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Io INTRODUCTION 

During the last few years there have been a number of ~xperi

ments designed to determine the natur~, of the low':: temperature 

I 1 anl?-ealing which occurs in irradiated, noble metalso It :i,s'ob-: 

~erved that if copper and silver are irradiated at about l0°K 

.with 1 MEV neutrons2 , 10 MEV deuterons3, or l MEV electro~s4, 

an appreciable anneali~g of the resistivity increment occurs at 

about J0°Ke Recent work at the University of Illinois shows 

that the length5 and lattice parameter6 increments.anneal out 

~ in about the same way as the resistivity incremento Blewitt' 

and coworkers 7 find an anomalous·ly small amount of energy re:... 

leased in pile irradiated specimens in this temperature rangee 

At temperatures:somewhat above 40°K the above observations re-

veal a continuum of annealing processes s4ch that each increase 

in· temperature produces ·a small amount of recoverya 

· Lomer and Cottre118 have proposed that small impurity atoms . ,. 

can trap the interstitial configuration and Blewitt and coworkers9 

have shown that Ool% of Be, Sill and Au. in copper can appreciably 

influence the annealingo 'l'hey have also found9 that the annealing 
' . I 

of irradiated copper'is not influenced by cold work or by altering 

the amount of irradiation by a factor of 50o 

The present research was undertaken to ascertain whether or 

. not gold shows the low temperature drop 9 to determine the frequency 

factor and the spectrum of activation energies on specimens of 

high purity, to discover whether the annealing is significantly 

altered if the purity is incr.ea.sed by an order of· magnitude' and 

to determine the effect of irradiation on the Debye So 
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II;,· -EXPERIMENTAL 

1. Me-thod and Appara tl,l.s 

Resistance versus temperature curves of the unbombarded 

specimens, as well as thermocouple calibrations, were obtained 

in the laboratory before mounting the ccyostat on the cyclotron .. 

During irradiation the cryostat was separated "from·the cyclotron 

chamber by a Oo025 mm duralumin diaphragm.. This served to 

eliminate the adsorption of deuterium and other gases on ·the 

iow temperature parts of the apparatus.,· In previous experi

ments3 ·evolution of these adsorbed gases caused a rapid rise in 

temperature during annealing following irradiation.. No such 

temperature P';llse occurred in thi·s experiment ... 

During irradiation and subsequent annealing a high vacuum 

system maintained a pressUre less than 5 .. 0 x·lo-6 mm of Hg as 

determined by a Phillips Ionization Gauge mounted on· the outer 

cryostat wall .. The deuteron flux was measured. by insulating 

the inner part of the cryostat from ground by a teflon gasket 

and passing the charge coilected through an electronic current 

. t t. 10 1n egra or., Alignment of the foils in the cyclotron beam was 

accomplished by mounting the cryostat on an adjustable stand 

and_maximizing the beam current receivedo The Cu and Ag foils 

. were maintained at a temperature··no greater than 10 .. 8°K ·and the 

CuNi foil no greater. than 2l.,l°K during the bombardmente 

The isothermal annealing data after irradiat:Loh were taken 

without removing the cryosta~ from the cyclotrono Resistance 

measurements were made using standard potentiometric m~thods .. 
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A Rubicon thermal free.Cato Noo 2767 microvolt potentiometer. 

with a Rubicon Cato Noo 3550 photo-electric gaivanometer was 

.used to measure the voltage acrqss the foilso The measuring 

current· for the ·cu and Ag foils was 0.1 amp and was constant 

to 1 part in 50,000o The measuring current for tne CuNi foil 

was Oo02 amp and was constant to 1 part in 40,000o 

Instrumental error in a single measurement of the resis-

+ . -6 i 
tance of the Cu and Ag foils was - Ool X 10 . ohmso ' The corres-

3 

+ -6 pending error for the CuNi foil was 1 x 10 ohmso These 

values are Ooll, Oo070 and Oo36 o/o of the maximum observed re-

sistivity ·increment in Cu, Ag, and CuNi respectively·o To eli

minate stray thermal voltages in the potential leads the direc

tion of the current was reversed and the average ·of the two 

voltage readings was usedo 

The cryostat used in this research was of the same design 

as:that used by Cooper 3 and is described more fully elsewhere.n 

However, it was modified by the insertion of a "heat switchll be-

; tween the copper specimen mounting block and the liquid helium 

sphereo This heat switch allowed one to hold the foils at any 

temperature from 7 to 78°K without an excessive expenditure of 

liquid heliumo 12 This device is shown in cross-section in 

Figo lo The tube for evacuation of the heat switch runs up to 

the cover plate of the cryostato To increase the pumping speed 

of the system l/4n holes were drilled at the top and bottom of 

the copper cylinderso For clarity these holes are not shown in 
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When the heat switch was evacuated (~io-5mm of Hg) the only 

conduction path between the block and the liquid helium sphere 

was through the stainless steel cylinder, radiation transfer 

between adjacent cylinders being negligibleo In this condition 

it functioned to thermaliy isolate the block and foils from the 

liquid helium, thus permitting the temperature of the block to 

be raised without an excessive co_nsumption of liquid heliumo 

When the device was filled with helium gas to a pressure of about 

·.. Ool mm of Hg, heat conduction between adJacent cylinders became 

appreciable and maximum cooling of the block was obtainedo It 

was found that the thermal conductivity of the heat switch in 

its filled condition was about 70 times· its conductivity while 

evacuatedo 

To raise the temperature of the block and foils. a small 

60 ohm heater was attached to the ·blocko · Since it was necessary 

to make temperature changes as quickly as possible, a key was 

incorporated in the heater circuit so that large cur·ren"j:i pulses 

_could be sent through the heatero When the desired temperature 

was reached, a small current, of the order of 5-100 rna~ main-

.tained the temperature constanto EW careful manipulation of the 

heater current the temperature of the block could be maintained. 
. . +. . 

constant to ..:. Oo02°K. Tl::le time required to raise the. temperature 

1.5°K was about 20 sec. at 20°K and about 40 seco in the 40°K 

reg :Lori. 
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2. Specimen Preparation and Mounting 

The specimens used in this research were in the form of 

po1ycrystalline foils. The primary reason for using foils 

rather than wires was the relative ease with which foils of 

the requisite purity could be fabricated. To obtain a quali

tative test of the purity the resistivity· of the mounted 

specimen at·ooc was compared· with that at 4o2°Ke For the Cu 

foil.'the ratio f 0°C/J4.2°K was 1,110 and for Ag the corres-

6 

~~~ pending ratio was 798. 

\,) 

The copper was American Smelting and Refining Co.'s continu-· 

ously cast, high purity 3/8tt.diameter rod. 13 This material had 

a residual resistivity of 1~-ss than 1.3 x 10-9 ohm-em and a 

stated purity of about 99.999 % .• The rod. was rolled to a 0.004" 

foil from which 0.5 mm wide specimens were cut. 

The CuNi alloy was prepared by Horizons Inc. in the forfn of 

a 3/8" diameter rod and was ascertained by an independent testing 

1a·boratory to consist of 3. 78 at% of Ni in Cu. Specimens 0.5 mm 

wide were cut .from the foil obtained by rolling the rod to a 

thickness of Oo0025". 

The Ag was Johnson Matthey 99.999 ro pure 1.2 mm diameter 

rod,· catalogue __ NO.; J. Mo 52 .. This was.rolled to a 0.0035"f.oil 

from which 0.5 mm wide specimens were cut. 

The Au was obtained from Sigmund Cohn.Co. in the form of 

99.999 o/o pure 0.030" wire. This was relied to a thickness of 

o.ooLl-" 9 from which 0.5 mm wide foils were cut. 
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After cutting, the foils.were cleaned and etched to remove 

any surface oxides and then annealed in a high vacuum (less than 

3~0 x 10~5 mm or" Hg) furnace at 600°C for one houro After anneal

, ing': 0. 004 It copper current and potential leads were carefully 

soldered to the specimens .which were then mounted on'the copper 

specimen block as shown in Fig9 lo 

It w·a:s imperative that the foils be mounted in such a manner 

that good thermal contact with the block was obtained and at the 

same time be electrically insulated from the blocko To accomplish 

both these ends the following method was usedo A very thin coat·

ing of Duco cement was first- applied to the front face of the block 

and allowed to dryo The foil was then glued i-n place with an 

aqueous solution of polyvinyl alcohoi, the use of which was 

prompted by the fact that it would .not disturb the insulating 

layer of Ducoo This method satisfied both requirements and per

mitted easy mounting of the foils with the introduction of 

negligible cold worke 

After mounting the specimens, the current and potential leads 

were insulated with fibre glass sleeving and clamped to the block 

with copper bars, for the twofold purpose of preventing undue 

strain of the solder joi.nts and reducing heat conduction to the 

foilso 

The block was attached to the bottom of the heat switch with 

a 5-40 screw and a thin layer of GaEo 7031 varnisho To aid in 

achieving a uniform temperature distribution, the foils were en

closed in an essentially isothermal enclosure by attachment of a 
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copper radiation shield as shown in Fig. la The rectangular hole 

in the mounting block and· the apertures in the block radiation 

shield permitted the deuteron beam to pass through without dis

sipating its entire energy in parts cooled by liquid heliumo The 

beam impinged instead on an ou~er ~adiation shield, which was 

cooled by liquid N2 and surrounded the entire block assemblyo 

Oo5 mil Cu foils placed over the apertures of both radiation 

shields were used to complete the thermal shielding .. 

)a Temperature Measurement 

The temperature of the block on which the specimens were 

mounted was determined by means of a platinum resistance thermo-

meter soldered into a hole in the block with Woods metalo The 

thermometer was calibrated by the National Bureau of Standards 

accurate to only ± O.l°K. 

ture error was + Oo04°Ko 

Temperatures beiow l0°K were therefor~ 

Between 10 and l5°K the block tempera

+ From 15 to 20°K the error was - Oo0)°K, 

between 20 and 25°K it was ± O.Ol°K and above 25°K the block 

temperature error was negligible .. 

Temperature differences between the block and each foil were 

measured by means of a Cu~constantan thermocouple between the 

block and the middle of the foil.. The block junctions of the 

thermocouples were made by soldering three short lengths of con-

stantan wire and a common copper reference wire into a hole in 

the block directly below the platinum resistance thermometer, as 

indicated in Fig. i. The foil junctions were made by soldering 
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a piece of copper thermocouple wire to the free end of each 

constantan wire. To shield the foil junction from irradiation 

the junction was not soldered to the foil but rather a small 

tip of the copper thermocouple wire extending past the junction 

was soldered to the middle of the foil as shown in Figo lo The 

entire length of the thermocouple wires exposed to the beam was 

shielded so no change of calibration could occur due to irradi-

ation. The three copper thermocouple leads from the foils and 

the reference thermocouple wir·e were led outside the cryostat 

to the thermocouple.measuring circuit. 

The constantan used was Noo 30 Leeds and Northrup thermo

couple wire (1938 calibration). The copper was No. 30 Leeds and 

Northrup·thermocouple wire (1921 or 1938 calibration), drawn to 

0. 004 n diameter and annealed in a high vacuum furnace. Leeds 

and Northrup thermal free solde·r was used for all thermocouple 

junctionso 

Thermocouple emfs were read with a Rubicon thermofree 

potentiometer using a high sensitivity (0.05 mkrovolt/mm) galvano= 

meter. The emf E was expressed in the following manner: 

. E = a oft !3liT ( 1) 

where a was the emf when both junctiohs of the thermocouple were 

at the same temperature, (3 was the thermoelectric power, and AT 

,;,. was the temperature difference between the block and the foil. 

+ -8 E could be read to- 5 x 10. volts. 

To determine a fo:r each of the thermoc.ouples the three copper 

thermocouple leads, before being soldered to the constantan wires, 
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were soldered into the hole in the block with the reference wire, 

and their emfs relative to this .reference wire were measured 

from .5. to 78°Ko The voltage a arose primarily from imperfect. 

cancellation of ·the Thomson emfs in each pair of copper leads 

and was therefore sensitive to the distribution of composition 

inhomogeneities and thermal gradients along the wires. Once the 

wires were installed in the cryostat they were not disturbed other 

than to permit· the requisite soldering of the junctions. Hence 9 

thermal gradients and inhomogeneities were identical during .both 

the a determination and the annealing measurements. A check was 

made on the constancy of a by making two separate measuring runs. 

It was found to be reproducible within the experimental error 

'of + 1 x 10-8 volt. 
. . . 

After a was determined the three copper thermocouple wires 

were unsoldered from the block'and the foil junctions made as 

described above. Evidence that additional contributions to a 

arising from individual variations in the Peltier eiilfs generated 
. . ' . , 

at the junctions were negligible was provided by test's conducted 
. I 

at room temperature on a number of thermocouples, between whose 

·junctions small but identical t.emperature differences were main

tained. The emfs produced by these.thermocouples agreed to 

within 1 x 10-B volt, indicating that variations in ali sources 

of emf in the thermocouple circuits were within this range. Since 
. . 

-.. ~ the thermocoupJe s were a.t room temperature, Thomson emfs were 

small and their variations could be disregarded. The tests thus 

showed that variations in Peltier emfs from one junct:i,on to an

other were within 1 X 10-8 volt at room temperature, and since the 
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Peltier emf decreases with decreasing temperature, less·than this 

at lower temperatures. 

'An average value of (3 was obtained from the (3 values of· a 
. . .. . . . . 

number of Cu-constantan.thermocouples calibrated in this labora~ 
. 14 

tory. o The (3 values of these thermocouples showed less than 

5% variation· and since temperature differences between· the block 

and foils. were quite small·· the· average. value· could ·be used with 

sufficient a~curacyo The maximum error in foil temperature, 

including all the above.mentioned sources of error, are tabulated 

in Table I. 
. . . . . 

Table I also lists the probable error in the temperature 

intervals between successive anneals. The values take into 

account the fact that errors originating from errors in (3 tend 

to cancel, since the error in (3 at one temperature· will be very 

nearly equai to the er~()r in (3 at the next highe;r temperatureo 
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TABLE I 

T( °K) Maximum error in Probabte error in 
f.ot3. .. temperature (OK) temperature interva1s{°K) 

Cu Ag CuNi Cu and Ag 

I 

I 
I + . "!:o.i2 + '• 

10-1.5 + 0.06 -0.15 -0.1.5 -
15-20 0.07 0~07 . 0.10 0.0,5 

20-25 o. o.s· 0.06 0.0.5 o.o3 

2.5-30 0.02 0.02 0.03 0.01 

above o.o1 0.01 0.01 o.o1 
30 
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III. EXPERIMENTAL RESULTS 

Because of improper functioning of the current integrator only 

a rough estimate of the total bombardment can be given. However, 

a carefui record was kept of the targ.et box beam current during 

bombardment. From the total integrated target bo~ beam current 

and the ratio of total target box beam current to integrated flux15~ 

one can calculate the total flux deliver~d to the foils. The to-

tal flux obtained in this manner for this experiment was 

2.5 ± 0.3 x 1016 deuterons/cm2
• Due to the uncertainties in the 

method it was felt that resistivity increment ve·rsus flux curves 

should not be given. The total resistivity increments of the 

- 5' 6 . -8 -8 Cu, Ag and GuNi foils were •. 1 x 10 ohm-em, 6.87 x 10 ohm-em, 

and 10.1 x lo-8 ·ohm-cm, respectively. 

The isothermal' annealing behavior of the resistivity incre

ments.due to bombal?dment in'the Cu and Ag foils are shown in 

Figs. 2 and 3 , respectively. These curves were obtained 

by subtracting the resistance of the foil before bombardment from 

the resistance of.the foil after bombardment at the same tempera-

ture and converting this increment to a difference in resistivity. 
' , 

To convert resistance to resistivity the geometrical factor, A/L 

was determined from the ratio ..A,/R0 for each of the three foils, 

where } 0 is ~he handbook16 value of the resistivity'at 0°C and EO. 

is the measured resistance of the foil at the same temperature. 

Due to uncertainties regarding the relative lengths of the 

bombarded and unbombarded sections of the foil, an appreciab~ 

systematic error was introduced when the observed res~stance change 

"'· 
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was converted to a resistivity increment. This error amounted to 
+ .. 

about - J.5°/o .. It is believed that effe·cts due to temperature 

gradients in the Cu and Ag foils· were negligible because of the 

high thermal conductivity of the metals .. 

The small discontinuities between successive curves repre-

sent a change in the thermal contribution to the resistivity .. 

and indicates that an alteration in the lattice. vibration spec-

trum has occurred as a consequence of irradiation .. 

Fig .. 4 illustrat.es the manner in which the resistivity incre-

ment in the CuNi foil annealed.. For comparison, the annealing be

havior of pure Cu and Ag is also shown.. The low temperature 

annealing has been broadened out by the addition of 3. 78 at 0/o Ni 

but still appears to be centered about the same temperature, J7°K., 
I 

No annealing occurs in the Cu between the low temperature drop and 

78°K whereas a small amount of annealing occurs in the Ag between 

the low temperature recovery and 78°K., 

17 . 18 1 
W. Meissner , W., J., deHaas et al ·, and GrUneisen 9 have pub-

lished resistance versus temperature data of various p~re metals .. 

However, the data is not very detailed between 20 and.60°K, and 

in some cases the purity was less than that of the metals· used in 

this research.. For this reason the resistance versus temperature 

data obtained in this investigation have been ta hllated in Tables 

The Au data in Table IV was obtained in a preliminary cyclo-

tron run which was unsuccessful in obtaining isothermal annealing 

data but in which annealing of the resistivity increment was ob-

·served upon gradual warm up of the specimen.. The annealing was 
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) 3 
similar to that observed by Coopero The increment was constant 

to about 39°K and above this temperature showed a small decrease 
',' 

with each increase in temperatureo 
" 

The energy of the deuterons striking the foils was about 

10o7 MEV since about lo3 MEV was lost in traversing the duralumin 

diaphragm and the two 0.0005" copper windows"·in the thermal 

radiation shieldso 



T( °K) 

7.68 

9.72 

11.,31 

1J .17 ' 

16.16 

18.67 

20.59 

T.( °K) 

... ~ ?.10 

9.20 
.. , 

10.90 

12.89 

15.88 

18.37 

20.39 

TABLE II 

Resistance versus temperature data for Cu. 

R
0 

= re.sistance ~t 0°.C = 5,252f.Ln 

RT/RO, x .103 · .. : : : 
3 

iJ:I(oK) RT/RO x 10 T(°K) 

.93 23.46 2.01 43.02 

.94 / 26.40 2.85 45.98 

.,95 30.26 4.64 49.,93 

.99 33-18 6.66 54.95 

1.09 36.10 9.32 .59.88 
---. 

1.28 40.02 14.12 76.93 

1.49 

TABLE III 
... 
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RT/RO x 10 
3 

18.73 

·24.19 

)2.84 

c. ·45. 86 

60.89 

124.,68 

Resistance versus temperature data forAg. 

Ro = resistance at 0°C = 6,225f.L!L 

. 2 
R /R 

2' 2 
-· -RTZR<y --x· :;£0· .. ~~ ." T(°K) X' 10 T(°K) RT/RO x 10. 

T'- 0 

.129 23.29 .571 43 0 02' 4.706 

.136 26.27 .870 45-99 5.720 

.142 30.17 1.436 49-97 7.176 

.159 33.09 1.999 55.00 9~145 

.207 36.05 2.683 59.97 11.196 

.284 40.00 3 0 7.69 77.02 18 • ._582 

.374 
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TABLE IV 

Resistance versus ·temperature data for Au 

R0 = resistance at 0°C = 5 '134~4 
. . 2 . 2 2 

.T ( °K)' ~/RO X 10. . T ( °K) RT/RO x 10 T(°K) ·RT/ROx 10 

6.76 . .133 26.84 1o799 42.62 6.976 

9to91. .• 146. ~2.55 3 .. 381 4.5.66 8.218 

12 .. 78 ..195 33.14 3.564 50.28 10.101 

15 ... 99 ·336 37.26 4.957 60.31 1~ ... 360 

20 .. 65 .. 739 38 .. 02 5 .. 225 77.63 21.772 

23.40 1 .. 141 40 .. 09 6.002 
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IV~ DISCUSSION 

1,. DeterminattQ)~·-·or ~tP.e Initial ,Activation Energy Spectra 

The existence of thermally activated annealing processes in 

metals subjected to radiation damage at low temperatures suggests 

the·suitability of assig~ing to each portion of an observed pro

perty change P a charact-eristic activation energy_ E which governs 

-E/kT its recovery rate through theBoltzmann factor e . • Thus, if 

the magnitude of this portion' of the property change is denoted 

d ., E/,~ .£E - -Ke-
dt - ' ' ' (2) 

where ~= kT. Interpretation of the quantity K requir~s specific 
I 

suppositions regarding the mechanism,of recoveryo ·If recovery is 
! 

assumed to arise from the motion of defects by a series of thermally 

induced jumps to traps or-annihilation centers at which their con-

tribution to the property is reduced, K will be given by 

K = f'qA/a = pA/a, (3) 

wher.e q is the concentration of defects with activati'on energy E, 

f the contribution to the property change associated with a unit 

concentration of free defects relative to that associated with the 

same concentration of ··trapped or annihilated defects, A an appro

priate vibration frequency, and a the average number of jumps 

required ·for the moving defects to reach annihilation centers. 

For coordinated centers such as wpuld exist if the ~ecovery process 

were' the annihilation of close Frenkel· pairs·, a will. be a small 

number of th~ order of unity. If the defects diffuse to disloca

tions a will be a large number. If .the defect diffuses and forms 



22 

new defects by combination, then two cases may arise: First, if 

the defects which move with a given activation energy can com-

blne only with de.fec ts of the same energy, then a is of the order 

q-(n-l), where n is the number of defects which combine to form 

the new defect. Second, if the diffusing defect.can combine·with 

·defects with other activation energies, then a is give·n by the 

:rec.ipi'ocal of the existing concentration of these defects. The. 

second case is probably more likely to occur in practiceo · These 

mechanisms will be referred to as higher order processes of the 

first and second kindso 

For a sufficiently-dense or continuous distribution of activa

tion energies, it is possible to represent the total property change 

P by a ttspectrum" of processes p(E) such that 

i
oD . 

P = p(.E) dE o·,\_ 
0 . ·, 

( 4) 

If the value of p(E) before any annealing has occured is p
0
(E), the 

original value of P. before annealing will_~_:J:;e given by 

Po = l-=o~E)dE- .. (5) 

_......- 0 

and p (~) will be.said to constitute an initial activation energy 
0 

spectrumo 
' 

The following remarks will attempt-to outline a method whereby 

inferences regarding the shape of p
0

(E) may be drawn from the be

havior of P observed during a series of isothermal annealso It will 

- be assumed that the processes involved are of identical nature re

quirim.g that the frequency factor A and the mechanism·of recovery 
' 

be the same for all processes and differ only in their activation 

energies o 
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ao Determination of Energies 

Because of the exponential dependence of the annealing rate 

upon the activation energy, processes distributed in activation 

energy but otherwise identical anneal in order of increasing 

energy, the energy range of processes undergoing simultaneous 

annealing at a measurable rate being of the order of a few kTe 

For density functions p
0

(E) appreciably broader than this, the 

annealing of a process with any given activation energy is not 

accompanied by a significant change in the magnitude of the 

observed property and hence in the damaged state of the metale 

Thus, even with a diffusive mechanism, 'the value of a in Eqo (3) 

will remain, as for a monomolecular mechanism, essentially con-

stant throughout the annealing of such a process and Eq. (2)-

may'be integrated to give approximately 

p = P e 
0 

-A t 
a( E) 

e -E/""C 

(6) 

where a(E) is an appropriate value of a for the particular pro

cesso20 Aft!3r a succession of anneals at various temperatures, 

p = Po• -~ ( tl e -E/-r; + t2e -E/1,.+ • • • • .. tne ~E/~ ( 7) 

= p 8(E) o 
0 

It will be useful to consider the factor e as a function of Eo 

Th • • '1 t F• r:'o
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1s 1s ~ o ted in . 1gure 7 Although ·the precise· s~ape ,of the 
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Figure.5o The Annealing Function 8o 

curve will depend upon the annealing history and upon the manner 

in which the quantity a(E) varies with energy·~ it. will usually 

show the general features of the curve illustrated -~ an abrupt 

rise in 8 from 0 to 1 within a ·small energy range of the order of 

2kT in exterito As time progresses at a given temperature, the 

curve will move to the right with decreasing rate and with essen-

tially unaltered formo 

From Eqe' (7) the a~tiv'ation energy ~orrespond;ing to a given 

value of e is 

E8 =rn~n (-A/a(E) \ 
'L ln a / 

( 8) 

The approximate energy of the actively annealing processes 

(ieee~ that energy for which e has a value near one-half) at the 

end of an anneal can be found by the formula22 

E _ 17'n+l. "C n 
-1/'n+l -~ 

lnR~ . ( 9) 

where R is the ratio of the annealing rate.at_ the beginning of 

the (n+l)th anneal to that at the end of the n'th annealo The 

value of ln ( -A/a(E) \can then be calculated and a good estimate 
ln e ) 
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of this quantity·obtafned from the average of a number of such 

determinationso Since A will be a large number (of the order 

25 

·of 1013), the value thus found will be applicable to all energy 

regions in which a(~) does not differ by a large factur from its_ 

value in the region where the determination was madeo This will 

i~ general include quite a wide ra~e of energieso Once the-

determination is made~ the energy corresponding to an intermed

iate value of 8 may be calculated by Eqo ( 8) for any ·point in the 

annealing history, even in energy regions where good arinealing 

rate measurements cannot be made. ·The second term in the bracket 

will not be highly sensitive to values ofEe and ~f, 

e ----E ( 1 1 ) 
tn ) > tn-1 e 't'wl 1'1'¥\ ( 10) 

suffic-iently accurate values of the energies may be obtained by 

using estimated v~lues of E in the exponents. In the application 

to deuteron irradiated specimens inthis investigation tn·was more 

than five times_ larger than the preceeding term. 

Consideri~ a constant value of 8 = C, the change in the 

ener:gy value associated with the same degree of comple_tion of the 

annealing processes occurring between two points A and B in the 

annealing .history is given by 

( 11_) 



where a(E) is a suitable intermediate value of a(E) for the 

intervalo If the value of a(E) is assumed not to vary by· a large 

fraction over the interval, the value found for ln(-A/a(El\ may 
ln C j 

be used in the calculation of AEco 

bo Determination of n 
~~~~~~~ -- ~0 

At any.stage in the annealing process. the annealing function 

8 may be l'eplaced by a step function positioned at .an energy E' 

such that 

p = (12) 

The value of E', like the value of Ec, will assume higher values 

as annealing progresseso Between two points in the ·annealing pro-

cess, the change in the property value P will be, 

(13) 

where ET is a suitable intermediate value of Ei for the intervalo 

Dividing by the value of t.Ec for the same interval and solving 

for p 0(ET) g p
0
(Et) = t.P ( t.Ec) 

· 6Ec\ t.E' (.14) . 

The-.value of 8(Er') will depend upon the value of dp (E)/dE, 
0 ' 

being larger for greater values of dp (Ef/dEo -In an energy region 
• 0 . 

where dp {E)/dE is increasing, therefore, values of t.E' will 
0 . 

exceed those of t.Ec and AE 1 /Ec will be greater than oneo 'Similar-

ly, in regions of decreasing_ ·dp
0

(E)/dE, t.E 1 /AEc will be less than 

. oneo For a: rather· slowly varying distribution function p
0

(E) ;:, 

8(E') will have a value near one half and will remain essentially 



constant as annealing progresses. Thus L'lE 0/b.E·, will be near 

unity23 and 

Since the values of Ec obtained from Eq. (8) relate.·· 

27 

to partially annealed processes and are thus very near the 

corresponding values of E 1 , for sufficiently small annealing 

intervals we may· associate the.values of p
0

(:E'). found from 

Eq.(l4) with the aritb.Inetical average of E0 found from Eq. (8) 

for the extremities of the interval. 

The process outlined above may be repeated for many succes

sive intervals to yield a set of points ·p
0

(E) which will charac

terize the spectrum of recovery processes. The results will not 

be epti.rely accurate, since in most actual circumstances the 

conditions imposed upon p (E) and a(E) will be only partially 
' 0 

satisfied. · 'I'hey can nevertheless ~rovide information regarding 

the approximate intensity and energy distribution of important 

recovery processes and also a value of the ratio of the 

frequency factor to the average number of jumps:. 

The initial activation energy spectra that result from 

applying the above analysis to the i3othermal annealing data 
' 

obtained in this research are sho~n in Fig. 6. The contribution 

to the resistivity due.to the change in the lattice vibration 

spectrum has been subtracted out', as explained in section 2 below' 

so that Fig. 6 represents the resistivity density contribution 

due to defects only. 
+ ' ' 

The value of ln{A/a) was 27 - 2 for both 

metals. 
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2. Change in the Debye Characteristic Temperature 

The .discontinuities· between successive isothermal annealing 

curves. represent a change in the iatt'ice vibration spectrum which 

can be most easiiy. interprets<( as a change in .. the resistive De bye 

· charactei~is.tic temperature. of the metal • After bombardment· the 

·thermal part of ·the resistivity of the foils at· any temperature 

T (low enough so iitt:ie annealing has occurred) can be obtained 

by adding to the ·thermal part of the resistivi tj of· the foils 

before bombardment. · the sum of the· disc.ontinui ties· up to that 

te-mperature •.. The thermal part of the resisti~ity of metals is 

usually· represented· by tb.e· Bloch-Grtlrieisen · formUla24 as follows: 
. . e 

f. = K ·T5 J'T 
T M .· 96 . 

0 

(l6) 

where M = atomic we~ght, e is .the Debye characteristic tempera

ture, and ic is a constant characteristic or the metal and its 

.volume o· 

.. . 

A-ssUming Eq.·(l6) is valid1and multiplying both. sides by T 

one obtains,. 

(17) 

Since·pTT :is there'fore a function of T/e only, a plot. of fTT 

versus T for the foils before and.after bombardment.wouid. be of 

ident:l.c.al form but. wo-u'rd be displaced ·bac·ause of the difference 
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in their Debye characteristic temperatures., L~l-·81 be the Debye 

characteristic temperature of the foil before"': bombardment and 

82 that of the foil after bombardment., Thus, for any fixed 

value of PTT one has the simple relation~ 

T T- · 
1 - 2 

81 e; 9 
(18} 

at temperatures low'enough so little annealing has occurred~ 

If 82 is written as 82 = 81 + 68 one obtairiss 

( 19) ' 

S'ince T2 is less than Tl, i .. e .. , the thermal part of the resisti

vity· of the foil.after bombardme~t increases more rapidly with 

temperature than that of the original metal 1 68 is negative., 

For cu,-the !i.e calcula.tea in this manner was -(16:!:: l°K), 

assuming 81 = 333°K and using values off TT below 25°K., For 
. '+ Ag, the 68 was -(10- l°K)~ assuming 81 = 223°K and using values of 

PTT below l5°K., ~-The 68 in CU. is comparable to that found by 
' .. . ~5 .. 

Bowen and Rodebacke These authors plot b.8 as·: a function of resi-

duai !.'esistivity of Cu irradiated at liquid N2 temperatures with 

33 .. 6 MEV a particles., For a residual resistivity equal to that 

of the bombarded Cu in the present research they obtained a 68 of 

about -21 °K., 

An estimate -of the annealing of the b.8 can be obtained from 
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the behavior of the discontinuities" Let &.represent the dis-

continuity when the temperature was _increased by AT = T2 ~T1 
~ it can therefore be expressed in the following manner: 

Eqo (20) can be written as, 

A =("OPT) AT - (dfT) AT~ 
'd.T 9

2 
2JT 9

1 

which can be expre.ssed as~ 

( 21) 

( '22) 

Changing frr ·to fTT and the differentiation to one with re

spect to T/9 one obtains the following expression for A9, the · 

dec:r:'ease in the Debye characteristic temperatureo 

( 23) ' 

The A9 versus temperature curves shown in Figo 7 were obtained 

using Eqo (23)o The large scatter is due to scatter in the A/AT 

values, so nigh accuracy is not claimed" The second derivative 

term was found· using the Bloch-Gruneisen formulao In finding the 

second derivative of PTT for Ag allowance was made for the devia-· 

tion of Ag from the Bloch-GrUneisen formula due to a variation' in 
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the Debye characteristic temperature with t~mperaturee 26 

The resistance that anneals out during any one isothermal 

anneal includes a contribution due to the annealing of the 

Debye characteristic temperatureo An estimate of this contri-

bution can be obtained· from the expression~ 

Thus, if an amount cf(t.e) of the decrease in the Debye characteris-

tic temperature anneals out the resulting resistivity that anneals 

is~ 

d{pTT) 
d{T/e·) 

Using the t.e annealing curves in Fig o 7 the-~ contribution given 

by .E.qo (25) was subtracted from ·the resistivity annealed out in 

each isothermal annealo The resistivity densities in Figo 6 result 

therefore from changes in defect concentration only 9 excluding the 

effect of the de fee ts on the De bye charac.teristic temperature.; 

This effect was greatest of course where the t.e was annealing· 

most rapidly and amounted to about a 10. 0~ reduction in height 

of the large peaks in the activation energy spectrao 

The resistance values of the isothermal annealing curves are 

,.. too large since the decrease in the Debye characteristic tempera

ture results· in an increase in the thermal part of the resistance 

I. 
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of the foils after bombardmento Figo 8 was drawn taking this 

intq account, using the Cu arid Ag curves of Figo 4 shown 

dashed for comparisono The curves are only drawn up to the 

highest temp:eratures at which D.8 was measuredo Note that a 

larger percentage of the damage anneals out than is indicated 

'in Fig., 4o 
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3o Summary 

The major experimental results found iri this experiment are 

as follows: 

(1) The annealing spectrum in very pure noble metals is 

simpleo In the lS0 ·K: to 80°K range it consists of a number of 

' small peaks followed by a large peako These peaks in the 

activa.tion energy spectrum are reasonably discreteo If one as~ 

sumes ·that ·severai point defects are produced per primary and 

that. the ~eparation dist~nces of ttiese defects are of the order 

of two to ten or twenty lattice parameters then it is not too 

surprising to find some spread in the activation energies, 

espec~ally since the spread is orily of order OoOl e.Vo 
. ' 

(2).The frequency factor (A/a) is large having a value in 
. 10 . 12 . 

the range between 7o2 x 10 . and 3o9 x 10 for both copper and· 

silver~ 

(3) 

diationo 

The Debye characteristic temperature decreases on irra~ 
16 For copper the decrease after 2o5 x 10 deuterons per 

cm2 was l5°K, for silver the decrease was l0°Ko · Most of this 

change anneals out on warming to 50°~o 

(4) Alloying tends to make the annealing more nearly a con-

tinuous_pro.ces's with a wide range of activation energieso 

.(5) Nc;> large low temperature drop in resistivity was found 

,for pure gold in the range l2°K to 50°Ko 

,.r: 

_( 



V. INTERPRETATTON 

The following models have been proposed to explain the 

low temperature annealing of irradiated noble metals: 

(a) Close pairs with interstitials mobile at about 30°K. 

(b) Close pairs with interstitials mobile at about 190°K. 

(.c) Movement of interstitials as crowdions. 
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(d) Interstitials changing character, i.e. point interstitials 

changing to crowdions. 

(e) A trapping of interstitials by interstitials as a result of 

the anisotropic interaction potential between point defects. 

The structure involved in the low temperature annealing 

points· strong.ly towards close pairs. It· should be noted that 

this does not necessarily mean that interstitials have cubic 

rather than uniaxial symmetry. Tewordt2 7 has calculated the 

energies required to make a point interstitial and a crowdion, 

i.e., a uniaxial interstitial, in copper. He finds that the 

energy to make a point interstitial in copper is about 2.55 e.V. 

whereas the energy required to make a crowdion is 3.2 e.v. He 

also calculated the energy required to form a lattice vacancy 

in copper. This energy he found to be 0.95 e.v. Tewordt27 has 

also calculated the volume changes to be expected if one takes 

an.atom from the surface and inserts it into an interstitial 

position. The volume increase found was 0 •. 84 atomic volumes. 

If a vacancy is created by taking.a lattice atom out and placing 

it on the surface Tewordt finds that the volume of. the solid 

increases by 0.51 atomic volumes in copper. 
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I 

·Let us ·attempt to us·e this information to determine first 

the concentrations of displaced atoms· produced nuring irradiation 

and second to decide what happens during the prominent annealing 

process at about 30°K. 

During irradiation-the concentration of vacancies equals 

the concentration of interstitials. Now R. W. Vook and c. A. 

Wert-' found that 6.V/V = 1.14-x lo-20 per deuteron per· cm2
• This 

value.applies to an average deuteron energy of 8.5 M.E.V. 

Using Tewordt•s27 calculations for the increase in volume 

the fraction of atoms displaced per deuteron is related to the 

volume change as follows: 

f(Av. + 6.vv) = . J. {26) 

where 6.vi and 6.vv are the volume increases for an interstitial and 

a vacancy respectively,measured in atomic volumes. Thus f = 0.84 

X l0-20 per deuteron, SO that the fractional defect concentration 

after 1017 deuterons per cm2 would be 0.84 x 10-3. 

Cooper, Koehler and Mar·x3 .found· that the initial slope of 

their resistivity versus integrated fiux 

deuterons per cm2 would give are sisti vi ty 

Their average energy was near 9.5 MEV. 

. 17 curve was such that 10 

increase of 0.23 x lo-6.!2.cm:· 

Correcting their average 

energy to that of Vook and ·wert and assi.lming that the damage_ is.pro

portiomil to. the reciprocal of the deuteron energy one finds that 
~ 17. 

10 deuterons per cm.2 of energy 8.5 MEV would give a 6. P = 2.6 
. -61'"'1· 

x 10 ~~em. Hence the resistivi'ty of 1 °/o of the defects would be 

-61'"'\ 3.0 X 10 ~L.Cmo 
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Simmons and Balluffi6 have made lattice parameter measure

ments during deuteron irradiation at l2°K and during subse-

quent annealinge They found that the fractional lattice parameter 

increase was. 4 01 X 10-21 per deuteron per cm2 : e Correcting this 

for the fact that their deuteron energy was 7 MEV one finds that 

I -21 . 
~a a = 3e4 x 10 per deuteron per cm2 for 8o5 MEV deuteronse 

If the lattice expands isotropically this corresponds to a 

~V/V = 3~a/a = le02 x io-20 per deuteron per cm2 which agrees 

well with Vook and Werto 

Let us next examine the changes which occur upon annealing 

to 60°Ko The most obvious assumption is to suppose that inter-

stitials combine with vacanciese Then ~f. = ~f and the same 
1 v 

fractional drops would take place in resistivity, volume, and 

lattice parameter since the annealing would simply wipe out a 

certain fraction of the damage without altering the ratio of the 

number of vacancies to interstitialso The cyclotron data cer

tainly supports this hypothesis since 32 o5 °/o of the defect resisti

vity is left, 37 % of the lattice parameter change is left, and 

36 1o of the volume change still remains at 60°Ko 
. . 

There are two problems which one encounters if this explana-

tion is adopted: First, the results are not consistent with the 

stored energy measurements made by Blewitt, Coltman, Noggle and 
7 

Holmes o They irradiated copper in the Oak Ridge pile at 2lo 7°Ko 

The integrated fast flux was 4 x 1017 neutrons per cm2 o The re-

sistivity drop on annealing a companion specimen to 60°K was about 

lo73 x l0-9 .0.-cme 'l'hus·~f is Oo577 x 10-5. If it takes 3.5 ev 

= 1.34 x lo-19cal to produce one interstitial vacancy pair, then 

0 

:'.' 
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-19 the expected energy release would be ~E = 1.34 x 10 x 6.025 

x 10
2

3 x 0.577 x 10-5 = 0.466 cal/mole. The Oak Ridge experi

ments show a release of energy which is less than 0.2 cai/mole 

in this region. 'I'his disagreement is probably not too serious 

since there are minor effects connected with the trapping of 

intersti tials which ma.y remove the discrepancy• 

Second, ·why doe sn 1t the damage all anneal out once the 
\ 

,. interstitials begin ·to move? It is p-G·S·s-ible. that interstitials 

trap interstitials as a result of the anisotropic elastic inter-

. 28 
action discussed by Eshelby. .He showed that for a pair of 

interstitials in copper, 

whereJ 

E = 7.5 (ao/r)3r 

r = l~'+m~'+n4-3';5. 
(27) 

( 28) 

Here E is the interaction energy in electron volts; 1, m; n are the 

direction co~ines of the radius vector r joining the two inter

stitials, and a is.the cube edge. The coordinate axes are taken 
0 

along the cube axes of the copper crystal. Since r = + 0.~.0 for 

.a~o9-direction the interstitials repel in that orientation, but 

r = -0.27 for a(ll~-direction hence the interstitials attract in 

that orientation. Now the intersti tials. can only move along 

~OO~directions. Consequently two interstitials may trap one 

another since the possible atomic jumps may lead to an arrangement 

of higher energy. 

ble. 

Figure 9 shows the various interstitial configurations possi

Keeping one interstitial fixed and calcuiating the pair 

energy using Eq •. ( 2 7) one obtains the results shown in Table v. 
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Some of the positions shown are saddle point positions so thatthe 

energy of motion (assum~d to be unchanged) must be added to the 

interaction-energy to give the total energy of the systemo This 

result is also shown in Table Vo From the table it is clear that 

two intersti tials can trap one ·another in the ( 111) orientation 

since o~ moving in any (100}-direction from position A the energy 
. . . 

increaseso Actually a careful atomic calculation of the inter-

stitial interaction should be made since we are using Eshelby's 

equation obtained for an elastic continuum at separations which 

are a few atomic distances. It is also of interest that this 

hypothesis provides a ~imple explanation of the reason why 85°/o 

of the resistivity increment anneals out below 80°K in copper 

after irradiation with lo35 MEV electronso4 In the electron 

irradiation the nurnber of displacements per primary displaced atom 

is nearly one so that a vacancy and an interstitial are produced 

cl.ose together, and in most cases there is no second interstitial 

presento Hence the above trapping cannot occur for most of the 

Frenkel pairso 

.The frequency factor found in this experiment was in·the 
10 . 12 

range between 7e2 x·lo and 3o9 x 10 o Actually it may not be 

the same for the small peaks as it is for the large peak, but the 

present accuracy is not good enough to detect .a gradual change as 

one anneal·s through the ac ti va tion energy spectrumo The import~nt 

point is that the frequency factor is largeo This shows that the 

defects which move travel only a short distanceo If the atomic 

vibration frequency is 101
3 then the number of atomic jumps made 
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Table V. 

Interstitial Interaction Total Energy 
Position Energy ( eV) ( ev) 

.... ' '• .. ,., •• •' I·•' 

A -oJ83 -.383 

B -o429 -.316 

c -.265 -!'265 

D + oL1.28 +~t541 

E -~181 -o068 

F -.051 -o051 

... 

. ...... ··'· . ·•,. '', ." 1.; 
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by a defect during an average annealing process is at most 

10
1
3/7.2 x 10

10 = 139. For a random walk pro6ess this would 

correspond in copper to a defect-sink separation distance of 

44 

about 12 interatomic distances •. No+..e that the actual separation 

di'stance could be as small as 2 or 3 interatomic distances if the 

upper limit for the frequency factor is used. Thus the present 

data indicates that the defects which anneal at about 30°K 

travel only a few atomic dis~ances. This is consistent with the 

general picture that each displaced primary produces a number of 

displaced atoms all of which remain in a volume. within a few 

atomic distances from· their .original lattice positions. 2 9 

To summarize it appears that model (a) gives a reasonable 

explanation for most of the present experimental data. In addition 

a trapping model is proposed to explain why all of the damage 

does not anneal once interstitials begin to move. A measurement 

of the stored energy released in cyc'lotron irradiated specimens 

during annealing from l5°K to 60°K would be extremely usefulo 

••• ! 
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Fig. 1. 

Fig. 2. 

FIGURE CAPTIONS 

Cross-section of heat switch and mounting block showing 

details of thermocouple construction and placement of 

the foil current and potential leads. 

Isothermal annealing curves between 18 and 54°K of the 

resistance incr.ement in 99.999 °/o pure Cu. 

Isothermal annealing curves between 10 and 35°K. of the 

resistance increment in 99.999% pure Ag. 

Fig. 4. Annealing behavior of the resistance increment in the 

three metal foils used in this research. Resistance 

measurements were made at annealing temperatures. All 

three foils were held at temperature for the same length 

of time. 

Fig. 5-·o The annealing function e. 

Fig. 6 •. The initiai activation energy spectra of pure Cu and Ag 

due to defect concentration only. 

Fig. 7. Annealing oft the radiation induced decrease in the 

Debye cnaracteristic temperature. 

~ig. 8. Annealing behavior of the resistance increment in the 

Cu and Ag foils but corrected for the decrease in the 

De bye .characteristic temperature.· The uncorrected Cu 

and Ag curves of Fig. 4 are shown dashed for comparison • 

Fig. 9. Possible interstitial configurations. ~ denotes the 

fixed interstitial. Positions B, D and E are face 

center positions. The other positions are at cube 

centers. 
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