 2
vt = vo(ml + m, + 2mlm2 cos ¢)/(ml + m2) . 2.%

The recoil-particle energy E' after collision is then

- _ 1 - - 2
E- = E > mvo = 2m1m2EO(l COS¢)/(ml+m2) . 2.2

Eg. 2.2 may be rewritten as

gf = YEO sin2(¢/2) ; : 2.3

where

- 2 -
Y = 4m m2/(ml+m2) ; n . . 2.4

1

. : . .
The maximum energy transferred ta a recoil nucleus, Emax’ re-—

sults from a head-on collision, i.e. ¢ = 180°. 1In-such a

r X
case may be expressed as
' Emax Y p

E = yE

- 2
max 0 4mlm2E0/(ml+m2{ . \ 2.5
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The elastic scattering process is not always isotropic.

25,115

Reported data show anisotropy for neutron incident energies

greater than 2.0 MeV. Forward scattering is pronounced in the

case of proton elastic encounters because of Rutherford scat-
: 2 . o :

tering events 6. Elastic collisions can be described by the

" Such

differential elastic cross section (DSCS)el z (dO/dQ)el.

a parameter gives the probability of finding a PKA in a range
of scattering solid angles betweeﬁ Q and‘Q + AQ. Values for

the (DSCS)elareqoften determined by experiments. However,

due to practical limitations, the experimental data only

covers a range of scattering angles between 15° and 165°27. To

circumvent this difficulty, op;ical—mbde127 parameters are

often fitted to the experimental data, and then extrapolated to
give estimatesfor(DSCS)el below 15° and above 165°. Infor-

mation about neutron scattering is well covered for energies

below 15 MeV28. The corresponding data for proton encounters

are scarce29 in the energy range of interest (fQ-l7 MeV) .
It is the practice to use a differential scaftering

cross section based on the recoil enerxrgy, namely (do/dEr)el,
x s
to evaluate the scattering and damage parametersls. It may -
é .

be relatedfxa(dc/dﬂ)el by differentiating Eq. 2.3 with respect
to ¢ and by knowing that 4Q is equal to 27msin¢d¢ and then

substitute in the egquation

dc) cde 4 ' oag

r = | e——
(do/dE™) , = (35 el @ T
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The final fo;z:.mfor(do/dxsr)el will be o

Iy oo g | ’
(do/de”) ) = 4u-(do/a) , /YE, - 2.7

Since (dO/du)el is ﬁsually determined as a function of ¢,
from Egs..2.7 and 2.3,(dd/dEr)el can be displayed either

as a function of ¢ or as a function of the PKA energy ET.

The latter preseptaﬁion is more useﬁul than the former since
it giQes the "PKA spectrum". In Chapter 4 we will use, in
part, such an elastic PKA spectrum to generate a number o?

radiation damage. and scattering parameters.

Ay

2.1.2 Non-elastic collisions

Non-elastic collisions include several modes of interac-

'y

tion such as inelastic,capture and transmutation. As in, the case
-of elastic scattering, non-elastic events can also be described
by the corresponding differential scattering cross sections,

i.e.(dc/dn)ne. \yalues for (do/dQ)ne can be estimated by ‘theore-

tical approaches based on models for nuclear interactions30’3l,

For incident energies below 10 MeV an evaporation model can be

9’30. A “"pre-equilibrium"” term must be added for pro-

30,31

applied

jectile energies greater than 10 MeV
An incident paf icle with energy EO will collide with the
target nucléus which i€ at rest. The two particles will form a

compound nucleus. Such a compound nucleus will move with a velocity

. - _ . P o r r /2.
v.r in the LAB-system equal to 3 v . Wh?ge Vmaxg(zgmax/mz)' N
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- The moving compound nucleus then ejects a particle of mass my and

. energy E at an angle ¢ with the incident direction in the COM-
. ) *
system. The remaining nucleus will normally be left in an

excited state and, in addition, will gain a kinetic energy‘Er.’
"It is probable that the residual nucleus will eject a particle(s)
before reaching the eqguilibrium ground-state. This 1i1s the case
whereinia pre-equilibrium emission takes place.

ﬁ%he PKA resulting,K from a non-elastic encounter may gain
a velocity smaller or. larger than V- This depends on the
eénergy of the ejected particlels. The resulting kinetic enerxgy

of the recoil atom can be expressed as

r _ 1 _r e _opL/2 ~ 3
E”- = 2 Emaxﬁl.g 2¢ cos¢] . 2.8

where § = E/EO. The time between the formation of the composite
and the ejection of the particle(s) is very small in comparison
with the time required to travel between t@o lattice sitesls.
Consequently, it is possible to assume that both‘the collision
event and the reéoil emiséign take place -at the same lattice

site. At ¢ = 0°, Eg. 2.8 gives the minimum tranéferred.energy,

for forward scattering, as’

r _ 1. r ., . 5;1/2
Eg =3 Emaxll. =28 1 - 2.3

=t

Maximum energy transfer occurs by non-elastic back scattering.

In such a case, ¢ = 180° and Eg. 2.8 yields

r
E
. b m

_ 1 .r _ 1/2 -
= 3 E ax[l E+2¢ ] . | 2.10

4
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For ecach valiue of the ejecéed—particle E, the probaﬁllity of
finding recoi}s with energies between E? an@ E; is the same,
i.e. the collision event is iSOtrOpiCBO. Events other than
inelastic, such as gamma, éipha.or second particle emission
may influence the isotropy of the scattering encounter. Also, .
pre-equilibrium emission is not perfectly isotropic.¥% The
effect of these on the recoil spectra is negligiblels.

To estimate values for (do/dEi)ne, a model described by

30,33

Grimes and his coworkers will be used. This model ac-

godnté fo; all neutron and proton non-elastic events that
emit a .proton or a neutron. It also accounts for the first
proton or neutron in reactions like (n,nx) or (p,px). The
effect of emitting a second particle or a heavier particle

on the final result is insi<_:;nifi<:antl6"22

(see the Appendix).
The differential scatting cross section for ngﬁ-elastia

encounters, integ£atéd over all the scattering angles, can be

evaluated for each ejected-particle energy E from the equation,

(do/dEI)ne = (d0/dE) _ = E a exp(U/T ) + EgU” 2.11

B

where U is the residual energy and is equal to E.-E, Tn is the

0
nuclear temperature and n is a number determined by experiments.
'The first term on the right hand side of Eq. 2.11 is derived
from the evaporation model. It describes the particle emission
after the composite nucleds reaches its ground state. The

last term presents a semi-empirical form for the pre-equi-
y .

librium emission contribution. The coefficients a and B

1
a
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are functions of my E Tn and a pre—-equilibrium emission

0’
factor F. The analytical forms of a and B may respectively

be wriéten aslS P

(l-F)oR

Tilexp(n)—n—l]
and )
FOR(n+l)(n+2)/Eg+2 2.13

Lo)
]

where n = EO/Tn and ¢_ presents a reaction cross section.

R

Values of n, F, Tn and ¢ 30’33’34.

r are determined from experiments
The non-elastic PKA spectra can be obtained by using

Egq. 2.11 to ?ield values for (do/dEr)ne which correspond to

PKA energies between the two extreme values of Egs. 2.9 and

2.10. Such calculations will be presented in Chapter 4.

2.2 secondary Collision Events: Displacement Cascades

As has been mentioned iq section 2.1, an incident
energetic-particle will undergo only one nuclear collision with
a target sample of dimensions used in the present work (see
sec%ion 5.1). The resgif of this single scattering is a PKA.
The PKA may be dislodged from its lattice site if it receives
during scatteriné aﬁ energy greater than a certain threshold
value Ed. If the energy received is less than Ed' the PKA
will experience a thermal perturbatibn. A moving PKA with
enefgy ET > E .may collide with another nearby lattice atom.

d
Several collision sequences may take place afterwards and the

1]

* -
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resulting damage state depends on the energy of thet PKA as
well as on the recoiling directi0n13’l4. .

The simplest damage configuration which may result
after irradiation is a Frenkei pair. This takes place when-
ever a PKA does not receive enough energy to cause more dis-
placements.” In such casgs, t PKA will occupy one of the
nearby interstitial sites. The vacant site left behind, now
a vacancy, and the interstitial.form a Frenkel pair. In some
.cases, the interstitial recombines with the vacaﬁcy'e&en at
vexy low temperatures35. If the interstitial éscapes a
"vacancy-recombination volume", it will form a stable Frenkel
pair. Recombination in this case has to be thermally acti-
vated . A Frenkel pair may also be produced in a glancing
collision between the energetic incident particle and the °
target nucleus. This case dominates the proton elastic scat-
tering as will be seen in Chapter 4. The distance between
the two point defects in a Frenkel pair depends on the recoiling
direction. The motion of the recoiégd atom may be "focused"
along a line of clese-packed atoms3 providing that the éngle
of motion with respect to the close-packed direction is maintained
pglbé a certain value. fheuresult is a distant vacancy-intersti-
tial (V—I) pair. In a "dynamic crowdion"36 mechanism, momentum
agd energy are transferred by replacement. In a channeling37’38'39

mechanism, energy is lost to the electrons of the atoms that sur-

round a "channel" within fhe target. These mechanisms for long-range

-
M ’
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movement also yield distant V-1 pairs. It is worth
mentioning here that any thermal disturbance is able to scat-
ter the long-range energy transfer and then displacements may
take place.

If the PKA moves with high energy after the primary
collision, it will transfer enough energy to a secondary re-
coilf(SKA). Both may move with energies high enough to generate
a chain of SKA's. Such an effect is called a "damage cascade".
A cascade is éroduced by one PKA. The displacement process
will stop when the SKA's at the end of the cascade-~branches
reach energies below 2Ed. A cascaae created by a PKA of low
energy may be contained in one region. More enerégtic PKA's pro-
duce cascades consisting of several distinct damage regions40.
Such damage regions are called subcascades. The damage
state of a subé65cade is complex. Defect configu-
rations raqging from point defects to dislocation loops may
constitute. the bulk of a subcascade4l. The situatioﬁ'becomes more
complicated if the energy deposition per ato%ic volume exceeds
the mertinq energy kTm of the target materiaf; This takes
place in what are known as "displacement spiieé" or "thermal
spikes". A displacemept spike is a melted region reswlting from
an energy deposition in a very short length pof track. It lasts
for v 100 atomié vibrations for a typical metal that melts at

42

1000 K ~. Such a melted region may recrystpllize in the same

order as its undisturbed surroundings43 or (it may cool down
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leaving a vacancy-rich core surrounded by an interstitial-rich

zone36’44. In the case of a multiple collision, wherein an

»

energy less than Ed 1s recelved simultaneously by a few atoms,
a fully disordered zone may result. Such an effect leads to a
thermal spike42'45. <

A fraction of the PKA and SKA energy is consumed 1in
electronic interaction. Ioni;ation and excitation of the lattice
atoms due to moving ions hagg been studied thoroughly in the
past two decades46.‘ An early model suggested the use of an

energy Ei * A, keV as an ionization threshold energy47. Above

2
Ei' the moving atom will lose all its energy to electronic
encounters. Below Ei’ the moving ion will dissipate all 1its
energy in displacement events. At the beginning of the 1960's,
Lindhard ‘and his collaborato.rs48 proposed a universal formélism
fof electronic losses. This will be referred to as LSS theory.
In~such a theory, the loss of energy to electrons -per unit
path-length is proportional to the velocity of the movion ion.
Subsequent treatment of the problem led to a formula for the
fraction of energy lost in electronic encounters. The

rest of the ion energy may therefore be dissipated in pro-
ducing displacements. The concept of the damage efficiency

9

1s thus introduced

Ny, . This is the fraction of the primary

recoil energy lost in creating atomic displacements. It is

defined as

_ -1
nD = [1 + kL?(e)] . 2.14

A1%r.
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The function g(e) takes the form9

1/6

gle) = 3.4008(e)Y® + 0.40244(e)3% + ¢ 2.15

" where € = Er/EL. The Lindhard parameters kL and EL are de-

fined respectively as

~

kL = 0.133745 22/3/A§/2 2.16
and .
E, = 86.931 2/ ev 2.17
where Z is the gtomic number whose mass is A2.
The number of'displaced atoms in a cascade, Nd’ is an
important parameter in radiation damage study. Several models
49

have been introduced to estimate Nd' Kipchin and Pease

proposed a model in which they defined two parameters: an

energy threshold E and an ionization cut—off,energy Ei' They

dl
suggested that a’ primary recoil with an energy E' less than Ed

will cause no displacement. If E., < EY < 2E., one displace-

d a’
\

ment will take place. For a PKA having an energy greater than

2B 4+ and less than E:s it will produce a total number of ,

displacements Ny Ay Er/ZBd. If the PKA energy exceeds .E,,all the
energy above Ei will be lost to électronic excitation and ioni-

zation. A modified modelso’Sl

has been introduced to account
for replacement effects and to adopt the LSS model for elec-

tronic losses. The modified formula is

D
, Eg

> 2Ed/n _2.18



18

where «k 1s the "displacement efficiency"” and EZ is the part

D
of the recoil energy which 1s dissipated in atomic displace- -
ment, i.e. L
r _ ..r.
- ED = E™\ o - 2.19

The value of «k has been found anal§tically50 and through

computer 51mulation51 to be equal to 0.80. Eqg. 2.18 usually

overestimates the number of displaced atoms per PKA when com-
: §

. . . 5
pared with experimental observations 2. As a result, a recom-

bination model is proposed for cascade calculations in the

binary ¢ollision appr0ximation51’53. In such a model, perma-

nent displacement of a lattice atom can only be achieved if the

dislodged atom escapes a rectembination volume, Vs surrounding

—

~.

the vacancy left behind. Accérding to~this model, recombi-

——

nation of displaced atoms is possible even at véfy'low tempera-

tures35. One of the forms used to estimate N
51

q using this

model is

r
N. = “p . 2.20
d

—

r
a(vr) + B(Vr)ED ’

The value of u(vr) is approximately equal to ZEd/K. The term
B(Vr)E; represenés the probability of recombination. It 1is a
function 5} the recombination volume vr,'and 1s directly propor-
tional to the recoil damage energy E;. Therefore, for recoils
moving with low energ}es Egs. 2.18 and 2.20 yield comparable

results. _At high recoil energies, Egq. 2.20 gives more close
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results to the experimental estimates than Eg. 2.18 does >k

.

For 1ron, the above displacement models have been used to

give a "standard formula" in the form54

N, = 0§ E

d 2.21 -

r
D

-

where [ = 10 kev_l. Eq. 2.21 has been used successfully to

estimate the number of agomic displacements producedyduring

both.fiséion—neutrénand ion irradiation of iron55'56.



CHAPTER 3

DETECTION AND RECOVERY OF DEFECTS IN SOLIDS

In this chapter, resistivity change with defect
concentration will be discussed in detail. Other detection
techniques will briefly be presented for the completion of

the subject. Mechanisms for defect recovery will then be pre-

sented.’ :
: @ »
3.1° Detection of Simple Defects

-

Each of the following techniqges is related to a par-
ticuiér physical property of the irradiated target. The cﬁange
in such a physical property can then be related to the struc-
ture and to the nature of the damage creéted in the test

specimen.

3.1.1} Dilation and lattice parameter changes

-

An interstitiai, Or a vacancy, creates a local stress
field around it. The surrounding atoms undergo a relaxation
process in which themeove away from or towards the point de-
fect. The resulting lattice-parameter change, and the varia-

tion in the macroscopi¢ length of the sample are corfelated

LY

to the defect density jisduced during irradiation® .
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3.1.2 EEt nal friction

This technique is more selective, since only asymme-

Tow

tric defects can give rise to an internal frictiom peak. In-

ternal friction deals with the energy absorbed due to the

reorientation of point defects under mechanical vibration>S,

Analysis of the observed peaks may lead to the estimation of

defect concentration and activation energies, and to the

understanding of the damage state,inducedsg'so.

-

3.1.3 Magnetic properties

In ferromagnétic metals, magﬁetic properties are affec-
ted by clusters of the same size as the width of Bloch wall
(5-200 nm)sa. Point defects may alsolafféct the motion of a
Bloch wall leading to a magnetic aftereffect. In such a
case a time decrease of the initial permeability is observed"
immediatgiy after é demagnéﬁiz;tion. Aétivation energy of
migration and concentration of asymmetric defects can be

determihed61 from such .data..

3.1.4 Resistivity-change measurements
This approach will be discussed in detail since it
is used throyghout the experimental part of this thesis.

The msasured resistivity OpT) of a metal can be ex-

pressed, accordi to Matthiessen's rule, in terms of tem-

perature-dependent (p. ., ) and temperature-independent (0,)

contributions. This takes the form

-



= +
p Po * Pyp * P - 3.1

. \

The quantity o arises from the presence of impurities,
defects and strain in the métal lattice. It is conventional
to quote the ratio pRT/pO to p;ovide an indication of the
specimen's state of purity and perfection. Such a ratio is
called the "resistivity ratio" (RR)}). The quangity.piT is the
intrinsic resistivity of metals. It is due to the interac-
tion of the condﬁction electrons with phonons during their
motiﬁn in the lattice. The parameter P represents a magne-
tic disorder term. It is due to electron scattering fr;m dis-
Bréered spin arrangements in ferromagnetic metalé? The mag-
netic disorder term P is temperature dependent below the

Curie temﬁg;étufe of the metal under éonsiderationsz.

o
L.,

is attributed to the influence of"pressure, magnetic field§

Deviation from @@tthiessen‘s rule may be observed. It
and the size of the specimen63. Anisotropy of resistivity is
a common feature in cold:. worked samplés. However, ekperimen-
tal- results of cold-worked strips of metals showed that this

64 that it may be néglected"here. .

effect is so insignificant
It is esSential to keep,PRT/po as high as pos<ible

in order to achieve high sensitivity in measuring the resis-

‘tivity change due to defect generation, or due to defect

annihilation. High purity samples have then to be used. Also,

. ¢ ' v )
operational conditions are favorable under 20 K for most metals

irradiated by high energy particles.

LS
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The effect of the change in defect concentration on
the residual resistivity is given by65
m v A Ac
e e

AOO = e2 ~' - 3.2

e
where m and e are the electronic effective mass and charge

respectively, Vg is the electron's veloecity at the top of the Fermi
distribution, A represents an effective scattering area, Ac is the
atomic fraction of defects and n, is the number of free electrons

per atom. The increase in the residual resistivity is therefore
ki

proportional to the incpease in .defect concentration.

Theoretical calculations64 ' show that the iricrease
in resistivity due to an isolated ‘'vacancy and an interstitial
are comparable. The re51st1v1ty due to a vacancy Cluster B@s

66 The results showed that the di-

51mllarly been calculated
vacancy contrlbutlon did not differ from that.of two isolated
vacancies. |

It is an accepted practice to meésu;e the'resistivity

change due to the creation, or the disappearance of a V-I pair

{Frenkel pair),Apr, in ohms/at.%.- Electron irradiation ex-

67

periments are usually used to determine ApFP.

3.2 Recovery of Simple Defects

ReCOVery of a partlcular type of defect is assumed to
occur by a single activated process w1th a constant activation
energy. If the number of defects per unit volume is c, its

annealing rate can then be written asb®
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. -E_/kT ?

dc/dt = -A_F(cle 3.3
where F(c) is any continuous function of ¢, Em represents the
defect migration energy, AO 1s a factor which is temperature
iﬁaependgpt, T is the absolute annealing temperature and k is
Boltzmann's constant. The exponential dependence of the de-
fect mobility on the ratio Em/kT is such that at very low tem-
perature all such defects will. be essentially immobile.

The order of the kinetics of the recovery process can
be expressed by a chemical rate eguation, i.e.
-E_/kT
dec/dt =4_Ao cV e T ) 3.4

L 4
Ghere y is the order of .the activated process. Egs. 3.3 and
3.4 are expressing the same process with the function ¢’ re-
placing F(c). Diffusion of defects to a fixed infinite sink
‘cqrresponds to a fir;t—ogder reaction,iyd}, while random an-

nihilation of equal concentration of defects is described by a

second order equation, y=2.

Values for interstitial and vacancy'miération energies
can be deteémin;d theoreticall§69 or they can be deﬁér;ined
by experimentsyo. Typical values for Em in most meegﬁgfére
v 0.1 eV or less for interstitials and between 0.6 to 2.0 eV .
.for vacancies. Migration energies - for di—interstitials are
gfeater'than for a single interstitials, while di-vacancies’
migrate with energies less than thoée of single vacancies, but

greater than those of di-interstitia1569'7o. Thérefof%, the

’
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early iecévery stages of defects are likely to be governed by

migration of interstitials.

’

Recovery of point defects may take place according

to the following mechanisms7l:

1) Annihilation of close Frenkel pairs: This process usually

requires low thermal activation. Interstitials experience
a few jumps before reaching their sinks. It is a first-

order- activated process.

-

2) Long-range migration: In such a process, interstitials may
initially migrate to vacanc¢y sites. It is a first-order
reaction.’  More thermal eﬁzrgy is needéd to'cpmglete the
annihilation in this case than the cofresponding energy re-

quired for the recovery of Frenkel-pairs.:

3) Random migration: This reaction depends on the concentra-

tion of the annihilation sinks. Here, interstitials may
migrate-randomly to sinks such as dislocations, impurity
atoms or surface imperfections.. It'is a first-order pro-

' cess.

4) Aggregation: Interstitial clustering and void formation

are important modes of recovery since the large clusters d
- - -}

produced during irradiation may attract\simple~defects72.

-

This effect may be enhanced by the irradiation process

itself 3773,
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The above mechanisms normally take place in the stage I
recovery of most metals. At highexr activation energies, i.e.
higher annealing temperatures, other mechanisms are antici-
pated. These include release from impurities and other traps,

vacancy migration and large cluster and void formation.

3.3 Defect Clusters’

It is thermodynamically favourable for irradiation-

induced defects to form clusters rather than simpler

defect—configurations4l.' The cluster nuclei may grow by

combining with other cluster nuclei, or by attracting simple
defects. At a certain size, the growing aggregate becomes
metastable and it méy'collapse to a disc-shaped defect, or more

M

likely to a dislocation loop. ) .

Direct observation of complex defects can be made by

-

using-én electfon microscope. Yet, only clusters with.ddameters
greater than 18°A can beé reSOIVed123. Such a difficulty may be
-overco@e either by employing field-ion microscopy or by using
100 and 1000 kV electron micrpsc0peslz4. The resoluticdn in
such techniqués<is of the samé order as the atomic size.. The

interaction of clusters with dislocation lines and the macro-

scopic distortion that they cause in some crystals presents

' %

two other means for indirect observation of clusters.
For most metals, the resistivity of a simple defect
is of the oxder of ].0"21 U cm. The resistivity of a dislocation

line is between 2.0 and 20><lO—13 us/cm length depending on

.
(4 A S
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its direction within the lattice62. The resistivity of a
vacancy~cluster has been calculated in terms of the resis- .
tivity 1Acrement per vacancy in the cluster. For aggregate
nuclei of small sizes, it was found that their contribution
to the resistivity change did not substantially differ from )
that of the same number of isolated vacancies66. As the
size of the cluster increases, the contribution per vacancy
decreases monotonically as displayed in Fig. 3.1.

Recovery of defect-clusters and ﬁislocations requires
a high degree of thermal activation. At high temperatures,
dislocations'may move towards other dislocations or crystal
imperfections. 1In some cases, théy intercept eaGQMcher cau-
sfng jogs. The result is immobile dislocations. Complete

recovery of clusters and sessile dislocations takes place

at'temperatures close to the recrystallization temperature4lw
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CHAPTER" 4

THEORETICAL TREATMENT OF THE PROBLEM:
SCATTERING AND RADIATION D GE PARAMETERS

2

The theoretical treatment of the problem involves three

steps76: i) determination of the

ppropriate elastic and non-
elastic datd, ii) computation of thle PKA spectra, and iii) in-
tegration of such spectra to determine the damage energies in

"barn-keVv per incident‘pafticle.

»
) L R

4.1 Nuclear Data and Calculation Procedure
: é
Fo#gthe elastic scattering, we relied on previous data
obtained by exper:i.ments??"81 and by an optical model fitted
X
82-89

to experimental observations Values for neutron scat-

tering near 0°, where data 1is npt available, are calculated
using Wick's limitgo. A summary pf the elastic scattering
data is presented in Table 4~1. |[The elastic recoil energy

spectra are- then calculated using Egs. 2.3 and 2.7.

Non-elastic differential |cross sections are determined

ubing Eq. 2.11. The noh;elastic recoil energy is computed

from Eq.’2.8 within the two extreme-values of Egqs. 2.9 and

2.10. ~alues for n, F and T, are taken from several sources

for the targets under consideration33’34'91'93_

Other values

are inferred94 by considéring their dependence on Eo' Values

88,91, 92

_ for O are obtained from experimental data for neutrons

29
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Table 4-1. Target elements studied and sources for elastic
. scattering data.
Element Incident particle E_ (MeV) Ref.
Nat.*Fe neutron 14.00 83
SGFe proton 10.93 77
Nat.Fe proton 14.30 84
_ Nat.Fe proton 17.00 78,84 -
Nat.Ni neutron 14.00 85
proton 9.87 79,86
proton 14.30 84
proton 17.00 78, 84
Nat.Cu neutron 14.50 87
proton 9.75 79,86
proton 17.00 78, 84
Nat.2r " neutron 14.00 88
92;r | proton. 10.75 89 ~
902r proton 12.70 80
90Zr proton 16.00 82
Nat.,Nb neutron 14.10 ~15
proton 9.37 81
proton 16.40 15
Nat,Au neutron 14.00 123
proton 9.84 79
proton 17.00 78,84

*

Nat. means natural isotopic abundance




84,93

and either from theoretical calcblation?;\ or from experi-

b
mental datago'82 for protons. jhe four Rarameters required
for the non-elastic model are found in Table 4-2.

'The total differential energy scattering cross sections

are calcu gd by adding the corresponding elastic and non-

elastic valyes at each PKA energy. The damage energy ED can

thus be culated from the equation,
E;ax .
By = | . op(EQE" 4.1
E;in

whererE;in presents a lower limit for integration. The func-

tion oD(Er) is the damage cross section. It may be gxpressed

™~
as

[

)=3‘?-r—) -Er'nD. 4.2
dE~- total

U o
OD(E

;f oD(Er) is plotted against Er, a damage spectrum will

result. Integration of such a spectrum, Egq. 4.1, yields the
¢ " *

damage energy ED. :

”~ '
4.2 Results of the Calculations

%carried out fof six elements
of interest: Fe, Ni, Cu, Zr,iNb and Au. The total number of

The calculations are

PKA's produced per incident particle, namely (do dgr)' ", is
P P / total

presenteg\EEaingt E” in Figs. 4.1 to 4.% for each element. As can

be seen fromsuch figures, the proton cross-sections are generally

3
-
14
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~Fig. 4.1: Primary recoil épectra for Fe. Total differen-
. tial scattering cross-sections, dg/dEr)t fal’
versus the PKA'energy ET. ©
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dominated by the small-angle Rutherford scatte?ing.
However, for the intermediate recoil energies, non-elastic
events produce similar maxima near ﬁ;ax/4 for neﬁfrons ahd
protons. A dissimilarity between the neutron and pro-
ton spectra for each element caﬁ be observed at high recoil
energies. It should be noted that for Au a large difference
between neutron and proton cross sections can Pe seen over
the entire range of the primaryéfecoil energies.

The damage energy spectra for the six metals under
consideration are displayed respectively in Figs. 4.7 to 4.13.
Such plots give the cross section values for creating atomic dis-

placements with the corresponding PKA energy per incident

particle. The damage energy ED is then evaluated according

to Eq. 4.1 for selected lower integration limits. Such re-

sults are presented in Tables 4-3 to 4—9. ’Good agreement was

1 .
3 as seen 1

N N

Table 4~9. The error is within the uncertainty limIts of the

found with the earlier calculations of Logan

~

data base. : ’

4.3 Discussion on the Theoretical Results ) '

As can be seen from Figs. 4.7 to 4.13 and from Tables 4-3

to 4-8, the proton scdttering approximates that of the neutrons. ¢
. in both the magnitudes of the damage crass sectioéon and in the
/ .

recoil distribution for energies greater than a few keV, with

the exception of the case of gold. Also, the’éimulation appears
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Damage energies. in barn-keV, integrated from
E

.~ ma
for Fe

down to several lower limits of integration

Neutrons

Lower limit of Protons
integration (keV) E, 14.0 10.9 14.3 17.0 (MeV)
Ehax 981 757 1000 1190 (keV)
1000. .0 0 .0 2.9
800. 9.5 .0 3.8 7.1
600. 25.0 4.5 13.6 27.4
400. 96.2 29.5 62.7 95.5
200. 222.8 100.5 148.8 185.0
100. 257.7 147.1 185.2 213.5
50. 266.9 178.7 ©206.5 227,8
10. 277.4 243.6 238.0 266.8
5. 277.9 280.4 265.6 290.9
1. 278.5 375.0 338.9 351.7
.5 278.5 418.4 372.2 379.7
.1 278.5 523.3 452.8 447.4
.050 278.5 570.2 488.8 477.8
.035 278.5 594.5 507.5 493.5
025 278.5 618.0 5255 508.6
.010 278.5

682.0

574.6

549.9
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Damage energies, in barn-keV, integrated from

Table 4-4:
E;ax)down to several lower limits of integration
for Ni ‘

Lower limit of Neutrons '\ Protons

integration (keV) E, 4.0 ‘9.9 14.3 17.0(MeV)
_ _ Eéax930 * 655 949 1130 (keV)

000. .0 .0 .0 2.4

800 4.7 .0 4.2 6.3

soa::) 15.8 2.9 10.5 21.0

400. 65.8 25.6 49.5 81.3

200. 196.6 98.5 141.2 179.3

100, 234.6 156.3 179.1 211.5

50. 243.9 199.6 198.7 229.4
10. 253.3 293.3 232.0 275.1 \
5. 253.8 339.0  263.6 301.7 k

1. 254.2 454.1 343.1 368.5

.5 254.2 508.0 380.2 399.7

.1 254.2 634.0 467.2 472.9

.05 254 .2 703.0° 514.8 513.0

.035 * 254.2 734.4 536.2 531.2

.025 254.2 763.2 556.4 .548.0

.010 2542 839.3 6089 592.1

\ - Y
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Table 4-5: Damage energies, in barn—ke?l., integrated from-
) Erlt-\ax down to several lower limits of integratian
for Cu ?

- i Neut;:ons Protons ,
Lowef limit of E_ 14.5 9.8 17.0 (MeV)
intfégration tkeV) Erf\ax‘ 892 599 1040 (keV)
'Lpob\ .0 .0 0.6

800.. 4.0 .0 4.7
600. - 18.3 .0 14.5
400. 62.7 13.0 '67..5
200 202.3 “gs.1 168.8
100. 245.1 138.0 206.1
50. 254.1 182.1 226.0
'10. . ‘ 266.2 278.5 273.4
5. 266.8 325.0 f3ob.o
1. 267.5 440.6 366.2
‘.5 267.5 494,7 397.2
//T .1 267.5 623.4 471.1
.05 ’ 267.5 691.8 510.3
©.035 1267.5 723.0 528.2
§2$ ’ 'k?67.s ) 752.6 545.1
.010 267.5 829.8 589.4
. .
’ 8 % ”
. ¥
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Table 4-6: Damage energy, in barn-keV, integrated from
E;ax down to several lower limits of integration
for 2r
Neutrons Protons
Lower limit of Eg "14.0 | 10.8 12.7 }G.Q(MeV)
integration (keV) nax 606 463 556 701 (kev)
1000. 0. 0. 0. 0.
800. 0. 0. 0. 0.
600. ~ .5 0. 0. 2.3
400. 14.6 3.9/ 8.0 _ 13.7
200. 91.7 43.1 65.0 109.3
100. 171.4 121.3 140.8 175.7
50. 183.2 |174.1 179.0 206.4
10. 198.0 [312.4 284.4 282.2
5. 198.9 369.0 533.6 321.2
1. l99.é 511.2 457.2 419.3
.5 200.4 |575.7 513.2 463.8
.1 200.4 730.0 647.3 570.2
.05 200.4 |811.0 717.6 626.0
.035 . 200.4 849.2 750.8 ~ 652.4
.025 - 200.4 884.2 781.3 676.6
‘.010 : 209.4 976.7 861.6 34023
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Table 4-7: Damage energy, in barn-keVv, fntegrated from

E;ax down to ‘several lower limits of integration
for Nb
Neutrons Protons
Lower limit of Eq 14.1 9.4 16.4 (MeV)
integration (keV)‘ E;ax 599 398 696 (keV)
1000. 0. 0. ; 0.
800. 0. . 0. 0.
600. 0. 0. 2.3
400. S 15.3 0. 13.7
200. * 116.9 37.0 . 103.6
100. " 236.3 125.5 168.5
50, - 251.6 191.0 196.1
10. 263.6 . 345.4 268.5
5. o 264.4 " 413.4 307.3
.  guesmpapen
1.. 265.2 583.9 404.7
.5 : 266.00 '664.6 450.8
.1 " 266.0 846.9 555.0
.05 266.0 | ) 943.4. 610.1
035 . 266.0 "989.2 . 636.3
.025 266.0 1031.2 . 660.3
010 o 266.0 1142.1 123,79
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Table 4-8: Damage’energy, in bain—keV, integrated from ‘
E;ax down to several lower limits of integration
for Au
u Neutrons Protons
fteheailon hew |2 0 0.8 17.0(ew)
max
1000. 0 0. 0.
800. 0 0. 0.
600. ]ﬁ? 0. 0. 0.
400. 0. 0. "o,
200. 6.3 0 13.1
100. '56.3 100.0 74.4
50. 1533 | 228.1 | 148.7
10. 177.8 521.7  270.1
5. 183.0 641.1 339.2
1, 187.2 935.4 509.5
.5 187.7. 1070.0 587.4
1 . 188.1 ' 1386.6 770.7
.05 188.2 1552.2 . 866.6
.035 188.2 1631.1, . = 912.2
.025 ’ 188.2 . | 1712.1 959,1
.010 188.2 .1895.6 1065.3
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’

to be more accurate for protons with energies: more than

14 MeV if ggglev neutrons are to be simulated. In the case of
Au, only the general features of the collisiOn events are
reproduced. In addition, for Au, the large Rutherford scat-
tering is a dominant portion of the daqage ehergy. For the
other five eleﬁents, namely Fe, Ni, Cu, 2r and Nb, the theo-
retical results show that the calculated éroton'induced damage- ’
energy is partitioned approximately eq;ally into damage pro-
cesses yielding high-energy primary recoils (> 10 keV) and
low-energy primary recoils (< 10 keVﬁ. ?he corresponding data
;aLEPlated for 14.0 MeV neutrons indicates that all the induced
damaée energy is in the form of high-energy PKA's (> 10 keV).

The results presented in tables 4-3 to 4-8 are displayed,
graphically in Fig. 4.13. This shows the total damage energies
for 14.0 Mevvneutrons in comparison to £he damage energies for
pfotons evaluated for selected lower integration limits (E;in)-
It is of interest to note that the non-elastic contribution
for 14 MeV neutrons is relatively iﬁdependent of 2 and is
between the limits‘of 150-300 barn-keV. A similar trend’
is also seen for the proton non-eiastic collision events which
create PKA's with energies above 10 keV. xHowéver, when the}
Ruthefford contribution is included for protons, a signifif |
cant additional Aamage energy is found due to the low-energy

‘priﬁary recoils. This additional contribution follows a-linear

increase with increasing Z as is e€xpected for Rutherford scat-

~
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tering. Whén fusion-neutron data was used to calculate the
induced damage energy in Nb8, a value of 583 barn-keV
resulted. Such a value is 54% higﬁer than the corresponding
estimate which is computed in the present work for é mono-
energetic 14.5-MeV neutron data (Table 4-7). If such a CTR

damage-energy value is plotted in Fig. 4.13, one finds out
( that 16-17 MeV protons approximate the i;duced damage in this
case even if recoils of energies as low as 80 eV are included.
Tﬁis feature Aay be‘attriLuted to the fact thét a fusion
spectrum comprises neutrons with enérgies ranging between

4 MeV and 14 MeVS. In subsequent chapters, we will use

10
these calculations when‘interpreting our experimental data.
Because of the limited §cope of the theéis, that is, that both™
experiment and theory are pursued, we have not considered the

theoretical description in any more detail than is presented

‘in this chapter.
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CHAPTER 5

EXPERIMENTAL METHOD:JSAMPLE PREPARATION
AND EXPERIMEN@L FACILITIES

i

5.1 Sample Preparation and Mounting

The materials used in the irradiation experiments were
cold—draw% wires."Marz—-grade" a-iron and zirconiuﬁ wires, 61
pum in diameter,were supplied by Materials Research Corporation.
The high purity* 122 ym copper wire was supplied by R. R. Colt-
man, Jr. of Oak Ridge National Laboratory. The specimen wires
were wound on 250 um thick anodized aluminum sheets to form
elther a target or a reference sample. Each target and re;
ference sample was séparated by an anodized aluminum sheet
to form a "specimen stack". Fig. 5.1 displays the different
sheets used for each stack. Itwas possible to‘mount two speci-
men stacks for the same irradiation run. This is showﬁ in
Fig.’5,2. Heat-sinking compound was applied between all parts
to prov1de good thermal/contact . The iron and copper samples

LT

weresoldered dlrectly to two lead- statlons positioned on the

R

SLdes of - the target-holder ﬁgjy. For zirconium, brass

the sample terminals before.

. .

contacts were spot-welded t

being soldered to the lead-statlons. The-referénée sampl&,
i,

mounted; away fr the beam, was solaered in series with the tar-

BN -

get It was used t detect any VarlatLOn in the base temperature.
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Normally, one of the Fe specimen stacks was irradiated as-

received. The other stack was wound on the sheets and then an-

-

nealed at 350°C for 2 hrs in a vacuum of 10°/ Torr. Such

annealing conditions reduce the dislocation density in the

. \
sample without changing the grain sizegs. The copper wires were

.

wound as-received onto é&o specimen stacks. One of Ehese
stacks was annealed for 2 hrs at 600°C96 in a vacuum of 10-7<
Torr in the presence 6f an oxygen-gettering material. When
these conditionswere applied for Zr annealing, itwas found
that the Zr wires were significantly oxidized. This problem
could not bg avo}ded in the anneal%ng facilities that we used.

In choosin§ the samples dimensions and experimental COnditi%ns,

deviations fromMatthiessen's rfule were kept as small as possible.

5.2 Closed Cycle Helium-Cooled Cryostat

It was essential to have & method fér heating and guen-

. .

ching the samples, and to have a proper temperature~con€rol

N

T Q \\;
system in order to perform an isochronal annealing process. The ™

- ’ .

normal practice is to use liguid hélium to cool the samples

to v 4 Kduring irradiation® -, Post-irradiation temperature
cycling is obtained in such systems by regulating the presgure
of gaseous helium or the flow of liquid helium around the

samples. This technique is often inconvenient since it’re-

,quireé access to a gontinuous supply of liquid helium. With

recent advances in th& closed cycle helium-ekpansion refrigerator

- A
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1

technology, low temperatures and moderate cooling capacities
can now convenieﬁtly be ogtained Qith a two stage cryocooler
The cryostat system used in the present work comprises
a two-stage helium cooled cryocooler, rated at 10 W at 20K,
and the target assembly as shown in Fig. 5.3. The target tem-
perature 1is controlled with a mechanical thermal contact
switch linking the cryocooler cold head to the target holder
and by three nichrome wire heaters. (For details see Fig. 5.2).
The target can be cooled by closing (under pressure) the me-
chanical switch using an externally controlled mechanical
linkage system. To increase the tagget‘temperature, the pres-
sing force isvremoved. The taréet holder, mounted on two
spring loaded stainless steel rods, is then pushed away from
the cold head breaking the thermal contact. The Earget tem-
perature can subsequently be increased by using the three
fnichrome wire heaters. With the mechanical contact
closed, the minimum second-stage cold Head and target tempera-
tures are lb—lBK and 13-17.5K iespectivély. Thisiéompa;es
favourably Wwith the unloaded cryocooler temperature of 8K.

2 The mech;nical linkage system consists of a brass
pushing bar, two stainless steel pushin§ rods, a semicircular
lever, and a'force transmitting mechanical "feedthrough.' Tef-
lon is us;d at the mechanical joints to reduce héat conductio;
along thé linkage. The mechanical linkage system is shown'

-

in fig. 5.4. The mechanical feedthrough is"externally attachéd

98,99

d\‘
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to a tension spring, a torgue érm, a gear train, and a _éervo—
motor assembly. The mechanical linkage system can be used to
apply contact loéds of up to 30 kg wt. to the thermal contact
switch. Heat leakage from the mechanical linkage system is‘
reduced by anchoring the pushing bar to(the cold head and the
pushing rods to the heat shield with heavy flexible copper
wires. The pushing bar is insulated from the target holder
by thick strips of mica.. The heat shield is attached to the
first stage of the cryocooler at 40K. | |

JAluminum wa;s uséd for-the sample holder assembly since
it is light and exhibits good ﬁhermal propérties at very‘lod
temperaturesloo. To provide el;ctrical insulation between

specimen stacks and the holder, all surfaces were anodized ex-

cept for the thermal centact surfacéi‘ The latte: was mechani-

cally polishéd to 1 ym and ultrasonically cleaned in an acetone

bath. The other .thermal contact surface was a polished copper

disc, silver pasted and bolt tightened to the ciyocooler cold
v :

head. A 0.5 mm thick indium contact layer was produced by

fusing indium to the polished c0pper‘disc'in an atmosphere of

pure hitroéen gas. Q}n preliminary |tests, thefbefformance'of

the contact was investigated under geveral cloéing loads in a

o101

: -8 . : . .
vacuum of 2%10 ~ Torr . High conductance was achieved in

such tests for relatively low &losing loads.

Typical-isochron@l 6yc1es are shown in-'Figs. 5.5 for-

annealing teﬁpergtures of 85K and .136K. The temperature was

S
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kept constant to within *0.25K .at each énnealing level. The
heating current was continuously controlled to avoid over-

shooting. Such an ovexrshooting shifts the recovery peak away

from its apticipatéa temperature by a few degreesloz.

L

5.3 Temperature and Resistivity Measurements

-

Copper wires of 127 um in diameter were used as current
and potential leads. A direct cﬁr;entwas fed to the ﬁiCh?Pm%,
heating unit using 254 pm copper wires. The sample tempéra— =
tures were measured by two 127 uym Chromel-Gold (0.078% Fe)
thermocoupleslo3 calibragea’against a referenced GaAs temperature
' sensor. Preliminary measurements with such thermocouples indicated
a uniform temperature.distribution &ithin 1.0K over the sample
holder assembly. . The lead wires and the thermocouple leads
were heatanchored to the second stage of the cryorefrigeratqrm
to minimize heat leakage. The variable conductance of the
thermal ;ontact switch .provides a good means for controlling
the target température, particularly for annealing cycles
bélow 50K. For higher temperatures,'the heating unitvuu;;sed
to achieve the required annealing level.. Duriﬁg the isochronal
\period, both the load on the thérmai‘switch and the heating
';urrént were monitored manually.

- The absolute resmtan‘““\\of the sample was measured using

. a pé%éntlometrlc method A constant current of 30. 00*0 01 ma

LI 3

was used for Fe and Zr samples while a cprrent of 500.0i0.3.ma

"

'ﬁasembloyed fanTthe;Cu run. The current is applied to reference
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and target samples connected in series in each stack. A 10.0 &
standard resistance was mourited in series with the specimen

stack to double-check the current value employed. This set-

2

up yielded an error in the current readings between 3x10 ° and

2

6x10 “% as detected with.a digital voltmeter. The uncertainty

in the voltmeter readingwas less than * 1.0 uV. The estimated
uncertainty in the. absolute fe%istancewas,therejore, in the

8

range of 4x10 ° to 2x10°° ohm.

The change in the target resistance was corrected against

g

base temperature‘ variations by emplojini the formula '
AR. = AR + AR_ (R /R ) . 5.1
c _ r o' Tor ‘

where A indicates a difference between the measured value
at any anneal step and the pre-irrédiation value; Rc, R and

Ro are the corrected, measured and pre-irradiation target

resistances r;Spectively. The quantitiessRr and Ror,respectivéj
ly, represent ”thé measured and the pre—irradiatidn reference
resistances. The irradiated lengtﬁWESnmaéured by a ﬁicro—
densitométer from an'k—éay photographic plate with.an error of

2.5%. The irradiated wire diameter was meaSurgd'to.tl.O um

by an optical microscope.

5.4 Proton Source and Beam Alignment

*  The 9 MV terminal voltage McMaster T%pdém Accelera-.
tor was ased ta éeﬁe;ate a beam of 10" to 16 MeV protons.  The

cryostai, incfuding the tarfget assembly, was mounted on the :

-
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Following this beam transport the l;eam passecg/ Fosk

.a current J.ntegrator g,ﬁ the Faraday cpp. The area

- ) T 1?'&
beam line as shown schematically in Fié. 5.6. A set of  ion W”:
pumps was employed 'to keep the vacuum- of the‘ line 1n the " » »%
vicinity of 2><10-'7 Torr. Before reachJ.ng the tar?etrass'femh ‘;; ,»1,,;”
ly, the proton beam was shaped and ma:npulated by f %

magnetlo steerers and two quadrupole n{ajgnetlc ;.gftSe

‘ \ &
a 4-segment apez;;mre 0.5 cm in d;a!neter. ?,’I‘Jiérg )

T

3 A8

,\u, 'l

c1roular-shaped beam entered aaq, 55 cm aﬁé;{r_"tuxe‘ g} AN
,.‘ L Vet ,‘_“ .‘, N

b

of the target, 1rraaiated tﬁe two target spécrmépg{”@@’

oz 7
L T “ B Ly

( b4 . % prd é)“
collected in a Faraégay cup pgm.tloned at the end"'o:fgt
- .‘ ; el ,_‘,.f&'
3.1ne.t g‘he total current tlme productwas detgrmnedv

L -
A - .9‘ \‘,,&

. - Tt - A};# ’,‘
the dose evaluata:on waé@.;deterim.ned uss.ng the ;rr,adlajzed‘

é g

, 2’ £ .
targe.t before demountlng.‘ An 3{ ray photogragljwas nsed ﬁQr?" e
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CHAPTER 6

“RESISTIVITY-DOSE MEASURMENTS

In this chapter, results for Fe, 2Zr and Cu irra-

\
diated with 10-16 MeV protons to several dose levels are
presented. Table Eié summarizes the specimen parameters

before and after irradiation for Fe, 2Zr and Cu.

6.1 Experimental Observations

6.1.1 Iron

The early runs (one to six) were carried out using a

16.0 MeV proton beam. The»éhange,in resistivity due to irra-
/ - .

diation, Ap,, with the bombarding dose was measured at several
base temperaturesamﬁisubsequedtly normalized to,a base tem-
perature of 17.5 K. For the as-received samples,~the dose was

16 17

varied from 3.8%10 to 1. SGXlO p cm-z,resulting in a resiétiVity'
&

ghange between 0. 332and].224 thxmrespegtlvely In addition to the

as~rece1ved spec;mens, run number two also lncluded an annealed
l7

samples After belng lrradlated by 1. SGXlO p cm 2, the annealed

4

sample featuredeare51st1v1ty change of 0,884 u cm. These ear}y

- runs were ‘undertaken to test the irradiation and isdchronal §L2> :

facilities. 'ItWag'found that the resistivity-dose “results,

. - .
o o [ . ~

% 69 -
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Table 6~1: Sample parameters before and after irradiation

Run # Base Temp. R.R.* E Max. Dose Ap .
° 16 -2 L
K Mev 10 p cm U2 cm
Vi

As-Received Fe
1 14.1 not measured 16 7.3 0.624
2 12.8 16.40 16 15.6 1.224
3 16.8 19.80 16 7.4 0.618
3 i6.8 20.25 16 7.4 0.613
6 17.0 19.95 ., ' 16 3.7 0.332
9 17.5 o 20.11 16 3.5 . 0.309
11 X7.5 20. 64 10 3.5 0.375
12 17.5 21.28 14 3.4 0.324
13 a 17.5 20.46 10 8.7 0.776
Annealed Fe ‘
2 12.8 64.20" 16  15.6 0.884"
9 " 17.5 109.29 16 3.5 . 0.250
11 17.5 . . 92.82 . 10 3.5 0.325
12 17.5  117.23 I4 3.4 0.270
13 o 1705 119.55 10 8.7 " 0.700
As-Recéive@ Zx ‘ M )

|6 17.0 ‘ 35.20 16 3.7 1 0.908
14 17.5 37.28 16 3.5 0.881
15 17.5 . 35.36 .10 3.6 , 1.282
16 . 17.5 35.86 16 7.7 1.856
Annealed Cu 5
17 17.5 546.75 16 , 2.0  1.853x1072

g

*3

* . . 1] ' . T ¥ -
Resistivity Ratio, R296K/$Base temperature (K)

Tannealed at 600°c for 2 hrs and then wound on the sample-sheet

; . . +
~ - X
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which were taken with the mechanical heat swikch closed, were
reproducible. When isochgonal cycling was att mpted'using an

earlier design of the sample holder, repeatable sults could

-

not be obtained. Accordlngly, some modifications were made

+

to the sample holder assembly and two test runs (7 and 8)

were oerformed to check on the adequacy of the new design for
 undertaking isochronal anhealing. EinaIT?T\the design preaen—'
ted in Chapter 5 was devised and used successfﬁlly in the sub-
sequent lrradlatlon and re515t1v1ty recovery measurements

In run51nm¢mr @ through ¥ the total dosewas kept constant at

approx1mately 3.5&1016_p‘cm -2 while the incident energy was

EI

varied from 10 to- 16 MeV. The observed re51st1V1ty‘change was

-
between 0. 309and(3 375 uQ cm for the as-received samples, and be- ,

tween 0.250 and0,3251ﬂ2cm for the annealed anESa‘ Run number

¥

l3was undertaken using an incident energy 6f£.10 MeV with a

dose of 8.8x10°° p em™. This yielded 8p, of 0.776 and 0.700

uft cm for' the as-received and annealed samples reépectively.
1#

. . The observed reslst1v1ty changes 4s a functlon of dose '

are displayed for as- recelved specrmens 1n Fig, 6:1 and for

-

.annealed targets in Frg.‘6 2 The salrd curves represent a fourth-

order*polynomlal fltted to the experrmental pornts using a

NI

:'.1east-square approach From Frgs. 6.1 and 6. 2, it can be ObServed

that for doses below approxlmately 2, OXlO16 p cm -2 the experi-
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N . . N . v
mental data 1s substantially scattered around a linear least-

square fit. This data-scattering is due to a statistical error
)

of 2.0% on the average .in the resistance measurementi. -Above

16 ]

a dose of 2x107" p cm-z, thé error is less than 0.5%. The”

-t

error bars represent the summation of this statistical error
R

and anh error of 2.5% due to the uncertainty associatéd with the

measurements af the irradiated lengths.

6.1.2 Zirconium

©

As was stated in section 5.1, annealed 2r samples

¥ "

“ .Could not be obtainéd. Thus, only as-received specimens were em-

ployea. A beam of protons with an energy of 10 or 16 MeV was used.

An inﬁegrated dose of approximately 3.GXl0I6 P cmﬁzwas reached"

in all the runs except the lasg in which a dose of 7.7x10t8

P cmnzwasemmloyed. The resulting resistivity change varied

from 0;88} to 1.866 uQ cm as summarized in Tablefﬁdl.

The resistivity-dose 3urves are shown in Fig. 6.3.

-

Both of the expéfimental data and .the least-square fit are

R . ( :
displayed. The scattering of the experimental data around the
6

4

linear fit below a dose of 1.5x10® p om™2 is due to an’error

‘Of 1.5% in reading the absolute resistance in the low-dose re-

gion. Addition of such an error to gngther‘e;ror of 2.5%,

resulting from irradiated-length measﬁrements, yields the error
] ; 3

" bars QE?wn ip Fig. 6.3.

A ~w 1

R
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RESISTIVITY CHANGE,Ap,uQ cm

i

.41

~

N
[

o
l

0.8

0.6

TARGET AS-RECEIVED 2Zr

Least-square Fit

- --- Extrapolated Linear Fit-

)
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Run No. Eo,MeV  Ap, ullem
- ’ ¢

0.908

0. 6 \ 16 N
u} 14 |6 0.881
A 15 - 10 1.282 -
s 16 16 1856
L 1 o [ |
I 2 3" .4 ' 5 6 7

DOSE, 10'8 pém-2
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6:1.3 Copper . .
An anneaied sample was 1rradiated with a total dose
16 2

of 2.0 ~10 p cm™ This yielded a total resistivity change

-

of 18.53 mi. cm. The resistivity change as a function of dose

3

1s displayed in Fig. 6.4, ., An error of 2.5% exists in the
measurements of the absolute resistance of the sample. The

error bars shown in Fig. 6.4 include this error and an error

of 2.5% in measuring the irrédiated'length.' 3

105

In Fig. 6.4, the result of Roberto et al. for d-Be

neutron irradiation of a similar Cu sample at 4.2K is also

125 rradiated a Cu sample with a

beam at 80K. At a dose level of 1x10%’ P em™2,

diSplayed. Dworschak et al.
10 MeV proton
they obsérved a resistivity change of 74.0 n{i cm: Since
about 60¢% of the damage induced in Cu at 17.5K by a 16 MeV
proton beam is recovered at 70K (see section 7.3), and since
an excess of 63% in dApi/d@t 1S observea’ln the present work
(for 16 MeV proton irradiated as;received Fe at 17.5K) over

22 yhen a similar iron sample was

that observed previously
— .

irradiated by 16 MeV protons at 68K, the resistivity change

observed at 80K by Dworschak et al. canbe multiplied by 1.6

to determine the valu€ejthat would have been observed

at 17.5K. Such a modified result is displayed in Fig. 6.4.

t
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6.2 Discussion

As can be seen from Figs. 6.1 to 6.4, for low doses
’Apl varies linearly with the fluence. This is in agreement
with results reported by Minier-—Cassayre106 for fast neutron-
-irradiation (> 1.0 MeV) at 20K of zone-refined annealed Fe,
and ‘'with previous 16 MeV proton irradiation of as-received

Fe undertaken at 68K22. A least~square fit of the form

v

Aoi = a + b(dose) (6.1)

16 em™?). A boundary con-

was made for low doses'(f 4.0 x 10
ditionﬂ;asimposed on the fitted line to yield a value of zero '
for the intercept a. Deviation from linearigvau;observed

for fluences greater than 3.0xlO16 to 4.0x1016 p cm-z indepen-
dent of either the sample pre-irradiated conditions or the value
of the bombarding energy. Two general featufes were obsef&ed
from the experimental data: i) The rate of resisti&ity change
with doée is higher for the as;received samples'than the
annealed cases, and ii) the rate of resistivity change isf
highest for the lowest incident energy. In Eq. 6.1, the para-
meter b represents the kesistivity—damage rate dAoi/d¢t. Values

for b are determined for each irradiation case and then used

in the summary analysis presented in Chapter 8.



CHAPTER 7

ANNEAL MEASUREMENTS .

7.1 Results for Iron

7.1.1 Experimental observations

Post~irradiation isochronal annealingwas carried out
for three stacks of as~received and annealed samples;‘ Each
stack was separately irradiated by 10, 14 or 16 MeV protons.
The bombarding dose was kept constant at approximately 3.8><1016
b cm_z. The isochronal annealing%nascarried out from 20 to
160K in steps 5K apart and 10 minutes in duration. ‘

The percentage recovery data as a function of the anﬁeal

temperature 1is presented in Figs. 7.1 and 7.2 for as-

received and annealed samples. The corresponding differential

recovery schemes are shown in Figs, 7.3 and 7.4. Several
substages in stage I recovery are observed. These substages
are selected using notation published in the literature67’95’

106,108,114-117 = 4.11¢ 7-1 summarizes the present recovery

results. Some of the pq%%ished work for electron and neutron '

irradiated iron are founéé%n Table 7-2. !
The recovery schemes of Figs. 7.1 and 7.2 show that

as-received samples exhibit approximately 3% less recovery than-

the recovery observed in annealed specimens. This feature is

observed independent of the value «of the incident energy. \

v
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7.1L.2 Previous experiments

Clearly'distlnqulshable substages have been observed
1n a number of electron i1rradiation studies of iron. In a
1.5 MeV electron irradiation experiment at 40K of 1-iron,
Wells and’Russell95 observed five substages 1n stage I re-
A’ IB and

Ic’ appeared at 51K, 66K and 87K with 3.5%, 15% and 18.5%

covery. Three of these substages , labelled 1

recovery respectively. These peaks were attributed to anni- ,

™~
hilation of close V-1 pairs. Ih addition, they observed a //
<>

large substage, I., peaking at 99K and accountifg for 34% of

DI

.

the total recovery. They assigned long range migration of

.

interstitigls to correlated sinks to I

Dl
. energy of 0.23yeV. An IE*substage appeared as a shoulder

with an aetivation

to ID at a temperature range of 110K to 135K with ll% recovery.

They attributed it to random migration of interstitials. They
reported that the amount of recovegy observed 1n substage IE’
as well as the tothAl recovery found :in stage I, were significant-
ly reduced either by increasing the dislocation density or by
reducing the grain size.' Thé; proposed 1interstitial trapping

at dislocations as a possible mechanism for IE recovery. In

a separate study, Neely and Keeferild reported the presence

of a low-temperature substage at 39K accounting for 0.8% of

the total recovery after electron irradiation of as-received

iron samples at 4.2K. Their substages I, through I accounted

C
for 74% of the total recovery observed. Also, a 21K substage

-
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115
was observed by Sao and Meshii in 1ron 1tradiated with
1 MeV electrons.
In contrast to the electron bombardment studies,

smearing of substages IC through IE 1s -a common feature observed

I
1n fast-neutron irradiation experiments. Horak and Blewitt 16

reported a 34% recovery due to a dominant substage between 80K

-

and 140K. Below 80K, they observed less than 5% recovery.

A 3% recovery below 80K was observed by Nakagawa et al.lo8 One

: / .
peak centered at 110K was also found in thelr work and it,
accounteéd for 34% of the total recovery after a fission-reactor

irradiation. In another study, two distinct peaks were ob-

117

served at 95K and 110K by Takamura et al. in a low-dose

4

. . 10
fast-neutron irradiated iron sample. Also, Minier-Cassayre 6

observed a large peak at 103K. Her sample was a zone-refined
1ron 1lrradiated by fast neutrons. She attributed this peak to

interstitial recovery by several mechanisms.

7.1.3 Discussion

In the present work, le§ﬁ than 7.3% of the induced damage

anneals out in two substages, I and I_ , obsérved below 60K.

Al A2

Another low-temperature substage, IB' appears at 65K. It amounts

to 7% of the. total recovery. The percent-recovery observed below

75K is found to be independent Of either the samples pre—irridié:

tion condition or the rncident proton energy. It is well estab-

llshedgs’lM'lls that I through I
Al C

to close V-1 pairs. In some cases, interstltials need only two

substages are attributed

to three jumps to reach their annihilation,sinks (the 65K sub-

-,
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stage)lls. The present observations support, that annihilation

of close V-1 pairs is a possible recovery mechanism for the
early substages sinCe the amount of recovery below 75K 1is
insensitive to the dislocation density. A dominant substage,

I is observed at 105K in all the runs. It has low- and

Dl

high>~temperature shoulders forming substanges I _ and I, res-

Cc E
pectively. The percentage recovery observed 1in IC + ID + IE
is between 54.1% to 59.8% of the total recovery. This de-
pends on both the sample pre-irradiation c¢onditions and the

value of tne incident proton-energy. In the temperature

range of 115 to 135K, a slightly higher percentage recovery

is ob%erved for annealed specimens over the recovery resul-
ting from as-received ta gets. Recovery in the Substage'ID
is believed to be due migratian_of interstitials to corre-
lated vacancy‘sitesgs'l . migrating interstitial in such
a substage experiences a number of jumps before reaching a
sink. As proposed by Minier—Cassayre106 such interstitials
may recover by recombining with vaﬁancies or by aggregating
with one or more interstitials t? form cluster nuclei. This
is probably the case in the present work since no difference
is observed between the recovery schemes of. the as-received

A
and the annealed samples.

-

Examination of the shape and the percentage recovery

of the dominant 105K peak with its low* and high—teﬁperature
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shoulders leads to the following conclusions: i) the damage

states created in iron are relatively similar for incident

energies between 10 and 16 MeVv, 11i) the damage states are not
é

sensitivg to the dislocation density existing in the test

samples, and ii1) the damage state is similar to an inter-

mediate state between those due to fast-neutron and electron

irradiations.

7.2 Results for Zirconium

7.2.1 Experimental data

Isochronal annealing was carried out from 20K to 170K.
The annealing steps were 5K apart and 10 minutes in duration.

The percentage recovery as a function of the annealing tempera-

»

ture is displayed in Fig. 7.5. The differentials of these
recovery schemes are shown in Fig. 7.6. The ranges assigned

for the substages in stage I recovery are from electron irra-

109,119 110,111

diation studies and from fast-neutron bombardments.

In the present work we find that such regions are as shown in Fig.
7.5,

Substage I, is not resolved in the present study.

A
Despite the experimental errors associated with the low-tem-

perature substages, few peaks are observed in this region,

e
s
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For 16 MeV irradiation substages IB and IC are seen

at 40K and 55K respectively. However, this is not the case

A S

for 10 MeV irradiation where these two substages overlap.

Substage I_ appears as a low-temperature shoulder to IE.

D
It is more pronounced for lower energy irradiation. The domi-
nz;f r§covery~substage IE appears 1in the range of 85 to

1 Omgé'It is centered between 100 and 105K. For 10 MeV
irradiation IF is not observed and stage II starts at 135K.
In the case of 16 MeV ir;adiation, IF 1s observed as a
high—gemperature shoulder Fo IE and thié impedes the st&rt of
Stage II up to a temperature of 145K- The peaks

observed above 140K are likely due to the deformationlll of
the wire samples during-preparation ané‘winding onto

the sample-sheet. A summary of the present recovery data

is included in Table 7-3 while Table 7-4 lists published Qork

on electron and neutron irradiated Zr.

7.2.2 Discussion

In a 1.5 MeV electron irradiation study carried out

109

near 8K by Neely , six substages in stage I recovery of 2r

were observed. These were centered at 15, 35, 56, 81,

102.5 and 132.5K respectively from IA to IF. The cofresponding

percentage recoveries were 5, 4, 415; 12.5, 31.5 and 18%.

. 119 .
Biget et al- usea a beam of 1.7 MeV electrons to irradiate

’

a Zr sample. They‘could not resolve the two substages IE and

In. As for the other substages, they were observed at
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the same temperatures reported previously by Neely.

When Zr was bombarded at 24K with fast-neutrons,

111

Vialaret et al. could not observe substage IA. Their IB and

IC substages were smeared in one peak centered at 65K and amoun-

ted to 5.7% of the total recovery. Their ID substage accounted
for 4.5% of the total recovery and apfeared at 85K. The

higher-temperature substages IE and IF could not be resolved.

They were smeared in a dominant peak at 116K and showed 28.2%
recovery. Therefore, they reported dﬁly 38.4% recovery for

stage I. This is lower than the 75.5% recovery reported by

Neely109 and the 77.5% recovery observed by Biget et al-llg, in

their corresponding electron—irradiatién experiments. This
reduction in stage I recovery has been reported previously by
Rosenbaum et al.llowho observed 30% recovery in a single substage
extending between 110 and 130K. They irradiated; however,
their Zr sample at '77K..

In the p;esent result, 10-MeV proton bombardment
shows 3.2% more recovery than the recovery observed
for the case\of 1l6-MeV proton irradiation. It is mostly ob-
served in substages Ié through ID where close V-I pair anni-
hilation 1is assumed as the mechanism for damage recovery.log'119
The dOminant.IE peak accounts for approximately 39.5% of the
total recovery regardless of the bombarding enerqgy.

hN

The results of the present work suggest that the damage

-

state produced by protons in Zr is similar to an intermediate



98

state between those created by fast-neutron and electrom bom-

bardments,

@

7.3 Results for Copper

7.3.1 Experimental data

Isochronal recovery was carried out for 5 minutes at
each angéaling level. The temperature spacingwésIﬂSK between
20 and 30K, 2K between 30 and 40K, 2.5K betwee; 40 and 50K and
3K between 50 and 60K. This scheme was adopted previously
by Roberto et al.104 a ) .

The observed percentage recovery as a function of the
annealing temperature is shown in Fig. 7,7. The corresponding
differential recovery is displayed in Fig. 7.8. No measure-
ments are. recorded below 20K since the change in Ap was too

small to be resolved. Four substages are observed, I I

Bl
and IE. The substage IB is clearly observed at 27.5K

cl
ID
and it accounts for 7.5% of the totdl recovery. The dominant

L 4

peak appearing ‘at 40K has low- and high-temperature

shoulders forming the‘IC and IE substages respectively. The

recovery scheme is in good agreement with published results

for Cu irradiated by electronsi?® or by neutrons 04121

A
summary of present and published data is presented in Table

7—50 N . .
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7.3.2 Discussion

Roberto et al.l?4

N
H
1y N

of Cu by d-Be neutrons gives similar recovery schemes to those
121

recently observed that irradiation

obtained after fést neutron irradiétion . They concluded
that the damage §tate created in bgﬁh cases ;s similar.

In the present result, we find that proton irradiation
produces a damage state similar to that obtained by d-Be
neutron irradia#ion104. However, more recovery is observed
in the present work at subsFagg IB over the corresponding

recovery reported in the d-Be irradiation case as cap be seen

from.Fig. 7. 8.,
o

¢y



CHAPTER 8

SUMMARY ANALYSIS

Tﬁis ch;pter contains a summary analysis of the data
presented in Chapters 4, 6 and 7. A comparison between the
experimgntal data of the resistivity damage rate and theo-
retical‘estimates based on the damage parameters is pre-
sented in section 8.1l. The damage state created by 16 MeV
protons is analysed in section 8.2 in terms of the corres-
ponding damage states due to electron and fast-neutron bom-
bardments. Finally, section 8.3 includes a discussion of the

relation of the present proton recovery data to fusion-

neutron spectra.
\J

8.1 Comparison of the Experimental and Theoretical Data of
the Resistivity-Damage Rate N

Experimgntal values of the resistivity damage rate
were determined from thelplots which exhibit Api as a function
of dose (Chapter 6). The slopes of the linear part of sucﬂ
plots give values for the corresponding QApi/d¢t.

‘The resistivity damage rates were also calculated using
the theoretical data of Chapter 4. Thiswas carried out using
a modified Kinchin-Pease model and a vacancy-recombination

model. In the modified Kinchin-Pease model, spontaneous re-

104
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combination is not considered and only V-1 pairs are dealt
with. According to Eg. 2.18, the resistivity damage rate can
be expressed as

25 D

dApi/d¢t = 10 ——— Ap 8.1

where ED is in barn-keV, E_. in eV and AoF in u! cm/at.%.

d P
The vacancy-recombination model, described in sectaion 2.2,was
also used to calculate values for dApi/d¢t. For this purpose,

Eq. 2.20was used to develop .the form

r
Emax o] D r
dap, /det = Lpgp = de* . 8.2
a(vr)+8(vr)(E 'ﬂD)
25 eV
1)

To carry out such an integration, values for o and . B were taken

from the literature. Values for OD and Ervwnxiobtained from
/

the data of Chapter}h whilé n_was calculated using Eq. 2.14.

D
54 . .
The semi-empirical formula of Norgett et al- which is de-

veloped only for iron, Eq. 2.21, was also modified to yield

dApi/d¢t = 107%7 g

p 5Ppp ¢
ha .
where Ej is in barn-keV and Ap_, in ug cm/at. &.

For the case of iron, values of E_were interpolated

D
from Table 4-3 for 10, 14 and 16 MeV protons. A value of
25 ev67wasassigned for Ey while Ap,, was taken as 19" yliem/
69 °

at.% . Table 4-6 was used to obtain/va}ues of ED for Zr;
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Values for Ed = 24 eV109 and ApFP = 40 uf cm/at.%llz were
assigned for calculations. For Cu, values of a = 58 eV and
B = 1.3x10"° were taken from the work of Robinson and Tor-

renssz. Fig. 4.9 Qasused to obtain values for 9, and Er; A
value of ApFP = 1.3 uf cm/at:.ﬁtls67 was taken. Table 4-5 wasused
to determine values for ED.

The experimen?al dApi/d¢t data.wés determined from
Figs. 6.1 and 6.2 for Fe, from-'Fig. 6.3 for 2r and from Figqg.
6.4 for Cu. The theoretical estimates of the resistivity da-
mage rate were obtained from Eq. 8.1 and 8.3 for Fe and from
Eg. 8.1 and 8.2 for Cu. For Zr, the vacancy recombination mo-
del could not be uséd since values for a and B could not be
found in the literature. Hence, only Eq. 8.].Qas used to esti-
mate the theoré£ical value of dApi/d¢t for Zr.‘The present
experimental and theoretic§l values of the resistivity damage
rate are summarized in'Table 8-1 for Fe, 2r and Cu.

It is of interest to point out the close agreement
shown in Table 8-1 between the expérimental résults and the
theoretical estimates evaluated using the vacancy-recombination
model for Fe and Cu. This agreement suggests th%t_recombination of

107

simple defects is occurring for 10-16 MeV proton bombard-

ments.

" Another point of interest is shown in the

-

damage-rate plots presented for Fe in Figs. 6.1 andn6.2.

Comparison between these two plots shows that as-received tar-
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Table &~1: Resistivity damage rate, in 107%% ¢ cm3/partic1e,
as estimated from theoretical and experimental data
for Fe, Zr and Cu. )

——-—1
Resistivity Damage Rate
Element Energy Experiment Theory
MeV As-received Annealed MKP * VR*
Fe 10 11.020.5 ? 0x0.4 21.4 12.2
14 9.0x0.4 8.0+£0.4 17.8 ﬁg.l
16 8§.8x0.4 7.1+£0.3 17.1 9.8
Zx 10 36+x2.0 - 56.8 -
16 25+1.0 - 45.3 -
Cu 16 = 0.95+0.05 1. 36 1.06
. ;
Modified Kinchin-Pease Model, Egq. 8.1
* & . . . . )
Vacancy-recombination model, Egs. 8.2 and 8.3.

13
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gets exhibit higher resistivity damage rates than the corres-

~—————

ponding rates observed for annealed cases. Similar results

108,117,127

1
are reported for Fe by other researchers. In the

presént study, this phenomenon may be related to the difference .

in dislocation density which exists in the as-received and

annealed specimens (as indicated by the difference in the

respective‘ resistivity ratios; Table 6.1).

8.2 Analysis of the Damage State Using the Recovery Data

The experimental percentage recovery observed in the
present work as a function of the anneal temperature is dis-
played in Fig. 8.1 for Fe, Zr and Cu irradiated by 16 MeV

protons. Also shown are the respective results reported in

the literature for 'electron95’109’126 and flast-neutron (> 1.0
MeV)lll'lls’117 irradiations.
A Electron bombardment introduces isolated simple de-

fects. As the electron energy increases, the probability for
two or more pd&nt defects to form a cluster incfeaseslog.
Fast-neutrons, on the other hand, produce moﬂe complex damage
than electrons do. This is due to the fact that PKA's of
energy as high as 60-70 keV are generated in fast-neutron irra-
diatioh. The cascades created due to such high-energy PKA's
comprise simple defects in addition to defect-clusters. This

leads to a suppression of stage I recovery in fast-neutron

irradiation experiments.

——
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diated hy electrons, neutrons and 16 MeV
protons,—




110

The presentation shown in Fig. 8.1 indicates that the
percentage recovery due to lé6 MeV protons is larger than the
value due to fast-neutrons, but lower than the value produced
by electrons. Therefore, it is possible to say that 16 MeV
proton irradiation produces simple-defect structure similar
to an intermediate state between the defect configurations crea-

ted by electrons and fast-neutrons.

?

8.3 Relation of Proton Data to Fusion-Neutron Spectra

A d-Be, spectrum contains neutrons of energy higher
105

than 2 MeV, but broadly centered around 15 MeV . In a fusion
spectrum, there are 1.4 neutréns with energy < 0.1 MeV per
neutron source in a total of 4.3 neutrons per neutron SOurce8.
Hence, a fusion spectrum contains 32% ﬁore low-energy héutrons
phaﬁ those observed in a d-Be spectrum. According to the

52,128

damage production theory , it is possible to assume that a

o>
fusion spectrum may create simpler defect configurations than
do d-Be neutrons.

104

Results on stage-1I recovery of Cu showed that the

damage.structure proauced by the d-Be spectrum is similar to the
damage structure created by fast-neutrons. Therefore, fusion
neutrons are expected to produse:a simpler defect-state than the
one observed in fast-neutron irradiations. This means that,

by referring td Fig. 8.1, a stage-I recovery scheme for fusion

neutrons will probably lie between the recovery schemes due

f
to electron and fast-neutron bombardments. .An estimatg for



°
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stage-I percent recovery due to a fusion-neutron irradiatién
can be estimated as follows: The difference between the per-
cent recovery due to electron and fast-neutron irradiations is
to be multiplied by 32% (the extra low-energy neutrons observed
in fusion spectra over d-Be spectra). The resulting percentage
is added to the fast ngﬁtrﬁﬁ’;ercent recovery. This procedure
yields values of 54%, 58% and 52% as anticipateéd stage-I re-
covery due to a hypothetical fusiog—;eutron irradiation of Fe,
Zr and Cu respectively. Such-inferred values compare

favourably with the 60 to 65% recovery observed in stage I due

to 16 MeV proton irradiation of the same metals.



CHAPTER 9

CONCLUSIONS

The theoretical and experimental results and the

data analysis presented in this thesis lead to the following

conclusions:

1.

Damage~energy data for protons are higher by a factor

of two when compared with the corresponding data for
monoenergetic 14 MeV or 15 MeV neutrons.

16 MeV protons approximate the damage induced }n metals
due té fusion reactor spectra.

The present data indicate that the vacancy-recombination
model is a good approximation to estimate the number of
diggiaced atoms in proton irradiation.

The damage state induéed by protons in metals is similar
to a combination of the damage states due to electrons and
fast-neutrons. Howéver, the generation of V~-I pairs
spontaneously with defect-clusters causes a fraction of
those V-I pairs to recombine during irradiation.

The state of the sample imperfection influences t?e damage

state induced by proton irradiation.

112
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APPENﬁIX

ACCURACY OF THE ANALYTICAL RESULTS OF CHAPTER 4

It is essential to point out that the model of Grimes
et al.30, which has been used to~eaiculate the non-elastic dif-
ferential cross-sections in Chapter 4, accounts for all proton
or neutron induced non-elastic events that emit a proton or a
neutron. That is, for neutrons it accounts for (n,n'), (n,p)
and the first neutron from (n, 2n) reactions. Consequently, the
error in thé calculations presented in Chapter 4 is due to the
emission of a second particle or the emission of a heavier par-

‘
ticle such as in the case of (n,a) reacfion. Such effects are
insignificant-as can be seen from Table A-1 and Fig. 4.13.

In Table A-1l, a comparison is shown between the presebt results
for neutron‘interactions and ghe results of other researchers

9,122

who either have directly employed the ENDF/B or who have

developed an analytical expression based on the ENDF/B contentsBz’lzg.
All of these researchers, except REf. 9, have included every in-
teraction which may contribute to the value of the non-elastic
cross—-section. Also, a graphical comparison between published

14-15 MeV neutron data and the present results is displayed in

Fig. 4.13. The aéréement in Table A-1 and Fig. 4.13 is within

1% to 5% depending on the target material.
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Table A-1: A comparison between published 14-15 MeV neutron

-

damage-energy data and the present results

Element Damage energy eV-cmZ(x 1020)

Fe - - - 27.85

Ni - - - - 25.42

Cu 25,2 .27.2 30.1 26.6 26.75
"y - - - - 20.04

Nb 24.7 27.4 26.2 25,8 26.60

Au 18.2 19.4 21.2 - 18.82
Ref. 9 122 129 © 32 present |
E, s MeV 14.0 14.0 15.0 14.0 14-14.5

S e < T b s e ¢

W

R B T e T

B rrere———
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