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STAGE III DISLOCATION PINNING 
IN SILVER RESULTING 

FROM GAMMA IRRADIATION 

Abstract 

The objectives of this work were to test the validity of the vibruting 
str ing dislocation model in s i lver , to determine in which annealing stage long-
range migration first occurs , to measure the migration energy and identify the 
defect responsible for observed annealing, to investigate the possibility of d i s 
location pipe diffusion, and to obtain an es t imate of the efficien> y of disloca
tions in trapping point defects. A brief summary of the history of research in 
the fields of radiation damage, point defects, and pertinent dislocation effects 
is presented. Relevant resul ts from theory and previous experiments a rc d is 
cussed. Apparatus capable of continuously measuring changes in the elastic 
modulus and internal friction during gamma irradiat ion over the temperature 
range from <A K to well above room temperature is described. A novel hollow-
cylinder sample geometry permi ts use of a source strength of only 1 Ci. Sur
vey experiments over a wide tempera ture range and isothermal i rradiat ions 
above room tempera ture a re discussed. The results are explained in terms of 
the Koehler-Granato-Lucke vibrating s t r ing dislocation model and the 
Thompson-Buck-Hur.tington-Barnes defect-dislocation interaction model. Con
sis tent resu l t s a re obtained under the assumptions of wide dislocation splitting 
and the presence of two dislocation components. Long-range l.Tigration 
appears to occur first in Stage I in s i lver . The activation energy for the 
observed Stage III annealing is about 0.48 eV. The responsible defect is most 
likely the single interst i t ial atom. F:pe diffusion is necessary to explain the 
resul ts . The trapping efficiency of dislocations could not be determined 
because of the presence of more than one dislocation component. 

- 1 -



I. Introduction 

Throughout past centur ies , the development of civilization has been 
closely associa tes with mankind's use of ma te r i a l s . This fact, of course , 
often has been used in estimating the period and degree of advancement of past 
cul tures from their archeological remains . 

In modern t imes , having reached the l imits of capability of mater ia ls 
found to be native to the environment or created m o r e - o r - l e s s by happenstance, 
man has turned to development of new ones. In so doing, he has found that 
p rogress depends to an increasing degree on his depth of understanding of the 
s t ruc ture of mat ter and of p rocesses occurr ing in mater ia l s on the atomic 
scale . This is par t icular ly true when a combinai.on of par t icular proper t ies 
is required as , for example, in the wall of a nuclear fusicn re ' ctor where 
thermal , mechanical, nuclear, and chemical requi rements are tightly 
c i rcumscr ibed. 

Recently, expanding technology and its consor-_-.<;nt accelerated use of 
natural r esources has brought about increased concern about their depletion. 
Development of means of reprocess ing and reuse of n a t e r l a l s as well as ex
traction of ever more dilute concentrations of them will, no doubt, draw upon 
our understanding of atomic s t ruc ture ar.d p rocesses to a g rea te r degree than 
has been the case heretofore. 

This thesis study was undertaken with the intent of contributing to devel
opment of this understanding. The par t icular topic chosen, dislocation pinning 
in silvei result ing from gamma irradiat ion, is relevant, since it deals with 
defects on an atomic scale In a metal : defects that determine many of its p rop
e r t i e s , among them being the al l - important mechanical ones. In addition, it 
examines the basic p roces ses of radiation damage, a phenomenon of great 
technological importance in the nuclear age. 

Pa r t U deals with the history of relevant topics in sol id-state physics. 
P a r t III d iscusses the current objectives and outlines the experimental 
approach, and Pa r t IV t rea t s the application of theory and previous experimen
tal resul ts to the present study. Par t V descr ibes the experimental apparatus, 
while Pa r t VI re la tes the survey experiments . Par t V'l covers the quantita
tive exper iments , and conclusions are given in Pa r t VIII. 
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II. General History of Fields 
Having a Bearing on the Present Study 

Three principal topics shared amorg r.otld-state physics, sol id-state 
chemist ry , and metallurgy apply to this study, namely, radiation damrgc, 
point defects, ant! dislocations, Kac'.i has received considerable attention and 
is discussed in detail elsewhere as referenced. The main events in the his
tory of eacli of these topics will be summarized here, '.j provide a setting for 
description of the present work. 

In examining these three a r ea s of study, one finds that they are closely 
interrelated. No le of them, of course , Is completely understood, and prog
ress in one area has often necessitated malting assumptions about the others. 
Radiation damage will be considered first. 

A. HADJAT'ON DAMAGJ 

Radioactivity was discovered by Becqucrel in 1806. In the years follow
ing his discovery, interest turned toward the study of penetration of matter b " 
radiation. The ear ly work concerned Itself with the "ntoppinf; power" of mate
r ia ls for Ihe radiation ra ther than with the concomitant effects on the mate
rials themselves. This work ltd to the elucidation of the p r imary interaction 
processes between radiation and mat ter . For the present work, the most 
important of these a re the photoelectric effect, explained by f'Unstcin in 1005, 
the Compton effect (li)23), and Hutherford scat ter ing ( m i l ) . 

The first ser ious Interest in the lasting effects of radiation on matter 
arose during the Second World War, when Spedding and Tel ler pointed out in 
194 2 tha" "the presence of high radiation flux might cause changes in the 
mechanical p m e r t i ^ s of reactor mater ia ls ." Subsequent calculations by 
Wigner showed that energetic neutron, would be able to displace a significan 
number of atoms from their normal lattice s i tes . These predictions led to 
studies of reactor and cyclotron radiation damage, pr imari ly for .ipplied 
purposes . 

After the war, there was a lull In the work until the ear ly 1950's, when 
several groups began systematic studies directed toward development of basic 
understanding of the radiation-damage process , in addition to the continuing 
applied work in nuclear reactor development. The field came to include the 
effects of the heavy charged par t ic les such as protons, deuterons, alphas, 
heavy ions, and fission fragments, in addition to those of fast electrons, fast 
and thermal neutrons, and gamma c y s . in all types of solids. Most recently, 
interest has ar isen in the effects of radiation damage In aerospace equipment 
and high-energy acce le ra to rs . Efforts in the field have been directed toward 
determining the threshold energy for atomic displacement, the nature of the 
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interatomic collision mechanisms (including replacement collisions, focusing," 
and channeling), the magnitude of energy- loss mechanisms, and the number 
and physical a r rangement of displaced atoms. 

The current situation in the radiat ion-damage field is that the p r imary 
i n t e r a c t s . ! mechanisms between radiation and mat ter a re understood, but a 
complete understanding of behavior after thy p r imary interactions is still to bo 
developed. Specifically, it is known how much energy a flux of a given type of 
radiation of a known energy will deposit in a given volume of n solid: and it can 
be est imated how much of this energy will be used in producing Frenkel pa i rs , 
but the number and physical arrangement of the pai rs cannot be predicted with 
much certainty, par t icular ly in the case of heavy par t ic le damage. 

In the case o!' meia l s , the field of radiation damage merges naturally 
into the field of point defects, since they a re the only surviving vestiges after 
a very short time has elapsed. The next subse-t ion will review the history of 
point-drfect s tudies. Fur ther details of the history 01 radiation damage may 

3 
be found in the review ar t ic les by Kinchin and Pease and by Seitz and 

4 5 
Koehler and in the book by Billington and Crawford. A recent bo in the 
radiat ion-damage field was written by Thompson. 

H. POINT-DEFECT STUDIES 

The regular shapes of solid c rys ta l s were first explained in 1665 by 
Robert Hooke, who proposed that ti.ey were due to the regular parking of small 
spherical par t ic les . A s imi la r explanation was made by Hauy in 1784. in 
1848, Bravais showed that there a re 14 possible space lat t ices in which pa r t i -
cles can be arranged in a regular manner . In 1012, von Laue correc t ly p r e 
dicted that x rays would be diffracted by a regular a r rangement of atoms. The 
concept of the perfect crystal lat t ice, with each atom having an identical envi
ronment in t e r m s of the number and ar rangement of neighboring atoms, was 
thus firmly established. 

In the ear ly yea r s of the twentieth century, the perfect lattice concept 
led to the explanation of several proper t ies of c rys ta l s , including their spe 
cific heat and their cohesive energy. However, there were some proper t ies 
that could not be explained in t e rms of the perfect lattice. These included 
behavior under s t r e s s , c rys ta l growth and recrystal l izat ion, diffusive p roper 
t ies , optical and dielectr ic proper t ies of insulators , photoconductivity, and 

10 some aspects of e lec t r ica l and thermal conductivity. 
In 1926, Frenkel published the first quantitative theory dealing with 

12 
latt ice defects, based on a suggestion oy Joffe in 1923. To explain the e lec 
t r ica l conductivity of ionic solids, Joffe had proposed the existence of ions 
located in interst i t ial positions. Migration of these ions would serve as the 
conduction mechanism. Frenkel calculated the equilibrium concentration of 
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atoms that would be found in such positions, giving r ise to an equal number of 
vacant s i tes . He showed that such defects would always be present at any 
temperature above absolute zero , and this provided the basis for the theory of 
point defects in solids. The combination consisting of one interstit ial atom 
and its associated vacancy has come to be called the Frenkel defect (or 
Frenkel pair) . 

11 In 1P30, Wagner and Schottky ' examined all the possible types of point 
defects for a binary ionic solid, finding three independent types. These in
cluded the Frenkel defect on either sublattice, simultaneously occurring 
vacancies on both sublattices (sometimes called the Sehottky defect), and the 
isolated inters t i t ia l . By invoking point defects, some of the proper t ies left 
unexplained by the perfect lattice concept cou low be understood. 

The point defects were character ized by the energies required for their 
formation and migration. T\c first calculation of these energies for point 
defects in metals was made by Huntington and Seitz for copper in 19-12. They 
found that the formation energy for an Interstit ial in copper is much greater 
than that for a vacancy, whereas the migration energies are reversed in rela
tive magnitude. Later calculations confirmed these findings. The migration 

1 5 
of point defects was modeled on a con puter by Vineyard in 1957, " using a s ta 
tistical mechanical approach. Several other computer models have since been 
used. 

Experimental studies of point defects have been difficult to interpret 
unequivocally because of the frequent inability to conclusively identify the 
defects responsible for an observed process in a single type of experiment. 
However, it has become clear that the behavior of a specific point defect 
depends only on its individual identity and not on its mode of creation. For 
this reason, defects can be created by a variety of methods and the results 
compared, giving more information than can be obtained with a single type of 
experiment. The usual procedure in studying point defects has been to create 
them by therms ;ctivation at equilibrium or by the nonequilibrium methods of 
quenching, cold working, or irradiation, and to observe their subsequent 
behavior by one or more of several methods. Among these are measurements 
of electr ical resist ivi ty, elastic modulus, internal friction, stored energy, 
lattice pa ramete r and macroscopic length, hardness , magnetic after-effect, 
potiitron annihilation, and anomalous t ransmiss ion and diffuse scattering oi 
x rays . Observations have also been made with the electron and field-ion 
microscopes . 

In ear ly work, experimenters found that, as they created defects and 
annealed samples through a range of tempera tures , they observed fairly d is 
tinct recovery stages ' distinguished by the activation energies for the 
annealing p rocesses and hence by the approximate temperatures at which they 
occurred. These stages were labeled, and controversy soon arose over the 
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identity of the par t icular defect responsible for each stage. This d i sagree
ment has continued until now, with various conflicting models hemp proposed 
and modified as new experimental and theoretical resul ts became available. 
In an effort to r-^olve this dispute, point-defect experiments mainly have 
attempted to dc.ermine the following information: 

1. Type and configuration of defects present 
2. Formation energy 
3. Formation mechanism 
4. Migration energy 
5. Migration mechanism 
6. Binding energy between deferts 
7. Disappearance mechanism. 
One of the most powerful techniques for studying point defects involves 

their interaction with line deferts , more commonly called dislocations. The 
next section will examine the history of dislocation theory, including in ter
actions with point defects and effects on internal friction and modulus defect. 

17 Fur ther d i sc i ss ion of point defects can be found in Damask and Dienes. 

C. DISLOCATIONS, POINT-DEFECT INTERACTIONS. 
INTERNAL FRICTION, AND MODULUS DEFECT 

Among the proper t ies of solids that could not be explained by the perfect 
lattice concept was their behavior under s t r e s s . It was shown by Frenkcl 
(1926) that the s trength of a perfect crystal would be much g rea te r than that 
observed for real sol ids . In response to this, several workers ' in the 
1920's and 1930's proposed dislocations and successfully explained the d i sc rep
ancy. It was la ter seen that dislocations also account for the presence of slip 
bands, anomalously high x - ray reflection intensity and angular spread, and the 
observed growth of c rys ta l s at low solution supersatura t ion. 

20 Bragg (1940) demonstrated the presence of dislocations in bubble rafts. 
Dislocations have since been observed by crysta l growth steps, etching, p r e 
cipitation, e lectron microscopy, x- ray diffraction, and field ion emission. 

21 Mott and Nabarro first considered the blocking of dislocation motion 
22 by small strained regions, and Cottrel l calculated the interaction energies 

between small spherical cWects and dislocations. 
23 Zener explained ...e basis for much of the observed internal friction in 

24 meta ls , but Read first pointed out the contribution of dislocations to the 
25 internal friction. Koehler suggested that dislocations in a periodic s t r e s s 

field behave like ' ibrating s t r ings ; and Granjto and Lucke solved the vibrat
ing string equation in convenient form, explaining the observed amplitude-
dependent internal friction in t e rms of dislocation breakaway from pinning 

' 7 28 29 
points. Thompson and Holmes," ' and Dieckamp and Sosin observed the 
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pronounced effects of I r r ad ia t i on on ine last ic p roper t i es . Work by Stern and 
30 ,31 

Granato and Thompson and Pare in the MHz region ve r i f i ed the max imum 
in the decrement as a funct ion of f requency as p red ic ted by the v ib ra t i ng 
s t r i ng mode l . 

Cu r ren t e f for ts in th is f ie ld have been d i rec ted toward quant i tat ive tests 
of the v ib ra t i ng s t r i n g mode l , employ ing cont ro l led amounts of basic rad ia t ion 
defects, as in the work of Thompson et a l . , ' and cont ro l led d is locat ion 
p a r a m e t e r s , as in the recent work of Pare and Gubcrmon. A rev iew 
a r t i c l e In this f ie ld has been wr i t t en by Thompson and Pare . 
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III. Objectives and Description of this Work 

The objectives established at the beginning of this work were as follows: 
1. To test the validity of the vibrating s tr ing dislocation model In 

s i lver . 
2. To determine in which annealing stage long-range migration first 

occurs in s i lver . 
3. To determine the migration energy of whatever annealing process is 

observed, In o rde r to Identify the defect responsible. 
4. To investigate the possibility of dislocation pipe diffusion. 
5. To obtain an es t imate of the efficiency of dislocations in trapping 

point defects. 
To accomplish these objectives, it was decided to employ the technique 

•1 o - 'I A 

pioneered by Thompson et a l . in their studies of copper. A description of 
the experimental approach is as follows: Point defects were created in t i e 
metal by gamma irradiat ion; their behavior was studied by monitoring the in
ternal friction and the elastic modulus of a specimen that w»fc driven in mechan
ical vibration; the tempera ture was controlled in o rde r to study its effects on 
the kinetics of the p rocesses taking place; and the damage was annealed out ui 
situ after each experiment so as not to> disturb the dislocation s t ruc tu re . 

Silver was chosen as the material to be studied in the present work 
because of the poasibility of preparing highly pure , wel l -character ized, single-
crysta l specii .ens and because of the availability of resul ts from previous 
work that promised to aid in understanding our own resul t s . 

Gamma radiation was chosen for its convenience and its ability to create 
a nearly uniform concentration of relatively simple defects over a fairly thick 
sample . By the use of a cylindrical geometry, with the source placed inside 
the hollow specimen, it was possible to do exper iments with a relat ively 
small and inexpensive facility. The defects created should be of the most 
basic type, since the energy that can be t ransfer red to an atom by gamma 
irradiat ion is limited by momentum considerat ions. The specimens could be 
thick enough to withstand the necessary handling without recrystal l izing in 
subsequent anneals . 

Internal friction and elast ic moc-^'us measurements were selected be
cause of their sensit ivity to low defect concentrat ions. This property enabled 
us to ensure that complications due to interaction between the radiation-
produced defects would not a r i s e . 
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IV. Theory and Previous Results that Apply 
to the Present Study 

In the interpretation of an experiment of this type, one must consider 
three par t icular aspects of the fields whose history was outlined above: spe
cifically, the creation of point defects by gamma irradiat ion, their behavior 
during annealing, and their interaction with dislocations, giving rise to 
changes in the internal friction and the elast ic modulus. This section will 
review the current state of the theory that deals with these three a r eas . 

A. GENERAL SUMMARY OF APPLICABLE THEORY 

It may be helpful to consider a general overview of the resul ts predicted 
by theory and supported by past experiments before discussing the theory in 
detail. Later sections will amplify the s ta tements made here. 

Fir6t of all, one begins with a single crysta l of pure si lver in a well-
annealed s ta te . There is a certain density and ar rangement of dislocation 
lines and small concentrations of vacancies and Interstit ial atoms present. 
The irradiat ion is begun, and the gamma rays penetrate the sample. Some of 
them interact with electrons via the Compton and photoelectric effects. A por
tion of these recoil electrons interact in turn with s i lver atoms by Rutherford 
scat ter ing. Some of the atoms a re knocked out of their normal lattice pe t i 
tions. If they have enough energy, they in turn can displace others. A portion 
of the displaced atomB will spontaneously move back into their original lattice 
s i tes . At sufficiently low tempera tures , the res t of these defects will be 
"frozen into" the lat t ice, leaving one Frenkel pai r for each surviving 
displacement. 

If the temperature is now raised, or if the irradiat ion is carr ied out at 
sufficiently high tempera ture , the inters t i t ia ls and vacancies can migrate 
through the crystal by a random-walk diffusion process . If there a re positions 
or configurations of lower energy available, the defects will tend to collect in 
them. One such lower-energy position is the region near dislocation lines. 
The free energy will therefore be lowered if point defects can move to p r e 
ferred si tes in c loser proximity to dislocation lines. This places a bias on the 
otherwise random diffusion, such that the concentration of defects near disloca-

33 
on lines inc reases . Fur thermore , a recent theory (to be discussed in Sec

tion IV.D) predicts that an equilibrium is set up between defects in the lattice, 
those on dislocation l ines, and those at " r . jaes" on dislocation lines. 

If an alternating s t r e s s is now applied to the specimen by some means, 
the dislocations will '. nd to move back and forth in a direction that tends to 
relieve the applied s t r e s s . If the frequency of the applied s t r e s s is large 
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compared to the frequency associated with the lumping of the point defects, 
they will be unable to follow it and will impede the motion of the dislocation 
lines. 

Since the motion of the dislocation lines constitutes an additional s t ra in 
over and above the elastic s t ra in , and since this s t ra in has components both in 
and out of phase with the applied s t r e s s , the motion contributes to both the 
elastic modulus and, par t icular ly , to the internal friction. If both of these a r e 
monitored, it is possible to observe a r r iva l of defect pinning points at disloca
tion lines and thus to gain information about the migration of these defects. 

B. CREATION OF POINT DEFECTS 
BY GAMMA IRRADIATION 

It has been known for many yea r s that the dominant mode of energy loss 
for gamma rays of energy less than a few MeV passing through matter is due 

37 
to interaction with e lec t rons . This resul ts p r imar i ly in ionization and exci
tation of other e lect rons . In the case of meta l s , because of their high eleciron 
mobility, these processes; do not resul t in permanent, changes in s t ruc tu re , but 
only produce heat. In 1955, Dugdale first showed that gamma irradiat ion 
can also produce measurable r.tomic displacement effects in meta ls . This 
technique was developed by Thompson and Holmes and by o t h e r s ' 1 0 into a 
prec ise means of studying point defects in metals through their effects on the 
Young's modulus and, la ter , the internal friction. In this section we will 
examine the advantages and disadvantages of gamma i r radiat ion for defect 
studies, descr ibe the mechanisms of defect production, and est imate the rate 

fin of atomic displacement for Co gamma rays in s i lver . 

Advantages and Disadvantages 
[n comparison with creation of defects by other methods such as heating 

and quenching, cold working, and i r radiat ion with neutrons or charged pa r t i 
cles, gamma irradiation offers several advantages for point-defect s tudies: 

a. The defects produced a r e isolated, randomly distributed Frenkel 
pa i r s . The reason for this will be seen la te r . The result is that 
one is not troubled by having to in terpre t the effects of la .ge dam
age cascades , contamination by injected impuri t ies , or t r ansmuta
tions (the photonuclear threshold for s i lver is over 5 MeV). 

b. The dislocation s t ruc ture can be maintained m o r e - o r - ! e s s undis
turbed during several experiments on the s ame sample . 

c. Thick samples can be used without ser ious ly sacrificing defect uni
formity because of the high penetration of gamma rays . (The re lax
ation length for Co gamma rays in s i lver is about 18 mm.) This 
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enables one to use more robust samples and avoids significant 
dtfcct-surface interactions, 

d. The experimental facility can be relatively small and independent, 
since no reac tor or accelera tor is needed, once a gamma-ray 
source has been produced. 

The disadvantages of the use of gamma rays a re the relatively low cross 
section for defect production, the inability to vary the energy (except by chang
ing sources) , and the phenomenon of gamma heating. The low defect-
production c ro s s section can be counteracted by use of an efficient geometry 
and a source with high specific activity. Combining these pract ices with meas
urement of dislocation pinning resul ts in readily observable effects. The 
inability to vary energy is balanced by the fortuitous availability of Co, 
which emits gamma rays of nearly the optimum energy for production of Indi
vidual defects. Gamma heating is compensated by using an efficient heat-
exrhange medium around the sample and reducing the gamma dose rote to the 
lowest value consistent with reasonable duration of exper iments . 

Mechanisms of Defect Production 
For defect production in pure s i lver by Co gamma rays (1.173 and 

1.332 MeV), two p r imary interaction mechanisms a r e important: the Compton 
effect and the photoelectric effect. Although the photoelectric c ross section in 
this case is less than 1/30 of the Compton c r o s s section (0.28 barns versus 

4 2 8.9 barns) , the recoiling electrons thereby created a re more energetic on 
the average and hence make a significant contribution to atomic displace-

43 ments (about 40%, as will be seen below). The photoelectric contribution 
becomes more important as the atomic number increases . 

As Einstein pointed out, in the photoelectric process the incoming pho
ton del ivers all its energy to an electron, which then recoils with a kinetic 
energy equal to the photon energy less the initial binding energy of the 
electron: 

T D r . = hi' - B . (IV-B-l) 
PE e 

Approximately 80% of the interactions occur with the K-shell electrons 
44 because of the requirement of momentum conservation. The K-shell binding 

energy in a s i lver atom is approximately 28.8 keV. For Co, with gamma-
ray energies of 1.173 and 1.332 MeV, the majority of photoelectrons thus have 
energies of 1.144 and 1.303 MeV. Consequently, in this case the photoelec-
tron energies a re almost equal to the gamma-ray energies . 

In the Compton effect, the gamma ray, of energy he, is scattered rather 
than absorbed, and it retains an amount of energy that depends on the sca t te r 
ing angle. Since the photon scattering angle may range from 0° to 180°, the 
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e n e r g y t r a n s f e r r e d to the reco i l e l e c t r o n hati a range of p o s s i b l e va lues , l o r 
a g i v e n e l e c t r o n reco i l ang le $ ( m e a s u r e d from the forward g n m i n a - r n y d irer -

45 t ion) , the e l e c t r o n kinet ic e n e r g y i s g iven by 

T . i w V ° * 2 * •> • I IV-B- :> 
(I *a) - a" c o s " « 

w h e r e or i s equal to h f / m c , m i s the re s t m a s s of the e l c r t r o n , and c i s the ^ c e 
v e l o c i t y of l i ght . F o r the p r e s e n t c a s e , th i s r e s u l t s in a s p e c t r u m of e l e c t r o n 
r e c o i l e n e r g i e s ranging from 0 to 1.1 IB MeV. The a v e r a g e e n e r g y of the 
Compton r e c o i l e l e c t r o n s i s about half the m a x i m u m value for this g a m m a - r a y 
e n e r g y range , o r 0 .56 MeV. A c o m p a r i s o n b e t w e e n this value and the e n e r 
g i e s of the p h o t o e l e c t r o n s a c c o u n t s for the s o m e w h a t unexpected s i g n i f i c a n c e 
of the l a t t er in c r e a t i n g d e f e c t s . 

T h e resu l t of the C o m p t o n and p h o t o e l e c t r i c p r o c e s s e s i s thus the p r o 
duction of fast e l e c t r o n s whose e n e r g y is of the s a m e o r d e r as that of the 
g a m m a r a y s producing ; h e n . The range of t h e s e e l e c t r o n s i s l e s s than 
1/2 m m in s i l v e r , When t h e s e a r e c o m p l e t e l y a b s o r b e d , about i)S1o of the e l e c 
tron e n e r g y g o e s into ion iza t ion and exc i ta t ion of o ther e l e c t r o n s . T h i s e n e r g y 
i s s h a r e d with the l a t t i ce , and r e s u l t s in the phenomenon of g a m m a heat ing. 
T h e r e m a i n i n g 5% i s d i s s i p a t e d in e n c o u n t e r s with n u c l e i . A l m o s t nil of it 

•17 g o e s into b r e m s s t r a h l u n g , due to d e c e l e r a t i o n of the e l e c t r o n s . Only a very 
s m a l l part (about 0.0001%) of the e n e r g y i s u s e d in d i s p l a c i n g a t o m s . T h i s wil l 
be d e m o n s t r a t e d in the fo l lowing s u b s e c t i o n . 

A t o m i c d i s p l a c e m e n t s o c c u r via r e l a t i v i s t i c Rutherford s c a t t e r i n g when 
the e n e r g e t i c e l e c t r o n s e n c o u n t e r nucle i at su f f i c i en t ly s m a l l v a l u e s of the 

48 impact p a r a m e t e r . It i s of i n t e r e s t to know the m a x i m u m amount of kinetic 
e n e r g y which can be t r a n s f e r r e d by an e l e c t r o n of e n e r g y 1.303 MeV to a 

49 s i l v e r n u c l e u s . Thi s ct»n be ca lcu la ted from the equat ion 

2T ( T + 2 m c 2 ) 
E = i j _ § — i - ( I V - B - 3 ) 

w h e r e T i s the e l e c t r o n e n e r g y and M i s the m a s s of the s t i v e r nuc leus . The 
r e s u l t of t h i s ca l cu la t ion i s E = 59.9 eV. The r e a s o n for this s m a l l e n e r g y 
t r a n s f e r i s the great d i s p a r i t y in m a s s e s be tween the e l e c t r o n and the s i l v e r 
n u c l e u s . 

S ince this e n e r g y i s s m a l l c o m p a r e d to the binding e n e r g y be tween the 
nuc leus and the g r e a t m a j o r i t y of i t s orbi ta l e l e c t r o n s , the ent i re atom r e c o i l s 
a s a unit . If it has suff ic ient k inet ic e n e r g y , it i s d i s p l a c e d from its la t t i ce 
s i t e . T h e requ ired e n e r g y i s c a l l e d the thresho ld d i s p l a c e m e n t e n e r g y , E ,, 
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and has been the object of considerable study. E. Is normally measured by 

thr use i>f electron bombardment over a range of energies, during which the 

chance in a property such as electrical resistivity is monitored. In principle, 

tlii- value of i: would b.- chosen as the point where the first change in the 

measured parameter occurs. In practice, because of limitations on experi

mental sensitivity, lack of a priori knowledge of the shape of the curve of 

property change versus transferred energy, atomic vibrations, annealing, 

initial imperfections in the sample, and the presence of more than one isotope, 

the determination of I-' is somewhat approximate. In addition, E, is depend

ent on crystallagraphic direction, since it is easier to displace an atom In 

some directions than in others because of the arrangement of neighboring 

atoms. Finally, the probability of displacement is not exactly represented by 

a step function that changes from 0 to 1 at E ., but should rather be depicted 

by a smooth curve. In spite of these compilations, there have been to our 

knowledge two experimental determinations of F.. for sliver. Lurasson and 
r i 1 5° 

Walker' assigned an effective value of 28 cV, while Roberts et al. " meas

ured a zero-defect production value of 24 ± 1 cV. Since polycryslnlline sam

ples were used, the first value represents a type of average over various 

crystallography directions, whereas the second probably represents the value 

for the easiest displacement direction. This may acrount for tht- different In 

values. 

At this stage of discussion, the important point is that, wi'h a maximum 

energy transfer of 59.0 eV and a threshold displacement energy of 24-28 eV, it 

is clear that no more than two displacements will be created from a single 

electron-scattering event. In addition, less than one electron in 10 (at 1 MeV) 
53 causes any displacement at all in silver. For these reasons the damage 

caused by Co gamma rays in silver is expected to consist primarily of sim

ple, isolated Frenkel pairs, with an occasional event creating two pairs in 

close proximity to each other. 

Rate of Atomic Displacement 

The rate of displacements per unit volume produced by a gamma-ray 

flux density * acting on a total number of atoms per unit volume N is given 

by 

dN . 
nr = N a *"D- ( I V - B - 4 ) 

where a n is the displacement cross section. This cross section was calcu-
5S lated by Oen and Holmes ' for several elements. Their method will be 

described briefly, and the displacement rate for the present case will be esti

mated from their results. 
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The Con and Holmes method Involved several s teps : 
1. The spectrum of recoil electrons was calculated, using the Klein-

Nishina c ross section in the case of Compton scat ter ing the Hulirie's 
numerical resul ts for photoelectric absorption. 

2. The average number of displaced atoms produced by a recoil e lec
tron over its entire rango as a function of initial energy wait calcu
lated, using the resul t s of M Klnley and Feshbach. Kor high-Z 
elements a numerical evaluation of the Mott s e r i e s , which descr ibes 
relat ivlst lc Hutiierford scattering, was used. The energy loss of 
the electrons was calculated, using a formula from Bethe and 
Ashkin. A step function displacement threshold energy was 
assumed. 

3. These resul ts were integrated together to obtain the total atomic 
displacement c ro s s section. 

The displacement c ross sect l jn result ing from photoelectric events can 
be taken from Fig. 1 in the Oen and Holmes paper . In this figure the displace
ment c ross section is shown as a function of atomic number for three values 
of the gamma- ray energy. A sharp displacement th reshoH of 25 eV Is used, 
which is a reasonable value for si lver , since it falls between the two measured 
values. By interpolation, a value of about 0.02 barns Is obtained. The d i s 
placement c ross section due to Compton events was not calculated by these 
workers for s i lver (Z = 47). Therefore, It has been obtained by l inear interpo
lation from the resul ts given for Z = 40 and Z = 50, which should be accurate 
to one sigi ificant figure. The value is aboul 0.03 barns for a g amma- ray 

fin energy of 1.253 MeV, the average of th'. Co gamma ray energies . The total 
atomic displacement c ro s s section is therefore about 0.05 barns . It can thus 
be seen that the photoelectric events account for about 40% of the displace
ments in s i lver . 

The displacement ra te is then obtained from Eq. (IV-B-4). N for s i lver 
22 3 a 

is equal to 5.86 X 10 atoms/cm , and the average flux deis i ty in the sample 
9 2 

is given by <t> = 3.56 X 10 Q/(cm -sec), where Q is tlie source activity in 
cur ies . This equation takes account of the fact that two gamma rays per disin
tegration a re emitted by Co. Since the experiments used a source of act iv
ity 0.962 Ci (at the midpoint of the 34.8°C irradiation), the average gamma- ray 

9 2 
flux density is 3.42 X 10 /(cm -sec) , which is equivalent to a dose rate of 

3 7 3 
7.4 X 10 R/hr, and produces about 1 X 10 displacements/(cm -sec) . 
Uniformity of Irradiat ion 

To make most efficient use of thf >amma rays in this work, a coaxial 
cylindrical geometry was chosen; i.e., the si lver crysta l was grown in the 
shape of a hollow cylinder, and the gamma-ray source was made in the form 
of a wand and inserted inside the crystal . This made it possible to do -14-



satisfactory' experiments with a source of about 1 Ci. compared to source 
strengths throe or four o rders of magnitude larger used by other experiment
e r s . The penalty paid with such a geometry is a sacrifice of irradiation uni
formity over the volume of the sample. It is important to obtain an estimate 
of the nominiformity. There a r e four considerations that have a bearing: 

1. The gamma-ray flux density falls off approximately as 1/r in the 
sample, in common with any system having cylindrical geometry. 
The value of 1/r varies from .1,15 cm to 2,10 cm across the 
thickness of the sample and is the dominant factor controlling 
uniformity. 

2. The gamma- ray flux density further decreases with Increasing 
radius because of absorption in the sample. Since the half-
thickness in this case is 12.8 mm, while the sample thickness is 
1.50 mm, this factor is not as significant as the first. 

3. The gamma- ray flux density decreases near the ends of the sample 
relative to the center plane because of the finite length of the source. 
If the source were of the same length as the sample, this factor 
would amount to one-half. In the geometry actually used, the source 
was extended beyond .ne sample for 0.95 cm at top and bottom in 
order to reduce this factor. 

A. The electron flux de.isity, which resul ts irom the p r imary ntcr-
actions of the gamma rays , varies with depth in the sample because 
of the electron "build-up effect" that a r i s e s from the small but finite 
electron range. This effect would be present even if the gamma-ray 
flux density were constant, but is par t icular ly significant 'n this 
geometry because all the gamma rays t raverse the sample radially 
outward. (Scattered radiation is neglected.) Thus, there 13 no com
pensation due to gamma rays flowing in different direct ions. In 
addition, comparing the thickness of the sample (1.59 mm) to the 
electron range (a few tenths of a mil l imeter , depending -".n energy) 
indicates that a significant portion of the sample volume may lie 
within one electron range of the source, This is the r igion i:; 
which the build-up occurs . 

A hand calculation was performed to evaluate the electron-fiux density 
as a function of radius at the center plane and at one t^d p'ane of the sample. 
In this calculation the source was divided into 10 segments , and the contribu
tions to electrori flux density due to gamma rays from each segment were 
evaluated and summed. The calculation took account of the inverse square 
loss and sample attenuation losses in gamma-ray flux density. It also took 
account of electron absorption in the sam; le. Seif-atsorption o' gamma rays 
in the source was neglected, which tends to exaggerate the calculated non-
uniformity. 
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It was assumed that the Compton and photoeleclrons are scat tered 
exactly in the initial direction of travel of the gamma rays creating them, but 
with an energy distribution predicted by the differential c ross sections. In the 
case of Compton recoi ls , this approximation is Justified on the basis that, for 
a 1.332 MeV gamma ray (the higher energy of the two), the greatest angle that 
can occur between the electron and the initial gamma- ray direction and still 
give an electron energy of at least 0.72 MeV (the minimum amount necessary 
to produce a displaced atom in a subsequent zero impact pa ramete r collision) 
is about 25°. The Klein-Nishina differential c ross section is such that the 
average r.ngle will be considerably smal le r than this, and the shape of the 
atomic displacement c ross section as a function of energy makes the sma l l -
angle cases even more important. 

In the photoelectric case , experiments have shown that the distribution 
of angles for 1.33 MeV gamma rays is sharply peaked at about 24°. In view of 
these facts, and the small distances of travel involved, the straight-on approx
imation is considered to be valid for present purposes . 

The electrons were assumed to be linearly absorbed with a range of 
0.036 cm, which is the weighted average for the Compton recoils having suffi
cient energy to cause displacements and for the photoelectrons. Since the 
elec rons will be unable to crea te displacements after their energy has dropped 
below about 0.72 MeV, use of this range will again exaggerate the calculated 
nonuniformity of defect production. 

The effects of secondary scat ter ing of gamma rays in the s i lver were 
neglected. This is justified on the bas i s that the relaxation length is 18 mm 
for the gamma rays in s i lver , whereas the sample thickness is 1.59 mm. 

The resul t s of the calculation showed that, within 90% of the sample 
volume, the electron flux density is within ±25% of the mean value. The end 
effects amounted to l ess than 5%. The displacement uniformity should be at 
least as high as the electron-flux density uniformity. If the defect production 
ra te were proportional to the electron-flux density, it would have the same 
degree of uniformity. This would be t rue if the spectrum of e 'ect rons were 
everywhere the same except for a constant multiplier independent of energy. 
This in turn is true except in the region lying inside the first electron range, 
where the assumption gives an underest imate of defect production, tending to 
exaggerate the calculated nonuniformity. 

In view of the above considerations, it iB considered conservative to 
state that the atomic-displacement production rate is uniform to within ±25% 
of the average value, over 90% of the sample volume. 
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C. MORPHOLOGY OK P O I N T DKKr .CTS 

When a !• r enke l p a i r is f o r m e d by i n t e r a r t i o : , b e t w e e n an e n e r g e t i c e l e c 

t r o n and an a t o m in the s a m p l e , the s u r v i v i n g i n t e r s t i t i a l m a y o r m a y not be 

the a t o m which o r i g i n a l l y occup ied the s u r v i v i n g v a c a n c y , b e c a u s e of the 

p o s s i b i l i t y of r e p l a c e m e n t c o l l i s i o n s . T h e d i s i a n o r s e p a r a t i n g the v a c a n c y 

and i n t e r s t i t i a l a f te ' the d i s p l a c e m e n t p r o c e s s is I ' inished m a y be only a few 
55 l a t t i c e p a r a m e t e r s (*r it m a y be m a n y . As po in ted out by Kosin and H a u o r , ' 

the work of R o b e r t s et a l . ' ' i n d i c a t e s that tne a v e r a g e s e p a r a t i o n d i s t a n c e is 

v e r y i n s e n s i t i v e to the e l e c t r o n e n e r g y in s i l v e r . 

It i s of i n t e r e s t to know the m o r p h o l o g y of v a c a n c i e s and i n t e r s t i t i a l s . 

T h i s q u e s t i o n i s s i m p l e r in the c a s e of the v a c a n c y . It is g e n e r a l l y a g r e e d 

that the v a c a n c y o c c u p i e s a s i n g l e l a t t i c e p o s i t i o n and i nvo lve s s o m e r e l a x a t i o n 

of the n e i g h b o r i n g a t o m s . T h e i n t e r s t i t i a l , on the o t h e r hand, c o n c e i v a b l y 

could have s e v e r a l d i s t i n c t l y d i f f e r en t c o n f i g u r a t i o n s . T h e s e a r e d i s c u s s e d by 
57 C o r b o t t . The e x i s t e n c e of s e v e r a l p o s s i b i l i t i e s h a s fueled the d e b a t e o v e r 

i n t e r p r e t . - ( i o n of a n n e a l i n g s t a g e s for m a n y y e a r s . T h e p r i n c i p a l i s s u e has 

been w h e t h e r t h e r e is only one m o r e - o r - l e s s s t a b l e c o n f i g u r a t i o n of the i n t e r 

s t i t i a l o r w h e t h e r t h e r e a r e two . T h e s e p o i n t s of v iew have c o m e to be known 

a s the " o n e - i n t e r s t i t i a l m o d e l " and the " t w o - i n t e r s t i t i a l m o d e l . " M o r e will be 

s a i d about t h e s e m o d e l s in the next s e c t i o n . 
58 

C a l c u l a t i o n s i n d i c a t e tha t the s t a b l e s t f o rm of the i n t e r s t i t i a l in f a r e -
cent e r e 1 cub ic m e t a l s is t h e " sp l i t ( 1 0 0 ) " o r " ( 1 0 0 ) d u m b b e l l " c o n f i g u r a t i o n . 
In t h i s f o rm a l a t t i c e s i t e i s s h a r e d by two a t o m s w h o s e i n t e r a t o m i c a x i s is 
p a r a l l e l to a (100 ) d i r e c t i o n , and t h e r e is s o m e r e l a x a t i o n by n e i g h b o r i n g 
a t o m s . S o m e w o r k e r s b e l i e v e tha t a n o t h e r f o r m i s a l s o a t l e a s t m e t a s t a b l e . 
T h e m o s t f r e q u e n t l y e s p o u s e d c a n d i d a t e s a r e the " c r o w d i o n " and the "spl i t 

n 59 
( 1 1 1 ) c o n f i g u r a t i o n s . T h e c r o w d i o n , f i r s t p r o p o s e d by P a n e t h ' UT the bec 
s t r u c t u - e , c o n s i s t s of an e x t r a a t o m c r o w d e d in to a c l o s e - p a c k e d (110 ) row of 

a t o m s in the fee s t r u c t u r e wi th r e l a x a t i o n e x t e n d i n g for s e v e r a l l a t t i c e s p a r -

i n g s a long the r o w . T h e s p l i t ( 111 ) f o r m i s a n a l o g o u s to the sp l i t ( 100 ) i n t e r 

s t i t i a l , but i s a l i g n e d p a r a l l e l to a ( 1 1 1 ) d i r e c t i o n . It i s diff icult to r u l e out 

o r d e c i d e b e t w e e n t h e s e c o n f i g u r a t i o n s by c a l c u l a t i o n , and d i f fe ren t w o r k e r s 

h a v e not o b t a i n e d t h e s a m e r e s u l t s . It i s hoped tha t new e x p e r i m e n t a l t e c h 

n i q u e s wil l s h e d l ight on the q u e s t i o n . 

D. MIGRATION O F P O I N T D E F E C T S THROUGH 

T H E C R Y S T A L L A T T I C E 

M e c h a n i s m 

As w a s m e n t i o n e d in the p r e v i o u s s e c t i o n , when a F r e n k e l p a i r is 

f o r m e d , the d i s t a n c e s e p a r a t i n g the v a c a n c y and i n t e r s t i t i a l m a y have a r a n g e 
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of values. If the spacing is sufficiently small , tnc f'rcnkcl p-i"' will In-
mechanically unstable and will collapse (annihilate) under the driving ' "n - r >:" 
its own s t r e s s field. This process requires no therrr.nl rx< naii.in and i ..iisr-
quently will occur even at very love tempera tures , ft is therefore difficult to 
distinguish these very close pa i r s " from atoms that never leave their lattice 
s i tes at all. 

Trenkel pa i r s located somewhat farther apart will require sum., ih. rmal 
activation to come together and annihilate, but will do so in a very small num
ber of jumps. They are termed "close p a i r s . " ' At increased separat ions 
between the vacancy and interst i t ia l , the situation changes from pairs that a r e 
still 'aware ' of each other ' s presence through their s t r e s s fields to those that 
a r e not. In the lat ter case, if the separation between different Kcenkel pa i r s 
is still large compared to the separation between the par tners in a single pair , 

correla ted annihilation will occur. Otherwise, free migration will occur to 
other defects, such as dislocations. In the present work, it is this last p roc
ess that gives r ise to observed changes in the Young's modulus and the inter
nal friction, as will be seen. 

The process of migration of point defects in solids takes place by a suc -
fi2 cess ion of d i sc re te atomic lumps. In the case of vacancy diffusion, the 

mechanism is that of successive jumps by neighboring atoms into the vacant 
s i te . When an atom jumps into a vacancy, the vacancy can be considered to 
have jumped in the opposite direct ion. 

The mechanism for self- interst i t ia l migration (as differential. 1 from 
migration of foreign atoms located in interst i t ial s i tes) is not agreed upon. It 
may involve direct jumping of an atom from one in*erstitial s i te to another, or 
it may consist of an interst i t ial atom taking the place of one of the lattice 
a toms, pushing it into an inters t ice (interstit ialcy mechanism). A third poss i 
bil i ty is the motion of a crowdion along its axis . \n any case , the atomic 
jumps involve motion between two positions that a re separated by an energy 
b a r r i e r . 

Mathematical Representation 
There a r e three approaches toward mathematically representing the 

defect migration p roces s : these methods may be called the microscopic, the 
macroscopic , and the chemical rate-equation approaches. Each has advan
tages; and all three a r e valid, provided the proper conditions are met. We 
will give a brief discussion of each technique and point out i ts par t icular 
advantages for the present work. 

The microscopic approach considers the motion of individual atoms as a 
"random walk" p rocess . For a cubic crystal s t ruc ture , the defect is con
sidered to be equally likely to jump i fixed distance X in any of several sym
metr ical ly distributed direct ions. Using this assumption, it can be shown that, 
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after a total of n such lumps, the rm$ iron! -menu-square) value of the dis
tance of the defect from us initial site is ftnrn hv 

> ^ 11 x. ( t v - n - ; i 

If the rate of jumping >s represented by I" (so that n = r 1 ) , it can he seen that 
I lie nils distance through which the defect moves is proportional to "he square 
root of the i imr. 

In tile mar] ^copic approach, the migration process is represented bv 
64 Kick s laws ol diffusion : 

J = - t) Vc (IV-D-21 

and 

§£- = V-(D Ve), (IV-n-31 

where J is the flux of diffusing defects, D is the diffusion coefficient, and e is 
the concentration of defects. These equations a re solved using the perimetry 
and boundary conditions appropriate to the problem at hand. 

The equivalence of these two approaches was shown by Kinstem, who 
related them by the equation 

U = -g-\ 2 r (lV-n-4) 

for the three-dimensional case . [n the ease of crowdion migration, the 
factor j r i s replaced by ^, because the diffusion is in only ine dimension. The 
advantages of the random-walk approach a re that it is physically the most 
fundamental, and it allows atomic quantities such as vibration frequencies and 
jump lengths to be examined. The Pick's law approach, on the other hand, is 
more closely related to what can be measured in a macroscopic experiment; 
namely, the diffusion coefficient, D. Therefore, it permits comparison to the 
resul ts of t r ace r diffusion experiments , for example. 

The chemical rate-equation approach descr ibes the process in terms of 
the average concentration of defects. In this way. geometrical parameters 
a r e kept out of the equations. This approach is mathematically the most 
tractable when several processes occur simultaneously. It is equivalent to 
the others , provided the <. xperimental conditions are such that shor t - term 
transients a re unimportant . 0 
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Tempera ture Dependence 
The diffusion coefficients for many sol id-s ta le diffusion processes have 

been observed !o follow the Arrhenius equation, within experimental 
uncertainty: 

I) = 1) e " Q ' k T . (IV-D-5) 
o 

In this equation, Q is a constant value of energy, k is Koltzmann's constant, T 
is the absolute tempera ture , and D is called the "prc-cxponontinl factor." 
This behavior suggests analysis by absolute reac t ion- ra te theory, which, com-

50 bined with Eq. (IV-D-4), yields the expression 

_. 1.2 A S ' k - A H / k T 1.2 AS/k -AK /kT -PAV/kT .... ,. .. D = T J v o e = 71-A v e e e <!\ -l)-b) 6 o b o 

for the case of three-dimensional migration, in which A is the jump length, v 
is the attempt frequency, AS is the activation entropy, AH is the IU nvatioi' 
enthalpy, AE is the activation energy, P is the p r e s su re and AV is the activa-

1 2 AS/k tion volume, [t can be seen that Q = AH and D -* -* v e . At low' values o 6 o 
of P, the last exponential shown can be neglected in comparison to the AE 
te rm, so that AH == i j r . 

In this equation, the attempt frequency v may be viewed as the fre
quency with which the defect assaul ts the energy b a r r i e r separat ing it from 
the adjacent s i te . Its value is expected to be comparable to that of the Uebye 
frequency, 10 -10 sec . The term AE represen ts the height m' the energy 
b a r r i e r , which has been observed tc range between about 0.1 eV and 1 eV for 
var ious defects in s i lver . The te rm AV corresponds to the increase in crystal 
volume associated with the p rocess of the defect moving between one site and 
another. The val :e is expected to be a fraction of one atomic volume. The 
te rm AS has been interpreted as the entropy change tiiat resul ts from modifi
cation of the vibrational frequencies of the lattice-defect syste.n when the 
defect moves to the saddle ^oint configuration between two equilibrium 

67 positions. 
Of the p a r a m e t e r s appearing in Eq. (IV-D-6), the one that is most read

ily measured is the activation energy for migration, AE. Since different 
defects can be expected to have different values of AE, this pa ramete r has 
come to be used as a means of identification of the par t icular defect responsi
ble for an observed p r o c e s s . 

Annealing Stages 
As was discussed in Section II-B, when ear ly experimenters monitored 

the resist ivity annealing of a metal sample that has been irradiated or 
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cold-worked at a low temperature , they found that recovery of the initial 
resist ivity o r r u r r r d in a sc r i e s of m o r c - o r - l e s s distinct stages: these were 
labeled Stages I to V and were observed In several metalB. Experiments with 
higher resolution revealed that Stage I was actually made up of several sub-
stages. Efforts were begun to Identify the defect p rocess that accounted for 
each stage. Controversy soon arose over this assignmt-nt and has persisted 
until the present . 

Annealing Models 
At the present time there a re two p r imary models for the recovery proc

ess : the one-interst i t ial model and the conversion-two-interst i t ial model. 
There a re several points of agreement between them ' : 1) some of Stage I Is 
attributed to close pair annihilation; 2) some long-range motion occurs in 
Stage t; 3) i r te rs t i t i a l s can interact with impuri t ies to be retained in the lat
tice; 4) in ters t i t ia ls can interact with each other to be retained in the lattice; 
5) some form of interst i t ial defect pe r s i s t s until Stage III: and 6) Stage V is 
due to recrystal l izat ion. The main area of disagreement surrounds the issue 
of whether there a re one or two forms of the interst i t ial that a re at least 

69 metastable. The one-interst i t ia l model as outlined by Corbett makes the 
following ass ignments : 
Stage i. Close-pai r recombination and free migration of the interstitial take 

place, during which the inters t i t ia l can annihilate, undergo trapping 
at various impurity or physical trapping s i tes , or agglomerate. 

II. The interst i t ial is released from t raps or undergoes rearrangement-
type annealing. Possibly divacancy recovery also occurs . The 
interst i t ial moves to progress ively deeper and deeper t raps . 

III. The interst i t ial is released from the deepest t rap in the lattice; 
and/o» - vacancy migration takes place, which cleans up the lattice. 

IV. Trapped vacancies a re released where they occur. 
Recrystall ization takes place. 

70 
The conversion-two-interst i t ial model holds that there is a low-

temperature metastable form of the interst i t ial which converts , either ther
mally or by interaction with other defects, to a more stable form that does not 
migrate until higher t empera tures a r e reached. This model makes the follow
ing ass ignments : 
Stage I. Close pa i r s and free migration of the low tempera ture form of 

interst i t ial (crowdion or (111) type). 
II. Same as one-interst i t ial model. 

III. Migration of the high-temperature form of interst i t ial ((100) 
dumbbell). 

IV. Migration of vacancies. 
V. Recrystall ization. 
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The reasoning behind these models is discussed in the Proceedings of 
7 1 the 1968 Julich Conference. In the present experiment, only the processes 

that result in long-range migration of a point defect to a dislocation ran be 
observed, since the defect concentrations a r e too low to observe significant 
reorientation of defects in the bulk, tn arlclition, the concentrations arc sufficiently 
low that in ters t i t ia l - in ters t i t ia l and vacancy-vacancy interactions can be 
safely ignored. 

E, STRESS FIELDS SURROUNDING DISLOCATIONS 

It is in o rde r here to define dislocations and to discu s the proper t ies 
that affect their interactions with point defects as a prelude to reviewing the 

7') 
interactions themselves . Details can be found in Hirth and Lothe. " 

A dislocation, as contrasted with point defects, is a nne-dimensional or 
line defect. It exists in two fundamental forms and, in general , is a combina
tion of them. If one considers a perfect c rys ta l extending to infinity in all 
direct ions, the edge dislocation can be visualized as an extra half-plane of 
atoms having been inserted into the c rys ta l . The edge of the ext ra half-plane 
is then called the dislocation l ine. Apart from elast ic s t r a ins , the crys ta l will 
still appear to be perfect at all points except nea r the dislocation line, where 
there will be distort ions in the lattice in order to accommodate the extra haif-
plane. The Burge r s vector of the dislocation is defined as the vector r e p r e 
senting the e r r o r of c losure of a rectangular circuit (called the Burgers c i r 
cuit) that links the dislocation line, the opposite sides of which consist of equal 
numbers of lattice p a r a m e t e r s . The edge dislocation is then character ized by 
its dislocation line and its Burgers vector, which is typically one lattice 
pa rame te r in length and is perpendicular to the line. 

The screw dislocation can be pictured as a helical ramp running through 
the crys ta l with the dislocation line defined as the axis of the ramp. The 
Burge r s vector in this case l ies parallel to the line. 

As mentioned above, in the general case , a dislocation consists of both 
edge and screw components, in that the Burgers vector and the dislocation line 
in tersect at an angle whose absolute value l ies between 0° and 90°. 

In fee (face-centered cubic) mater ia l s such as s i lver , dislocations have 
been observed to split into two part ial dislocations. The effect of a part ial 
dislocation is to c rea te a region where the atoms do not lie in an fee a r range
ment, but ra ther a hexagonal close-packed s t ruc ture . This region is termed 
a stacking fault and is bounded on both sides by a part ial dislocation. Such a 
s t ruc ture can occur in fee metals when the misfit energy due to the incorrect 
stacking is balanced by the decrease in the elast ic energy of the split dis loca
tions compared to that of a complete (or perfect) dislocation. The width of the 
stacking fault i s thus governed by this balance. Silver is known to have a low 
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73 
stacking fault energy, and is thus expected to have wide stacking faults com
pared to the other fee metals . 

Dislocations would not be present at all if the crystal were in a state of 
thermodynamic equilibrium. However, as a practical matter , it is difficult to 
obtain crys ta ls without them since they form spontaneously when a crystal is 
grown from the melt and multiply when even small s t r e s s e s a re subsequently 
applied to the crys ta l . Well-annealed fee metals typically contain 10 or more 

9 
dislocation lines per square centimeter , although concentrations of 10" have 
been achieved. 

The distortions in the lattice around dislocation lines give r ise to a 
s t r e s s field whose form depends on the dislocation type. The s t r e s s field of a 
screw dislocation, according to l inear elasticity theory, is pu-ely shear : 

ca = # ^ - , (IV-E-l) 

where o Q is the s t r e s s in the direction parallel to the dislocation line on a 
uT. 

plane containing the line, u is the shear modulus, b is the Burgers vector, and 
r is the distance from the dislocation line to the point in question. 

The s t r e s s field of an edge dislocation, in the same approximation, is 
given by the following equations: 

ub sin (3 ,.,. ,. ,,v 

_ îb cos e .... „ , , 
g r f l - £ { l - i / ) r (IV-E-3) 

• P y 1 1 ? 9 . (IV-E-4) 
m l - i / ) r ' 

where S is measured from a plane perpendicular to the extra half-plane of 
atoms and v is Poisson ' s rat io. Note that the edge dislocation has both shear 
and hydrostatic components and that there is an angular dependence that 
changes the sign of the s t r e s s e s from one side of the dislocati >n to the other. 

F . INTERACTION OF POINT DEFECTS 
WITH DISLOCATIONS 

As was pointed out in Section IV-A, a crys ta l containing dislocations and 
point defects can achieve a configuration having lower free energy if the point 
defects a r e located in close proximity to and in proper angular relation with 
the dislocations. This fact results in the preferential diffusion of point defects 
to dislocations and gives r ise to a binding energy between them. 
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Several possible sources of interaction have been identified. Reviews 
a re given by BulJough and Newman and by Nabarro. Those that arc re le 
vant for vacancies and se l f - in ters t i t ia ls in s imple metals include the first-

77 71* 
o rde r s ize interaction, the second-order s ize interaction, the inhomoge-7 n neity interaction, and interactions related to changes in the vibrational modes 
of the c rys ta l . In addition, there is the possibili ty of s h e a r - s t r e s s in te r 
actions with point defects that do not have the full symmetry of the lattice 
(e.g., split in ters t i t ia ls) and interactions result ing from elast ic anisoiropy, 
which gives a dilatational component to the s t r e s s field of a screw dislocation. 

The f i r s t -o rder size interaction is considered to be the most important. 
It a r i s e s from the fact that the point defect tends to cause a local compress ion 
o r dilatation, and this interacts with the hydrostatic component of the s t r e s s 
field around a dislocation. Since a sc rew dislocation has no hydrostatic com
ponent in the l inear isotropic theory, this interaction should be significant 
only for edge dislocations. The effect o> this interaction is to a t t ract vacan
cies to the more crowded side of the edge dislocation slip plane and to at t ract 
in ters t i t ia is to the less crowded side. This is expected to be the longest-
range interaction, since the potential is proportional to 1/r, where r is the 
distance between the dislocation and the point defect. 

The second-order s ize interact ion resu l t s from a consideration of the 
interplay of the nonlinear (third order) elastic proper t ies of the crystal and the 
dilatation of the point defect. It is a sho r t e r - r ange effect, the potential being 

2 proportional to 1/r . It becomes par t icular ly significant in the case of a 
screw dislocation, since the f i r s t -o rder interaction is absent. 

The inhomogeneity interaction, a lso proportional to ! / r , resul ts from 
the fact that the effective elastic constants of the point defect are different 
from those of the surrounding mat r ix . If the point defect is effectively softer 
than the matr ix , as in the case of a vacancy, it will tend to move to regions of 
higher s t r e s s around all dislocations, so as to reduce the elastic energy 
stored in the small volume it can occupy. By the s ame token, interst i t ia ls , 
be ing"harder , " will be repelled from regions of high s t r e s s . The inhomoge
neity interaction may be dominant for vacancies in metals where vacancy 
dilatation is smal l . 

The vibrational mode interaction a r i s e s from the increase in entropy of 
the crys ta l when a vacancy is inser ted . The presence of a vacancy lowers the 
frequency of the vibrational modes of the 12 neares t -neighbor atoms. Accord
ing to Nabarro, it is not c lea r whether this effect will tend *o move vacan
cies to dilated regions or compressed regions, but he presents an argument 
favoring the la t ter . 

There is little information about the s ize of the binding energies resul t -
33 ing from these various interact ions. Thompson et al . obtained a value of 

0.35 to 0.51 eV for the binding energy of in ters t i t ia ls to dislocations in copper. 
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Alsn, these workers obtained an additional energy of 0.68 eV for the binding 
energy of interst i t ials to nodes on dislocation lines. Because of the s imilar i ty 
of s i lver and copper, one might expect comparable values in the present Work. 

G. DISLOCATION PIPE DIFFUSION 

We have seen that point defects arc able to migrate through the crystal 
lattice and that they arc preferentially attracted to dislocation lines. The next 
question to be considered is whether or not they remain more -o r - I e s s station
ary once they ar r ive on dislocations. There is abundant evidence that s i lver 
atoms are able to migrate much faster along dislocation lines than through the 
bulk lattice. ' The self-diffusion energy associated with this process is 0.78 

82 to 0.85 eV as measured in t r ace r experiments , as compared with 1.76 eV 
D O Q A 

for monovacancy bulk diffusion. Love presented a theory of dislocation 
pipe diffusion that proposes that the enhanced diffusion takes place by migra
tion of inlers t i t ia ls in the core of the dislocation. In this theory the activation 
energy for self-diffusion is given by the sum of the formation and migration 
energies of the intersti t ial on the dislocation. 

In the present work, interst i t ia ls a re formed by the nonequilibrium 
process of i r radiat ion. Therefore, if pipe diffusion is observed, it should 
exhibit an activation energy which includes only the migration energy of the 
intersti t ial on the dislocation line. The value should therefore be considerably 
less than 0.78-0.85 eV if this theory applies. In copper, Thompson et al. 
obtained a value of 0.42 e V . 3 3 

H. INTERNAL FRICTION AND MODULUS DEFECT 

The proper t ies measured in the present work are the internal friction 
and the modulus defect. It is well to define them here and give a brief d iscus
sion of their history before exploring the effects of dislocation pinning in the 
next section. 

It was pointed out by Robert Hooke, in 167 8, that the deformation of a 
body is proportional to the force applied to it. This came to be known as 
Hooke's law and served as the basis for development of the classical theory of 
elasticity. On the atomic level, this law requires that the atoms of a solid lie 
in parabolic potential wells and maintain their positions relative to each other 
during deformation. In real mater ia ls , these conditions a re not completely 
satisfied, but a r e sufficiently t rue for many purposes. 

The deviations from Hooke's law a re of two types. One type results 
from the violation of the first condition, and is expressed by the third- and 
higher-order elastic constants. This deviation resul ts in anharmonic effects 
such as thermal expansion, a contribution to the specific heat, and 
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ftfi 
phonon-phonon interactions. The other type of deviation results from viola
tion of the second condition and results in nonelastic rffei ' s , of which one cate
gory is called anelastici ty. According to Zencr. anclasticity is "the property 
of a solid in virtue of which s t r e s s and strain a re not uniquely related in the 

,,23 
preplast ic range. More specifically, anelastici ty necess i ta tes '.he inclusion 
of t ime derivatives in the s t r e s s - s t r a i n equation, and manifests itself in such 
phenomena as clastic aftereffect, s t r e s s relaxation at a constant s t ra in , va r i 
ation of modulus with frequency of measurement , internal friction, and modu
lus defect. We a re c nccrned here wi' . the last two phenomena. 

Internal friction (also called damping or damping capacity) resul ts in the 
conversion of mechanical energy to heat in a solid in the preplast ic range. It 
causes the decay of vibrations in a solid even when there is no loss of energy 
to the environment. The modulus defect of a solid is the fractional difference 
between the observed modulus of elasticity and the purely elastic modulus. 
Both of these effects can be caused by changes in the relative positions of 
atoms in the solid as the applied s t r e s s is varied. 

The internal friction and modulus defect can be understood quantitati"ely 
R7 

by a formulation that Nowick called the generalized Maxwell approach: Con
s ider a body that is placed under a periodic s t r e s s j . e 1 " . The body will 
undergo a s t ra in having two components: the elast ic s t ra in and the nonelastic 
s t ra in . The elastic s t ra in is given by t' •- t\ e w . Note that this is in phase 
with the applied s t r e s s . If the atoms kept their relat ive positions and changed 
only their separation dis tances, this is the only s t ra in that would occur, and 
Hooke's law would be satisfied (at least insofar as nonelastic effects a re 
concerned). 

The r.onelastic s t ra in is given by e" = (e1.1 - i c|,')e w . Note that there 
a r e both in-phase and 90°-lagging components. The total s t ra in is therefore 
given by 

c = e' + E" = [(c'j +e '•) - ie^'j e i u , t = ( f j - i ^ l e ' " ' . (IV-H-l) 

The internal friction is defined as the tangent of the angle between the 
s t r e s s vector and the total s t ra in vector: 

t a n . M - ^ - p r f — = 1f- (IV-H-2) 
e l e l e l c l 

In general , e " « e', so that tan <f is smal l , and can be approximated well by 
9. The phase angle $ is therefore a measure of the internal friction and is 
equal, for low values of internal friction, to the out-of-phase s t ra in divided by 
the purely elastic in-phase s t ra in . 
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For a bar sample vibrating in an extenslonal mode, the purely elastic 
Young'«> modtihis is given by Hookc's law: 

" l E - — r . (IV-H-3) 
c 1 

The dynamic modulua is given by the applied s t r e s s divided by the total 
in-phasc s t ra in: 

, °1 °1 
'•- - — ' c , + f n - (1V-H-4) 

1 1 1 

The modulus defect is then defined as (E - E ' ) / E ' and is referred to as AE/E: 

ii 
i E E - E' c 1 

E' <1 
(IV-H-5) 

The modulus defect is therefore equa! '.? the additional in-phase strain due to 
nonelastic p rocesses divided by the purely elastic in-phase s t rain. The rela
tionship between the modulus defect and the interna, friction can thus be 
c lear ly seen. They a re different aspects of the same fundamental process . 

•53 
There a re several ways of measuring internal friction." One method is 

to drive a vibrating sample in forced oscillation. The driving frequency is 
swept slowly through the resonant frequency of the sample, and the vibration 
amp] tude is monitored. The width of the resulting resonance peak is then a 
measure of the internal friction. Specifically, if Af is the frequency interval 
between half-maximum amplitude on the low-frequency side of the resonance 
and half maximum on the high-frequency side, it can be shown that, for small 
values of tan <J>, 

t a n < t > S - ^ - , (IV-H-6) 
V3"f 

where f is the resonant frequency. 
A second method is to drive the sample at constant amplitude at its 

resonant frequency. The fractional energy dissipated per cycle is then a 
measure of the internal friction. Specifically, for small values of tan 4>, 

t a n * S 2 7 T - < I V - H " 7 ) 

where AW is the energy lost per cycle (and therefore equal to the energy that 
must be added per cycle) and W is the total vibrational energy stored in the 
sample. 
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A third method is to observe the decoy of amplitude of a sample placed 
in free vibration. The logarithmic decrement (A) is then defined as the 
natural logarithm of the ratio of successive amplitudes. For small values of 
tan <t>, 

tan * = • - . (1V-H-8) 
TT 

A convenient way of measuring A is to observe the number of cycles (N) 
required for the amplitude to drop to 1/e of its initial value. Then 

A = JJ-. fIV-H-9) 

In pulsed ultrasonic experiments it is possible to measure '.he attenua
tion of a sound wave as it passes through the sample. If the s t r e s s -wave 
attenuation is expressed by a - a cxpl-ax], then the interna! friction is given 
. 8 8 ° 
by 

tan <(> = ̂ r . (IV-H-10) 

where v is the measured velocity, a is the attenuation factor, and x is distance 
measured in the sample . Another means of describing internal friction is in 
t e r m s of the quality- o r Q-faetor of a resonant sys tem. In this nomenclature, 

tan "t>s 1/Q. (IV-H-11) 

The first three measu re s of Internal friction a r e equivalent if the damp
ing is independent of s t ra in amplitude. The ultrasonic technique is normally 
ca r r ied out at a higher frequency than the others , so the frequency dependence 
of the damping must be taken into account in comparing values obtained in this 
way with the o the r s . 

The modulus defect is general ly measured by monitoring the change in 
resonant frequency due to nonelastic p rocesses . The resonant frequency is 
linked to the modulus by an equation of the form 

f « JE, dV-H-12) 

so that 

^ £ s ? 2 ^ (IV-H-13) 

AE for small values of ~g~. 
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Four principal types of internal friction have been observed in metolB : 
the Bordoni peak at low tempera tures , an amplitude-dependent and an 
amplitude-independent contribution around room temperature , and a large 
damping at higher t empera tures . In addition, various relaxation peaks due to 
point-defect effects have been studied. In pure metals , the contributions 
around room tempera ture a r e believed to be due mainly to motion of dlsloca-

89 tions, as was first suggested by Head. 
In the next section, it will be seen that the modulus defect can be quanti

tatively related to the internal friction when their common underlying mech
anism is understood. This provides a powsrful way of testing theories against 
experiment. 

I. THE VIBRAT1NG-STRING DISLOCATION MODEL 
OF KOEHLER, GRANATO, AND LUCKE 

25 
In 1950, Koehler suggested that a dislocation moving under the influ

ence of an oscillating applied shear s t r e s s could be represented by the equa
tion of motion 

i 2 a 2 

A^-4- +F # - C-—£ = c b cos i»t, ( IV-I-n 
ryxZ Ot /* / O dt 3x 

where 

A is the effective mass per unit length of dislocation and is equal 
2 

to 7ipb , where p is the density of the mater ial and b is the 
length of the Burgers vector 

y is the displacement of an element of the line from its equilib
rium position 

t is the time 

B is the damping coefficient, such that the te rm in B gives the 
damping force per unit length 

o 
C is equal to 2ub/)r( l - v), where n is the shea r modulus and v is 

Po isson ' s ra t io , such that the t e rm in C gives the force per unit 
length due to the line tension on a curved dislocation 

o is the maximum value of the resolved shear s t r e s s and o 

ID is the frequency of the applied s t r e s s . 
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Since this equation also descr ibes the forced vibration of a stretched s tr ing 
under the influence of viscous damping, this representat ion of dislocation 
motion has come to be called the vebrat ing-s t r ing dislocation model. 
Thompson and P a r e reviewed the model, and their discussion will be fol
lowed here . 

The basic assumption of this model is that dislocations a re free to move 
everywhere along their lengths except at cer ta in fixed pinning points, which 
might be impurity a toms, lattice defects, jogs, or nodes in the dislocation 
network. Each free length bows out under the influence of the applied s t r e s s . 
The viscous damping force dissipates energy, giving r i se to internal friction. 
The additional s t ra in caused by dislocation motion gives r i se to a modulus 
defect. 

The boundary conditions for this equation a r e established by the pinning 
points. A dislocation loop length I is assumed, with pinning points at each 

C I 
e id such that y = 0 at x = —s and at x = + -̂, if the origin is located at the center 
of the loop. 

The net work done by the applied s t r e s s during one cycle of oscillation 
is given by 

•I? "L 
2_£ 

9y(x,t 
0 b cos ut * ' - ' ' dt. (IV-I-2) 

O dt 

The logarithmic decrement is equal to one-half the energy dissipated per cycle 
per unit volume divided by the vibrational energy pe r unit volume {- a j2ny. 

N . w . 
A = — | - i . (IV-I-3) 

N is the nu iber of loops per unit volume. These equations express the in ter
nal friction as a function of the motion of the dislocation line. The modulus 
defect can be obtained from a calculation of the in-phase component of the d i s 
location shear s t ra in : 

f y ( x - l r ) d x - <iv-[-4> 
"2 

This equation expresses the contribution of one loop of length I per unit volume. 
The total s t ra in is the sum of the elastic s t ra in and the in-phase dislocation 
contribution. For N loops per unit volume. 
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-Z£. = Z°. + N (" (tV-I-5) 
w m ^ * U 

where ^ is the shear modulus with moving dislocations, and ji is the modulus 
without dislocation s t ra in . The modulus defect is than given by 

f - * ™ N. 

' o 
m _ "I e 1 i _ AE .. . , 

It is to be expected that the dislocation loops will not all hav>. the same 
length. To take account of this, a loop-length distribution function N(J) is 
defined such that N(^)djB is the number of loops per unit volume having a length 
betweer i and l + d£. The decrement and modulus defect then nre given by 

r w N(£) d i 

A = — g (IV-1-7) 
" o ^ 

and 

r e ,N(jt) d i 1 jt 
AE (1V-1-8) 

The most widely used loop-length distribution function is the exponential, 
which represen ts random uncorrelated pinning point placement: 

N(£) = Aexp(-£/ j« ) (IV-I-9) 
<o 

where A is the dislocation density and t is the average loop length. This 
25 

function was given first by Koehler. Another often-used distribution func
tion is the delta function, which represents loops that a r e all of the same 
length. 

Several approaches have been made toward solution of the vibrating-
str ing equation for dislocation pinning. Koehler obtained an approximate solu-

90 
tion valid in the kilohertz range. Weertman obtained a solution in closed 
form, but it was extremely complex and difficult to interpret . Granato and 
Lucke obtained a Four ie r s e r i e s solution and found that the first te rm is a 

2 
good approximation at freauencies low compared to 0.7C/Bi . They also 
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developed a breakaway model for amplitude-dependent internal friction. Oen, 
92 Holmes, and Robinson noted that the experimental measurements of 

no 
Thompson and P a r e indicated that the motion of dislocations was damping-
limited in the MHz region. This led them to drop the inertia t e rm from the 
equation and obtain closed solutions for the over-damped case . Thompson and 
Pare 1 give the following explicit equations for the low-frequency case , using 
the exponential distribution: 

A = ~ j (IV-t-10) 

and 

. „ M2ub2 

ir-Hir-- ( I V- I- n > 

One important resul t of this model i s that the decrement is proportional 
to the fourth power of the average loop length, while the modulus defect is 
proportional to the second power. In i r radiat ion exper iments , it is possible to 
change the average loop length without changing A o r B, In such experiments , 
the average loop length at a t ime t is given by 

V» B r rHiu- ( I V - I - 1 2 ) 

where i is the original average loop length and n(t) is the average number of 
pinning points added to a loop at t ime t. This a s s u m e s that the loop-length 
distribution function is initially exponential and maintains i ts exponential cha r -

27 ac t e r as pinning points a r e added. Thompson and Holmes showed that this 
i s t rue if the pinning points a r e added in a random, uneorrelated manner . 

It is thus seen that, if the contributions to the internal friction and mod
ulus defect from pinnable dislocations can be separa ted from any other con t r i 
butions that might be present in an experiment, it should be possible to calcu
late the number of pinning points on the dislocations a s a function of t ime. 
This separat ion is normally performed by i r radiat ion to a high enough dose to 
achieve complete pinning. The vibrat ing-str ing model can then be checked by 
compar ison of the pinning point number obtained from the decrement change to 
that obtained from the modulus defect data. 

The second important prediction at low frequencies i s that the decrement 
should be proport ional to the frequency of the applied s t r e s s . This i s a lso sub
ject to experimental verification, although it is more difficult in prac t ice . 

At frequencies high compared to O.lCjBt the model predicts that the 
o ° 

damping should be given by A = ir/A A/Bto, and the modulus defect should be 
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proportional to the -3/2 power of the frequency. These frequency-dependence 
predictions are subject to experimental verification. By measuring A with 
etch-pit counting, it also has been possible to obtain a value of B for compari
son with theoretical es t imates that have been given by Nabarro, Brailsford, 

95 and Leibfried. 
Since this model was conceived, many experiments have been performed 

to test its predict ions. Most have been conducted on high-purity, well-
annealed copper. These studies have been summarized by Thompson and 
Pa re , and more recently by P a r e and Guberman. The latter authors 
state: 

. . . the s t r ing model has , in pure annealed copper, been 
verified with respect to frequency dependence, loop length 
dependence, and absolute magnitude of the damping in the 
high-frequency (MHz) range and data have been obtained 
which show the predicted loop length dependence of both 
the damping and modulus defect in the low-frequency 
(kHz) range. 

Nevertheless, there remain some gap3 in experimental confirmation, and d is 
crepancies have also appeared. For example, the absolute magnitude of the 

96 damping coefficient was determined by P a r e and Guberman and found to be 
much grea te r than that determined from experiments in the MHz region. The 
frequency dependence in the low-frequency range has been studied, but the 
resul ts a re in conflict with the model below 20-25 kHz in copper. ' In 
many experiments , the pinning-point numbers predicted by the damping and 
modulus-defect data have been substantially different, causing experimenters 
to invoke the existence of two or more types of dislocations with different 
values of A, i , B, C, and point-defect interaction energies . In some 

oo r to 

cases , i r radiat ion has caused the damping to increase ra ther than 
, 97,101-103 
decrease . ' 

J. THE DEFECT-DISLOCATION INTERACTION MODEL 
OF THOMPSON, BUCK, HUNTINGTON, AND BARNES 

As we have seen, the Koehler-Granato-Lucke vibrating-string disloca
tion model provides an explanation of the internal friction and modulus defect 
that resul t from dislocation motion. It accounts for changes in these proper
ties as point defects interact with dislocations to shorten their free-loop 
length. It does not, however, attempt to t reat the kinetics of the migration of 
the point defects, nor does it deal with the mechanism of the interactions or 
the possibility of pipe diffusion along dislocation l ines. 

In 1967, Thompson, Buck, Barnes , and Huntington (TBBH) reported the 
resu l t s of experiments involving several isothermal gamma-ray irradiat ions 
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of a copper crysta l during which the internal riction and modulus defect were 
32 monitored. They applied the vibrating-str ing model and obtained consistent 

resul t s for the internal friction and modulus defect, verifying the model 's p r e 
dictions with respect to loop length dependence. It was noted that ea r l i e r 
c rys ta l s had not always given these resul ts , presumably because of the p r e s 
ence of a second dislocation component. 

The calculated number of pinning points in these experiments piotted as 
a function of time exhibited an initial t ransient , whose length depended on the 
tempera ture , and a l inear portion whose slope increased with tempera ture in 
an Arrhenius fashion. The intercept of the l inear portion projected back to 
zero t ime went from positive to negative as the tempera ture was increased 
from one run to another . 

33 34 
To in terpre t these data, the above-named authors proposed a model ' 

that we shall call the TBHB model, after the initials of their names . This 
model hypothesizes the following s e r i e s of events; A gamma ray penetra tes 
the crys ta l volume and c rea tes a Frenkel pai r via a Compton electron p rocess . 
If the defects do not annihilate each other, they a r e free to diffuse by a random 
walk to a dislocation segment. Once on a segment, a defect is free to pipe 
diffuse along it and possibly collide with a nodal point t rap . It may be retained 
there or be emitted back to the dislocation and from there possibly back to the 
lat t ice. The nodal points can include existing jogs, vacancy c lus te r s , inter
st i t ial platelets , impuri ty a toms, and true dislocation nodes. This scheme 
leads to the following set of coupled rate equations: 

d n L 

dt 

+i /2 
n L 1 f ° 
LE DL J . ,„ -*„/2 

(rv-J-i) 

at 
?i?(x,t) ^ S^n(x.t) , J L n(x,t) 

3x ' o LE DL 
(1V-J-2) 

9n. N _ -D 8n(x,t) 
at " ax 

x=±2/2 
an 

r DU x*±l /2 
T N D 

(IV-J-.'i) 

and 

+ * n / 2 

• / . : . 

2 n N + f r?(x,t)dx + n , = <f>t. 
i 0 / 2 

(IV-J-4) 
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The symbols in these equations are defined as follows: 

n. is the number of defects in the lattice 

rj(x,t) is the linear concentration of defects along the 
dislocation line 

n n is the total number of defects on a dislocation of 
length I , and is given by 

nD-j 
+ V ' 2 

n(x,t)dx. 

V 2 

LE 

DU 

ND 

This is the experimentally observed pinning-point 
number. 

is the relaxation time for diffusion of the defects 
from the lattice to the dislocation line 

is the relaxation time for emission of the defects 
from the dislocation back to the lat t ice 

is the relaxation time charac te r i s t ic of the unit 
jump process along the dislocation 

is the relaxation time for emission of the defects 
from the nodal point t rap back to the dislocation. 

These relaxation t imes all exhibit Arrhenius behavior. 

D is the diffusion coefficient for the defect on the 

dislocation, and is given by 

D = a 2 / 2 T D U , UV-J-5) 

where a is the appropriate latt ice pa ramete r . 

<t> descr ibes the rate of defect production by the 

gamma irradiat ion, and is given by 

$ = UQ/A) N A * u D , (IV-J-6) 

where: 
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t. is the length of the dislocation segment which bounds 
the cellular volume to which the mode! is applied, 

2 
A is the dislocation density (number of dislocations/cm ) 

N . is the number of atoms/cm 

$ is the gamma- ray flux, and 

a.-. is the c ross section for atomic displacements by 
gamma rays . 

The relaxation time T F is related to the unit jump time i-t the lat t ice 
T, j . by the equation 

a' 
T L E B l - | r L U ' < l V - J - 7 ) 

and T is related to the bulk diffusion coefficient D„ by the equation 

a 2 
D D = - = — . (IV-J-8) 

B T L U 

To solve these equations, the above-named authors replaced the coupling 
t e r m s 

+U2 

-f ° n(x,t) dx and nix.DlTr.-i 

by average values, and applied a Green ' s function procedure . After applying 
the appropriate boundary conditions, they arr ived at the following solution for 

n D ( t ) = (<(.- A) g o {t - T L E [1 - e x p ( - t / T L E ) ] } 

m-A)il " (. a )(n-l>/2 

n=l,n odd 

T T 

L LE n US n 
(IV-J-9) 
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where A is a constant (for a fixed temperature) given by 

A = 4 > g „ r !==-= , (1V-J-10) 
O T D L + VLE 

g is given by 

\ *o DU D L / 

1 
UV-J-11) 

and T is given by 

H~W/ T^"7^- ,IV-J-I2) 

By comparison of the predicted n D ( t ) to the data, they were able to eliminate 
some t e rms from the equation, resulting in the final equations 

n, M =-?- ~ -T^-X + ^ , ^ 1 ! - exp ( - t / r )), (IV-J-13) 

"D">4 ^ { t + ( 7 7 T N D - T L E ) t ] " exp(-t/rL E ) 1J, (IV-J-14) 

and 

n M ( t ) = i[<|>t - n T (t) - n n ( t ) l . (IV-J-15) 

The equation for n n ( t ) gives the behavior observed in their experiments: a 
temperature-dependent t ransient , a l inear portion at long t imes whose slope 
has an Arrhenius tempera ture dependence, and an intercept that changes from 
positive to negative as the tempera ture is ra ised. 

An important feature of the TBHB resul ts was that the efficiency of d i s 
locations for trapping defects was 100%, within the uncertainties involved. 
These authors showed that their proposed model was unique, issuming the 
basic cor rec tness of a trapping (or climb) model, and that all of its features 
were required by experimental r esu l t s . Three experimental resul ts were 
part icular ly telling: the temperature-dependent slope, the tempera ture-
dependent intercept, and the pers is tence of pinning effects for an indefinite 
time after irradiation had stopped. Using this model, they obtained an excel
lent fit to the data. 
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Thompson, Buck, Huntington, and Barnes obtained an activation energy 
for T of 0.64 eV, and they interpreted this as indicating that the migrating 
defect was the se l f - in ters t i t ia l . The activation energy for pipeline diffusion 
was 0.42 eV, as mentioned before, and the energy associated with recmission 
of a defect from a node back to the dislocation line was 1.10 eV. The node 
binding energy was then computed to be 0.68 eV. The activation energy for 
reemiss ion from the dislocation line to the latt ice was est imated at 1.0 to 
1.15 eV. 

K. THE DEFECT DRAGGING MODEL OF SIMPSON 
AND SOS IN, AND THE DEFECT MIGRATION MODEL 

OF SIMPSON, SOSIN, AND JOHNSON 

In addition to the models described in Sections I and J above, a few 
others have been proposed to account for the interaction of radiation-produced 
defects and dislocations. The mobi highly developed of these is the defect 

104 dragging model of Simpson and Sosin (SS), coupled with the migration 
103 model of Simpson, Sosin, and Johnson (SSJ). 

The SS dragging model proposes that, at sufficiently low frequencies 
(below a few sllz in Cu), the point defects no longer act as rigid pinning points, 
but are dragged a small amount by the dislocation lines and thereby dissioate 
energy. In this theory, the dislocation loop length is presumed to remain con
stant, with a value fixed by the initial distance between nodal points. As point 
defects a r e added to the dislocation line, the damping coefficient (Q in the 
KGL theory) i nc reases . 

Under cer ta in conditions of loop length, frequency, damping coefficient 
and line tension, this model predic ts an initial increase in the decrement when 
pinning points a r e added to the dislocations. As more pinners a r e added and 
the dislocation motion is increasingly res t r i c ted , tne damping reaches a max
imum value and dec reases thereaf ter . At high defect densities the SS dragging 
model predicts that the modvlus defect should decrease at a faster rate than 
the decrement. It a lso predic ts that the damping should be proportional to ui 
at low frequencies, and would become proportional t o n , as predicted by the 
KGL model, only at high frequencies. 

Using this model as the counterpart of the KGL model, Simpson, Sosin, 
and Johnson then used a somewhat s impler defect migration model to serve in 
place of the TBHB model. The chief differences between the SSJ and the 
TBHB models a r e that the former does riot allow reemiss ion of point defects 
from the nodes to the dislocation l ines , and the t ime-sca le of the experiment 
is assumed to be shor t compared to the lat t ice diffusion transient t ime. The 
SSJ model prediction can be derived from the solution of the TBHB model by 
assuming t « T t = T . , and T N D •* w. The resul t is 
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n n = ~ - (' " T , I ' " exp(-t/T.))} {tV-K-D 

in the nc'ation of Section J. With this solution, the intercept extrapolated 
back from the l inear portion of the curve '9 negative definite, whereas it can 
be either negative or positive in the TBHB model. The slope has an Arrhenius 
temperature dependence, but its value is established by a balance between lat
tice diffusion and pipe diffusion rather than b' ' a balance between pipe diffusion 
and node reemiss ion. The transient is due to pipe diffusion rather than lattice 
diffusion. 

Simpson, Sosin, and Johnson were able to obtain good agreement with 
experiments \r. Cu at a frequency of about 500 Hz, using their dragging and 
migration models together. By comparison with experiment, they concluded 
that the modulus defect and decrement (in the absence of peaking) were both 
proportional to (1 + n^) . They found that the presence or absence of peaking 
in the decrement depended strongly on pr ior annealing treatment. 
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V. Experimental Apparatus 

A. REQUIREMENTS 

The success of an experiment to measure internal friction and modulus 
changes caused by irradiat ion depends on the satisfaction of cer ta in ra ther 
s t r ic t requi rements , to wit: 

1. Handling of the sample must be eliminated. Since the dislocation 
s t ruc ture ran be changed by application of very small s t r e s s e s , it 
is desirable to i r radia te and do all measurements and anneals 
without moving the sample. 

2. Tempera ture must be controlled. Since the motion of point defects 
is a thermally activated p rocess , it is very sensi t ive to t empera 
ture . It is desirable to measure and control the tempera ture to 
high precision. The required temperature range is wide, since 
some changes may occur near liquid helium tempera ture (4.2K), 
while the need for annealing to stabilize the dislocation s t ruc ture 
requi res tempera tures of several hundred degrees C. 

3. High vacuum nr a very pure inert a tmosphere must be maintained, 
since the internal friction ot s i lver has been shown to be extremely 

105 
sensit ive to oxygen concentration. 

4. The measuring apparatus must not change its charac te r i s t i cs under 
i r radiat ion or t empera ture variat ion. 

5. It should be possible to turn the radiation flux on and off at will. 
Adequate shielding should be provided for protection of personnel. 
The flux must be sufficient to give readily observable changes in 
reasonable t imes . It should be uniform over the sample . 

6. The frequency of the applied s t r e s s will depend on the experimental 
configuration used. If vibration at resonance is tc be used, the f re
quency will depend on the size of the sample . 

7. F rom the ope ra to r ' s point of view, the more nearly automatic the 
apparatus can be made, the bet ter . Continuous monitoring of t em
pera ture , internal friction, and modulus, with automatic control of 
t empera ture changes and all extraneous var iables , is des i rable . 

B. DESIGN AND GENERAL DESCRIPTION 

The design of the apparatus used in this work is very s imi la r to that 
described by Thompson and Glass . The major differences a re in the 
method of driving the sample, control of the phase of the driving signal, and 
the geometry of the sample and radiation source . The essent ia ls of the design 
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are shown in Figs. ' through 4. A general description wil' be given here, and 
details will be covered in the following sections. 

The si lver crystal sample is in the form I a hollow cylinder 
(Fig. 1). It is mounted with four small pins at its center plane and is 
thus free to vibrate in a longitudinal mode, which is of wavelength equal to 
twice the sample length. There are three rod-shaped Co sources , each 
attached to the ena of a Teflon wand. ICnch source can be inserted 
inside the sample and can be raised to decrease the irradiation or moved to a 
storage area by the use of a traveling shield assembly (Fig. 4). 

The sample is mounted inside a c ryos ta t - 'u rnace for temperature var ia
tion and control (Fig. 2). A vacuum system consisting of mechanical and oi l -
diffusion pumps capable of 10 ^Pa is attached. A helium purification train 
consisting of a charcoal cold t rap and a titanium furnace is used to purify 
helium for use as a heat-exchange gas . 

The sample can be set into vibration by means of an electrostat ic drive, 
and the motion is measured by an FM detection system (Fig. 3). Both a r e 
accomplished by a single hollow electrode whose position is controlled at less 
than 25 mic romete r s from the top of the sample (Fig. 1). This combina-

107 108 
tion was first used by Cabaret and la ter developed by Bordoni. 

Measurement of the decrement is made ei ther by observing the decay of 
free vibrat ions, the width of the resonance curve in forced vibration, or the 
drive voltage required for a constant amplitude of vibration at resonance. 

The unique features of this apparatus a r e its wide temperature range 
(less than 4°K to about 1000°K), its i rradiat ion efficiency (an average flux of 

11 2 
about 3.6 X 10 gamma/(cm -sec) from a 100 Ci source in a sample of 

3 
2.5 cm volume], and its automated operation. Most importantly, all opera
tions take place without moving the sample . 

C. SAMPLE FABRICATION 

The samples for this experiment had to satisfy several requirements: 
1. Their purity had to be as high as possible, since dislocation Dinning 

is very sensitive to impurity concentration. 
2. They had to be single c rys ta l s , to ensure a single resonant fre

quency throughout severa l annealing operations, 
3. They had to be oriented properly, to avoid coupling to flexural 

vibration modes when the sample was driven. 
4. They had to be hollow, to allow insertion of the radioactive source. 
5. They had to have flat, parallel ends, to ensure that the driving 

force and vibration would be purely axial. 
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Fig. 1. Details of sample chamber . 
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Fig. 2. Irradiation cryostat-furnace. 

6. They had to be of convenient size to fit into the available double 
Dewar with its newly-designed cryostat assembly, and rigid enough 
o preclude severe deformation in normal handling. 

7. They had to have some provision for mounting to the holder at the 
central nodal plane, with low damping lo s ses . 

These requirements were satisfied in the following way: The start ing material 
was 99.9999% pure s i lver obtained from Cominco Products , Inc. (Lot HPM 
3701). This mater ial was cut to size with a jeweler ' s saw. It was etched in 
50% reagent grade nitr ic acid and washed with reagent grade methanol or ace 
tone pr ior to each melting. 

It was decided to make the samples 9.525 mm in diameter and about 
63 mm long, with a 6 .35-mm-diameter axial hole for insertion of the source . 
The split molds used a r e shown in Fig. 5. They were obtained free.-. Ultra 
Carbon Corporation, who fabricated them from ul t ra-high-puri ty graphite and 
guaranteed them to have less than 50 ppm total impurit ies after fabrication. 

An induction furnace with an oil-diffusion-pump vacuum system was 
used for all melting. Melting was done ei ther in a vacuum of 0.13 mPa or in 
helium gas that was purified by passage through a liquid nitrogen cold trap. 
The physical arrangement was as follows: The mold was placed on a stand 
fabricated from fused quartz so that it was vert ical and located above the 
metal housing of the vacuum system. It was then surrounded by a fused 
quartz envelope in the shape of a large, inverted tes t tube, with about 15 mm 
minimum clearange between the envelope and the mold. This was attached to 
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Fig. 3. Electronic system. 
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Fig. 4. Source t ransfer mechanism. 

the vacuum system housing by means of a graded seal and a metal flange fitted 
with an O-r ing. An induction coil was fabricated to surround (and clear) the 
envelope, and was mounted to a ver t ica l variable speed motor drive mecha
nism. The induction coil was energized by a Lepel radio-frequency power 
unit via a flexible water-cooled coaxial cable. 

The molds were first baked out at 1200"C for severa l hours in high vac 
uum using this sys tem. The process for growing a crys ta l was then as follows: 
A hollow si lver billet of the proper size was cast in the casting mold (Fig. 5, 
left). The s i lver was melted in a vacuum and 100 kPa of helium was then added 
to push it into the mold. The mold was cooled slowly by raising the induction 
coil at a ra te of about 200 m m / h r to eliminate porosi ty. The mold was then 
removed from the furnace and disassembled. At this stage, the hollow billet 
was firmly attac .ied to the graphite rod from the center of the mold because of 
differential thermal contraction. The two were placed in a s tainless steel jig 
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incorporating a Wilson seal and heated in another vacuum furnace to about 
700°C at 10" To r r , at which temperature it was possible to pull the rod out of 
the billet by careful hand p r e s s u r e . The billet was then cooled and removed 
from the furnace, and the excess material cut off with a Servomet spark 
machine. The polycrystalline billet was stored under clean conditions. 

Next, a spherical single crystal 25.4 mm in diameter was grown in the 
crystal growing mold (Fig. 5, right). This was accomplished by heating the 
entire mold to about llPO'C and raising the induction coil at the rate of 
5 m m / h r . (This is known as the modified Bridgman crystal growing tech
nique.) Several atte..ipts were required to produce a seed that revealed no 
str iat ions upon etching. The extra stub was then removed with the Servomet 
spark machine set to range 6. The etched sphere showed spots corresponding 
to the crystallographic direct ions . 

The growth of a hollow cylindrical single crystal was then accomplished 
as follows: The seed was placed in the bottom of the crystal growing mold and 
oriented by visually sighting down the axis of the mold so that a (111) direction 
was paral lel with the axis . The previously-cast billet was slipped over the 
graphite plug-rod for this mold which had been fabricated smal ler than the rod 
in the casting mold to allow this to be done at room tempera ture . The mold 
was assembled with the plug-rod ra ised about 3 mm above its shoulder, and 
placed in the induction 'u rnace . The furnace was evacuated and the induction 
coil positioned so that i ts bottom was at the level of the center of the seed. 
The mold was heated to red heat in a vacuum and 1 atm of helium was added. 
The s i lver was then melted down to approximately the center of the seed. 
This was accomplished by judicious adjustment of the height of the coil and the 
power setting vh ' l e observing the tempera ture of the mold with an optical 
pyrometer which had been calibrated to account for the absorption of the fused 
quartz vacuum envelope. The induction coil was then ra ised at the ra te of 
5 m m / h r and the single crysta l grown up from the seed. The furnace was then 
slowly cooled over a period of about two hours . The rod was pulled from the 
crystal as before, and the seed cut off with the Servomet spark machine. The 
hollow crysta l was then sliced to length and the ends planed perpendicular to 
the. axis, again with the spark machine. Several c rys ta ls were fabricated in 
this manner . 

The fabrication of these samples was no mean task. Success was found 
to depend on slow cooling of the molds, elimination of the vibration in the 
apparatus, and prevention of s t r e s s e s on the s i lver due to the differing 
thermal expansivities of the s i lver and graphite. The growing speed was also 
found to be important, s ince s t r ia t ions developed in the crysta ls at higher 
speeds. 

The dislocation s t ructure and density produced by this method of fabri
cation is not known, but the s t r e s se s developed when the crystal was cooled or. 

- 4 7 -



the graphite rod and whpn the rod was pulled from it no doubt increased the 
density over that expected for crys ta ls of s impler shape. Etch pit counting 
was not performed. 

Some of the s i lver used in growing the final sample had a l ready been 
melted more than six t imes because of the difficulty in producing a single 
crystal in such an unusual shape. 

D. TEMPERATURE MEASUREMENT AND CONTROL — 
THE CRYOSTAT FURNACE 

As mentioned above, careful measurement and control of temperature is 
essential to the success of experiments of this type. This is par t icu lar ly 
important in the region near liquid helium tempera tu re and immediately above. 

To accomplish this, the cryostat furnace pictured in Fig. 2 was designed 
and built. The basis of this apparatus is a Cryenco s ta inless steel liquid 
helium Dewar. The inner chamber of this Dewar measu res 101.6 mm i. d. 
X 914.4 mm deep. The bottom 610 mm is double-walled and vacuum-insulated. 
The inner wall is made of s ta inless steel, while the outer wall, in contact with 
liquid nitrogen, is made of copper. The upper 305 mm is single-walled, 
0.381-mm-thick, s ta inless s tee l . Fitt ings were attached to the side of the 
Dewar at the top, to provide for filling of the nitrogen chamber . There is a 
s ta in less steel collar at the top of the Dewar, which is tapped for 6.35 mm 
bolts and contains an O-r ing groove. This collar mates with the main flange 
of the heater-buffer assembly. 

The heater-buffer assembly consists of two concentric cylindrical cham
be r s (called the specimen and buffer chambers) , the main supporting tube, the 
thermocouple tubes, the main flange, and a polyurethane plug. The specimen 
chamber is mado of s ta inless s teel , to allow for h igh- temperature oxygen 
exper iments . The thermocouple tubes enter the inner can but a re he rme t i c 
ally sealed from i t . The t ips of these tubes are fitted with small thermal 
anchors that were welded to the inside of the inner can at i ts center height. 
The tubes extend up through the main flange and te rmina te in fittings that 
ensure a vacuum seal and allow for pump-out. 

The heater is a 400-W tubular s ta in less-s tee l -sheathed Nichrome e l e 
ment with magnesia insulation. It was wound helically onto the specimen 
chamber, held in place with smal l s tainless steel s t r ips spot-welded to the 
chamber, and vacuum-brazed in place with gold-nickel alloy. The entire 
specimen chamber with its heater was electroplated with a 1.6-mm-thick layer 
of copper and a thin coating of gold. This specimen chamber design is advan
tageous in that it allows oxygen experiments to be done because of the s ta inless 
steel l iner , but retains the beneficial high thermal conductivity of copper to 
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reduce thermal gradients . The integral design provides tight thermal linking 
of the heater and thermocouples for precise control. 

The buffer is a copper can, 88.9 mm in diameter and 0.762 mm thick, 
surrounding the specimen chamber and heater assembly. It has a pump-out 
tube extending up to the main flange so that it can be evacuated or filled with 
exchange gas independently of the inner can. The heater leads, inside their 
sheath, extend to the top flange through the buffer pump-out tube. This p ro 
vides insulation to minimize liquid helium boil-off. It was necessary to mount 
the top of the heater sheath in a bellows, to allow for differential thermal 
expansion. The top of the bellows was thermally linked to the top flange with 
copper braid to prevent overheating. 

The main flange contains several fittings. F i r s t is the center hole for 
the main tube. The hole is surrounded by an O-ring groove and a tapped bolt 
c i rc le that mates with the flange on the e lect rode-sample holder assembly. 
The main flange also contains the thermocouple wand seals , the thermocouple 
pump-out fittings, the buffer pump-out line, the heater leads, the vacuum-
jacketed fill line for the 101.6-mm-i.d. Dewar chamber, the Dewar-chamber 
vent and pump-out line, and a Dewar-chamber probe hole. Molded onto the 
upper 300 mmof themain tube is a polyurethane plug that prevents collapse of 
the Dewar wall when the Dewar chamber is evacuated, and reduces ga s -
column conduction when the Dewar contains liquid helium. 

The heater-buffer assembly is lowered into the Dewar chamber and 
bolted to the col lar . This provides the third concentric vacuum tight chamber. 
With this combination it is possible to control the tempera ture of the sample 
in the inner can over a wide range. For the lowest tempera tures , liquid 
helium is fed into the Dewar chamber and helium gas into the buffer and inner 
can. With this arrangement , it is possible to reach approximately 2 K by 
pumping on the liquid helium with a mechanical pump (normally it is open to 
the atmosphere through a check valve). Using the heater , the temperature 
can be controlled up to about 80 K. For higher t empera tures , the helium is 
allowed to boil off, and the Dewar jacket is kept filled with liquid nitrogen. 
This can be used up to room tempera ture by evacuating the buffer. Above 
room tempera ture , a recirculat ing water system is connected to the Dewar 
chamber. It consists of a pump, hoses, and a combination rese rvo i r , heat 
exchanger, and surge chamber. The system is filled with deionized water 
and exchanges heat with the Laboratory cooling water loop. The capacity of 
this system is such that the deionized water temperature r i ses only a few 
degrees at full heater power. 

The actual measurement and control of the temperature is accomplished 
by a thermocouple control system. Thermocouples a re fitted into wands made 
of thin-wall s tainless steel tubing. These contain Kovar seals at the top and 
a re inserted into the thermocouple tubes. The bottom tips of the wands are 
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chamfered to mate with the thermal anchors . The tops of the thermocouple 
tubes contain O-ring seals so that they can be evacuated and backfilled with 
helium gas . 

The low-temperature thermocouples were m a d ; of 0.076-mm wire to 
reduce heat t rans fe r . Au-2.1% Co/Cu thermocouples were chos?n for their 
high cutput. The wires a r e glass-insulated, and junctions were made by spot 
welding. The beads a re insulated from the wands with Teflon tape. For 
medium tempera tu res , copper/constantan thermocouples a re used. The high-
temperature thermocouples a re P t /P t -10% Rh surrounded by ce ramic insula
t o r s . The low-temperature thermocouples were cal ibrated against a Honey
well gerr ianium res i s tance the rmomete r that was attached to a wand and 
lowered into one of the thermocouple tubey in the same manner . The 
Au-2.1% Co/Cu thermocouples are never allowed to r i se above room 
tempera ture . 

The thermocouples a r e referenced to an automatic ice-point reference 
standard made by Kaye Ins t ruments , Inc. The output of one thermocouple can 
be measured accurately with a Leeds and Northrup K-? potentiometer, while 
that of the other is used for control. The control sys tem is shown on the 
block diagram. Fig. 3. It contains an operational amplifier which is connected 
to give a gain of 100. The output of this amplifier is then bucked by a regu
lated 1-V power supply, and the difference is fed to a Leeds and Northrup 
Series 60 C.A.T. control ler . The control ler output dr ives a magnetic ampli 
fier, which in turn feeds a voltage-dividing r e s i s to r bank connected to the 
cryostat heater . A separa te difference signal is also fed to the s t r ip char t 
r e c o r d e r . A motor drive on the bucking circuit enables one to drive the con
trol t empera ture in e i ther direction at various speeds . 

The accuracy of the tempera ture control sys tem is ±1/2 K in absolute 
value and ±1/4 K in relat ive value during a given isothermal run. The final 
t empera ture calibration for the runs reported here was made by replacing the 
sample with a dummy s i lver sample of the same s ize into which a 40-gauge 
copper/constantan thermocouple was cr imped. The thermocouple wires were 
passed out the center of the electrode through a Kovar feedthrough. The con
ditions of specimen chamber p r e s s u r e and tempera ture during each run were 
duplicated and the sample tempera ture was calibrated against the chamber 
t empera tu re . Correct ions were then applied for the tempera ture changes due 
to insert ion of the source , as discussed in Section G. 

E. SAMPLE MOUNTING AND ELECTRODE ALIGNMENT 

A bar that is to be driven in longitudinal vibration ideally should be 
mounted exactly at i ts nodal plane with zero- thickness mounts tnat will sup
port the sample over the ent i re tempera ture range of in teres t without 

- 5 0 -



s t ress ing the material or allowing it to loosen. The mount should be either 
infinitely compliant or infinitely rigid, to avoid absorbing energy from the 
vibration. 

tn pract ice , it is not possible to achieve these goals completely, but 
satisfactory resul ts have been obtained by various workers using wires , knife 
edges, and needles. The wire system, though very compliant, is not sa t i s 
factory for vertical sample orientation; and the knife edges and needles, 
although very rigid, deform the sample and require accurate correct ion for 
thermal-expansion differences between the sample and the mount. To e l imi
nate these difficulties, we decided to mount the sample on four sliding pins, 
spaced 90° apart on the nodal plane. The pins were made by turning down the 
tips of s ta inless steel set screws to a diameter of 0.38 mm. After some 
development, they were electroplated with a thin layer of cobalt to prevent 
sintering to the s i lver and coated with a layer of colloidal graphite to promote 
sliding. The importance of this is d iscursed in P a r t VI. 

Four holes were spark-machined into the sample using the Servomet on 
range 6. The cutting electrode used consisted of a size 80 drill bit chucked 
upside down. Accurate alignment of these holes was achieved by using a 
specially-built jig. The jig incorporated a V-bloek with a s ta inless steel 
sample s leeve. The sleeve had four holes spaced at 90°, which registered 
with a pin on the V-block. In use, the sample was first located with a microm
eter screw. Then it was glued inside the sleeve, which had a Teflon liner, with 
a home-made conducting glue that was soluble in acetone but not in kerosene, 
which was the cooling fluid used in the Servomet machine. This ghie was made 
by adding powdered graphite to Duco cement. The spark machine was then 
aligned by matching the cutting electrode to a sma ' i hole drilled at the proper 
place in the V-block. The cutting electrode was backed off, and the sample sleeve 
was glued to the V-block, matching one of itf 'les to the pin. The first hole was 
then spark-machined into the sample. After it was completed, the glue holding 
the sleeve to the V-block was dissolved with acetone on a Q-tip, taking care not 
to dissolve the glue holding the sample to the sleeve. The sleeve and sample were 
then rotated 90°, glued, spark-machined, and so on, until all four holes were com
pleted. The g've holding the sample inside the sleeve was then dissolved and 
the sample was removed and washed wah acetone. 

The sample was then carefully mounted in the sample holder by lining up 
the holes with the pins and screwing the pins in against the shoulders provided 
in the sample holder. The sample holder was then installed in the mounting 
assembly, which is shown in Fig. 1. Differences in horizontal thermal expan
sion a re compensated by sliding of the sample on the pins, and the small 
size of the pins makes thermal-expansion differences between the pin and 
hole diameter" unimportant. By saturating a s i lver sample with oxygen to pin 
its dislocations the background decrement due to this mounting was found to be 
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l e s s than i.4 X !0 , about an order of magnitude belou- the other measure 
ments made in this work. Actually, it may have been lower than Ihts, s u u c 
it is not known whether the oxygen eliminated all internal friction m the 
sample , itself. 

To align the sample and the electrode accurately, four adjustments were 
provided. The adjustment sequence was as follows: 

1. The ?=9mp)e-bokler mounting assembly was first aligned approx
imately horizontally with the electrode tube axis , using its three 
mounting sc rews and lock nuts (Fig. 1). 

2. The sample holder was 'hen lilted, using its supporting screws 
until the sample center hole was parallel with the axis of the 
electrode. 

3. The e ler l rodc was then moved horizontally by adjusting the posi
tion of the electrode centering spider using three sc rews . 

4. The electrode cap w-as then tilted by means of four set screws 
arranged on two axes that a rc perpendicular to each other and 
separated vert ical ly by 25.4 mm. Only two of the sc rews a rc 
shown in Kig. 1. This cap design was suggested by n fellow 

101 graduate student, Ronald jW. Finnila. 

The last adjustment was made by first shining a bright light through the 
gap and tilting the electrode rap until it was as near ly paral lel to the sample 
end face as could be judged with the naked eye. Then the 5-MHz c a r r i e r sig
nal was applied, and the electrode was carefully lowered until a small arc 
occur red . Its location was noted and the electrode was backed off and tilted 
slightly to increase the gap at that point. This procedure was continued until 
no further improvement eould be made. 

This design and procedure is effective in coping with variations in dimen
sions between different samples , and allows rapid and prec ise adjustment of 
the alignment. It is stable during annealing, protects the sample from me
chanical disturbance, and guarantees gap alignment tr be t ter than 13 microm
e te r s over the width of the sample. This is very essential , because it aliows 
a small gap and hence a low' s t ra in amplitude to be used in order to avoid 
the amplitude-dependent damping region during exper iments . 

F . ELECTHONIC SYSTEM 

The electronic equipment is shown in the block diagram, Fig. 3. Most 
of the system was assembled by M. W. Guinan, who has described it e l se
where . Its functions a re to control 'he sample—elect rode gap, to drive the 
sample at its resonant frequency and a preselected s t ra in amplitude, and to 
measure and record the resonant frequency and drive voltage continuously. In 
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addition, il .'•msl h< _ble to plot resonance curves and to monitor the decay of 
fret- vibration?. The temperature control and monitoring system is also 
shown. Switches are shown in the normal, closed-loop control position. 

The essential concept is that the e lec t rode—sample combination forms 
a capacitor lhal is effectively located in the tuning circuit of an f*M oscil lator. 
The resonant frequency of the osci l lator is 5 MHz; and it is modulated by the 
sample vibration, which causes the effective capacitance of the gap to vary. 
The frequency of the modulation corresponds to the vibration frequency of the 
sample, and the absolute amount by which the modulation shifts the oscillator 
frequency corresponds to the amplitude of the sample vibration. 

The oscil lator output is fed to a discriminatot - .rcuit, which puts out 
two signals. The first is a d.c. signal that corresponds to the average oscil
lator frequency. It therefore reflects the average value of the electrorie-
sample capacitance, which is inversely proportional to the average gap spac
ing. This signal is fed to a servo amplifier driving a pulse motor that ra ises 
and lowers the electrode to maintain a constant gap spacing. 

The other signal coming from the discr iminator is on a.c. signal whose 
frequency is tha: of the sample vibration and whose amplitude Is proportional 
to the sample vibration amplitude. This signal is amplified and filtered to 
remove noise, its frequency is counted to ±0.3 Hz reprodurlbly and is 
recorded by the s t r ip chart , and it is passed through a phasing control and a 
variable gain amplifier. The amplifier gain i.'. varied in order to k'-cp the 
sample vibration at constant amplitude, as indicated by the discriminator 
signal. The phasing control varies the phase relaf'on between its input and 
output signals by a few degrees at a rate of 1 Hz and controls the average 
phase at the value that produces equal increases in the required drive signal 
as the phase is varied in each direction. The voltage of the output or drive 
signal is then measured to about 1% accuracy and recorded as it is applied to 
the electrode. The high- and low-pass filters are used to prevent interference 
between the lower-frequency drive signal and the higher-frequency oscillator 
c a r r i e r signal. The decay gate is used to calibrate the drive-signal voltage 
measurement , so that the relationship between the internal friction and the 
required drive voltage for a given vibration amplitude can be known. It i-3 
essentially a differential d iscr iminator that allows the counter to count the 
number of cycles between two specified vibration amplitudes in a free decay. 
To use it, the counter is switched to the decaj' gate output, the drive is tem
porar i ly turned off, and the number of cycles whose amplitude lie inside the 
"window" is counted as the vibration decays. 

The d.c. voltage supply provides an adjustable bias to the electrode so 
that a wide range of damping and strain amplitude can be accommodated. It 
also ensures that the drive signal frequency and oscillation frequency a re 
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equal instead of Leing related by a factor of two, as would bo the case with 
pure a.c. drive. The d.c. voltage can be known to an accuracy of b-.tw-r than 
0.1%. 

The VTVM allows prec i se setting of the s t ra in amplitude. The control 
level of the variable gain amplifier is set by reference to it. 

The oscilloscope provides a convenient monitor for the system. During 
stable operation, it displays an elliptical 1:1 l.issajous figure which is steady 
in size and rocks gently back and forth at 1 Hz with the phase modulation. Any 
instabili t ies such as electrode arcing, loss of control, or amplifier distortion 
a re immediately apparent. 

To plot resonance curves , the other three switches shown in 1'ig. 3 are placed 
in the "down" position. This connects the variable audio osci l la tor and amplifier to 
the electrode so that the forcing frequency can be swept ac ross resonance. 
The osci l la tor frequency dial is attached to a potentiometer that var ies the d.c. 
voltage from a small power supply and dr ives the X-axls of the X-Y plotter . 
The '. '-axis then responds to the specimen vibration amplitude, through the 
a .c . - to-d .c . conver ter . This makes it possible to plot amplitude versus f re
quency in a quick and convenient manner. The resonance curves give the 
damping value to a reproducibility of 1%. 

The output data continuously printed by the s t r ip chart r ecorder a re 
tempera ture , resonant frequency, and drive voltage as functions of i imc, 

G. IRRADIATION SYSTEM 

The irradiat ion system consis ts of the sources , the remote control 
source t ransfer mechanism, and the s torage and shielding pit. 

The three sources are composed of cobalt part ial ly activated to Co, 
and were obtained from General Electric Corporation, Vallccitos Nuclear 
Center , Pleasanton, California. The nominal activit ies of the sources a rc 
1.0, 10, and 100 Ci . The exact activit ies a re calculated for each experiment 
by using calibration data supplied by the manufacturer and a half-life of 
5.263 yea r s . The cal ibrat ions a re certified to be accurate to i5"'a. 

The cobalt is in the form of 1-mm-diameter by 1-mm-long cylindrical 
pellets uniformly spaced in sealed s ta inless steel tubes of total length 0.5 cm. 
These tubes in turn a r e inser ted into outer s ta in less steel tubes that a re soft-
soldered to threaded plugs above the heated zone. The plugs a re screwed into 
the ends of Teflon rods. The lop of each rod is fitted with an eye screw, an 
O-r ing, and a cap that screws onto the top of the electrode shaft at the top of 
the cryostat furnace. This provides a vacuum seal when the source is in the 
cryostat furnace. 

Because the sources are metal l ic , it is necessary to provide an e lectro
static shield between the sample and the source, which is inserted into it. 
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Otherw ise , inser t ion of a source would -ausc a large change in the apparent 
e lectrode sample capacitance which would increase the automat ica l ly con 
t ro l l ed gap, which would in tu rn ra ise the s t ra i n ampl i tude and poss ib ly t'..e 
observed damping. A th in -wa l led stain less steel lube was therefore welded 
to the end of the e lect rode tube, independent of the electrode cap. It passes 
through the cap and the samp le , extending a few m m below i t . Th is tube also 
prevents the source f rom rubbing the sample dur ing inse r t i on and w i thd rawa l . 
Tli t ' g a m m a - r a y attenuat ion of this lube is negl ig ib le . 

This source -samp le geomet ry prov ides max imum ef f ic iency and f a i r l y 
urn fo rm i r r a d i a t i o n , mak ing it possible to obtain a flux of about :t.G 
X 10 gammas ' ( cm" -sec ) f r o m n 100-Ci source in a sample of 2.5 c m ' v o l 
ume, wi th D0"n of the sample volume rece iv ing w i th in t-2S"'n of the average 
damage rate as ment ioned p rev ious ly . 

The disadvantages of th is design are that i t i s not possib le to obtain i so 
the rma l data unt i l about 1 hr af ter the source is i nse r ted , and it appears that 
i nse r t i on of the source causes a sma l l i n i t i a l change in the damping, amount
ing to at most 4.3% in this work . 

The reason for the 1-hr delay is that the source inse r t i on changes the 
sample tempera tu re , and th is length of t ime is requ i red before a new thermal 
balance is res to red . The tempera tu re change is due to gamma heating and the 
addi t ional heat- leak path to the cool ing bath that is cont r ibuted by the source. 
These effects were separated by inser t ing sources wi th the apparatus held at 
room tempera tu re by a water cool ing bath. In t ins case the hi-at- icak cf tVi t 
should not be present . The change in v ib ra t iona l f '-eonenry. which is i n 
verse ly p ropor t i ona l to the tempera tu re change, was observed. It was found 
that gamma beating is neg l ig ib le (less than O . I T ) wi th the 1.0-Ct source, 
which was used in the quant i ta t ive exper iments of the present work . The c o m 
bined effects amounted to about O.-l'T for the highest tempera tu re run used in 
th is work ( r v i f " ) . Th is was takvn in to account in ca lcu la t ing the actual sample 
tempera tu res . 

The cause of the sma l l damping change when the source is inser ted is 
not comple te ly c lea r . Since it occu is instantaneously, compared to the p in 
ning observed dur ing the anneals, i t seems not to be due to a rad ia t ion pinning 
ef fect . Ne i the r can i t be a t t r ibu ted to mechanical shaking of the sample dur ing 
inse r t i on of the source, s ince it does not occur w i th a dummy source. Rather, 
i t appears to be due to the rap id in i t ia l change in tempera tu re of the sample 
re la t i ve to i ts mount ing, necessi tat ing s l id ing of the mount ing pins in the s a m 
ple mount ing holes. Al though precaut ions were taken to reduce pip-sample 
f r i c t i o n , as d iscussed e a r l i e r , i t seems probable that the sma l l f r i c t i on which 
remains gives r i se to sma l l deformat ions near the mounting pins, which 
change the damping s l igh t l y . As a consequence of t h i s , the in i t i a l damping 



value has been t reated as a variable pa ramete r with narrow limils in the data 
analysis as will be discussed la ter . 

The t ransfer mechanism (Fig. 4) is used for raising the sources and 
t ransferr ing them between the cryostat and the s torage a rea . It consists of a 
movable, 110-mm-thick lead shield mounted on a trolley, which in turn rol ls on 
an overhead I-beam. The shield can be ra ised and lowered by means of pul
leys, cables , and a counterweight, in o rde r to keep the source covered nt all 
t imes . The trol ley can be locked in position by means of a spring-loaded pin 
that engages holes in the t -beam. The sources themselves a r e ca r r ied by a 
hook which at taches to the eye screws mentioned above. The hook in turn is 
affixed to a cable which passes up inside the shield to the trol ley and thence 
over a pulley and out to the control point. All the control cables for this 
source , shield, trolley, and lock pin extend overhead to the control point 5 m 
away, where they pass over pulleys and te rmina te in fobs. Remote control is 
accomplished by the use of these fobs and s t ra tegica l ly placed m i r r o r s . 

The s torage and shielding pit is constructed from 12 tons of lead brick. 
The br icks a r e placed in such a way that the sources a r e surrounded by 200 mm 
of lead when in the eryosta t , and by 250 mm when in the adjacent s torage a rea . 
This effectively protects personnel but re ta ins convenience of operation. The 
highest dose rate to opera tors occurs during t ransfer of the largest source 
and does not exceed 80 m R / h r for a period of 1 min. 

H. STRAIN AMPLITUDE AND DAMPING CALIBRATION 

To interpret the data from the apparatus described above, one must be 
able to convert the measurements of dr ive voltage at the e lec t rode—sample 
gap and d iscr iminator output voltage into the logarithmic decrement and the 
s t ra in amplitude. To do this it is necessa ry to solve the equation of motion of 
the sample and apply the equations governing the behavior of the electronic 
measur ing and control sys tem. This has been done by Guinan, ' and is 
repeated here with some changes. 

Consider first a uniform rod of a r b i t r a r y c ross section with ends pe r 
pendicular to its axis , center plane mounting, and length L. This represen ts 
the s i lve r sample . The equation of motion of such a rod, driven e lec t ros ta t ic 
ally at x = L/2 by a sinusoidal signal, is 

9"u „ 3 u , , / L \ iiut . . . „ , . 
p —5- = E — T + 6lx - TrlCT„ e ( V - H - l ) 

ar ax

 v *' ° 
whe re 

p is the mass density (kg/rn ) 
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u is ihe displacement from equilibrium in the 
x-direction (m) 

E is Young's modulus, complex to allow for damping 
(Pa) 

t is time (sec) 

a is the peak value of the applied s t r e s s (Pa) 

ID is the c i rcu lar frequency of the driving Bignal ( sec" ' ) 

•H) and Mx - •=• I has dimensions of 1/length, so that 

dx = 1. 

Using the boundary conditions 

u ( 0 . t ) - 0 and S^H I = 0, 
L 

this equation of motion can be solved by separation of variables and eigenfunc-
tion expansion. The solution is shown to be 

u(x,t) 
n=0 L 

iui t 
sin ( a x ) e (V-H-2) 

whe re 

A = • 
p L ( p - a n " 'a) 

Here, Re denotes the real part . 

(V-H-3) 

_ (2n ± l)ir (V-H-4) 

and 

" n = a n > / | - (V-H-5) 
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In determining the coefficients A it is assumed that the driving frequency is 
equal to one of the normal mode frequencies, i. e., 

~2 h fV-H-6) 

To allow for damping, we set 

K , K (i +!£•) , (V-H-7) 

where A is the logarithmic decrement. hen 

on 

u ( x - t ) = F T 3 : Z T s l n L C J 5 1""'^- (V-H-8) 
n=0 ""n 

Finally, if the bar is driven at its fundamental mode (n = 0), the solution 
becomes 

u(x,t) = - ^ V - s i n ^ - sin 27rf t, (V-H-9) 

where f is the frequency of the fundamental (Hz), tt is now necessary to o 
relate this solution to the p a r a m e t e r s of the control sys tem. Since the strain 
is defined as e = 3u/8x, its maximum value occurr ing at the center plane of 
the rod is 

e = A 5 . (V-H-10) 
* 4 P L 2 fJT 

Also, since the increment of length (u ' is given by 

6L = ~— (V-H- l l ) 
4 i r p L f - A 

it follows that 

6L (V-H-12) 

This re la tes the maximum s t ra in in the rod to the deflection of its end, for 
simple harmonic motion. It is the motion of the end that is important to the 
control sys tem, as will be seen. 

The bas is of the electrostat ic drive system is that a capacitor is formed 
by the electrode and the top end of the silver rod. Its a rea is equal to the 

11° uross-sect ional a rea of the rod. Then, neglecting edge effects 
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w h e r e 

B.li-12 X 1 0 " ' 2 A 
g = ^ (V-H-13) 

C is the capacitance of the gap in F, 

A is 1 he area in in", and 

d is the gap spacing in in. 

Also, 

-B.S42X10"12 A 6C 
&d , - (V-H-l-l) 

R 

where id and 60 represent small changes in the gap and capacitance, 
respectively. The frequency change of the KM oscillator is related to &C by 

g 

6C "26f 
^ - £ = — j — - , (V-H-15) 
^o 'H 

where f„ is the KM oscillator frequency. This equation defines (' (in F) which 

is actually a composite of the fixed and variable capacitors in the oscillator 

circuit and filters, and the stray capacitance of the apparatus. Since 61. = 6d , 

the maximum strain amplitude is given by 

7.86 X 10" 1 1 AC„fV 
(V-H-16) 

° Lf„OC2 

H g 

wher>? 7 is a constant relating the discriminator output to the frequency change 

6fj,: (Sfjj = "yVj), and V, is the peak voltage of the discriminator output. V. in 

turn is related tc the VTVM reading by 

where V is the VTVM reading in Vrms and G is the voltage gain of the ampli

fier located between the discriminator and the VTVM. This result provides a 

method of determining the maximum strain amplitude with no knowledge of the 

damping or drive voltage. A and L can be obtained by measuring the sample. 

C is obtained by calibrating the change in oscillator frequency for known 

values of inserted capacitance. f„ is read from the counter. G can be meas

ured byusingthe VTVM and audio oscillator, y is obtained from a calibration 

of the discriminator output voltage versus oscillator frequency. C is found 
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by raiding the electrode, manually adjusting the I'M oscil lator frequency to the 
dc.H (rcci value, lowering the electrode, resett ing the frequency, and noting the 
difference on the cal ibrated dial. V is road from the VT\ M. 

o 
It is also possible to obtain an independent measure of the strain ampli

tude if the? damping and drive voltages are known, This provides a check on 
the f.ystem. To accomplish this, it is necessary to express the s t ra in ampU • 
hide in t e rms of the drive voltage. 

As was shown above, 

i^j . (V-It-IO) 

113 The s t r e s s on a capacitor plate is given by 

To '> 
7.2 X 10 i d 

C 

(V-iI-17) 

where o is expressed in pasca ls , d in m i t e r s , and V in volts. Since the electrode 
receives both an a.c. signal and a d.c. bias, 

V - \ ' D * fl v Q sin (Upjt, (V-II-IB) 

where V_ is expressed in volts d.c., v is the rms a.c. J-i-.-e v^ ' - i se , -T--' • 
is the drive frequency. Then 

V 2 - V 2 + 2 7 1 v 0 V p sin „ „ t + 2v 2 s i n 2 „, r )t 

V D + 2 ^ v o V D S i n V + V 0 ' v o c o s 2 u jI> t. i v - n - i o ) 

In the present ca se , V.. » v (by a factor of at least 15} so that the sample is 
driven at the frequency of the a.c. signal, and 

1 .60X10" 1 9 v V n C 2 

„ = °—H—S. (V-H-20) 
° A 2 

Finally, 
-20 t 

4.00 X10 v Vp. C" 
_2 D g (V-H-21) ° tTt^P" 

In using this equation, A must be determined by taking a resonance curve or 
by the free decay method. 

- 6 0 -



A final approach >s to rombinr r'.qs. (V-M-181 and (V-H-2H and «oiv? for 
-i. Tlicn, if .A is obtained independently by resonance r u r v a or free decay, a 
comparison can be made quickly, aP a continuous check of the system. Th»u 
calculation result? in the equation 

r..n<i x 10" 1 0 v V..C* f..G 

i . r pi\ c ->v 
o ' o o 

nur :n(? operation, the actual pract ice was to periodically obtain the ratio 
•>-''v V. ), where <i was obtained from free decays. This rario varied as rruich 
as 10% over the course of a fiOO-hr irratllatior,, but the use of frequent free-
decay calibrations made it possible to determine the damping to a precision of 
about l"i. 

The calibration standard for all values of ^ was taken to be the 
resonance-curve method, since thtr. is independent of all other paiivmeters so 
long as they remained constant during the period of about \ nun tiuvt wtis re 
quired lo plot a r u r u . That they did was demonstrated by the smoothness and 
reproducibility c.f the curves that were obtained. 
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VI. Survey Experiments 

Several survey experiments were conducted in preparat ion for the i so
thermal i r radiat ions discussed in I 'art VII. The purposes of these exper i 
ments were to test and nnnmvr the operation of the newly fabricated apparatus 
and to Main a qualitative understanding of the p r o r e s s e s to be studied. He-
cause these purposes wrrv accomplished simultaneously, high precision was 
not possible in this phase of the work, but considerable information was ob
tained, and a firm foundation was laid for the more quantitative work which 
followed. To present a more coherent account, we have chosen to present the 
experimental p ro rcdu ie and !hc resul ts together. Discussion and conelusions 
drawn trom the survey experiments will follow and will set the stage for liis-
eussion of the iso 'hcrnial i r radia t tons . 

A. KXPKKIMKNTAI, PROCEDURE AND RESULTS 

After mounting in the eryostnt furnace, the first single crys ta l sample 
(labeled No. SC4a) was annealed overnight in h.-h vacuum at a temperature of 
600DC. This anneal lowered the room-tempera ture decrement by about a 
factor of 2.15 from the frc.hly mounted value to 2.8 X 10 ". The resonant 
frequency at room temperature after annealing was about 24.7 kHz. 

The first experiment was a room- tempera tu re i r radiat ion with the 20-Ci 
source for i?.0 hr. The purpose was to find out whether this source would 
cause large enough changes in the damping and frequency in a few hours to he 
readily observed. The irradiat ion resulted in a 93% reduction in tiie dec re 
ment and a frequency increase of about 100 Hz. Following thip. the sample 
was annealed overnight several t imes at GllOf in high vatuum, cooling to 
room tempera ture between anneals . This was dor.e to find out whether the 
room- tempera tu re damping value would change with successive anneals . It 
warf fou "' thai tin; first anneai raised the decrement to near the value before 
i r radiat ic '. l.'ach succeeding anneal lowered the decrement by a decreasing 
amount. Aftor six anneals, the room-tempera ture damping became constant 
within a few percent . 

Sample No. SC4a was replaced by a second single crys ta l (labeled 
No. SC9t) for the next s e r i e s of experiments , because apparatus difficulties 
caused No. SC4a to recrysta lb 'ze , rendering it unusable. This second crysta l 
was annealed overnight four t imes at 600°C in high vacuum. After each of the 
first three anneals, a dummy sc. - ce was inserted to check and adjust i ts 
alignment with the hole in the sample. Each time, the sample was disturbed, 
and the damping rose slightly. After the fourth anneal the alignment of the 
source was properlv adjusted, and its insertion did not result in a damping 

-3 
increase . The room- tempera tu re damping at this point was 1.1 x 10 , and 
the resonant frequency was about 26.7 kHz. 
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The annealed sa imlf then way cooled to 1.2 K, and the damping and fre-
quenry wore monitored rifti'filJrJ; cont unions warm-up t<- room temperature . 
The purpose was lo establish the preirradiat ton valii'-s of the monitored param 
e te r s . The warm-up revealed a single broad peak in the internal fri.-tion as a 
function of temperature . The decrement rose from a value of about s» X 10 
at 4.2 K to about S X 10 at HI K, with a slope that was concave downward. 
Then it decreased at a slower rate to room temperature , where it was equal 

-3 
to about 1.1X10 as mentioned above. The slope was concave upward on the 
high side of the peak. The half-maximum values of the decrement occurred at 
about 25 K and ISO K. The warm-up was repeated to chock reproducibility, 
with the result that the temperature of maximum damping was reproducible to 
within about 3 K, the decrement values to within about 2%, and the frequency 
values to within about 0.02"'o. 

Once the start ing values were established, the next objective was to find 
out at what temperatures observable changes due to irradiation would occur. 
The sample was cooled to 4.2 K and the jO-Ci source was inserted. The sari 
pie was irradiated for about 8 hr, during which time its temperature never 
rose above 20 K, and then it was slowly warmed to n.om temperature . Be
cause of apparatus difficulties (formation of air ice in the electrode), it was 
not possible to remove the source before the warm-up, so the irradint 'on was 
continued during this period. The damping and frequency wore continuously 
monitored during the warm-up, but apparatus difficulties precluded smooth 
temperature control. Cpon reaching room t e m p e r a t u r e the source was 
removed after a total i rradiat ion time of abou' 26 hr . At this time the damp-

- j 
ing was obs?rved to i<ave decreased to 9,0 X 10 from its former value of 

-3 
1.1 X 10 . The frequency had increased by about 44 11/., The sample then 
was allowed to anneal at room tempera ture for about 3 j hr. During this time 
the temperature rose briefly to about 35°C as a result of controller malfunc
tion, but spent the majority of the t ime at room temperature . This anneal 

-4 caused the damping to decrease to 4.7 X 10 , and tne frequency rose an 
additional 27 Hz. 

The sample was cooled again to 4.2 .s., and another monitored warm-up 
to room tempera ture was performed. The objective of this warm-up .va^ to 
determine whether the effects of i rradiat ion that were s e n after room-
temperature annealing could be observed over the entir, temperature range. 
A decrease in the damping was observed, which ranged ,rom about lS^o at 
4.2 K to about 48% at room tempera ture . The observed peak w^s decreased 
about 32% in height and shifted down in temperature to 70 K. 

This source later decayed to become the 10-Ci source . 
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Using the resul t s from this warm-up as a new set of s tar t ing values, the 
sample was again i r ' ad in led wi'h xh'- 30-Ti noun-v near liquid iiehum temper 
a ture , this t ime for about 21 hr . Because of difficulties in t ransferr ing liquid 
helium, the tempers.ture rose to 20 K for about •! min during this period and 
momentari ly rose tc 36 K. When the temperature u-as lowered again, however, 
no changes were observed in damping or frequency ar is ing from this problem. 
The source was raised from the sample, and another monitored warm-up to 
room tempera ture was performed. This experiment was conducted to see if a 
l a rge r i rradiat ion dose and better tempera ture control during warm-up would 
reveal t empera ture regions where changes in dislocation pinning occur. The 
resul t s showed an increase in frequency of about 0.06% between 65 K and 90 K 
when this run was compared to the previous warm-up, which appeared to be 
significant in comparison to the sca t t e r in the data. There was no significant 
change in the damping over the temperature range during the time of the warm-
up. After annealing was done at room tempera ture for 3 days, however, the 
damping had decreased to 3.2 X 10 . 

In order to es t imate the damping due to the sample mounting, the sample 
was held at 540V fnr 5 hr in the presence of 200 kPa of oxygen. This procedure 

-5 
resulted in a decrease of the room temperature damping to 1.5 X 10 . Anneal
ing at 725°C overnight ra ised the damping back to only 6 X 1 0 . Since this 
was too low for quantitative experiments , the sample was unmounted and p las 
tically deformed in axial compress ion about 0.25%. After the remounting and 
annealing, the damping was about 3 X 10 . An irradiat ion with the 96-Ci 
source for 9 hr at 100°C showed little damping change. Sample No. SC9t was 
therefore unmounted and set as ide . 

A third single c rys ta l , No. SClOt, was mounted and annealed several 
t imes for periods of on? hour each time in high vacuum, at a tempera ture of 
600°C. It was found that the room- tempera tu re aamping was relatively con
stant with success ive anneals after the first anneal. 

The next experiments were long i rradiat ions designed to observe the 
t ime scale of pa ramete r changes due to the irradiat ion-produced defects. In 
these exper iments , changes in damping appeared to sa turate while the fre
quency continued to increase , even at ra ther long t imes . For example, in a 
35"C irradiat ion with the 96-Ci source, the damping was essentially constant 
after 120 hr while the frequency was still increasing after 600 hr. In a 75°C 
run with the same source , the damping had essential ly stopped changing in 
less than 10 hr hile the frequency was still increasing at 550 hr . 

In *-he cou se of repeated annealing of this and the ea r l i e r samples , the 
internal friction was usually monitored during warm-up until the temperature 
reached about 3'i5°C, when the electrode was raised to prevent roughening of 
i ts polished surface due to condensation of s i lver . When an annealed sample 
was warmed fron, room tempera ture , the internal friction was observed to 
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r ise abruptly as the warm-up was begun to an apparent maximum at about 
SOT. It ilicn decreased at a more-oi—less constant rate until b.iut 3 0 0 ^ , 
when it reached a minimum. Above GOT", it increased until measurements 
were ceased at about 375°C. The height of the initial damping r ise appeared 
to be grea te r when the heating rate was increased. During cooling from an 
anneal that took place at a much slower ra te , the damping did not r e t r ace this 
pr.th, but ra ther decreased to a broad minimum at about 190°C and then rose 
monotonically as the temperature decreased to room tempera ture , arr iving 
finally at about the same value as was observed before the warm-up. The 
cooling curve appeared to match with the data obtained from 4.2 K to room 
temperature in a more satisfactory manner than the wnrm-up curves did, 
since the slopes were of opposite sign. 

In addition to this, it was observed that, when a source was ii sorted, 
the damping underwent a prompt increase . These observations led to a s e r i e s 
of experiments designed to investigate the effects of sintering at the mounting. 
The mourtinj; p.ns were first electroplated with a thin layer of s i lver . After 
mounting, the sample was annealed at 600°C several t imes to s in ter it to the 
pins. (The sintering was confirmed la ter upon unmounting, when it was found 
that the pins were firmly attached to the sample.) The 96-Cl source was 
inserted with the sample heated to 30°C. in a t ime of about 1/2 hr, the fre
quency was observed to drop by 60 Hz, and the damping rose by 6Q°,'o on the 
same time scale . Then both pa ramete r s reversed themselves and changed at 
a much slower rate in the opposite direct ions, these prompt changes were 
g rea te r than had been observed ea r l i e r with bare s ta inless steel pins. 

Following this, the sample was unmounted and new pins were e lec t ro
plated with a layer of cobalt and coated with colloidal graphite . Since neither 
cobalt nor carbon a re soluble in s i lver , it is expected that sintering would not 
occur and the sample would be able to slide more freely on the pins. After 
being remounted, the sample was annealed several t imes at 500^0 for 1 hr. 
The room-tempera ture damping was stable after the first anneal. In addition, 
the damping rose only slightly when the succeeding warm-ups were begun, and 
reached a minimum at about 250°C ra ther than at 300°C as observed previously. 
After the sample was annealed, the 96-Ci source again was inserted. The 
observed frequency change was now 21 Hz, and the damping increased only 4%, 
When the 10-Ci source was used, the prompt frequency decrease was 2.7 Hz, 
and the prompt damping r i se again was about 4%. With the 1-Ci source there 
was no measurable change in frequency, but the prompt damping change was 
still about 4%. Modification of 'he electronic system to permit a lower strain 
amplitude reduced the prompt damping change to less than 2^ at 36°C. Insertion 
and removal of the dummy so j ree did not result in a change in dampinfi. 

The next survey experiment consisted of an o'-servation of the depinning 
process . The purpose was to find out at what temperature it was necessary to 
anneal to remove the effects of irradiation. Be I'm e this t ime, we nad chosen 
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somewhat arbitrarily C00"C; but, now that it wait desired to avoid sintering, Hn-
l iwesl satisfactory annealing temperature was sought. Tbr sample wan irradiated ai 
35"C with the 10-Ci source for 355 hr, which lowered (lie decrement irom ! , ; v 10" 

-4 to 1.7 X 10 and raised the resonant frequency from 20,610 Hs to 26,1134 Hi, : ) r 

source was removed, and an Isochronal anneal was performed. In each ,yr le of tins 
anneal the specimen chamber was heated to a new temperature, helu there for 
2 -1 /2 hr, and cooled back to 3 5 V , where it was left overnight. The new tenver .vurc 
was 20 K htgticr each time: and the paratneterp IUTI- measured both at :i.riV and ai ihe 
annealing temperature, as a function of time. Figure 6 shows the frequency and 
decrement measured at 3 5 V plotted against the preceding annealing temperature, 
Two values arc shown for most temperatures; one was observed as soon as the sam
ple ccoled to 35"C (after the thermal lag), and the other was observed after the s a m 
ple had remained there overnight. It can be seen that annealing began at about 120V, 
was half completed at about 220V, and was essential ly finished at about 3 6 0 V , if 
account is taken only of the data observed immediately after cooling. However, it 
can also be seen that, from 220V to at least 3-IOV, considerable retrenchment in the 
measured values occurred at 3 5 V , (An immediate value was not recorded at 3G0V.) 
After annealing at 500V and cooling over the ween*r.d, the room-temperature value 
of the damping was within 3.•)"'.>, and the frequency within 2 Hi, of the preirradiatlon 
values. In addition to the 3f<V data shown, the measurements at the annealing tem
peratures also revealed a trend. At temperatures up to 2 2 0 V , the damping and fre
quency exhibited apparent pinning while held at the annealing, temperiilxire. At higher 
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Fig . 6. Depinning, data. 
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t empera tu res , both pa ramete rs showed evidence of depinning at the annealing 
t empera tu re . 

B. DISCISSION 

The survey experiments provide useful information about apparatus 
operation, sample annealing, prei .-radlali in values of the frequency and dec
rement, tempera tures at which pinning occurs , temperature range over which 
the effects of pinning r a n be observe;!, approximate ra tes of pinning for dif
ferent tempera tures and sources , and behavior of frequency and decrement at 
long t imes . 

With regard to the apparatus, the exper iments show that the use of a 
hollow s ingle-crysta l sample will) a cylindrical irradiation geometry is feasi
ble and makes it possible to observe changes in internal friction and modulus 
in a reasonable time with a rather small source . They also show that gamma 
healing is not observed if the source sls:e is about 1 Ci , but it becomes s ig
nificant if Urs is increased by an order of magnitude. However, with the 
larger sources the tempera ture change due to heating can be calculated from 
the observed frequency change. 

The oxygen-saturation experiment shows that the damping due to the 
. 5 

mounting could not be grea te r than 1.5 X 10 . Of course , it may be consid
erably less than this value. Since the final damping values after i r radi tUons 
were always about an order of magnitude larger than this, the damping due to 
the mounting is not expected to interfere with the pinning exper iments . It is 
also c lear that the oxygen is able to remove sources of internal friction that 
a r e not removed by gamma irradiat ion. 

The experiments with different coatings on the mounting pins indicate 
that free sliding of the pins in the mounting holes is necessary if the sample is 
to remain undisturbed when a source is inserted or the temperature is changed. 
It is probable that differential thermal expansion between the sample and s a m 
ple holder gives r ise to such motion. If the pins a re sintered to the sample, 
the resulting s t r e s s e s unpin some dislocations or generate new ones near the 
mounting holes, causing an increase in the decrement . Since this would occur 
when a source was inserted, it might be inferred that the irradiat ion-produced 
defects initially caused 'he damping to ris<\ However, these experiments 
show that, in the present case, at least most of the damping r i se that was 
observed in the initial experiments was an artifact due to the mounting and 
crjuld be eliminated. We suspect that the small remaining Increase is aUo 
due to this effect or to the change in s t ra in amplitude that occurs when a 
source is inserted, because of its effect on the capacitance. A part icularly 
telling point is that the prompt damping change occurs in a time that is com
parable to that required to reach temperature equilibrium and less than that 
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which Is characteristic of the later decreases observed. The question of 
damping increase at the beginning of irradiation is important because it bears 
on the model proposed by Simpson and Sosin, which attributes such an in
crease to the process of defect dragging by dislocations. In the present work 
wo are convinced that the small observed increases arc instrumental and not 
physical in origin. 

The source-sample alignment problems led to "he use of a concentric 
tube to prevent the source from touching the sample. This tube also serves to 
reduce t!ie capacitance change 'hat occurs when the source is inserted. 

The results of repeated anneals after mounting sample No. SC4a show-
that about six anneals wore neccrsary to obtain a relatively constant room-
temperature damping value. This could al30 have been due to sintering at the 
mount. !t might be expected that, after repeated warming and cooling, the 
volume of the crystal near the mounting pins would reach a morc-or- less 
stable dislocation configuration so that the (lamping would no longer change. 

The oroad peak in the prelrradiation decrement, when plotted as a func
tion of temperature, can be identified as the Bordoni peak. First observed by 

115 Bcrdoni, it has been studied extensively, and several theories i>ave been 
advanced to explain it. The peak temperature observed In the present work 

117 
(81 K) agrees fairly well with that found by Bordcni ct al. at comparable 
frequencies (75.8 K at 18.58 kHz and Si.O K at 50.55 kHz) in silver, and the 
curve shape is also similar. Perhaps the most surprising aspect of the peak 
observed in this work is that it appears in an annealed crystal. Since fully-
annealed crystals do not exhibit a Bordoni peak. its presence here indicates 
that ihere were still some internal strains present, although the large peak 
width corresponds to a sm ill amount of cold work. Since these observations 
were performed before the mounting pins were coated to eliminate sintering, 
it is possible that differential thermal expansion caused some deformation 
near the pins on cooling from 6 0 0 t . Apparently this effect was not signifi
cant on cooling below room temperature, since the peak was reproducible 
after recooling to 4.2 K from room temperature. The decrease in peak height 
as a result of gamma-irradiation at low temperature and annealing at room 
temperature is consistent with the work of Routbort and Sack with alumi
num. Such a decrease has also been observed following neutron irradiation of 

l i d 190 121 119 
copper ' and si lver. Niblett and Wilkes observed a decrease of 
the peak temperature after neutron irradiation of copper by about 4 K, as 
compared to the 11 K lowering observed in this work. 

The frequency of the annealed sample decreases with rising temperature 
in the manner predicted by the temperature variation of the clastic modulus. 
The frequency variation in the vicinity of the peak was noi examined in detail. 

An important questioi. in point defect theory asks at what temperature 
long range migration of a defect first occurs. Since dislocation pinning during 
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n wurm-up after Irradiation requires the long range motion of defects, in ter
nal friction and modulus measurements a re able to aid in finding the answer. 
In the present work the source strength and irradiat ion time used were able to 
give only an indication, but it appears that the modulus changed a significant 
amount between 65 K and 90 K. Although these tempera tures a r e somewhat 
above the range where Stage I is normally observed. It must be pointed out 
that this work involved a steady warm-up ra ther than the usual isochronal 
anneals, and the defect concentration was considerably lower than in res i s t iv 
ity exper iments . Therefore, it appears that long-range migration of a defect 
was observed in Stage 1. The damping change that should have accompanied 
the frequency change was probably below the precision of measurement . 
Stage I dislocation pinning in s i lver after low-temperature electron bombard-

122 ment hc j been reported by Kcefer and Robinson. Theae workers also r e 
ported three continuous stages between 60 and 200 K, which they tentatively 
attributed Xo re lease of trapped Stage I in ters t i t ia ls . Additional evidence for 
long range migration at low tempera tures in si lver has been obtained In r e -

go 
sistlvity exper iments . This work has been reviewed by Schilling et al . 

When the Irradiated sample was allowed to anneal at room tempera ture , 
subsequent cooling demonstrated that the effects of pinning could be seen in 
decreased damping over the entire tempera ture range. Taken together, the 
s u r v e y experiments show that, while a small change occurs at low tempera
tures , a much la rger pinning effect is observed in the region near room tem
pera ture and above. It was decided that quantitative experiments could best 
be done in the lat ter region with the apparatus and sources available. It was 
seen that changes there occurred in t imes long compared to the time required 
for t empcia ture stabilization (about 1 hr) , but sti l l short enough to allow 
experiments of practicable duration. 

The resul t s of the long Irradiat ions have important consequences. F i r s t , 
the inability to sa tura te the modulus change means that it is not possible to 
obtain a value for the modulus in the completely pinned state with the sources 
available. The quantitative interpretat ion of modulus changes requires a know! 
edge of this value and is therefore not possible in this work. Second, the 
apparent saturation of decrement changes at much shor ter t imes in compar i 
son indicates 'hat the vibrating s tr ing model with a single dislocation type is 
not followed, since this model requi res simultaneous changes in the two 
pa rame te r s . More will be said about this la te r . 

The depinning experiments show that a temperature of 500°C for 2-1/2 hr 
is sufficient to remove the effects of i r radia t ion. As a result of these observa
tions, la ter sample annealing was done at 50CC for 1 hr at a time and proved 
to give reproducible room temperature decrement values. The depinning 
resul ts will be discussed in more detail la ter , when a model is invoked to 
explain the isothermal irradiat ic . i r e su l t s . 
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VII. Quantitative Experiments 

A. EXPERIMENTAL PROCKIX'RE AND RESI I.TS 

In view of the resul ts of the survey experiments , it was decided lh.it the 
most definitive work which could be done with the present apparatus would be 
a s e r i e s of isothermal i r radiat ions just above room temperature using the 
1-Ci source . 

The sample used for these exper iments was No. SC lOt. Herausc the 
thermal history cf a sample has been shown to be a significant factor in inter
nal friction exper iments , it will be reviewed in detail . After growing, single 
crys ta l No. SC10 was pulled from the graphite rod at a temperature of about 
750°C in high vacuum and then was furnace cooled. Sample No. SC lot was 
spark-machined from the top section of the crysta l and s tored at room temper 
a ture in a i r for 4 1 mo. The ends of the crystal were spark-planed flat and 
para l le l , and the crysta l was given a light etch with 50% reagent grade nitric 
acid in deionized water to remove sharp edges and surface tarnish . Mounting 
holes were spark-machined into the sample, and it was cleaned with reagent 
grade acetone and mounted on s i lver-plated mounting pins to test the effects of 
s intering, as discussed in Par t VI. During the course of experiments , the 
sample was annealed 16 t imes at a tempera ture of 600°C for 1 hr each t ime. 
The first five anneals were conducted in high vacuum and the res t with 
100 kPa ol purified helium, to promote tempera ture uniformity and reduce s i lver 
evaporation. 

Following this , the sample was unmounted and the nonsintering mounting 
pins were installed, after which the sample was annealed eleven times at 
500*0 for 1 hr each time in 100 kPa of purified helium before ' • " ,uantitative i so 
thermal i r rad ia t ions were begun. A s imi lar 1-hr anneal was performed once 
after each i r radiat ion. The cooling after anneals was always done at the rate 
of 135°C per hour down to a temperature of 32°C, where the heater was turned 
off and the furnace was allowed to cool at its own (slower) rate to room 
tempera tu re . 

Five isothermal i r radiat ions then were performed in the following 
sequence: 34.8, 71.2, 44.0, 53.0, and 24.8 f . In each case , after cooling at 
least overnight from the anneal, the helium gas was pumped out to a p re s su re 
of about 67 Pa. Previously, it had been c' . termined that the presence of helium 
at this p r e s s u r e did not cause an observable damping increase. The damping 
was measured by resonance curve to pscertain whether it had returned to 
its unirradiated value. The tempera ture monitor was checked against the 
potentiometer and adjusted if necessary. The furnace was heated to '.he 
chosen tempera ture as measured by a copper/constantan thermocouple in the 
specimen chamber, while the sample was maintained in vibration. In the 34.8 C 
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experiment, tin sample was held at temperature for I day before proceeding, 
because of noise in the elect runic system, winch was corrected, [n the other 
runs no such difficulty arose, and it was possible to proceed immediately with 
t ransfer of the source . 

Then toe driving signal was turned off an ! the electrode was raised o 
small distance. The furnace was backfilled Willi 100 kl'o of purified helium and 
the top was screwed off the electrode shaft. The 1-Ci Co source was then 
moved from the s torage area (o the cryostj,! furnace and secured with its cen
te r 0.12 m above theccnterof the sample . The electrode cap on the source 
wand was tightened and the cryostat furnnre was evacuated to about 0.7 mPa. 
Fresh purified helium was then admitted to a p re s su re of t>7 Pa. The electrode 
wa c lowered and the vibration dr ive signal was applied. The damping and fre
quency were monitored until the frequency became constant with time, indicating 
that the sample tempera ture had stpbilized. This occurred about 1 hr after the 
specimen chamber had reached tempera ture . 

An initial resonance curve then was made, and damping readings were 
taken with the decay gate for c ross -ca l ib ra t ion . The electrode was raised 
slightly, and the source was lowered by hand into the sample. In the 71,2°C 
experiment, insertion of the source caused a prompt damping increase of 
about 10"«. For reasons to be discussed, this increase was judged to be 
instrumental in origin. Because of i ts large magnitude it was derided to te r 
minate this run before complete pinning occurred, but to use it as a test of 
whether depinning would occur at long t imes . Accordingly, the source was 
ra ised 0.12 mafter an irradiation of 21.35 hr and the sample vibration param
e te r s were monitored for a total of 117 hr. 

Because of the large damping increase observed in the 71.2V run, it 
was decided to lower the source over a period of 5 min for the la ter runs in 
o rde r to minimize the thermal shork. The temperatures of these runs were 
also lower. The beginning of these later i rradiat ions was taken as the mid-
time of the lowering operation. The electrode then was lowered and the 
vibration drive was turned on. The drive voltage, frequency, and tempera
ture were recorded continuously from this point on. After about 1 hr, the 
sample tempera ture again was stable, as indicated by a constant vibration 
frequency. At this point, a second resonance curve was m<»dc, and the decay 
readings were taken again. The isothermal i rradiat ion was then allowed to 
proceed and resonance curves and decay readings were taken periodically to 
co r rec t for changes in the gain of the control loop. The irradiation was con
tinued until no further change in damping was observed over a t-day period, 
tn the 24.ST and 3 4 . 8 T runs, the 1-Ci source was replaced by the 100-Ci 
source in an attempt to saturate the pinning. The large source was left in for 
162 and 142 hr , respectively, when the damping was no longer observed to 
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change over a 1-day period. The email source waa reintroduced to duplicate 
t;ie measurement conditions during the experiments and was left in u..'U the 
damping no longer changed over a 1-day period. 

The results of the isothermal irradiations are shown in Figs. 6 through 
16, The data are given in detail in Tables 1 through 5. The frequency data 
were taken from the atrip chart and corrected for changes in calibratioi and 
control loop tracking error by comparison with the resonance curves taken 
periodically throughout the runs. The damping data were likewise corrected 
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Fig. 7. Damping data for irradiation at 
24.B-C. 
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FIR. 9. Damping data for irradiat ion nt 
44.CC. 
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Fig. 11. Damping data for i r radiat ion at 
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21.35 hr) . 
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Fig, 13. Frequency data for i rradiat ion 
at 34.8' ,C. 
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Table 1. Kxperimental data from 24.flrC irradiat ion. 

'I ,,. ,- i t ; • : • • . . 1 ,1 * 
U u t t ) « i i- i d . m m i 

1 •BE*B0 1 . 4 R 0 E - B 3 6 . 5 / 7 E » 0 3 
a S . 0 8 0 E + 0 0 1 . 4 8 8 E - 0 3 6 . 5<?5E«OS> 
3 7 . S B O E » 0 0 I . 4 3 B E - 0 3 6 . i s n a E » n a 
4 l . 0 8 0 E * 0 I 1 . 4 B 0 E - 0 3 6 . 6 I 0 E * 0 8 
5 l . 8 5 0 E * f l l 1 . 3 8 3 E - 0 3 6 . 6 I 3 E « 0 8 
6 1 . 5 0 B E + 0 1 1 . 3 6 B E - 0 3 ft.6a«E*oa 
7 I . 7 S 0 E + 0 I 1 . 3 8 3 E - 0 3 6 . 6 4 4 E * 0 a 
B a.BABE*ai 1 . 3 0 0 E - O 3 6 . 6 S 9 E « 0 8 
9 e.as7E+ni 1 . 8 8 B E - 0 3 6 . 6 7 6 E + 0 8 

10 R . 5 0 0 E + 0 I 1 . 8 S 0 E - O 3 6 . 6 8 4 E + 0 K 
11 e . 7 S 0 E + a i 1 . 8 3 O E - 0 3 6 . 6 R 6 E * 0 8 
18 3 . 1 0 0 E + B I 1 . 8 B B E - 0 3 6 . 7 1 I E * 0 a 
13 3 . 8 8 7 E * 3 1 1 . 1 6 3 E - 3 3 6 . 7 8 1 E 4 0 8 
14 3 . 5 B 0 E * 0 i 1 . I 3 B E - 0 3 6 . 7 3 8 E * B S 
I S 3 . 7 S 0 E * 0 1 1 . 0 7 0 E - 3 3 6 . 7 S 8 E * » 8 
16 4 . 0 B O E » 0 1 1 . 3 4 0 E - B 3 6 . 7 7 4 E * « a 
17 4 . 8 5 0 E » 0 1 l . O a n E - 0 3 6 . 7 9 4 E » 0 H 
18 4 . S 0 0 E + 0 1 9 . 9 O 0 E - 0 4 6 > 8 l 8 E « 0 a 
19 4 . 7 0 B E + O I 9 .*6F!K-f l / | 6.»a9E»oa 
an S . 8 0 0 E + 0 1 9 . 3 4 B E - 0 4 6 . R 4 3 E > n a 
ai 5 . 5 0 B E « A 1 R . 9 6 0 E - 0 4 6 . 8 7 5 E * 0 8 
sa 5 . 7 B 0 E * O I R . 7 5 B E - 0 4 6 . 8 8 8 c * 0 8 
S3 6 .00OE«O1 8 . 8 8 0 E - 0 4 6 . 9 I 4 E « 0 8 
8 4 6 . 5 0 B E * O 1 7 . S S 0 E - O 4 6 . 9 S 4 E * 0 3 
as 7 . B 0 5 E » 0 . ' 7 . 4 1 0 E - B 4 6 . 9 9 4 E + B 8 
8 6 7 . 4 0 0 E * 0 1 7 . 0 7 0 E - 8 4 7 . 0 1 IF.* BR 
37 8 . 0 0 0 E « 0 i 6 . 6 4 0 E - B 4 7 . 0 3 5 E * B 8 
88 8 . 6 O 0 E + 0 1 6 . 8 4 0 E - 0 4 7 . 0 7 3 E * O S 
8 9 9 . 0 0 0 E * 0 I S . 9 4 0 E - O 4 7 . | 0 9 E » B 8 
3 0 9 . 5 / a E + 0 1 5 . 6 4 0 E - 0 4 7 . | 4 4 E * 0 8 
31 1 . 0 0 0 E < 0 2 5 . 4 0 0 E - O 4 7 . 1 6 3 E + 0 S 
3 2 i . B S O E » o a s . a a o E - 0 4 7 . 1 8 7 E + 0 8 
3 3 1 . I 0 B E + 0 8 S . B 3 0 E - 0 4 7 . 8 1 6 E » « a 
3 4 1 . 1 5 0 E * O 8 4 . 7 8 0 E - 3 4 7 . a 3 8 E « a a 
3 5 1 . 2 0 0 E + 0 8 4 . 6 a 0 E - ( 1 4 7 . a 6 0 E * 0 S 
36 1 . 2 S B E + 0 a 4 . 4 8 B E - 0 4 7 . 8 3 4 E * 0 8 
37 1 . 3 B S E * B a 4 . 3 3 0 E - 0 4 7 . 3 1 R E « 0 8 
38 1 . 3 5 B E + 0 8 4 . 1 S 0 E - 0 4 7 . 3 4 i E » a a 
3 9 1 . 4 1 8 E + 0 2 3 . 9 6 0 E - 0 4 7 . 3 7 3 E + 0 8 
4 0 1 . 4 5 0 E + 0 2 3 . 8 8 0 E - O 4 7 . 3 8 5E*08 
41 1 . 5 0 0 E + 0 8 3 . 7 4 0 E - 0 4 7 . 4 0 1 E » 0 8 
4 8 1 . 5 6 0 E * f l 8 3 . 6 3 0 E - 0 4 7 . 4 8 4 E * 0 8 
4 3 1 . 6 0 0 E + 0 2 3 . S 9 0 E - 0 4 7 - 4 4 3 E + 0 S 
4 4 1 . 6 S 9 E + 0 8 3 . 4 4 0 E - 0 4 7 . 4 6 S E + 0 8 
4 5 U 7 8 7 E + 0 S 3 . 8 8 0 E - B 4 7 . 4 9 B E » 0 8 
4 6 I . 8 5 0 E + 0 8 3 . 1 6 0 E - 0 4 7 . S 8 8 E + 0 2 
4 7 1 . 6 9 8 E + B 8 3 . 1 0 0 E - 0 4 7 . 5 4 0 E * 0 8 
4 8 1 . 9 5 0 E + 0 3 3 . 0 8 0 E - Q 4 7 . 5 S 1 E » 0 8 
4 9 8 . B O 0 E + 0 2 S . 9 9 B E - 0 4 7 . 5 6 S E * 0 8 
5 0 8 . 0 5 B E 4 0 8 8 . 9 0 O E - 0 4 7 . 5 8 9 E * 0 8 

I r e t ) . 

T« n ' t* t • -n i t v i r r . i s 
n i r i !)«•« i' ' i t i . U O l l ) 

51 8.10OE»08 B.8S«E-a« 7.6»8E*a» 
58 a.i46E»oa 3.8BBE-B4 7.624E*aa 
53 2.SnSE*fl8 8.8eaE-B4 7.63IE»iR 
S4 8.86aE»na P.730F.-84 7.648E*ea 
55 8.300E+02 8.67OE-04 7.662c«aa 
56 ?..3SOE»02 2.65QE-e« 7.678E»a2 
57 a s4B«E*0a 2.630E-a« 7.691E»«8 
SS s.45«E*aa 2.5(10E-t4 7.7aac»aa 
59 s.sseE+as 3.46BE-34 7.7S4E*ait 
6a 2.618t>B2 R..15!1F.-S4 7.739E*a2 
61 2.650E+02 S.4B9F.-.14 7.743E*aa 
68 a.7Ba«:»ea 8.4gec-a« 7.746E»B8 
63 a.7«7E»aa 8.38BE-B4 7.7S7E«aS 
64 B.90^E*B8 8.35BE-e4 7.771E*a» 
6S 8.*S9E»02 8.3IOE-04 7.782EH2 
66 a.9aoE*ae 8.38«E-a« 7.7«5E»«R 
67 8.950£*08 S.86SE-04 7.saaE*ae 
68 3.eaaE»08 8.848E-04 7.SI4E*t2 
69 3.e50E»ae 2.239E-04 7.822E*B2 
70 3.i00E«ae ft.SiaE-94 7.A34E»fl2 
71 3.iseE*na a.32BE-0« 7.838E*ae 
78 3.ae0E»ea 8.1RBE-B4 7.843E*ae 
73 3.85fl£»A2 B.|3aE-04 7.854E»98 
74 3.3noE»ee g.lSBE-04 7.8S8E»S8 
75 3.?«1E»08 8.110E-B4 7.864E»B2 
76 3.4B.<iE*ae 8.08<jf>a* 7.8T9E«(»8 
77 3.45CE+08 2.B49E-S4 7.868E»a2 
78 3.5BBE«Ba a.aaoE-04 7.897E*«8 
79 3.SSBE»0B 8.0aOE-O4 7.909E»08 
80 3.578E»B8 a.aaoE-04 7.909E*ee 
81 3.R|6E»fl8 I.940E-A4 7.942E*02 
BS 4.ClS3£*fl8 1.880E-04 7.978E*B2 
83 4.297E»B? 1.83PE-04 8.BI4E*a8 
84 4.S41E»0a 1.790E-04 S.04OE*02 
85 4.777E»08 1.7S0E-B4 8.059E»B2 
8 6 S.040E«08 1.6BOE-04 a.090E»B8 
87 S.2S8E+B8 1.660E-04 8.11IE»88 
RH S.497E»08 1 .640E-O4 8.I30E»B8 
89 S.729E+02 I.6BOE-04 8.I49E«08 
90 S.978E»88 1.S70E-04 8.|7SE»02 
91 6.aiSE*aa 1.559E-04 8.204E+01.' 
9a 6.459E+02 I.530E-04 S.220E»98 
9 3 6.70OE»Oa I.50BE-O4 8.B4SE»aS 
94 6.937£*98 1.490E-04 8.25IE»08 
95 7.17SE*02 1.45OE-04 8.268E*B2 
96 7.418E+B8 I.46OE-04 8.876E+B2 
97 7.6S7E*aa 1.4aflE-84 8.3O0E»0a 
98 7.9O0E+88 :.4B0E-O4 8.314E»98 
99 7.9SSE+B8 1.4I0E-04 8.318E+02 

100 l.030E»S3 1.800E-94 9.S31E+08 
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Tabic 2. Kxper lmcnla l 

i l l ; ) 
'J'dlH' l."X llMIHUW 

(lit-t !)«'< r. J c i m n i 

1 . e K » e a 1 . 2 4 0 E - B 3 6 . | 6 9 E » i 2 
8 i . e s i E ^ a o I . 2 6 9 E - 0 3 6 . I S S E ' 8 2 
3 e > s o 8 E » e a I . 2 5 H E - B 3 6 . | S 9 E « 0 2 
4 5»90OE»0B I . 2 4 3 E - 3 3 6 . I 6 3 E » 0 2 
5 7 . 5 8 ( ! C » C 3 1 . 9 2 B E - B 3 6 . I 7 * E * * 2 
e ! . 0 i B S > 6 1 1 . 1 7 9 E - H 3 6 . I « 6 E * 0 2 
7 l . S 8 B E » 0 1 1 . I 4 0 E - 0 3 6 . 2 3 9 E * 8 2 
8 | . 7 S B E * 0 I 1 . I 0 5 I E - O 3 6 . 2 6 4 C * C 2 
9 S . 9 O 0 £ » O 1 • • B 6 Q E - C 3 6 . 2 8 2 E * 0 2 

i e a .2S(5E»OI I . C 5 « E - « 3 6 . 3 B 2 E « 0 2 
n a . s o s E + a i 9 . S 8 0 E - C * * 6 . 3 I I E . 0 2 
12 2 . 7 5 0 O O I 9 . 7 1 B E - B 4 6 . 3 2 3 E . 0 2 
13 3>0OO£*01 9 . 3 5 0 E - 0 4 6 . 3 3 * £ » » 2 
:u 3 « 2 5 3 S * 0 l 9 . 0 9 0 E - 0 4 6 . 3 5 9 E » 0 2 
I S 3 . 5 9 B E * 0 1 I W 6 5 B E - 0 4 6 . 3 8 4 E » 0 2 
16 3 . 7 5 0 E » 0 1 B . « 3 0 K - ? 4 6 . 4 I 3 E » * 2 
17 4 . 0 0 0 c * A i < t>233E-B4 6 . 4 3 » E * 0 2 
18 4 . 2 6 H E » B I 7 . B 3 J E - 0 4 •3 .C64E»»2 
19 4 . S B 0 E » B I 7 . 6 4 0 E - B 4 6 . 4 8 4 E » 0 2 
2 8 4 » 7 B B E » 0 1 7 . 3 2 0 E - 3 4 6 . 5 0 » E * t 2 
21 S . B 3 5 E ."11 6 . 9 6 0 E - B 4 6 . 5 I 6 E » B 2 
2 2 5 . 3 0 0 E - 3 ] 6 . 7 S O E - 0 4 6 > 5 3 0 E * 0 2 
2 3 5 . S 9 0 E » B I 6 . 5 S 0 E - 0 4 6 . 5 4 3 E « 0 2 
2 4 S . 7 4 8 E » 0 I 6 . 3 3 3 E - B 4 6 . 5 6 71> 9 2 
BS 6 . « 9 B E » 0 1 6 . 1 9 0 S - 0 4 6 . 5 9 2 E « 3 2 
PA 6 . 3 B B E » 0 I 6 . 0 2 B E > 0 4 6 . 6 2 1 E « 0 2 
2 7 6 . 5 0 0 E » 0 1 S . 7 7 0 E - 0 4 6 . 6 3 6 E « « 2 
2 ? 6 . 7 o n e * e i 5 . 7 1 1 1 6 - 0 4 6 . 6 5 3 E » 4 2 
29 7 . e e 0 E * o i S . S 4 0 E - B 4 6 > 6 7 2 E « 0 2 
3 0 7 . 2 9 B E » 8 l S O 8 9 E - 0 4 6 . 6 8 0 E » 0 2 
31 7 . 6 0 B E » 0 I S . 3 2 0 E - B 4 6 . 6 9 3 E » 8 2 
38 7 . 7 S B E * 0 I 5 . I 8 O E - 0 4 6 < 7 0 0 E « 0 2 
3 3 I I . B B B E * O I 5 . 6 5 6 E - 0 4 6 . 7 I 3 E « B 2 
3 4 « . 6 0 0 E * 6 , 4 . 7 9 O E - 0 4 6 . 7 6 3 E » B 2 
3 * 9 . n o o K » n i 4 . 5 7 O E - 0 4 6 . 7 9 4 E * 0 2 
3 6 9 . 6 0 . 1 E * O I 4 . 1 3 3 E - 0 4 6 < 8 I 9 E « 0 2 
37 l . 0 0 0 E » B 2 4 . 3 3 0 E - 0 4 6 < 8 1 9 £ » 0 2 
38 1 . 0 4 9 E + 0 2 4 . 0 9 0 E - 0 4 6 - 8 4 6 E » 0 2 
3 9 i . i o f )E*nn 3 . 9 8 0 E - 0 4 6 * B 8 4 E * 0 2 
4 0 1 . I 6 B E 0 8 3 . 9 0 0 E - 0 4 6 > 9 2 6 E » 0 2 
41 1.2f)(1E»C12 3 . 6 3 0 E - O 4 6 . 9 3 2 E « B 2 
4 2 l . 2 S 0 E » B 2 3 . 7 4 0 E - B 4 6 > 9 3 8 E » B 2 
4 3 l . 2 9 6 r > B 2 3 . 4 9 0 E - B 4 6 . 9 6 I E » B 2 
4 4 l . 3 S 0 E » 0 2 3 . 4 I 0 E - 0 4 7 .O0OEX32 
4 5 1 . 4 B 4 S + B 2 3 . 3 4 8 E - 0 4 7 . O 2 7 E 4 0 2 
4 6 l . 4 S 8 E * 0 2 3 . 1 4 0 E - 0 4 7 . 0 2 9 E » 8 2 
4 7 1 . 5 8 » E * B 2 3 . 2 B 0 E - 0 4 7 . 0 3 6 E * 0 2 
4 8 I . S 4 4 E + 0 2 3 . I I 0 E - 0 4 7 . 0 6 9 E + 0 2 
4 9 1 . 6 0 0 E » 0 2 3 . I I 0 E - 0 4 7 . 0 9 l £ * 0 2 
5 8 l . 6 4 8 E * 0 2 3 . 0 0 0 E - 4 4 7 . 1 I 2 E + B 2 

from 3-1.!lt" i r r a d i a t i o n . 

i 11 .• I 
'J Imt* ' i.' ' ' ir. ;« 

111 l> DIM I .'••.O'Mli 

51 l > 7 0 0 C o 0 8 2 > 7 8 0 E - O 4 7 . 1 I 5 E » B 2 
52 • • 7 5 t E » 0 2 2 . 7 9 0 E - 0 4 7 . 1 I 9 E * 0 2 
S3 l > 8 S I C * « 2 2 . 8 3 0 E - 0 4 7 . | S B E * B 2 
5 4 l . 8 5 i t » 0 2 2 . 7 4 0 E - 0 4 7 . I 7 2 E * 0 2 
5 5 | . 9 0 0 K « 0 2 3 . 7 S 0 E - 0 4 7 . I 8 3 O 0 2 
5 6 l . 9 S 0 E * 0 2 2 . 6 0 0 E - 0 4 7 . I 8 3 E * 0 2 
57 2 . 0 0 ( E * « 2 2 . 5 7 0 E - 6 4 7 . I 9 0 E » 0 2 
58 2 . 0 S 0 C » « 2 2 > 5 7 0 E - B 4 7 . 2 I 9 E » 6 2 
59 2 . 1 • • £ • • 2 2 . 5 3 0 E - 6 4 7 . 2 3 6 E » 0 2 
6 0 2 . 1 5 i t * 0 2 2 . 5 2 B E - B 4 7 . 2 4 8 C + 0 2 
61 2 . 2 i 0 E » 0 2 2 . 4 3 B E - 0 4 7 . 8 4 5 E * B 2 
6 2 2 . 2 6 1 E H 2 a . * 5 C C - ' 4 7 . 2 6 4 E * 0 2 
6 3 2 > 3 M E * 0 2 2 . 4 3 0 E - 0 4 7 . 2 8 1 E * e H 
6 4 2 > 3 5 0 E » 0 2 2 . 4 0 0 E - 0 4 7 .300E»ft .q 
6 5 S . 4 M E » t 2 2 . 3 8 0 E - B 4 7 . 3 0 7 E » 0 2 
6 6 2 . 4 » 0 E » 0 2 2 . 3 1 0 E - 8 4 7 . 3 t » E » 0 2 
6 7 2 . 4 9 9 E * f 2 2 . 3 2 0 E - 0 4 7 . 3 1 2 E » « 2 
6d 2 . 5 5 8 E + 0 2 2 . 3 3 8 E - 0 4 7 . 3 3 4 E « 0 S 
6 9 2 . 6 0 4 E « 0 2 2 . 2 8 0 E - 0 4 7 . 3 5 2 E * B 2 
7 0 2 . 6 5 0 1 * 0 2 2 . 2 0 0 E - B 4 7 . 3 S 1 E * 0 2 
71 2 . 7 0 I E * 0 2 2 . 2 3 0 E - B 4 7 . 3 4 1 E * B 2 
7 2 2 . 7 5 9 E « B 2 2 . 2 1 B E - B 4 7 . 3 6 1 E » e 2 
7 3 2 . 8 0 I E * 0 2 2 . 2 I 0 E - 0 4 7 . 3 8 6 E > B 2 
7 4 2 . 8 4 6 E « 0 2 2 O 8 O E - 0 4 7 . 4 B 0 E * 0 2 
7 5 2 < 9 0 0 E « 0 2 2 > B 8 0 E - 0 4 7 . 3 9 S E * 0 2 
7 6 2 < 9 5 0 E « 0 2 2 . 1 3 0 S - 0 4 7 . 3 9 3 E « 0 2 
7 7 3 . 0 0 0 E 4 0 2 2 . 1 3 0 E - B 4 7 . 4 1 5 E * B 8 
78 3 . 0 5 8 E * 0 2 P . 1 1 9 E - 0 4 7 . 4 3 3 E » 0 2 
7 9 3 . I B S E » 0 S 2 . 1 3 0 E - 0 4 7 . 4 4 7 E « 0 2 
8 0 3 . I S 0 E * 0 2 2 > 0 6 0 E - 0 4 7 . 4 3 3 E * 0 2 
81 3 . 2 8 0 E » O 2 2 . ( 5 3 0 E - 0 4 7 . 4 3 S E * 0 2 
8 2 3 . 2 5 0 E * 0 2 2 . 0 6 O E - B 4 7 . 4 5 B E » 0 Q 
8 3 3 « 3 0 0 E * R 2 2 . 0 2 0 E - B 4 7 . 4 7 1 E » 0 2 
8 4 3 . 3 S 3 E . 0 2 2 . 0 0 B E - Q 4 7 . 4 7 3 E » 0 2 
8 5 3 . 4 5 8 E » 0 2 1 . 9 3 0 E - B 4 7 . 4 7 I E » 0 2 
6 6 3*SO0E«O2 I . 9 2 0 E - O 4 7 . 4 9 7E*B2 
8 7 3 . 5 5 0 K* 3 2 I . 9 1 B E - B 4 7 . 5 0 9 E » B 2 
8 8 3 . 5 8 6 E « 0 2 I . 9 S B E - B 4 7 . 5 1 7 E * 0 2 
6-; 3 . 8 i 2 E » 0 2 1 . 9 P 0 E - B 4 7 . S 5 6 E » a 2 
9 0 4 . 0 4 5 E » B 2 1 . 8 S 0 E - 0 4 7 . 5 R 3 E * 0 2 
91 4 . 2 8 6 E » 0 2 1 . 8 I 0 E - O 4 7 . 6 1 3 E » B 2 
9 2 5 . 9 7 2 E « 0 2 1 . 6 2 3 E - B 4 7 . 7 6 0 E » B 2 
9 3 6 . 2 I 1 E * 0 2 1 . 6 0 0 E - B 4 7 . 7 8 6 E * 0 2 
9 4 6 . 4 S 0 E * O 2 l . 5 9 0 E - a a 7 . 8 t l 4 E * 0 2 
9 5 6 .682E»(1H 1 . 5 7 0 E - B 4 7 . 8 I I E * 0 2 
9 6 7 . 0 1 9 E « 0 P 1 . S 7 H E - 0 4 7 . 8 2 3 E * 0 2 
9 7 7 . 2 1 9 E * 0 2 1 . S 3 B E - 0 4 7 . « 5 1 E > 0 2 
9 8 7 . 4 I 0 E « 3 2 I . S 3 0 E - 0 4 7 . 8 ? 5 E » 0 2 
9 9 7 . f i 5 4 E * 0 8 I . 5 3 0 E - B 4 7 . 8 6 0 E * 0 2 

10(1 1 . 1 2 S R » 0 3 1 . 5 0 0 E - 3 4 9 . 0 l « E * f l S 
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T a b ; - 3 . K x p o r i m o i u a l d a t a f r o m 4 4 . 0 ° C i r r a d i a t i o n . 

( 1 1 •• 1 
I-' rvq 
(H?> 

• | u v , i -
( l l l - l 

1 .•!!. 
Dorr. 2ii.OH0) 

Time 
Hir) 

1 «(!. 
IJocr. 

(minus 
2U.O00I 

9 
2 
3 
3 
4 
3 
5 
6 
7 
8 
9 

1 
1 
1 
1 . 
1 
1 
I 

1< 
2 . 
8. 
2 

26 8. 
87 8. 

2. 
2. 
3. 
3 
3. 
3. 
3. 
4. 
4. 
4. 
4. 
4. 
5. 
S. 
5. 
S. 
s. 
6. 
6. 
6. 
6. 
6. 
7. 

.BE*8B 
. 8 0 0 E - 0 ! 
.BO0E*BB 
•eeeE*ee 
. 5 0 0 E * 0 0 
eeeEtaa 
eeeE*ae 
seeE*ee 

.eaaE+aa 
. «eeE«ae 
93BE*0B 
BB0E«B0 
BB0E*8! 
i B 0 E * e 
eaeE*ei 
3 0 6 E * 9 I 
400E-4-B: 
SBBE+B-: 
6B0E*e: 
6 5 0 E » 0 
788E*C] 
6 0 B E » a 
0 8 B E * a 
aesE+a: 
4 0 B E » e : 
500E*01 
5SBE+8 
600E+01 
8 0 0 E + 0 
0 0 5 E + 0 I 
aeaE*0! 
4 I 3 E + B 
6 8 0 E + 0 I 
3BBE*BI 
9B0E+0] 
3BBE+B: 
4BBE+B: 
6BBE+01 
8B0E+B: 
8 0 0 E + 0 
2 0 8 E + 8 
4 0 0 E * 0 i 
6 0 0 E + 0 : 
8 0 9 E + 0 
0 0 8 E * 0 I 
aaaE+ai 
4 B 0 E * 0 
6BBE*e 
aaaE+a 
000E*01 

1 . 2 7 0 E - 0 3 
L 3 1 0 E - 0 3 
I . 8 9 B E - B 3 
1 . 2 9 B E - 0 3 
1 . S 7 8 E - 0 3 
N 2 6 0 E - B 3 
1 . 2 6 0 E - B 3 
I . 2 S 8 E - 8 3 
I . 2 3 0 E - B 3 
I . 8 1 0 E - 0 3 
1 . 1 9 0 E - B 3 
I . 1 B 0 E - 0 3 
I . 1 6 0 E - 0 3 
I . 1 5 9 E - B 3 
I . 1 3 B E - B 3 
I . 1 1 B E - B 3 
I . 0 9 0 E - B 3 
I . 0 7 0 E - B 3 
I . 0 6 0 E - B 3 
I . 8 4 0 E - 0 3 
I . 0 3 0 E - 0 3 
1 . O 1 0 E - 6 3 
9 . 7 4 0 E - 0 4 
9 . 4 5 0 E - 0 4 
9 . 3 3 0 E - 0 4 
9 . 1 9 0 E - 0 4 
9 . 0 B 0 E - 0 4 
8 . B B 0 E - 0 4 
8 . S B B E - B 4 
8 . 2 6 B E - 0 4 
7 . 9 B B E - B 4 
7 . 7 1 0 E - B 4 
7 . 4 2 0 E - B 4 
7 . 2 2 0 E - 9 4 
7 . 0 8 0 E - 8 4 
6 . 8 2 0 E - B 4 
6 . 6 8 0 E - B 4 
6 . 3 4 0 ; - 8 4 
6 . 2 8 0 E - B 4 
6 . 0 4 0 E - 0 4 
S . 8 4 0 E - 0 4 
S . 6 8 0 E - 0 4 
5 . 5 3 0 E - 0 4 
S . 3 6 0 E - 0 4 
5 . 3 B 0 E - 0 4 
5 . I 7 0 E - 0 4 
5 . 0 3 0 S - 0 4 
4 . 9 4 B E - 0 4 
4 . 8 4 0 E - 0 4 
4 . 7 9 B E - 0 4 

5 . 7 0 B E « B 2 
S . 7 B 4 E * B e 
s.7iiE«aa 
5 . 7 I 7 E * 0 8 
s . 7 S B E » e e 
5 . 7 2 4 E » B e 
S . 7 3 3 E + 0 8 
s . 7 3 7 E » a a 
S . 7 4 8 E » B 8 
S . 7 5 B E » 0 8 
s.76iE*aa 
5 . 7 7 I E + B 8 
5 . 7 8 1 1 * 0 2 
S . 7 8 7 E * B 8 
5 . 7 9 9 E + B 2 
S . B B 9 E » 0 2 
5 . 8 I 9 E * « 8 
5 . 8 £ 9 E » 0 2 
S . 6 4 1 E » B 2 
5 . 8 4 8 E » e e 
5 . 8 5 3 E * 0 2 
5 . 8 6 3 E * 8 2 
5 . 8 B 3 E * a 2 
5 . 8 9 9 E < - 8 2 
5 . 9 1 S E * B 2 
S . 9 2 3 E + 6 2 
5 . 9 2 4 E + B 2 
5 . 9 8 9 E + B S 
5 . 9 4 5 E * B 2 
S . 9 5 9 E + B 2 
S . 9 7 9 E + 0 S 
6 . 8 B 0 E * 8 2 
6.aaeb»02 
6 . 0 4 3 E * B 2 
6 . 0 6 4 E + 0 2 
6 . B 8 3 E + 6 8 
6 . 1 0 2 E + 8 S 
6 . 1 1 3 E + 0 2 
6 . 1 8 7 E + B 8 
6 . 1 3 8 E + 0 2 
6 . 1 4 9 E + B 8 
6 . 1 6 0 E + 0 2 
6 . 1 7 3 E + B 2 
6 . 1 B S E + 8 8 
6 . 2 0 3 E + 0 2 
6 . 8 1 9 E + B 8 
6 » 8 3 0 E » 8 8 
6 . 2 4 9 E * B 2 
6 . 2 6 0 E * 0 2 
6 . 2 7 1 E * 0 S 

SI 
52 
S3 
54 
55 
56 
37 
58 
59 
60 
61 
62 
63 
64 
65 
66 
67 
68 
69 
?B 
71 
72 
73 
74 
75 
76 
77 
78 
79 
8B 
81 
88 
83 
84 
85 
86 
87 
88 
89 
98 
91 
92 
93 
94 
95 
96 
97 
98 
99 

7 . 2 0 6 E » B I 
7 . 4 8 0 E * e i 
7 . 6 8 0 E * 0 I 
7 . 8 O f E * 0 l 
S . B B B E t B I 
fl.SCBEtei 
8 ' 4 0 B E * t | 
8 . 6 « « E * f l l 
8 . 8 6 B E * B 1 
9 . 6 0 0 E * 0 1 
9 . 1 B 0 E - H 1 
1 . 1 6 9 E + 0 2 
1 . 8 0 0 E + 0 8 
1 . 2 5 0 E + B 2 
| . 3 1 7 E * 9 8 
1 . 3 S 0 £ + ( 8 
1 . 4 1 1 E * B 2 
1 . 4 S 9 E * 0 8 
l . S B 9 E » B 2 
I.*4IE*BB 
i . 6 0 B E * a e 
I . 6 3 I E + 0 8 
I . 7 0 0 E + 0 8 
I . 7 5 0 E - 0 8 
] . 7 9 8 E > 0 8 
I . 8 5 0 E 4 0 8 
1 . 8 8 9 E * 0 B 
1 . 9 S 0 E * 0 S 
8 . 0 8 4 E + 0 8 
2 . 0 5 0 E + 0 3 
3 . 1 3 B E + 0 a 
2 . 1 3 0 E + 0 8 
2 . 2 B B E + 0 2 
2 . 2 6 4 E + 0 2 
2 . 3 B B E + B 2 
e . 3 6 7 E + a a 
2 . 4 0 0 E + B 2 
2 . 4 5 8 E + B a 
a.saaE+aa 
2 . S S B E + B 8 
2 . 6 1 5 E + B 2 
8 . 8 4 8 E + 0 8 
3 . 0 9 1 E + 0 3 
3 . 3 3 4 E + B 2 

57BE+Ba 
S01E+BS 
B88E+B2 
2 9 9 E + 8 3 
543E+B8 
766E+Ba 

4 . 7 3 B E - 0 4 
4 . 6 5 0 E - O 4 
4 . 5 7 0 E - 0 4 
4 . 4 3 8 E - 0 4 
4 . 3 3 B E - 0 4 
4 . 8 I B E - M 
4 . 1 6 A E - B 4 
4 . 1 4 H E - 8 4 
4 . 1 I 0 E - B 4 
4 . B 7 0 E - « 4 
4 . 0 4 0 E * S 4 
3 . 4 9 0 E - 0 4 
3 . 4 8 0 E - 0 4 
3 . 3 9 0 E - B 4 
3 . e 4 0 E - 0 4 
3 . I 7 B E - 8 4 
3 . B 9 0 E - 0 4 
3 . B 4 B E - 0 4 
3 . B B 0 E > B 4 
a . 9 6 0 E - « 4 
2 . 9 0 B E - 8 4 
8 . 8 4 0 E - 0 4 
E . 8 5 B E - 9 4 
8 . 7 9 0 E - 0 4 
8 . 7 3 0 E - 3 4 
2 . 6 6 0 E - 0 4 
8 . 6 5 0 E - B 4 
2 . 6 4 t * E - a 4 
2 . S 6 0 E - B 4 
a . S 2 0 E - B 4 
2 . 5 S 0 E - B 4 
8 . 4 9 B E - B 4 
2 . 4 7 0 E - 0 4 
2 . 4 2 0 E - B 4 

3 9 B E - 0 4 
3 7 8 E - B 4 
3 8 0 E - 0 4 
3 8 B E - B 4 
3 1 B E - B 4 
S 7 B E - 0 4 

2 . 2 7 B E - 0 4 
2 . 2 B 0 E - 0 4 
2 . 1 3 B E - 0 4 
2 . B 8 0 E - B 4 
2 . 0 2 8 E - 0 4 
1 . 9 9 8 E - 0 4 
1 . 9 8 B E - B 4 
1 . 9 3 B E - 8 4 
1 . 9 0 0 E - 0 4 
1 . 8 7 0 E - 3 4 

6.S83E*0a 
«*a97E*ta 
6 . 3 0 7 E * « e 
6 . 3 1 9 E » B S 
6 . 3 3 » E » » B 
6 . 3 4 4 E * 8 2 
6 . 3 5 5 E * « 8 
6 . 3 7 0 E « 0 8 
6 . 3 5 7 E » i 8 
6« 3 9 9 E » 9 2 
6 . 4 0 4 E * « 8 
6 . « B 9 E » 0 8 
6 . 5 B B E * 8 2 
6 . 5 1 7 E * 6 2 
6 . S 4 S E * 0 a 
6 . s s 9 E * e a 
6 . 5 7 8 E * a e 
6 . S 9 B E » B 2 
6 . 4 B 0 E » « e 
6 . * 1 2 E » B 2 
6 . r .30E»02 
o.650E*aa 
4 . 6 S 8 E » 0 S 
6 . 6 7 1 ^ 8 2 
6 . 6 8 2 E * 8 2 
6 . 7 a 3 E * B 2 
6.7i6E<»ea 
6 . 7 2 5 E » B 2 
6 . 7 4 4 E » B 2 
6 . 7 4 9 E * B 2 
6 . 7 6 9 E * B B 
6 . 7 7 8 E * B 8 
6 . 7 8 5 E t B 8 
6 . 8 O 8 E - . 0 2 
6 . 3 1 I E * 8 2 
6 . 8 2 4 E * a 2 
6 . 8 2 9 E + 0 2 
6 . 8 3 1 E*B8 
6 . 8 4 I E > B 2 
6 . 8 5 5 E » e 2 
6 . 8 7 0 E » 0 2 
6 . 9 0 7 E * 8 2 
6 . 9 4 7 E » e 3 
6 . 9 8 1 E 4 0 2 
7 . 0 1 6 E > 3 2 
7 . 0 4 9 E * 0 2 
7 . 0 6 9 E » 3 2 
7 . 3 9 3 E * 0 2 
7 . 1 2 8 E * 0 2 
7 . 1 4 3 E » B 2 
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Tabic 4 . E x p e r i m e n t a l 

K req. 

Time Log. (minus 
(hr) Deer . 26,0001 

1 .8E*BB 1 I7SE-03 S«868E*0i: 
a 1 ee»E*ee 1 888E-03 5 .8588*88-
3 8 S80E*S8 1 81SE-B3 5.868E»BB 
4 3< eeeE*«e 1 I90E-IO 5 .88 iE*aa 
5 4 860E*ae 1 17SE-03 5.894C*Ba 
6 4 SBOE+BB 1 IS0E-S3 5 .8981*88 
7 S 880E*88 1 K 8 E - 8 3 5.383E*aa 
8 6 880E*8Ci 1 IB8E-83 s.3i8E«aa 
9 7 8S0E*88 1 87SE-S3 5.33BC*S8 

18 8 0a0E*ae 1 8S8E-83 5 .3441*88 
11 9 880E*00 1 030E-03 5 .3561*88 
12 1. 800E*ei 1 020E-03 S.349E*S8 
13 1. I00E*01 9 . 968E-84 S.388E*88 
14 1 810E*01 9 730E-04 5.396E*S8 
I S 1 300E*01 9 530E-84 5.4S7E*S8 
16 1 4O0E*BI 9 340E-04 S.419E*ae 
17 1 S00E*0l 9 160E-04 5.431E*B8 
18 1 600E*0I 8 960E-B4 6.44SE*88 
19 1 700E+01 8 830E-94 5.459E*88 
2 0 1 800E*01 8 59BE-84 5.468E*S8 
SI 1. 900E*01 E 480E-84 5 .4811*88 
ee 8 . 000E*01 8 B89E-04 5.4S9C*S8 
8 3 8 . I00E*01 a I70E-84 s.5aaE*aa 
8 4 e 800E*01 8 030E-04 5.514E*6a 
as a 380E4 0I 7 seeE-84 5.5831*89 
8 6 a 39SE*01 7 700E-84 5.538E*08 
8 7 a S00E*01 7 550E-84 5.543E*88 
8 8 8 600E+01 7 4B0E-04 5.551E*88 
8 9 a 700E+01 7 1/0E-84 5.568E*88 
3 0 8 850E*01 7 090E-04 s.57iE»ea 
31 e 900E*01 7 030E-04 S.576E*88 
3 8 3 000E*0l 6 910E-04 5.584E*08 
3 3 3 100E*01 6 790E-8'^ S.593E*a8 
3 4 3 8O0E+0I 6 •6S0E-04 5.6B8E*88 
3 5 3 300E*01 6 480E-84 S.611E*68 
3 6 3 400E*01 6 380E-04 5.6I8E*S8 
3 7 3 500E+01 6 300E-04 S.686E*88 
38 3 633E+01 6 200E-04 5.637E*08 
3 9 3 700E*01 6 0J0E-04 5.647E*08 
4 0 3 800E*B1 c 960E-B4 5.6S7E*08 
41 3 900E+0I 5 890E-04 5.669E*8e 
4 8 4 000E+01 5 850E-0* 5.679E*0e 
4 3 4 .100E*01 5 .750E-e,« S.688E*88 
4 4 4 800E+01 5 670E-04 S.697E*08 
4 5 4 300E+01 5 .580E-04 S.783E*88 
4 6 4 . 400E*01 5 530E-04 5.713E*08 
4 7 4 . 500E*0i S 400E-04 5.716E*08 
4 8 4 . 600E*01 5 360E-04 S.7aaE*08 
4 9 4 700E+01 5 290E-04 S.788E*08 
50 4 . 800E*01 5 aa0E-04 5.734E*08 

from 53.0*C i r rad ia t ion . 

i-'req. 
III;!) 

Time l o g (minus 
III') Det-r. 2U.0O0) 

51 4 t 8 8 E * S l s.aiaE-84 5.74is*aa 
58 5 S8BE*BI 5 . I 5 8 E - 0 4 £ .748E*BB 
53 5 8 3 8 E * 8 I 5 . 8 7 S E - 0 4 S.748E*BB 
54 5 3 8 8 E * 0 I 5 . 0 5 8 E - B 4 5 . 7 6 3 1 * 8 8 
55 5 4BBE*6 I 4 . 9 4 6 E - 8 4 5 . 7 6 9 1 * 8 1 
56 5 S8BC«B1 4 . 8 9 8 E - 8 4 5 . 7 7 7 E * 8 B 
57 5. 6 8 8 E * 8 1 4 . 7 9 8 E - S 4 s . 7 8 3 E * a a 
58 5 780E*S1 4 . 7 4 8 1 - 8 4 5 . 7 9 8 8 * 8 8 
59 5 8S8E*S1 4 . 6 8 8 E - S 4 S .748E«88 
68 6 a88E«81 4 . 6 3 B E - S 4 5 . 8 1 3 f > 8 8 
61 6 8 B 0 E * 8 I 4 . 5 4 8 E - 8 4 5 . 8 8 8 1 * 8 8 
68 6 4B0E*S i 4 . 4 3 8 E - 0 4 S.837E«8B 
6 3 6 6B8E*81 4 . 4 1 S X - B 4 S . 8 b l E * B 8 
64 6 8 8 8 E * 8 1 4 . 3 3 8 E - 8 4 5 . 8 6 8 8 * 8 8 
65 7 8 7 8 E * 8 1 4 . 8 8 8 E - 0 4 5 .8BSE*88 
6 6 7 6 « S E * 8 1 3 . 9 8 B E - B 4 5 .987E»S8 
67 6 8 8 0 E * 8 I 3 . 9 3 B E - 0 4 5 . 9 a 8 E * 8 8 
68 8 8 8 0 E * 8 I 3 . 8 9 8 E - 8 4 5 .935E*BB 
69 8 6BBE*B1 3 . 7 4 8 E - S 4 5 . 9 5 5 1 * 8 8 
78 9 . 8 8 0 1 * 8 1 3 . 6 3 S E - S 4 5 . 9 8 0 E * 0 8 
71 9 . 6SSE*81 3 . 4 7 8 E - 0 4 6 . 8 8 6 E * 8 8 
78 1 8B0E*8£ 3 . 4 3 B E - S 4 6 . 8 8 5 E * S 8 
73 l< esaE*88 3 3 l » E - 8 4 6 . 8 4 9 E * 8 8 
74 1 16SE*88 3 . B 8 8 E - 8 4 6 . 6 6 S E * 8 8 
75 1 150E*88 3 .B3BE-S4 6 .S88E*eB 
76 1 8B0E*08 3 . 1 8 8 E - 8 4 6 . I 8 9 E * 8 8 
77 1 as0E*aa 3 . I 8 6 E - B 4 6. iasE*aa 
78 1 3BSE*B8 3 . 0 7 8 E - 0 4 6 .13BE*S8 
79 I« 3 5 8 E * e a 8 . 9 9 B E - a 4 6 . 1 4 8 E * 8 8 
8 8 1 . 4 1 8 E * 8 8 8 . 9 8 8 E - 0 4 6 . i 6 6 E * a a 
81 1 45BE*B8 8 . 9 I 0 E - 0 4 6 . I 8 8 E * S 8 
88 1 S88E*Sa 8 . 8 6 8 E - 0 4 6 . I 9 6 E * S 2 
8 3 1 559E+08 8 . 7 9 8 E - B 4 6 . 8 1 7 E * 8 8 
84 1 6B8E*88 8 . 7 7 0 E - B 4 6 . a 3 8 E * 0 8 
83 1 6 5 3 E * 0 8 8 . 7 4 0 E - S 4 6 . 2 5 8 E * B 8 
8 6 1 . 7 0 0 E * 8 8 8 . 7 I 8 E - 0 4 6 . e 5 I E * 0 8 
87 1 7 50 E* 08 8 . 7 B 9 E - a 4 6 .8S9E*B8 
88 1 7 9 6 E * 8 8 8 . 6 8 8 E - 3 4 6 . 8 7 8 E * 8 8 
89 1 85BE*88 2 . 6 0 0 E - 0 4 6 . 2 9 0 E * 8 8 
9 8 1 895E*B8 8 . S 8 8 E - B 4 6 . 3 0 5 E * 8 8 
91 1 9 5 0 E * 0 8 8 . S 3 0 E - 8 4 6 . 3 8 I E * 0 8 
9 8 8 0 0 8 E * 0 2 8 . S 8 B E - 0 4 6 . 3 3 1 E * 0 8 
9 3 8 0 3 4 E * 0 2 3 . S 2 0 E - 8 4 6 . 3 4 2 E * 0 8 
94 8 i80E*aa 2 . 5 5 0 E - 0 4 6 . 3 4 8 E * e e 
95 a I 5 I E * 0 8 8 . 5 I 8 E - 8 4 6 . 3 S 4 E * a a 
96 a 5 I 5 E * 0 8 8 . 3 8 8 E - B 4 6 . 4 1 9 E * 0 8 
97 a 68SE*B2 8 . 3 4 8 E - B 4 6 . 4 3 9 E * 6 B 
98 2 8 5 7 E * 0 2 8 . 8 8 0 E - a 4 6 . 4 7 9 E * 0 8 
" 9 3 3 3 0 E * 0 2 2 . I 7 8 E - 0 4 6 . 5 5 6 E * a 2 

100 3 S69E*02 8 . I 5 0 E - 0 4 6 . S 7 9 E * 0 3 
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Table :"i. exper imen ta l 

l - i - ' jq. 
i ; I .• i 

l u m ' I • i. In IMIS 
' h r ' l l i ' i I Jlj.lHlO) 

t .0E*0O S.840E-04 4.3S7E*08 
a 4.800E-O1 9 . 7 6 0 E - 0 4 1.353E»9E 
3 1.000E400 9 . 6 4 0 E - 0 4 4.356C«08 
« i.saaE«<i0 9.5B0E-04 4.366E+88 
s l .660E»00 9 . 4 I 0 E - 0 4 4.369E+08 
6 B.000E»00 9 .890E-04 4.377E*08 
7 8.S00E»00 9.16OE-04 4 .305E»88 
8 3.000E+00 8.V.~0E-04 4.394E»08 
9 3.500E*00 8 .940E-34 4 . 4 e i E * a a 

10 4.000E»00 O.8I0E-04 4.400E*a8 
11 4.500E*00 8 .630E-04 4.41SE+08 
i s S.000E*00 8.5S.8E-04 4.4< ,6E+B8 
13 5 . 500E*00 8 .470E-04 4.438E+B8 
14 6.000E»00 8 .390E-04 4.436E+0H 
IS 6.500E*00 8 .310E-04 4.44AE+88 
16 7.000E»00 « . 1 6 0 E - 0 4 4.454E+08 
17 ?.SB0E-»e0 8 .060E-04 4*468E+08 
18 fl.0O0E*aa 7.98HE-04 4.469E+03 
19 8.43OE*0O 7t860E-04 4.476E+08 
ee 9.0OOE'O0 7 .640E-04 4.483E+08 
81 9.500E»nn 7 .600E-04 4 .49 lE*08 
88 1.O0OE+O1 7 . 5 1 0 E - 0 4 4.499E+08 
83 i . iBOE»ei 7 .310E-04 4.5I8E+08 
84 i . ao0E»Bi 7 .J50E-04 4.S37E+08 
85 l .300E*0l 6 .993E-04 4.S40E+08 
86 I.400E+01 6 .8S0E-04 4.554E*08 
87 1.S00E+O1 6 .780E-04 4.567E+08 
86 1.600E*01 6 .610E-34 4.S78E+08 
89 l .700E*0l 6 .480E-04 4 .59 1E*02 
30 1.8O0E+0I 6 .370E-04 4.603E+08 
31 I.900E+01 6 .3S0E-04 4 .6I5E»08 
3a a.000E+01 6 . IS0E-04 4.687E+08 
33 8.068E+O1 6 .080E-04 4.688E+0H 
34 8.13SE+01 S.960E-04 4*630E+08 
35 8 . 2 I 7 E O I S.870E-B4 4.637E+08 
36 3.303E+31 S.810E-04 4.647E+08 
37 8 .400E*0t 5 .730E-04 4.653E*C8 
38 3.500E+01 S .600E-04 4.658E+03 
39 8.603E+O1 S.580E-04 4.6S8E*08 
40 8.888E«-01 5 .4S0E-04 4.667E+02 
41 8.900E+01 5 .400E-04 4.671E+0S 
48 3.000E*0I 5.380E-0H 4.670E<-08 
43 3.a83E<-01 S.330E-04 4.688E+03 
44 3.400E+01 5.a6OE-04 4.687E+08 
45 3.50OE+01 5 .850E-04 4.69IE+08 

(a f r o m 7 1 . 2 T i r r a d i a t i o n . 

l ' roq. 

Turn' I >'i;. iniuiua 
i h l l Den- 3C.000I 

4 6 3>600E+0I 5.S30K-84 4.694E»aa 
4 7 3 .700£*0I 5.330E-B4 4.70»C»a8 
4 8 3.800E+01 S.080E-04 4.703E»aa 
49 3>9l«E+ai S.0I0E-84 4.707E«BS 
50 4>esiE+ai s .saac-a* 4.7a7E»aa 
51 4>i0ac*at 5 . I 7 0 E - 0 4 « . 7 i a c * a a 
5 8 4.0aac«ai 5.I60E-O4 4 . 7 t a c « a s 
5 3 4<3aas*ai S.I40E-B4 4.78BE*aa 
5 4 4.4S3E«01 5.09aE<-B4 4 .78IE»88 
5 5 *.ca§t*ei 5 .090E-04 4 . 78IE*a8 
S6 4.SB0E+01 5 .05aE-04 4.781E*B8 
57 4>958E*0t 5 . 0 4 t E - t 4 4 . 7 c i E « e e 
50 5.338E*ai 5.010E-B4 4.7B«E*a8 
59 s.4aac»ai 4 . 9 7 9 E - t 4 4 . 7 8 I E » t » 
6 0 5.5aaE*ai 4 .980E-04 4 .784E»08 
61 5.700E+01 4 . 9 I 8 E - 0 4 4.730E*08 
6 8 5.900E+0I 4 . 940 E-04 4.789E*B8 
6 3 6.I0BE*01 4 . 8 8 0 E - 0 4 4 .734E»08 
6 4 6.3aac*ei 4 .S00E-04 4.739E*B8 
6 f 6.seat*ai 4 . 8 6 0 E - 0 4 4.743E»08 
6 6 fl.700E*01 4 . 9 3 0 E - 0 4 4.747E*08 
6 7 6.900E+01 4 .930E-04 4.750E»a8 
6 8 7.05SE*0I 4 .930E-04 4.749E+08 
6 9 7.ae0E*0i 4 .850E-04 4.749E*08 
7 0 7.400E*OI 4 .980E-04 4.7SIE*08 
71 7.600E+01 4 . 9 0 0 E - 0 4 4.7S3E-.08 
78 7.800E*01 4 .870E-04 4.754E»e8 
7 3 8.000E+01 4.87CE-04 4.755E»08 
7 4 8.S00E*O1 4 .870E-04 4.756E+08 
75 8.400E*0I 4 .850E-04 4.759E»08 
7 6 8<600E»01 4 .860E-04 4.763E*08 
7 7 8.800E*01 4 .890E-04 fl.765E.02 
78 9.000E*01 4 .860E-04 4.767E«08 
7 9 9.830E*Ol 4.87UE-04 4.769E*0g 
8 0 9.400E»0I 4 .8^»E-04 4.769E»08 
81 9<600E*0I 4>940E-04 4.769E*08 
8 8 9.800E+01 4 . 9 7 0 E - 0 4 4.770E»08 
8 3 I .00OE*0»; 4>940E-04 4.770E*08 
8 4 i.oaaE^aa 4 . 9 8 0 E - 0 4 4 .770£*08 
8 5 1.045E+08 4^810E-04 4.770E*08 
8 6 I.060E+02 4 .770E-04 4 .77IE*08 
8 7 1.080E+08 4 .780E-04 4 .771£*08 
8 8 1.100E+08 4 .830E-04 4.771E*08 
8 9 i . ia0E*aa 4 .S80E-04 4.778E*0S 
9 0 I.I40E*38 4 .870E-04 4»778E*08 
91 1.160E+08 4.880E-04 4.773E»08 
9 8 I.I70E+0S 4 .760E-04 4 .7736*03 
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to the resul ts from free decays, which were capable of higher precision in the 
damping measurement than were the resonance curves In ihis damping range. 
Consider first the damping data in the four long runs . The initial values of A 
ranged between 1.17 X :o" and I.-JH x 10 ' for the four experiments . Immedi
ately after the source was inserted, a change <>i damping was ohserved, which 
ranged from a decrease of 0.7"'o in the 24.SIT run to an increase of i.:r; in the 
53.0<C run. This change occurred in a t ime that was short compared ti. ihe 
time scale of la ter damping changes, but comparable to the time required for 
the sample to reach a new steady tempera ture , as determined by previous 
exper iments . Since this change was also largest when the sample tempera ture 
was most different from that of the inserted oource, it is believed to be due to 
the tempera ture change caused by source Insertion and its interaction with the 
sample mounting as discussed ear l i e r , and not due to the influence of 
radiation-produced d e f e n s . Hence, it will not be discussed further. 

After a steady t e m p e r a i j r e was establ ished, the damping monotonicalty 
decreased at an increasing ra te , reached an inflection point, and then leveled 
out and appeared to asymptotically approach a final value. The rate of 
decrease of damping increased as the tempera ture was raised. The final 
value of A appeared to be a monotonlcally increasing function of tempera ture 
for the four runs . The total rhange in damping ranged from a factor of about 
10 for the lowest tempera ture to a factor of about 5 for the highest 
t empera ture . 

In the case of the frequency data for the four long runs, the initial val
ues were inversely proportional to the temperature . There was a small 
change immediately after the source was inserted, presumably due to the t em
perature change. It was largest in the 53 .0T run, where it amounted to about 
+8 Hz, corresponding to a temperature decrease of about 1.8°C. After about 
1/2 hr, the frequency leveled out, presumably because a new temperature was 
reached. At the three lowest t empera tures , the frequency was then essen
tially unchanged from its value before source insert ion. In the 53.0°C run it 
was lower by about 3.8 Hz. Since this would imply a temperature increase 
upon source insertion if it were attributed directly to a temperature change, 
and since gamma heating is not significant with this source strength as d i s 
cussed ea r l i e r , the decrease in frequency must ' e explained by other changes 
in the sample or mounting. It seems probable that the thermal shock effect 
accounts for it, for the reasons discussed above, and therefore it is not 
attributed to the influence of radiation-produced defects. 

The frequency then rose monotonioally, with the lower- tempera ture runs 
appearing to exhibit an inflection point. i'he ra te of change then decreased for 
the duration of the experiment but did not reach a constant final value within 
the time scale of the observations. The initial rate of change increased with 
t empera tu re , but the total frequency change at 400 hr amounted to slightly 
more than 0.5% for all the runs . 
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As una mentioned above, in two of the runs the 1-Ci source was r e 
placed by the I0O-C1 source to attempt saturation of the pinning. The results 
were as follows: tn the 24.HI" run, the decrement (measured under identical 

-4 -4 
conditions) decreased from 1.11 X ID to 1.20 X 10 , while the frequency 
im-roaned an additional 0.-IA*:.. In the .14,111 run, the decrement decreased 

—] - J 

from 1.53 x 10 to l.r>0 X 10 \ while the frequency increased 0.43"'o. In both 
cases the damping reached a constant value while the frequency continued to 
r i se , albeit at an ever -decreas ing rate . The frequency change never reached 
saturation in the time scale of the exper iments . In the 71.2'C experiment, the 
damping decreased rapidly and the frequency correspondingly rose at a hi^h 
ra te . After 21 hr the source was raised, and, 40 hr later , the rates of change 
reached lower, more-or- ler . s constant values, which persis ted for the dura
tion of the measurements . It should be noted that the sample continues to be 
i r radia ted when the source is in the ra ised position, but the flux is over two 
o rde r s of magnitude l ess than when it is inser ted . After these runs were 
completed, the variation in damping as a function of s t ra in amplitude was 
measured at 53°C for both the i rradiated and annealed s ta tes . The variation 
of damping with maximum strain amplitude for the annealed state Is shown In 
Fig. 17, The range of s t ra in amplitudes used in the isothermal irradiations is 

10 

1 0 " 3 r 

10 

- i — i — i i MI 11 - i — i i i i r r 
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10 •8 10' -7 
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Fig. 1?. Strain amplitude-dependence of 
damping. 

indicated. In the pinned state the damping was constant within experimental 
uncertainty from a maximum strain amplitude of 4.5 X in" to 7.5 X 10" . 

To see if the frequency and decrement would change in the absence of 
irradiat ion, the sample was held at 34.8°C for 5,5 days in the annealed state. 
The resul ts were as follows: 
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Time 
(days) 

Frequency 
(Hz) (X 10 3) 

0 20,613.6 1.61 
0.5 26,617.9 1.49 
1.5 26.619.7 1.47 
2.5 26,621.4 1.41 
3.5 26,621.9 1.38 
5.5 26,6^3.4 1.39 

As can be seen, the frequency continued to change after 5.5 days at an average 
r a t e of +1.8 Hz per day. The damping stopped changing within measurement 
uncertainty after 3.5 days, where its total dec rease had amounted to about 14%. 
After these measurements , the sample was heated to 500°C overnight in the 
presence of 200 kPa of oxygen in order to pin the dislocations as completely as 
possible and to observe the remaining damping, as another check on the s a m 
ple mounting. The room-tempera ture damping was reduced to 1.35 X 10 by 
this t reatment . 

Finally, the sample was unmounted rjid replaced by a dummy s i lver 
sample for Ihe tempera ture calibration, a s discussed In Section V.D. above. 
A section was cut out of the sample at a location midway between the center 
plane and one end. It was etched with 50% reagent grade nitric acid in deion-
ized water , washed in reagent grade methyl alcohol, and submitted to the 
Analytical Chemis t ry Section of the Lawrence Livermore Laboratory for s p e c -
trochemical analys is . The resulta of this analysis a r e shown in Table 6. 

Table 6. Spectrochemtcal analysis report for Plate No. 3099, Sample SS-
0856, of s i lver sample No. SC10t3. 

Values a r e approximate ppm by weight for the impurity ete-nents listed. 

Analysis 
ppm Elements not detected 

Si 30 < 150 As 
Ca 8 <40 Ba, Ge, Pb, Sb, W 
Cu d < 1 5 B , Bi, Cd, In, Nb, Sn, V, Zn, Z r 
Al ? 3 <4 Cr, Mn, Vi, Sr 
Mg < 3 <2 Be, Co, M , Ti 
Fe 1 
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B. ANALYSIS 

A first ftcp in analyzing data of this type is to normalize the changes in 
damping and modulus defect to the total changes over the course of the experi
ment. In doing this, one defines the pa rame te r s Y and Z: 

V - E<°°> - E(t) „ f(co) - f(t) , v 

Y - EU) - KM g tU - tie) (VU-P-l) 

7 _ A(t) - A(oo) , V I , „ , 
2 " A(0) - Afooi (VII-B-2) 

In these equations, Y and Z a r e the fractional amounts of the total modulus 
defect and damping change that are present at t ime t, E Is Young's rrodulus, f 
is the frequency, and A is the logarithmic decrement . Y and Z a re equal to 1 
at the beginning of an experiment. U the KGL mode'i holds, Y aiid Z should 
both r . inotonical ly decrease toward zero as the Irradiation proceeds, [f the 
SS model applies, it is possible for Z first to increase to a value grea ter than 
1 and then to decrease toward zero, as discussed previously. If the KGL 
model with a single dislocation type applies, it should be found in addition that 
Y = Z, since the modulus defect in this model is proportional to the square of 
the dislocation 'c-^. length, while the decrement is proportional to the fourth 

27 power. Such behavior was observed by Thompson and Holmes, and 
32 I *>3 

Thompson et al . in copper, and by Fornerod " in s i lver . In many other 
u .... ,. , , . , ,100,124-127 

copper experiments , however, this behavior was not observed. 
In the SSJ work, the relation between Y and Z was found to be simply Y = Z. 

In the present work, Z can be evaluated from tne irradiation data, since 
the decrement reached a constant value at long t imes . Y, on the oilier hand, 
cannot be evaluated in a straightforward manner, because the frequency con
tinued t̂ . change throughout the i r radia t ions . Nevertheless , *he fact that the 
frequency underwent a large fraction of its total observed change while the 
damping was essentially constant within experimental e r r o r , as in the high 
dose rate part of the 34.8°C run, clearly demonstra tes that neither Y = Z nor 
Y = Z is satisfied by the present data. Without further analysis, therefore, 
it is possible to conclude that the present work cannot be explained eithe.* by 
the KGL model with a single dislocation type or by the SSJ approach. As noted 
above, it has not been unusual for this to occur in past experiments . In r e 
sponse to such a situation, Thompson and P a r e ' proposed the existence of 
two or more types of dislocations, of which so. ne a r e pinned mere rapidly than 

I'M 128-130 others . A s imi lar approach was used by several other workers . 
Some workers have suggested that the two types can be identified with edge and 

96 
screw dislocations, respectively. P a r e and Guberman found thai their r e 
sults could be explained by the assumption of two dislocation components, one 

- 8 5 -



of which is present in mueli smal le r concentration than the oilier but has a 
iinuch grea te r average loop length. However, they rciccted tin* explanation on 
the grounds that the targe difference between the average loop lengths of the 
two groups, which was necessary to explain the data, did not seem plausible 
and that the two-component model does not resolve the disagreement between 
the observed frequency dependence of the damping at low frequencies and thai 
predicted by the KGL model. 

Jt appears that then are two possibilit ies for obtaining a fit of the p r e s 
ent data to theory by invoking more than one dislocation component: It might 
be possible to obtain a fit to e i ther the SS or the KGL t'aeory. We have chosen 
not to attempt a fit to the SS model for the following reasons: 

1. In the present experiment , we do not believe that the damping e . e r 
exhibits an initial increase that is due to radiation-produced defects. 
Although such an increase is not required in the SS theory, it was 
the main reason for invoking this theory in the SSJ ivork. 

2. The damping due to the dragging effect is proportional to cu , while 
that due to rigid pinning is proportional to a' . If a direct compar i 
son can be n a d e between the SSJ copper work and the present s i lver 
work, the relative importance of the rigid pinning compared to the 
dragging effect should be more than a factor of 2500 g rea te r in the 
present work because UJ is a factor of 50 grea te r . This assumes 
that the dislocation p a r a m ^ V r s in the two experiments a r? s imi la r , 
which is not unreasonable, given the s imi la r i ty of copper and s i lver , 
' ' ' .pport for this argument comes from the TBBH experiments con
ducted in copper at a frequency midway between the SSJ work and 
the p r e s e n ' work. These experiments were explained very well with 
the rigid-pinning KGL model, indicating thr.t rigid pinning is already 
dominant at 11 kHz in copper. 

In view of these arguments , we chose to attempt to fit the data to the 
KGL model, using more than one dislocation component. In doing this we have 
assunied that there a r e two groups, that both groups may contribute to the 
modulus defect, and that only one group is responsible for the pinnable damp
ing. The reason for using only two groups is that this is quite obviously the 
s imples t case beyond a single group. In general , one might expect that both 
groups would contribute to both the modulus defect and damping. However, it 
is c lea r from the experiments using the large source at the end of the 24 . f i t 
and 34.ft*C runs that the modulus defect change nearly doubled itself with little 
or no concomitant change in the decrement . This suggests that the second 
dislocation group did not contribute significantly to the damping changes ob
served ea r l i e r in the exper iments . 

Using this approach, we calculated the number of pinning points as a 
function of t ime, using the equation 
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I) 

1 -1 
- 1. (Vlt-B-3) 

in accordance with the KGI. model. ." was evaluated by using the observed 
values for A(0) and -Moo). A(0) was taken as the maximum value measured. 
In the lowest- temperature run this was the vrlue pr ior to source insertion, 
and in the others it was the value observed 1 hi' after source insertion. The 
plots o fn . . versus time obtained from this calculation displayed the following 
behavior: At (t - 0, n „ - 0) the curves had zero slope. As the time increased, 
the slope increased until an inflection point was reached, where the slope 
began decreasing. At longer t imes, the slope became approximately eonstant 
until the damping became so low that experimental uncertainty caused too 
much scat ter in the data for the analysis to be significant. The slope of the 
straight-l ine portions of the curves increased as the temperature increased. 
The intercept of the straight line portions at t = 0 was always positive and 
decreased as the temperature increased. 

When these observations were coupled with the resul ts of the short 
71.2°C irradiat ion, which indicate that the pinning points do not disappear at 
long t imes, at least not at a rate g rea te r than 1"',. of the pinning rate , it 
became clear that this behavior is very s imi la r to that found in copper by 
TBBH. In fact, as mentioned ear l i e r , those authors showed that all the fea
tures of the TBIIB model were required by these same observations. Accord
ingly, we decided to attempt to fit the present data to the TBIlt! model. 

In analyzing the TBBH experiments , the authors found that an excellent 
fit could be obtained by using only one transient te rm from the TBUB theory, 
as desi :'ibed ea r l i e r . Once the l inear part of n.. was subtracted off, it was 
possible to obtain a straight line on a semilogari thmic plot with the remainder, 
indicating a single t ransient whose relaxation time could be determined from 
the slope. In the present case , however, a straight line was not obtained, 
indicating that more than one transient was present . Accordingly, the n = 1 
term in the sum shown by TBHIS was retained, giving the following equation 
for nT 

, D . 
8(<t> - A) if 

"7r7 
( l - g o ) - ( 0 - A ) g o r L E + [(* - A ) g It 

[~8(<1> - A h 

, 4 D 
•d " eJ: exp(-t/T 

LE 

< * - A > B 0 T L E -
8<* - A)Z* 

* 4 D 
(1 " g j - ' LE 

LE 
e x p ( - t / T L E ) (VII-B-4) 
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or, in a more convenient form. 

n Q = t + St + ([ + S T , , J 
l E T U C " T 1 

CXp(- t T ) 

LE S T . . - ( [ + S T ) _ — 
I.L Lfc. T • T 

l - \ p ( - t - T u . . ) , (V1I-H-5) 

where I i s the intercept of the s traight- l ine portion at t - 0, and S is the slope 
of the s t ra ight- l ine portion. As can be seen, this equation contains two t ran
sients in addition to the intercept and s t ra ight- l ine t e r m s . 

Because of the complexity of this equation, it was decided to make the 
fits with the help of a computer . This was accomplished on a Control Data 
Corporation 7600 computer, using a program called GAP (General Analysis 

131 
and Plotting ) developed by David Y. F. Lai of the Lawrence Livermore Lab
ora tory . This program in turn makes use of a program called MLR (Minimize 

1 3 ' Lanear Residuals ") developed by R. E. von Holdt, a lso of LLL. 
Rather than fit to the A data directly, it was decided to fit to log A, in 

o rde r to give equal weight to all the data points, since the program minimizes 
the sum of the squares of the differences between the observed and calculated 
values. The fitting equation was then 

log A = log A(oo) + [A(0) A(»>) < 1 + I + st 

U + S T 
L E ' T LE " T l 

LE 
^ L E - ^ ^ L E ) ^ ^ 

exp(-t/Tj) 

exp(- t /T, „ ) n (V1I-B-6) 

In performing the four fits, A(co), I, S, r. „ , and T. were considered as va r i 
able pa rame te r s for each run, while the A(0) values were taken directly from 
the data, as descr ibed above. 

This analysis resulted in much c loser fits to the data. However, two 
problems appeared.- F i r s t , it was now impossible to mathematically dis t in
guish between T , g and T , , since interchanging them does not change the equa
tion. Even though they a r i se from different physical p rocesses (lattice diffu
sion and pipe diffusion, respectively), they were now algebraically identical. 
Second, it was not clear that the h igher -order t e r m s from the sum were insig
nificant, in view of the fact that the first t e rm had made an important contribu
tion. Accordingly, the magnitudes of the h igher -order t e rms were examined. 
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and it was found (hat only the n = 3 t e rm, 'n addition to the n » I t e rm, was 
significant. Inclusion of the n = 3 term produced the following equation for 

n ^ = I + St + ST 81 
L E - r o T L E « + S T L E » 

- j sV 1 + S T L E ) F ^ T T \ 7 5 1 T } e 5 t p ( - 9 t / T i ) - < v " - B - 7 ) 

As can be seen, there were now three transient t e rms in addition to the inter
cept and linear t e r m s , T . and T , E were now algebraically distinguishable. 
Another set of fits for the four runs was obtained, again fitting to log A, using 
the new expression for n „ in the fitting equation: 

log A = log {A<°O) + [A(0) - A(«i] (1 + n D ) ] " 4 | . (VII-B-8) 

The same pa ramete r s were varied as before. 
The resul t of this procedure was a set of values for A(»), 1, S, T, „ , 

and T for each of the four i r radia t ions . The values for Ado) were not very 
different from those measured in the cases in which the large source was used 
to complete the pinning. The standard deviations for all four data sets were 
about 1%. When plotted on Arrhenius graphs , the values for S, T, „ , and T. 
exhibited approximate s t ra ight l ines . 

In view of this success , we decided to fit all four data sets to the TBHB 
model simultaneously, requir ing exact Arrhenius behavior of S. T r g , and T 
An additional equation linking the pa ramete r s was obtained as follows: As 
shown above, the intercept is given by 

8(+ - A)X* 

, 4 D 
• (1 - g ) - « > - A ) g T. o LE' 

and the slope is given by 

S = (+ - A) g n 

(VII-B-9) 

(VII-B-10) 
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From Eq. ( tV-J-12), 

tl 
T . « -2-. (VI1-B-11) 

1 » D 

Because the slope in the TBHB work was temperature-dependent in the 
Arrhenius fashion, increasing as the tempera ture increased, the authors were 
able to make the assumptions g « 1 and A « $. Since this is a lso observed 
in the present work, those assumptions a r e adopted here as well. 

Combining equations and using these assumptions, one finds that 

1 S-^<> T j - S T L E . (VII-B-12) 
IT 

As noted above, 

* = -7? N A*°D- ( I V - J - 6 > 

Since t and * a r e not the same for the four i r rad ia t ions , the following p a r a m 
e t e r s were used for normalization: 

ft" = ., * (VII-B-13) 
34.8 

and 

I 
i = , (VII-B-14) 

°24.8 

where * , . „ is the a v e r s e gamma ray flux in the 34.8°C irradiat ion, and 
jt 0 is the average dislocation loop length in the 24.8°C irradiat ion. 

Inserting these equations into Eq. (VII-B-12), one obtains the final equa
tion linking the pa rame te r s for each run: 

l » K i * * * T , - S T T „ , (VII-B-15) 

where 

K = " l H r i N A ° D * 3 4 . 8 - (V.I-B-16) 

K was assumed constant for all the runs, since A should not change for a well-
annealed crys ta l . The values of * were calculated by using the half-life of 

Co, whi<->i is 5.263 yr . The values of I were obtained by the following 
method: The initial damping values for the four long runs were plotted as a 
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function of tempera ture . The values for the 24.8, 44.0, and 53.0T runs 
formed a smooth curve sloping downward as temperature increased, as had 
been observed in previous warm-ups and cool-downs above room temperature . 
The 34.8°C value lay below this curve. We reasoned that the curve r e p r e 
sented the normal high-temperature tail of the Bordoni peak in which damping 
should be proportional to the fourth power of the loop length. Since the 34.8"C 
run was the only one that had been held at temperature overnight pr ior to the 
beginning of the irradiat ion, we surmised that pinning must have occurred 
during this t ime, lowering the a v e r s e loop le r.gth and damping from the 
smooth curve exhibited by the others . Indeed, the inferred decrease of 9.4% 
in the damping is about the same amount as observed in the self-pinning exper
iment described above. The value of I required to place the damping values 
on the same smooth curve was then computed by assuming the fourth power 
loop-length dependence. The final values of « and t for the four runs were 
thus calculated to be the following: 

Tempera ture (°C) Date of Midpoint 
Jan. 20, 1973 

** !''' 
24.8 

Date of Midpoint 
Jan. 20, 1973 0.95694 1.0000 

34.8 Sept. 10, 1972 1.00000 0.9729 
44.0 Nov. 17, 1972 0.9756B 1.0000 
53.0 Dec. 9, 1972 0.96803 1.0000 

It should be noted that TBBH chose to cor rec t for variation in the initial 
average loop lengths of their runs by a different procedure. They assumed 
that the damping coefficient is proportional t^ temperature as predicted by 

133 Leibfried's theory, and they adjusted the loop lengths to account for the 
observed deviations in predicted damping. We have assumed, on the other 
hand, that the damping coefficient var ies with temperature in the manner p r e -

134 dieted by the Seeger and Schiller theory of the Bordoni peak in this range. 
2 Because T, and r, _ a re proportional to I , the loop-length correction 

has also been applied to them. Since the slope is equal to <t>g in this approxi
mation, and since both <t> and g a r e proportional to £ in the same approxima
tion, the loop-length correct ion has likewise been applied to S. Finally, the 
source decay factor 4* is also applied to S, since it is proportional to $. 

The final equations for the simultaneous fit of the four sets of data were 
then Eq. (VII-B-8) and the following four equations: 

T . = I*2 T exp( -E . /kT) (VII-B-17) 
1 o 

T L E * ' * ' T L E 0

 e x P ( - E l V k T ) (VII-B-18) 

S = £* 2 «* S Q exp ( -E s / kT) (VH-B-19) 
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I = K «* i * Tj - S T L E . (VI1-B-20) 

Because of the complexity of the equations, the fit was obtained using an 
n-dimensional l eas t - squares fit routine developed by Richard N. S t u a r t 1 3 5 of 
Lawrence Livermore Laboratory on a CDC 7600 computer . The initial values 
for this fit were taken from the resu l t s of the individual fits described above. 
The following pa rame te r s were varied to obtain thr minimum standard devia
tion: A(0), A(oo), E j . E L £ , Eg, Tj , T L B , S Q , and K. The resulting fit was 
tested by interchanging the pa rame te r s for T , and T , E , whereupon the com
puter changed them back in the course of refitting. This result indicated that 
they had been assigned cor rec t ly . 

The fit was a lso tested by s tar t ing from different initial values, and the 
fitting procedure again reached the same values . The standard deviation for 
the best fit obtained was 1.2%, which is comparable to the uncertainty In the 
data. The final values for the varied p a r a m e t e r s a r e shown in Table 7. The 

resu l t s of the fitting a re shown in 
Table 7. Fitted values of p a r a m e - Figs . 18 through 22. Figures 18 

t e r s obtained when A(0) ... . „ . . . . . . 
was allowed to vary. through 21 show comparisons of the 

calculated to the measured logari th
mic decrement values. Figure 22 
shows compar isons of the average 
number of pinning points per dis loca
tion loop, as calculated from the 
data by assuming a fourth power loop-
length dependence and as predicted 
from the theory by using the fitted 
values for the pa rame te r s in 
Eq. (VII-B-7). As can be seen, the 
fits a r e very good, with the possible 
exception of Bmall deviations at the 
beginning of the decrement curves . 
These resul t from the fact that A(0) 
was treated as a variable pa ramete r 

ra ther than held fixed. This was done because of the known uncertainty intro
duced in A(0) by insert ion of the source . 

Another fit was made under the same conditions as the first fit except 
that the A(0) values were held to within 1% of the values measured after source 
insert ion. This was done to tes t whether the values of the pa ramete r s would 
be sensit ive to the initial damping value. This second fit reached a standard 
deviation of 1.4%, slightly g rea te r than the first fit, as expected. The values 
of the pa rame te r s a r e shown in Table 8. As can be seen, E . „ and K r e 
mained near ly the same, while the other pa rame te r s changed by varying 

Irradiat ion 
t e m p e r a t u r e (°C) A(0) A(co) 

24 .8 14.5 1.15 

34 .8 12.9 1.38 
4 4 . 0 12.8 1.72 

53 .0 11.7 2.04 

E L E = 0.51 eV 

E l = 0.24 eV 
E S 
T L E 0 

So 
K 

= 0 .32 eV 

= 8.58 X 10" 8 

= 9 .29 X 10" 3 

= 4 . 1 0 X 1 0 2 

= 4.64 X 10" 3 

hr 
hr 

hr" 
hr" 

1 

1 
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Fig. 22. Average number of pinning points 
per dislocation loop; A(0) varied. 

degrees . The resul ts of the second 
fit a r e plotted in Figs. 23 through 27. 
As can be seen, this fit also appears 
to be very sat isfactory. It is diffi
cult to choose between the two fits on 
the basis of their standard deviations, 
which are both comparable to the 
uncertainty in the data. Therefore, 
we will discuss the two fits together. 

C. DISCUSSION 

Before discussing the implica
tions of these resu l t s , it is important 
to point out the sources of uncertainty 
in the data and the analysis and to 
examine whether the resul ts a re 

quantitatively reasonable . The chief source of uncertainty is the assumption 
that the entire decrease in the damping a r i s e s from pinning caused by 
radiation-produced defects, whereas , in fact, par t of the decrease appears to 
be due to rear rangement of defects already present in the crys ta l . As was 
noted above, the spontaneous decrease in damping amounted to about 14% over 
the first 3.5 days at 34.8"C. However, since the crystal was held for about 
1 day at this temperature p r io r to i rradiat ion, the relevant change for the 
34.8°C run is that occurring after the first day, which amounted to about 7%. 

T a b l e 8. F i t t e d v a l u e s of p a r a m e 
t e r s o b t a i n e d when A(0) 
w a s held f ixed. 

I r r a d i a t i o n 
t e m p e r a t u r e (°C) A(0) A(=o) 

24 .8 14.6 1.08 

34 .8 12.7 1.33 

44 .0 12.8 1.71 

53.0 12.1 2.09 

E L E = 0.48 eV 

E l = 0.30 eV 
E s 
T L E C 

T l 
S o 
K 

= 0.43 eV 

= 1.86 X 10~ 7 

= 1.45 X 1 0 " 3 

= 2.22 X 1 0 4 

= 4 .49 X 1 0 " 3 

h r 

h r 

hr" 

hr" 

1 

1 
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Fig. 'il. Average number of pinning points 
per dislocation loop; At'O) fixed. 

This is to be compared to the 51% total change observed after 2.5 days in the 
34.8'C irradiat ion. Unfortunately, no at tempt was made in this work to sepa
ra t e the spontaneous damping dec rease from that due to the i r radiat ion. This 
could have been done, for example, by holding the sample a t t empera ture a 
few days prior to i r radiat ing, until the spontaneous change had saturated. It 
is not known whether previous workers have ca r r i ed out such a procedure , but 
these resul ts show it to be des i rab le . 

A second source of uncertainty is the prompt damping change upon in se r 
tion of the source . As noted, this amounts to less than 5% for all the runs 
used in the analys ts . 

Finally, as pointed out above, we have assumed that the pinning of a 
single dislocation component is responsible for the ent i re damping dec rease 
whereas , in fact, ihe second dislocation component may also contribute a 
measurab le change. However, this contribution is expected to bo smal l for 
the reason mentioned. 

Because we do not have accurate knowledge of the magnitudes of these 
uncertaint ies or of the i r behavior as a function of t empera tu re , it is not pos 
sible to assign e r r o r l imi t s to the final r e su l t s . 

Let us next examine whether the resu l t s obtained from this analysis a r e 
quantitatively reasonable , , considering the physical bas i s of the TBHB model, 
the measured data itself, and the resu l t s of other , previous experiments . 
F i r s t to be considered a r e the values of A(0) and A(»). It can be seen by a 
comparison of the values given in Tables 7 and 8 with the data shown in 
Tables 1 through 4 that A(0) deviates from the measured initial value of the 
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decrement by about 3% in the worst case . This seems reasonable in view of 
the fact that the uncertainty in the initial value due to source insertion effects 
was as much as 4.3% in the worst case . The A(oo) value in every case is below 
the last measured value of the decrement, as it should be. 

The energy, E , „ , according to the TBHB model, represents the migra
tion energy of the defects responsible for the dislocation pinning. If the proc
ess is free (untrapped) lattice migration, the value of E. „ can be compared 
with those determined for Stage III annealing of s i lver in other experiments . 
Table 9 is a list of these values. It can be seen that the present values (0.48 
and 0.51 eV) a r e less than the majority of those shown, but agree with the 
lowest of them. They therefore do not seem unreasonable. 

The t e rm T , E is the preexponential te rm in the relaxation time for the 
latt ice diffusion p rocess . It can be related to that In the unit jump time of the 
diffusing defect by Eq. (IV-J-7): 

*o 
T L E 0

S r ^ T L U 0 -

-12 -13 
If one uses the generally accepted range of values for T. . . , 10 to 10 sec 

88 b (comparable to the reciprocal of the Debye frequency ), one obtains the 

Table 9. Stage III migration energies observed in other experiments . 

Type of experiment 
Migration energy 

(eV) Reference 

cw - resist . 0.2 - 0.5 (first part) 
0.55 ± 0.03 (second part) 

136 

q - resist . 0.57 137 

e (1.6 and 3.0 MeV)-resist. 0.57 ± 0.04 to 0.71 ± 0.02 138 

cw 0.60 ± 0.05 139 

n (fast spectrum) - int. frict. 0.64 ±0.06 123 

cw 0.65 140 
d (10 MeV) 0.67 ± 0.04 141 

cw 0.7 142 

Key 

cw - cold work 
q - quenching 
e - electron irradiation 
n - neutron irradiation 
d - dauteron irradiation 
r e s i s t . - electr ical resist ivity measurement 
int. frict. - internal friction measurement 
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4 resul t I /a a 2 to 8 X 10 for the two fits considered together. Since a is 
— B 14*̂  — "̂  equal to 4.0862 X 10 cm in silver, I must be of the order of 10 cm. ^ o 

This is a reasonable spacing between dislocation lines for c rys ta l s grown in 
the same manner as the present ones, since, if a simple cubic network of d i s -

2 
locations is assumed, the relation Ai a 1 would yield a dislocation density of 

6 3 
10 c m / o n . This is a value commonly observed in c rys ta l s seeded for 
growth with close-packed external sur faces . 

The question of whether the lattice diffusion is trapped o r untrapped can 
also be answered by consideration of T, _, . As shown by Thompson and 

34 ° 
Buck, if the motion is untrapped, the attempt frequency, which should be 
comparable to the Debye frequency, is given by 

N 2 / 3 
v =-*-=? , (VII-C-!) 
° ^ 

3 22 
where N A is Une number of atoms per cm (5.85 X 10 for s i lver) , and A is 

3 6 3 
the dislocation density in (cm/cm ). Using a value of A = 10 cm/cm , which 12 -1 wss calculated above, one finds that v is in the range 2 to 5 X 10 sec , Rfi which is reasonable . On the other hand, if the motion in\ j ives trapping by 
impuri t ies in the c rys ta l , v would be given by 34 

12 N2J3 P 
v = . A (Vlt-C-2) 

° A T L E Q 

where P is the concentration of impurity a toms. From the spectrochemical 
analys is , P is est imated to be in the range of 10 ppm, or 10~ fractional con
centrat ion. Again, assuming A = 10 cm/cm , one finds that v would be in the 

8 — 1 Rfi ^ 
range of 10 sec , which is unreasonably low. 34 As pointed out by Thompson and Buck, another test to differentiate 
the trapped and untrapped cases can be made by estimating the diffusion length 
of the defect by use of the Einstein relation [Eq. (IV-D-4)], Eqs. (VII-C-l) and 
(VII-C-2), and the approximate equation 

? S * D T L E , (VII-C-3) 

where is the diffusion length. The value of the diffusion length should be 
comparable to the spacing between dislocations. Applying these equations for 
the untrapped case , one finds that Vx^ is about 5 X 10 cm, which is about 
half the value obtained for the dislocation spacing and is therefore reasonable. 
For the trapped ca se , the resu l t for Vx^is about two o rde r s of magnitude 
smal le r , which is unreasonably short. 
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It must be pointed out that these arguments do not rule out the existence 
of deep impurity t raps . If sufficiently deep t raps a re present , migrating 
defects will not escape from them in the t imescale of the experiment, and 
their only effect will be to reduce the effective ra te of production of possible 
dislocation pinners . 

In summary, the resul ts of the fits for E, „ and T, _, a re consistent 
with the interpretation that they represent the free latt ice migration of o 

34 
Stage III defect. As noted by Thompson and Buck, the reason the migra
tion of such a defect is observed at a tempera ture usually charac ter i s t ic of 
Stage IV in resist ivi ty experiments i s that the defect concentration is so much 
smal le r and the diffusion lengths a re longer in the present experiments. 

Turning to the examination of the values for E. ioEj, . , ) we note that the 
I ' B H B theory in terpre ts it as the activation energy for migration of the defects 
along the dislocation l ines, i .e . , as the migration par t of what Is usually known 

82 
as the pipe diffusion energy. As mentioned in Section IVG, other work p r e 
dicts th,,- its value must be considerably less than 0.78 to 0.85 eV. The p r e s 
ent values, 0.24 and 0.30 eV, satisfy this requirement . In addition, they a re 
considerably less than the value obtained for the lattice migration energy, 
E. „ . This is reasonable, in that migration along the core of a dislocation is 

84 known to be eas ier than migration through the lat t ice. It is Interesting that 
the ratio of E. to E, „ for the fit in which A(0) was held fixed is about 0.63, 
compared to about 0.66 in the TBHB copper work. This is to be expected, in 
view of the s imilar i ty in s t ruc ture of the two meta l s , and may shed some light 
on the relative validity of the two fits made here , since the other fit gives a 
idtio of 0.4?, 

The energy E„, which is equal to E N D - E , , Is Interpreted as the binding 
energy of the defects to the nodes on the dislocation l ines. Thomson and 

144 Balluffi have argued that E,, should asymptotically approach the formation 
energy of the defects in the dislocations as the nodal points become large. 
One might therefore expect that the ra t io of Eg to E, might be nearly equal for 
metals that a r e s imi l a r in s t ruc ture , just as is t rue for the corresponding 
pa ramete r s in the bulk. This ratio has values of 1.4 and 1.3 for the two fits, 
compared to 1.6 in the TBHB copper work. Again, the fit with A(0) held fixed 
gives c loser agreement. The smal le r relat ive value for E - in silver (0.43 or 
0.32 eV versus 0.68 eV in copper) may be explained by the fact that the s tack-

72 ing fault energy of this metal is believed to be much less than that of copper, 
leading to more extended nodes. These in turn would produce smal ler 
s t r e s s e s in the crysta l and lower interaction energies with defects. 

Interpretation of the remaining pa rame te r s is somewhat less straight
forward. The te rm T, is the preexponential factor in the lowest-order re lax-

1 o 
ation time for pipe diffusion. Making use of Eq. (IV-J- 1 '?) , we find that 
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, I2 

T 1 = 4 ^ T D U ' < V I I - C " 4 > 
o jr a o 

where t is the average length of the dislocation loops, a is the lattice pa ram
eter , and T_y is the preexponential factor in the relaxation time for a single 
jump along the dislocation line. Using the values of t /a derived above, one 

-8 obtains values of T n l . on the order of 10 sec, which is quite long in com-
° 86 

parison to the reciprocal of the Debye frequency. There appear to be two 
possible explanations. The first is that, because of the low stacking-fault 

84 energy, the dislocations a r e widely split . In this case , as Love pointed out, 
the defects on the line would also part ial ly "extend," in that their exact atomic 
position would be undetermined within the stacking-fault width. Migration of 
such a defect would requi re the cooperative motion of a number of a toms, 

145 introducing a considerable negative activation entropy for the p rocess . 
Since T—.. is the product of approximately the reciprocal of the Debye f re-

4> " S m / k 
quency and the entropy factor e , where S is the entropy of migration 
and k is Boltzmann's factor, a large negative entropy could explain this resul t 

-8 and make a value of 10 sec reasonable . 
A second possible explanation is that the average length of the dis loca

tions whose pinning gives r i s e to the observed damping change is much grea te r 
than the average distance which the pinning defects have traveled before r each 
ing them. If this explanation alone is to explain the di jcrepancy, the required 
dislocation length would be of the o rde r of 1 mm. There are two objections 
raised to such an explanation. F i r s t , it does not seem plausible that dis loca
tion loops would be this long, in view of the thickness of the specimen and the 
manner of preparat ion. Secondly, a fundamental assumption in the derivation 
of the TBHB model was that the dislocation length and the spacing between 
them a r e equal, i .e., the dislocations a r e arranged in a cubic lat t ice. When 
this assumption is removed and the derivation is repeated, the resul t is that 

2 -at 
additional t e r m s of the form t and te must be added to the equation for n_ . 
Inclusion of these t e r m s would increase the complexity of the fitting equations 
and add another unknown paramete r . However, it could not measurably im
prove the fit, since the standard deviations of the present fits a re a l ready 
within the uncertainty in the data. Therefore, it would not be possible to 
judge whether or not the more complex formulation were more near ly co r rec t . 
More importantly, the fact that the present fits match the data to the degree 
they do indicate that the s impler formulation is adequate. For these reasons , 
we believe that the entropy explanation accounts for at least par t of the 
discrepancy in T „ „ . 

The t e r m s S and K can be interpreted by a consideration of the equation 
S = I TT S 2 e X P H E N D - E D U » / k T , (VI.-C-5) 
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which resul ts from Eqs. (VII-B-10) and ( IV-J - l l ) , with the assumptions, just i
fied by TBHB, that A « <t>,(2 a / V ( T N D / ' T D U ) ^ 1 ( a n d T ' ^ ^ D L C < {2*lILo) 

( T N D / T D U ) . From Eq. (VII-C-5), 

V ! T ^ - (VII-C-.) 
0 * * ND„ 

The paramete r <J> can be evaluated from the fitted value of K by using 
Eqs. (IV-J-6), (VII-B-13), (VII-B-14), and (VII-B-16). Combining these 
relations and solving for T D U / T ™ by using iQ/a = 5 X 10 , one obtains a 
ratio of about 200 for the fixed-A(O) fit, and a rat io of about 3 for the varied 

-8 -A(o) fit. If one uses the value of 10 sec obtained above for T T , one 
_ H u u o 

obtains a value for T M n in the r nge of 10 sec for the first case and 
-9 o 

10 sec for the second case . The first value seems more plausible in com
parison to the reciprocal of the Debye frequency, supporting the fixed -A(o) 
fit. If, on the other hand, one uses a value for T - . , . that is neare r the rec ip-
rocal of the Debye frequency, then the varied -A(o) fit gives a more reason
able result for T . T T . . 

Another check on the fitted value of K can be made by using 
Eq. (VII-B-16) and the calculated values for the displacement c ross section 
and gamma ray flux from Section IV.B. This produces the result that I /A 

-13 3 -3 
= 1.5 X 10 cm . If jt is assumed to be 10 cm. as computed above, the 

° 9 3 
value of A comes out to be 7 X 10 (cm/cm ), which is higher than one would 
expect for annealed c rys ta l s and higher than one would calculate, assuming a 

o 
square dislocation network, from the relat ionship Ai a 1. 

An alternative approach is to assume that only part of the defects that 
were created acted as pinners for the dislocations that gave r i se to the damp
ing. Using values of JB = 10" cm and A = 10 (cm/cm ), the result is that only 

4 about one defect in "0 acted as a damping pinner. There a r e three possible 
reasons why this might be t rue . F i r s t , it is known that not all Hisplacements 
give r i se to freely migrating defects, but that many annihilate. For example, 
Corbett et al . found that, in copper, about 80% of the damage created by 
1.4 MeV electrons annealed in substages la-Id, which a r e believed to result 
from annihilation of close or correlated Frenkel pa i r s . A second possible 
reason why only a small par t of the defects may have acted as pinners is that 
there was a high relative concentration of impuri t ies , which may have acted 
as deep t r aps . In fact, the average distance from a radiation-produced defect 

—fi to an impurity atom was of the order of 10 cm, whereas the average distance 
to a dislocation was calculated at 10 cm. Whether or not the defects would 
be bound to the impuri t ies probably depends on the species and is not known. 
However, TBHB concluded that 100% of the defects in their copper exper i 
ments migrated to dislocations. 
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A third possible reason for such a low pinning efficiency is that a large 
fraction of the defects migrate to dislocations that do not give r ise to signifi
cant damping. Indeed, we already suspected from the frequency data that such 
dislocations were present and were being pinned. This explanation is r emin i s -

96 cent of one of the possibi l i t ies considered by Pare 1 and Guberman —namely, 
that there a r e two categories of dislocations, one of which has a much longer 
average loop length than the other but is present in much smal le r concentra
tion. The group of longer dislocations v_ould then give r ise to virtually all of 
the observed damping, because the damping is proportional to the fourth power 
of the loop length. However, because of i ts much lower density, it would 
gather only a small portion of the point defects as p inners . At the same t ime, 
since the modulus defect is proportional to only the second power of the loop 
length, the shor te r dislocation group could make a significant contribution to 
modulus changes if they compensate in density for what they lack in loop length 
relat ive to the first group. 

96 
As discussed in Section VII-B, P a r e and Guberman rejected the two-

dislocation-component model on the grounds that it did not explain the d i sc rep 
ancies in the frequency dependence of the damping in copper, and that it did 
not seem plausible. Since the frequency dependence was not studied in this 
work, we will confine our discussion to the plausibili ty of the model for the 
present c ry s t a l s . 

The best evidence for deciding whether this model is plausible would be 
produced by observation of the dislocation s t ruc tu re of the samples , ei ther by 
electron microscopy or etch-pit s tudies . Neither of these techniques was 
applied to the p resen t samples , but considerable insight can be gained from 
observations on c rys ta l s having s imi la r purity, method of growth, and thermal 
and mechanical history. Electron microscopy has been performed on disloca-

147 148 
tions in s i lver by Bailey and Hirsch and by Moon and Robinson. Etch pit 149 studies were ca r r ied out by Levinstein and Robinson, Worzala and 
Robinson, Sabol and Robinson, and Chen and Hendrickson. All these 
workers found that the dislocation s t ruc ture of s i lver crys ta ls is far different 
from the cubic latt ice assumed in the TBHB theory. Although much of the 
work involved s i lver that had been heavily cold-worked, the papers by Levin
stein and Robinson, Chen and Hendrickson, and Worzala and Robinson 
discuss observations on as-grown, annealed, and lightly deformed c rys ta l s . It 
should be noted that the present c rys ta l s can best be classified as lightly 
deformed and annealed. The deformation came about because of the thermal 
contraction difference of about 1.2% between the s i lver and the graphite rod on 
which it was grown, the subsequent pulling to remove the rod, and the handling 
involved in spark-machining and mounting. The annealing was done at t emper -
tures oi" SOOt and 5 0 0 ^ , as discussed ea r l i e r , which a re lower than those 

149 used in the etch-pit s tudies . Levinstein and Robinson found that as-grown 
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7 -2 crys ta ls had dislocation densities in the neighborhood of 1-5 X 10 cm . The 
dislocations appeared to tall into two categor ies . Most were distributed m o r e -
o>-less randomly and exhibited small etch p i t s . These dislocations were 
believed to be in the form of small loops, each of which produced two etch pits 
where they intersected the surface. As mater ia l was removed, these loops 
wer • etched away and were replaced by other loops, as they in turn inter
sected the surface. In this way, the s ize of the randomly located pits r e 
mained small . The other category of pits was located on low-angle boundaries 
and slip l ines. These pi ts grew as etching proceeded, indicating that the d i s 
locations giving r i se to them had longer line lengths. 

149 Levinstein and Robinson found that a 3% deformation resulted in slip 
bands with a cellular appearance; that is , they were "made up of regions of 
high dislocation density surrounding regions in which there a re no dislocation 
lines intersecting the surface." 

152 Chen and Hendrickson found that their as-grown crystal/* had dis loca-
fi —*} tion densities of 1-5 X 10 cm . A 2-week anneal at 940*^ reduced the den-

4 - 2 ii 

sity to about 5 X 1 0 cm . The annealed c rys ta l s contained randomly d i s 
persed dislocation etch pits with a few subboundaries." When these authors 
lightly deformed an annealed crys ta l through handling, and reannealed it at 
940*C for 2 weeks, they observed well-defined polygonization boundaries, 
which they found "somewhat surpr is ing ' in view of the low stacking-fault 
energy of s i lver . 

150 Worzala and Robinson described the dislocation s t ructure of si lver in 
the easy glide region. A typical specimen had an average dislocation density 
after annealing of 1.8 X 10 cm . The dislocations were arranged both ran
domly and in low-angle boundaries. Deformation of 0.1%, which was just past 
the yield point, gave r i se to c lus te rs of dislocations, which became more 
dense as deformation was increased. 

In view of these observations, it seems clear that the present crystals 
could very likely have had a dislocation s t ruc ture incorporating a low density 
of long dislocations and a higher density of short ones, either as a result of 
ingrown subboundaries or of polygor.ization ar is ing from deformation and 
annealing. 

The paramete r E N _ is interpreted as the sunn of the binding energy of 
the defect to the node and its migration energy on the dislocation. Its value 
thus can be obtained as the sum of Eg and E j . . , , which is 0.73 eV in the case 
of the fixed-A(O) fit, and 0.56 eV for the varied -A(0) fit. Using the argument 

144 
of Thomson and Balluffi cited above, TBHB compared E „ _ to the measured 
pipe diffusion energy. For si lver , this energy has been measured at 0.78 eV 
and 0.85 eV by different authors. Again, a comparison in the present case 
reveals that a more favorable agreement is obtained with the fixed-A(0) fit. 
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The paramete r Ep , , , which corresponds to the energy required to return 
a defect from a dislocation to the lattice, has not been evaluated in these 
exper iments . TBHB obtained an es t imate by assuming that the defects were all 
accounted for by the sum of those present on the dislocations, on the nodes, 
and freely migrating in the la t t ice . Because of the presence of the second d i s 
location component and the possible presence of deep impurity t r aps , ve can
not make this assumption here . For the same reason, we a re not able to ca l 
culate the efficiency of dislocations in trapping defects. 

In view of the considerations discussed here, it appears that the fixed 
-A(0> fit is more nearly cor rec t than the varied-A(O) fit, in spite of its having 
a slightly higher standard deviation. It should be noted that, because the fit
ting scheme gives equal weight to all the data points, and because only a few 
points a r e located at e a r ly enough t imes to have a large effect in determining 
the p a r a m e t e r s in the t ransient t e r m s , it is not surpr i s ing that the ear ly 
points were not well fitted when A(0) was allowed to vary, or that the standard 
deviation increased slightly when A(0) was fixed. 

To summar ize the discussion presented in this section thus far, it 
appears that the following s ta tements a r e t rue : 1) More reasonable values for 
the pa rame te r s in the theory a re obtained when A(0) is constrained to match 
the value measured after source insert ion and tempera ture stabilization than 
when it is allowed to vary; 2) the p a r a m e t e r s determined in this way a r e plau
sible if one allows for wide splitting of dislocations and the presence of two 
dislocation components; 3) these two assumptions a r e supported by the ob
served stacking-fault energy and dislocation s t ruc tu res in s i lver ; 4) the time 
and tempera ture dependence of the observed pinning is consistent with the free 
migration to dislocations of a single type of defect, pipe diffusion along the 
dislocations, and binding of the defects to nodes; and 5) the best value for the 
lattice migration energy of the defect is about 0.48 eV. It remains to discuss 
the identity of the migrating defect. 

Gordon recently reviewed the proposed models for Stage III annealing 
in s i lver . These include the two-inters t i t ia l model, the di- inters t i t ia l model, 
the trapped inters t i t ia l model, the interst i t ial c lus ter break-up model, and the 
vacancy model. In analyzing his data for Stage III res is t iv i ty recovery of 
e lec t ron- i r rad ia ted s i lver , Gordon interpreted the resul ts in t e rms of the 
migration of vacancies to interst i t ial c lus t e r s and the formation of divacancies 
in the anneal, followed by migration of divacancies in the la t ter part of 
Stage III. In doing so, he assumed that the migration energy of the vacancy 
far from any c lus te r s is 0.71 eV, and that the migrat ion energy of divacancies 
0.57 eV. This value for the vacancy migration energy is considerably less 

153 154 
than the values determined by Quere, Doyama and Koehler, Ger tsr iken 
and Novikov, and Ramsteiner , et a l . in quenching and annealing exper i 
ments , which range from 0.83 to 0,88 eV. It is also less than that obtained by 
subtracting the vacancy formation energy determined in quenching experiments 
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from the best value of the self-diffusion energy in 1S70 as summarized by 
157 Mehrer and Seeger. However, the latest self-diffusion energy measure 

ments by Lam et a l . indicate that the monovacancy self-diffusion energy is 
1.76 eV. Subtracting vacancy formation energies in the range of 1.0 to 1.1 eV 
(Ref. 157) then gives good agreement with Gordon's result . It :.s conceivable, 
then, that the vacancy migration energy could be as low as 0.71 eV. The 
author knows of no ser ious suggestion that the activation energy for free 
migration of monovacancies in s i lver is l e ss than this value, part icularly not 
as low as 0.48 eV. The divacancy migration energy assumed by Gordon is in 
good agreement with other measured resu l t s , as summarized by Mehrer and 
c 157 
Seeger. 

In identifying the defect responsible for pinning in the present experi
ments , several possibi l i t ies can be ruled out. Single vacancies, although 
known to be created by gamma irradiat ion, simply have too high a migration 
energy to account for the r e su l t s . Although the uncertainty in E . „ as deter
mined in the present work may be s izeable, it is not likely to be as high as 
40%. Support for this contention is found in the fact that the fit with A(0) neld 
fixed produced a value for E , „ that was within 6% of that obtained when A(0) 
was varied. It therefore does not seem to be very sensitive to the fitting 
constraints . 

Divacancies, although their migration energy is not very different from 
that determined here , can also be ruled out on the basis that they a re not 
likely to be formed in any significant number in the present experiments . 
Direct formation by the i rradiat ion is unlikely because of the energy argument 
given in Section IV.B. Formation by the migrat ion together of two vacancies 
is not likely because of the small defect concentration present . The same 
arguments rule out d i - in ters t i t ia ls and inters t i t ia l c lus te r s . The only poss i 
bility left is the free migration of single inters t i t ia l a toms. Since ther^ is 
general agreement that some type of interstitial migrates in Stage I, and since 
we have seen evidence of this migration in the survey experiments , we are 
thus led to embrace the two-interst i t ial model to explain the present resul ts . 
It must be emphasized that this conclusion applies only to the present exper i 
mental conditions. It does not rule out the possibility that different defects 
may cause significant effects in Stage III under different conditions of radia
tion type or energy or higher defect concentrations. 

Now that we have settled upon the single interst i t ial as the responsible 
defect, it is interesting to attempt an explanation of the depinning results d i s 
cussed in P a r t VI. As was stated in Section VI,A, when the pinned sample 
was heated to annealing tempera tures up to 220°C, the damping and frequency 
exhibited apparent pinning while held at the annealing tempera ture . In the 
framework of the present model, this can be explained by intersti t ial atoms 
being "boiled off" the nodes onto the dislocation l ines, raising the average 
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number ot pinning points. For annealing tempera tures less than about 120°C, 
this was the only effect which occurred appreciably, so that, when the sample 
was cooled back to 35.5°C, the extra pinning points returned to the nodes, 
reestablishing the original equilibrium distribution and returned the damping 
and frequency to their original values, as observed. At annealing t empera 
tures between about 120°C and 220°C, an appreciable number of intprst i t ials 
a r e also "boiled off" the dislocation lines into the lat t ice. The pa rame te r s 
still exhibit apparent pinning when the sample is held at the annealing temper 
a ture , since more inters t i t ia ls a r e added to the lines from the nodes than a r e 
lost to the latt ice. Whep the sample is then cooled to 35.5°C, some of the 
inters t i t ia ls re turn from the lattice, but a g rea t e r number return to the nodes, 
causinp the average number of pinning points to dec rease , as observed. For 
annealing tempera tures between about 220°C and 340°C, more inters t i t ia ls a rc 
boiled off into the latt ice than a r e supplied by the nodes, so that a net unpin
ning is observed at the annealing t empera tu re . When cooled back to 35.5"C, 
however, the in ters t i t ia ls returning from the lat t ice now dominate those chat 
re turn to the nodes, and a net pinning is observed when the sample is held at 
35.5°C. This last step is somewhat analogous to what took place in the or ig
inal irrart 'ation, when a net pinning occurred because not all the in ters t i t ia ls 
that reached the lines migrated on to the nodes. Finally, annealing at 500°C 
enables the inters t i t ia ls to escape completely from the dislocations and 
undergo longer- range migration in the la t t ice , so that they annihilate the 
vacancies, which were always present as comparatively inanimate pa r tne rs 
throughout the lower- tempera ture pinning-depinning p rocess . In addition, at 
500°C the vacancies a r e sufficiently mobile that their migration will also con
tr ibute to permanent depinning. It i s thus seen that the TBHB morW with the 
inters t i t ia l as the migrating defect is able to explain, at least qualitatively, 
all the depinning observations. 
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VIII. Conclusions 

A. The Koehler-Granato-Lucke vibrating s t r ; ng model applied to a s in
gle dislocation component cannot explain the present dislocation pinning 
resu l t s . 

B. These pinning resul ts a re consistent with the vibrating string model 
if two dislocation components a re assumed, one of which has a much higher 
average loop length than the other. Such a s t ruc ture may result from poly-
gonization or the presence of low-angle boundaries . 

C. The resul ts of survey experiments a re consistent with long-range 
migration in Stage I in s i lver . 

D. The activation energy for migration of the defect which pins dis loca-
fin 

tions in Sta^e III in s i lver using Co gamma irradiation and low defect con
centrat ions is about 0.48 eV. This defect is most likely the single intersti t ial 
atom. 

E. Pipe diffusion is necessa ry to explain the pinning behavior as a func
tion of t ime and tempera ture in these exper iments . The migration of point 
defects and their interaction with dislocations can be explained by the model of 
Thompson, Buck, Huntington, and Barnes . 

F . The efficiency of the dislocations in trapping the point defects could 
not be estimated because of the presence of two dislocation components, only 
one of which contributed significantly to the measmed damping. 
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