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THE RECOVERY OF LEAD AFTER ELECTRON -
IRRADIATION AT 1.5 K

Robert Charles Birtcher; Ph.D
Department of, Physics
University of .Illineis.at Urbana-Champaign, 1975

The -low tempetrature.recovery .of lead follewing an electren
irradiation at-1;5 K shows the -same features observed for all face=

centered-cubic metals except for gold. The Stage I .occurs below

5.5 K. - The ID recovery substage occurs at 4:;15 K + 0.05 K with an

activation ehergy of 0.010 eV +.0.00L eV, The'IE substage shifts-
with defect concentration in -lead as.it ‘does-in copper. The-IE‘
activation energy. is 0.010 eV + 0.001 eV. Since platinum and lead.
anneal in Stage\l in the;nérmal fashion».the,strange‘behaviof'of

gold is not ‘clearly determined by its poesitien in-the periedic. tables
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I. INTRODBUCTION

The ‘low temperature recovery of the radiationAinducéd damage
in the -face-centered-cubiec metals has been characterized by two .types of
behaviorol/ For the group of copper, silver, platinum and aluminum, ir-
radiation with electrons at sufficiently low temperatures .produces crystal
damage in the form of equal numbers.of stable.interstitials and .vacancies,
Upon warming the damage in these materials is removed in distinbt recovery
stages. For the case of the "normal" fcc metals the lowest temperature
recovery, Stage I, contains five.sub-stages° The temperatures of the four
lowest substages are .independent of the defect concentration and are
aésociated with the recombination of an interstitial with its own vacancy.
The fifth substage shifts to lower temperature with increasing amount of
damage and is associaﬁed with free long range migration of interstitials
through the lattice to vacaggies and to other sinks-such as impuri;ies or .
dislocations., In the cése’of‘copper, Stage -1 occurs betWeen 15 K and 55 K,
For electron irradiation of copper, about '‘85% of the resistivity increase
introduced on‘irradiation-annealé‘in Stage I,

The second type of behavior has been found only in the case of -
gold. Here the radiation induced-damage.recovers more,or less continuously
as .the temperature is increased starting as low as 2 K;E/M It appears that-
the gold interstitial can undergo long range migration at.or below 2 K.

For gold only about 257% of the ‘resistivity increasé anneals at temperatures
below 30 K,
The present experiment was undertaken to- determine the. radiation

damage characteristics of the fcc metal lead which is in the same row of




the periodic'table as gold. The low temperature recovery of the electrical
resistivity following electron irradiation of'leédg/ is found to ‘be very.
similar to that of copper except that the Stage I recovery.in .lead occurs
between 1.6 K and 5.5 K. Of the fcc metals showing '"mermal" behavier, this

is the lowest Stage I temperature observed.




ITI, EXPERIMENTAL PROCEDURE -

A, Crxostat»

1. Dewar
The commercial 10 liter dewar. and the vacuum housing are-
shown in Figure 1. Alse shown are the electrical and vacuum plumbing

connections; The locations of the refrigerater assembly and the

" sample .chamber are indicated in Figure 2.

2, Refrigerator

The superfluid helium refrigerator is -shewn in-Figure 3,
It operatés on the principle‘that-the-temperature of liquid helium
is lowered-as the. pressure of the gas above the liquid is lewered.
Below 2,184 K helium is in-the superfluid state.. In this state -the
thermal conductivity-and the heat. capacity-are very large. The super-
fluid prévides effective.sample.cooling during the electron irradia-~
tion,

As the  temperature of the liquid helium is lewered froﬁ
4,2 X to 1.35 K by pumping, the Qolume of liquid remaining decreases
by 407%. Thus it is necessary to refill the refrigerater while .it ‘is.
operating. - This ‘is accemplished by the use.of a needle valve. When
open the needle valve allews liquid helium at.atmespheric pressure to
floﬁ from the 10 liter helium dewar into the reffigerétor° In seriés
with the needle .valve is an impedance -tube which supports the‘pressufe
difference .between the ‘dewar and the refrigerator. The impedance-tube -
is shown in -Figure 4. It consists of a.{#24 (0.5 mm) chtomei A wire-

inside of a cupronickel capillary tube (0.8 mm O.D. X 75 um W.).



Figure- lo, Exterior .cryostat - assemblyo (A) commercial 10 liter

helium dewar.with.2" neck; (B) vacuum.housing with
vacuum common - to dewar’v(C) gate - valve; (D)- Flange

to ‘accelerator; (E) beam directioenj . (F) flange -con-
taining 50 um aluminium scattering foil; (G) drlft
tube; (H) radiation-shield; insulated from .the Vacutm
hou51ng,.(I) Faraday -cup, insulated from the vacuum
housing; (J) atmospheric vent manifeld for helium dewar;
(K): refrigerator manifeld thermally isolated -from .the
vent manifeld by the . stainless steel pump out tube (R );
(L). vacuum feed through of all wires except potential
leads; (M) to -helium pump; (N) tube, for thermal-ise-
lation .of ‘voltage contact .can; (0) veltage contact canj;
(P) needle valve;.(Q) wires,
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Figure 25

Cross .section of cryostat assembly. - (A) cemmercial
helium dewar; (B) vacuum_housing; (H). radiation . shield;
(I) Faraday cup; (P) needle valve;  (R) refrigerator
assembly; (S)- sample chamber; (T) LN,; (U) LHe;

b

(V) 78 K radiation-shield; (W) .4.2 K radiation shield.
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Figure 3.

Refrigerator assembly seen in cross.section,
(A) radiation.baffles; (B) .pump out tube;

(C) needle wvalve drawn ‘with the threading and
male piece omitted for clarity; (D) In o-ring.

flange; (E) thermal isolation section; (F) upper.

thermal  grounding post; (G) needle valve seat;

© (H). impedance -tube; (I) lower thermal -grounding

post; . (J) liquid reservoir.
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Figure -4,

. Cross section .sketch of - 1mpedance tube.,

- Seé text
for.dimensions. (X ) base of needle valve; (X ) .

copper plug; (X.) cﬁpronlckel capillary .tube;
(X,) chromel .wire; (X ) -stainless steel shield tube;

'(Xf) copper'nOZzleo All parts soft soldered together-.

except chromel wire left loose°
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With a proper needle valve opening and impedance tube, it
was“possible to operate the refrigerator in a coentinuously refilling
mode and maintain a refrigerator filled with superfluid at.a temper- .
ature of 1.35 K, The needle valve couldAbe‘remotelyladjusted during
the irr;diations to maintain a temperature at or below IQS.KQI Since .

the impedance tube. isolates the refrigerator from the<1iquid-hélium

dewar, it was possible to maintain the -equilibrium temperature of 1,35 K
while refilling the 10 liter liquid helium,dewar. |

A 1.25" pump-out .tube.passes from the refrigerator through
_fhe liquid helium dewar. The pump-out.tube is connected go a
26 liter/second mechanical pump by 105"‘tubing°‘ A 1" valve is used
to throttle tﬁe~pump;‘

A stainless steel spacer .section is used to isolate thermaliy
the refrigerator from the liquid helium dewar. Al]l sections are con-

nected by indium o-ring seals.

i
|
?
8 | |
) All electrical leads from the 'sample can pass out'through the.
refrigerator pump—out.;ube,aftef.being thermally connected with GE-7031
Qafnish to a‘gold plated copper binding pest on’the,bottom of -the liq-
ui& hélium.deﬁar,' All voltage.leéds pass: continuously -out of the -
refrigeratdr pump-out tube wvacuum-at - room tempexagureo'
. A gold plated copper rod hangs from the bottom of. the isolae
~ tien seccion.iﬁtoithe refrigerator. Two 470~Q.l/8'watt-Allen—Bradley
carbon resistors are mounted -at the top and .bottem ef.this rod.. These

| resistors ‘are used in an external resistance bridge and . serve as super-

fluid helium.level indicators.. During the irradiations the .level. of
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the superfluidjwas maintained near the tep of the refrigerator,
3. Sample Can

Directly below the refrigerator:.is the sample can shown in
Figure 5. The electron beam enters the sample can through a.0,002"
thick aluminum window epoxied (Shell'Eponv828 resin .and Versimad 125
hardner) over a 0.5" x 0,75" rectangular hole in the copper sample .
holder., A similar arrangement<;llow5'the-electron beam te exit the
sampletcan,A The electron beam passes through.a total of 0.25" of
superfluid helium, . v $

Superconducting solepoids are located above and below :the
sample region. The magne;s'are wound with 300. turns of superconducting
Qiré supplied by. Norton Supercon Inc., The wire has a-0,010" diameter
niebium core, 0,0015 copper cladding and a.0.0005" formvar insulation .
layer,"The~leadS‘to_thé magnet_afe,#lG copper wire and,are:soldered
with lead tin-solder.go the. copper cladding of the superconducting wire.
Calcﬁiations,show~that;the magnetic field varies by less than 47 écross
the sample area. |

The samples were_ceﬁteredAin the axial plane of thé.magnet-
perpendicular to the irradiating beam.by twe thin gold plated copper

stand offs varnished to. the aluminum window eutside of the ‘irradiated

_area. A 200 Q 1/8 watt Allen-Bradley carbon:resistor wrapped with

fine coppér;wire is mounted with GE 7031 varnish on the sample holder,

adjacent to the samples but out of the irradiated area.
- A resistancé heater is wound on.the outside -of .each magnet"

chamber,
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~Figure 5,

‘Sample chamber. (A) In o-ring flange; (B) super-

conducting magnet - chamber; (C) heater; (D). carbon
resistance thermometer; (E) samples; (F) sample
mounting plate; (G) 0.002" aluminum beam window.-
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B. Irradiation Beam

The electron irradiations were done ‘using a High Voltage-
Engineering van de Graaff accelerator. Electrons energies of 1.5 MeV
were stable-toibetter than 0,01 MeV. The beam was magnetically de-
flected 90°'to-ppovide even greater -stability.. The beam transport,
system after thg bending magnet. is shown in.Figure 6. A 0.002"
aluminum foil separates .the accelerator‘aﬁd cryostat vacuums -and '
serves,as'a;scatpering foil to:probide éreater~spacial unifermity
of the electron beam. For .the foil, electron‘multiple»scattéring

5 .

theoryﬁj predicts a Gaussian -angular distribution of the beam. The

angle at which the distribution has-1/e of its maximum intensity is.

' 4,9°, The beam is reduced to the size and shape of the sample .can

window by cellimators attached to the nitrogen and -helium temperature
A

shields. Aluminum foils of 0,0005" thickness cover each of the tol-

limaters. The collimators were optically aligned with the use of

cross=hairs. The window on-thé sample can is-a 0.002" aluminum foil. -

The -beam unifermity in beth the vertical and herizental

Adirections was measured by thé use of shutters and found.te be better

than-10% across both samples, The total energy less before reaching
the samples,was-calculatedéjfto be about 0,15 -MeV., - fhe-energy‘loss in
the~samplgs was:calcuiated=to'be.QolO MeV, .

After passing through the-sample.can'the-electron beamtis.
collected in-a‘?araday cup whicﬁ accepts .all electrons making angles

of less.than 45° with the center.of the sample window. The mean scat-

tering angle for the lead samples is.calculated to be '86°. Since-the

16 .
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" Figure. 6.

i

Beam collimation system. (A) 0.002" aluminum, scatter-.
ing foily (B) radiation.shield; (C) shutters; (D) room

_ temperature- colllmator° (E) 0O, 0005" aluminum windowy.

(F) liquid nitrogen .temperature.collimator;.(G) 0,0005"

" window;. (H) liquid helium .collimator; (I) two samples

with the sample chamber- om1tted° ) Faraday cup. -
AIl collimators,are 0.5" ‘thick
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samples -obstruct about 1% of the beam, 9% of the beam will escape

detection in the Faraday cup,

C. . Sample Preparation

~

Lead foil of 0.005" thickness was -supplied by Comince

American, The starting material was 6-9's grade; spectogfaphic ana- -
lysis after_rolliﬁg into sheets showed 0.7 ppm Si, 0.6 ppm Fe,
0.5 ppm Al, 0.5 ppm Ca.,. The sheets were cut .into samples of the
shape shown in Figure 7a by an electric discharge machine using a
tungsten;electrbde in clean oil, Mass spectrographic analysis at
the University of Illinois Materials Research Laboragoryvs Spectro-
graphic Laboratory éhowedAno chaﬁge-in the impurity content of the
samples -due to the.electric discharge cutting. The samples were
etched in warm dilute nitric acid.

| The final sample thickness was 0;003" to 0.004", Small
tinned copper leads were spot welded to the samples and the samples
were mounted on the sample holder .with GE 7031 varnish. Electrical.
insulation was provided by a 6 Hm mylar film. After mounting and air
drying at'room temperature, the suppoert strips were cut‘aﬁay.with a
b;ade to .produce the sample shape shown in Figure 7b. After‘mounting
the. sample holder on the sémple,pan, current and potential leads were
soldered to the spot welded sample}léadsﬂ It was necessary .to spot

weld leads to the samples as direct seldering intreduced iﬁpurities

inte thé samples. Such impurities produce a nenlinear magnetoresist—.

ance,

The geometric factor which converts the measured electrical"

19
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Figure'7,

’

Samples'cut by electron discharge machine- (a) before

mounting, (b) mounted with spot-welded leads,
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resistance  (cross section area/length) was eobtained for each sample by
measuring the resistance at liquid nitrogen temperature and using
‘' )

4,80 pf)-cm for the resistivity at .nitrogen .temperature,  The geometric -

factors were uncertain to.0,01%.,

D; Temperature Measuremént '

Beloew 4.2 K the temperature of the sample .can was.determined
by.méésuringltﬁe vapor pressure of the -liquid helium bath in the sample
can .and using the 1958 température scaleg/ to convert the pressure
readings to temperature readings. . The'pressure'was measured by.two.
Wallace=Tierman gauges. The first gauge reads from 0 mm te 50 mm
pressure, corresponding te .temperatures up.to,2°29 K, - The second gauge.
was used from 50 mm te 750 mm pressure, corrésponding to temperatures:
up to 4.2 K Both Wallace~Tierman gauges .were calibrated against a
Texas Instruments Fused Quértz Precision Pressure Gage<(0°61%)°

As an additioenal.check on the sample temperature, the 200 Q
Allen-Bradley carben resistor in the sample can was calibrated under
equilibrium conditioﬁs at temperatures of 1.3 K to. 4,2 K, Standard
fitting techniqﬁeslj were used to.interpolate temperatures above 4.2 K,

‘ fhe-form‘of the assumed temperature dépendence of the resistance.of the

carben resistor is
[r/T12 < A+ Biar ’ - (D

where R is the resistance; T .the temperature, and A and B are fitting

constants. For a 10 ©-1/2 watt Allen-Bradley unit; this fit was found to

8/ -

| ~deviate from the measured relationship by 0.4% in the range 5 K=~ 25 K.~
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The thermometer.is used te insure that-the helium bath temperature-
corresponds to the pressure in .the sample can.and to determine tem-
perature above 4.2 K., The error .in the calculated: value of the'suﬁer—
conducting tramsition temperature of.the lead samples was less than
0.1 K,

The'effeét of. the irradiation en the carben -resistoer is
ekpectéd ;o‘be negligible; Ohmite resistoers expesed téﬂlOG rad of -

9/

Y-irradiation or 2 X 1010 neutrons showed no chaﬁge at 1 K.=

E. Heating
1. IrradiationiTemperatu;e
During the electren irradiatien the temperature.of the samples
and the sample can will rise due to .energy loss by .the electron beam.
For an electron with an energ§ of i°5 MeV, the mean rate of energy loss
in the 'lead samples is 10 MeV/ecm,. The total .energy loss'ig each leg of

3 watt for the maximum irradiation flux of

the sample was- 2 X 10
10 2 ] . .
4 x 10 e/sec cm used in this experiment. In the steady state;.the
energy flow through the surface of the‘sample, 3 x lOfé watt/cmz;lwas-
' ! .
much‘less -than-the superfluid transfer limit.oef 1 watt/cmz at-1:5 ﬁoigj
Thus the 'surface of the samples was at the:bath temperature. For a.

round wire with uniform heatihg, the temperature.difference between the :

center ‘and the surface is given by,

AT = 2 (€/4) @

4k

where K is the thermal.coenductivity and €/% is the ' heating per .unit-

11/

length. Using k.= 2 watt/cm K,=' the temperature difference is.ex-
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pected to be 7 X 10'“7 K. Therefore, the samples were at .the bath-
temperature.

The electron énérgy'loss.in~the samples‘and-the-liquid helium
resulted in alﬁower dissipation of 1,2 X 10=3 watt in the~sam§lé éénz‘-

Another source of heéating resulted .from-the large angle scattering

electrons which are then stopped in the ;sample .can., - From section II B,

about 9% of the electrons were stopped-in the sample can. This re-

sulted in a power dissipation of 1.7 X lO_T3 watt. The total peower.

dissipation in thelsamplé can was.abeut 3 X 10”3 watt, When 0.1 watt
was dissipated in 'the samplé heater, the sample teﬁperature-rose.to
1.6.K; As a check en the beam heating, two samples were irradiated
at'éne half  the nermal flux; ﬁo change in the lew temperature recovery
was-observed. The samplé temperature -during the irradiations was'
always .at or below 1.5 K,

2, Measurement  Temperature

For a typical'samble, the 2 amp.sample current produced a

power dissipatien of .2 X 10_4 watt in-the sample., This resultedAih~a
temperature'gradient between.the;center~and surfacénof the sample of
1,6 x lO_'6 K. The main bath heating durihg the measurement was.due
to the_magnet'éurrento' This raised .the bath temperature to 1.4 K, .

This was well below the temperature.(l.6 K) at which the thermal re-

sistivity eof the lead ceould be detected.

F., Resistivity Measurements

Since ‘lead is.in the superconducting state at temperatures

below 7.19 K, it is not possible to observe directly the defect re-
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sistivity at the medsurement temperature of 1.35 K. Thus it was nec-
essary to apply.a longitudinal magnetic field to the samples to.quench
the superconductivity. This technique has.been used to study the
tempefa;ure.dependence of .the resistivity of -lead at temperatures below
e 4 ‘o ' . 12/ . .
its superconductivity transitien.~= It was observed.that, at magnetic
fields above the critical field, the resistivity of polycrystaline lead
increases‘linear1y~with magnetic -field, The extrapolation of -this-

linear .dependence ‘to .zero magnetic field was-taken as the normal  state

. resistivity. 1In this experiment the ,extrapolatien was.dene.from.

measurements. in magnetic -fields of 1.5 te 2 K Gauss.

The resistance.of thé samples was measured using standard .
four .wire D.C, éotentiémetric techniques. The current te the samples
was supplied /by a Fluke 382 A Current Qalibrator and was stable teo 1°
part'in‘lb6° All voitages were measured with a Vidar 5200 Data Ac~-
quisition System, In -this system.a Vidar 521 integrating digital
voltmeterziS»céntrolled by'a Digital Instrument Corp. PDP -8/L computer, .
The computer can, using a Vidar 610 Low-Level Scanner, select the-
desired input .and store the meaéured'voltage° In the present experi-
ment -each resulting voltage was the average of five readings.. It was
possible to resolve 0;1 UV, Sample resistivities were .uncertain to-
16-12 Q-cm,

The resistivity of one.sample is shown in-Figure 8-as.a
funqtioﬁ of the -applied magnetic field. In magnetic fields aBove,the
critical field, the sample resistance, R, is a linear .function of ‘the

magnetic field H. As-shown in Figure 9 the slepe .of the sample resist-
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: _ Figure. 8. - Resist
|
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|
|

ivity vs. applied magnetic field,
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Figure 9. Slope of -the resistivity with respect to the
magnetic field vs. the resistance at a-fixed
~value of the magnetic field.
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ance with respect to the magnetic.field was.a linear function of the

-fésistance'at~a fixed value of the magnetic.field., Thus,

R(C,H) = R_(0) + B -B(0) (3)
and
dR(C) _ .
dyg" f-S + T R(C’Hl) . (4)

where C.is -the radiation induced defect cencentration, Ré is the bulk.
zero .field resistance, and S and T .are constants,
The change -in .slepe may. result frem changes in the magneto-
resistivity size effect or a nenlinear dependence of the magnetoresis-
I . ' . .. 13/
tivity on the defect concentratien., Calculatiens for round wires=—

. . 1 ' . . : .
and thln-fllms—i/‘show-that-the size correction decreases .as the magnetic

field increases or as the mean free path decreases. The mean free path-

will decrease ‘as the magnetoresistance increases and as the defect con-.
centration increases, These‘effects,change~the.measured.slope‘of,the
resistivity verses magnetic.field as .the defect concentration increased
and ‘may cause an apparant .decrease .in the,rate‘of damage production as
the;amqunt~of-damage'increaseso,

Eqs. .(3) and (4) can be solved .to yield,

R (C) + S Hl.

R<C9Hl) = (5)

1+ TeHy

where.,Hl is the value of the fixed magnetic field. Fractional-changes

in the radiation induced resistivity can be expressed.as fractioenal.
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changes, in -the -fixed field resistance,

. R (C) - R (0) R(C;H,) - R(O,H,)
% recovery = - . = - — (6)
R (C)) =R (0) R(Co,‘Hl) = R(0,H,)

whereACO_is.the total -radiatioen induced defect -concentration..

Thus  the fractional changes in the resistivity can be followed
by monitoring the resistance.at a fixed -value of‘thé magﬁetic field."
This procedure has the -advantage of lower neise flucatien. The neise
flucations are greater in the;extrapolated:values~since'the'distance~
over which the extrapelation is made is approximately.two ana one half,
times:the range -over which the sample.resisﬁanqeis,measqred°
Schrpederlg/ has reported -that for irradiations-ét;4°7'K_the recoevery
of the zero field extrapolated resistivity and the ‘fixed field.resis-
tivity .are within 1%,

All-abselute resisqivities,are‘calculated,from the zero
field extrapolated resistances., The;resistivity was»independentlof
temperatgre'below L5 K. - All resistivities .used.to monitor .the radia-

tion damage were measured at'1,35 K,

G. " Anneals

As the temperature.of a damaged sample.is raised, the|varidus
defects ‘in .the sample mayAbédome'mobileq Thgctemperature is ¥aised by
reducing,the;pumping-on'the.refrigerator, adhing helium gas to the -
refrigerator -and passing current through the sample heater., = Belew

4,2 ‘K -care must be.taken that ~the liquid helium bath temperature.cor-.
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responds to thé helium gas.pressure. The:temperature was controlled
to'Better;than'O°005 K below- 4.4 K -and to better -than-0.05 K above ..
4.4°K, Less thén twenty seconds -was required to raised the .temper-
ature.from:thé previous annealing teﬁperatﬁre to. the desired annealing
temperature, and less than one second was required to lower the tem-
perature, °

The mobile defects -can undergoe reactions which change . the
state of the.sampie and alter its resistivity., - Such ‘reactioens are-
conviently;obsepve&~in an - isechronal annealing experimént° For the .
isochrenal “anneals in this experiment the}resistivity.is measured
at the base temperature of 1;4 K. . The thermai contribution -te-the
resistivity could not -be detected below 1.6 K., The sample is rapidly
warmed to .the desired annealing temperature for a fixed time of five
minuteés, raéidly,cooled to the base temperature -and tﬁe resistivity
is‘reﬁeasuredo Thié procedure.is then repeated ‘at the next higher
temperature, |

The - time . dependence -of .the défec; reactiéns-céh be-studied
in an-isothermal.annealing experiment, In this experiment the sample
was.repeatedly annealed to.thé same temperature with resistivity
méasurements. at the base temperature between.anneals: Once.the time .
dependence of .the recovery was-established at the first temperature-
the same process.was repeated at the next higher-annealing temperature.

For a single thermally activated process, the isothermal.
data .may be.analyzed by the‘changg.in slope between twe successive

16/ . . . R .
temperaturesbnml In this analysis the resistivity is assumed to be
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proportienal to -the concentration .of defects ‘and .te ‘recover according

to a monomolecular rate ‘equation of -the form

e
dt

= b = —yE(e)e BT .
where V is-thézpre—exponential frequency=fact§r, £(P) is.sémé,functiOn
of‘the~resistivity.o, and .E is the'thermal;actiyétioﬁ'energy for the
recovery process; For a simpletraté equatien, £f(P) is given.by p%, .
where n-is.the érder,of“the:kineticé of the-defect\reéﬁtieno' If,thé
.time derivative of the recovery is measured.at the same resistivity
for‘two3differept-temperatunes;‘then.the activation energy is given
by .

T,T) o e .
E =k —=—=— 1In(P,/6;) . (8)

2. 71




III. EXPERIMENTAL RESULTS AND .ANALYSIS -

Ao"Damége’Productionf

The:production of .damage for three irradiations:with 1.5 MeV-
elecqrons'on~one‘samplenis’shqwn in Figure 10, - The -initial production -

2 25 chm3/e at ..

rate-is.7.4x 10 5‘S_'Z—cm:‘}/e‘, It falls to 4.3 X lQ_
1 nfi~cm of damage. This.decrease‘may result from siéereffécts‘in_the
Veleétnical reéistivitonr»fr@m-thg4fact<that,the;resistivity-is not.a
linear functien of,the,defect'éoncentration;..The-ungertainty~inAﬁhe
broduction.rate-due;;o'beam'inhomogeneity is 10%,; The -data .may be

~ compared to the-valué of 1,5 X 10-25 Q-cm3/e at 1 nfi~cm for 1.2 MeV
electrons4repofted for an.irradiationaat-4a7 Koié/ Since approximately
50% of the damage .is removed by annealing te 5 K following an irradi-
atien at 1,5 .K, the two.values -are seen to be roughlyAgonsistenF;Qith
eaqb’éthera‘

-.The production rate wasipbserﬁed to fall to zero . for electroms,-
with .an-estimated energy of less than 0069-1-6503 Mev~at the samplésm
This gives a value -of 12.1°+ 0.7 eV for the threshold.energy for dis-
placement of -an atom froem-its latticé,position, For,electron4ir§adiﬁ
. ations at 417‘K~the';hreshold has been ‘found to be 12,5 + 1.2 eVolgj

The 1:50 MeVFelectrons struck the .sample with an:estimated
energy of 1,35 MeV, These electrons Equld-transfer‘a maximum. energy
of 30,0 eV to a leadhatomo’ Since the 'sample thickness was much less.
than:ﬁhe range.of the electrons, the electrons a:g'expected to:produce

isolated interstitial=vacancy pairs that are homeogeneously distributed

through the samplé, -
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Figure 10. Change:in the resistivity vs. -integrated flux
for three different irradiations with.1.5 MeV
electrons on one, sample below 1.5 K. The sample
was. annealéd - to room7temperature between irra-
diatioens, -
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The results of .three isechrenal annealing gxperiments on the .
same sample are shown in.Figure 11, The:-anneals folloewed irradiations
at 1,5 K with 1.50 MeV-elecqronsﬁ' The measured radiation induced
resistivity-changes were 0.122; 0.523 and 1,03 nQ—cm; The sample was .
annealéd to ‘room temperaﬁure»betwéen,irradiation‘s°~ The:derivative
- with respect to température of .the isochrenal recovery is shown in-
Figure. 12 for one. sample with measured initial resistivity changes.of
Q;léz and 1:03 nfl-cm and for a‘second,sample.ﬁith-a resistivity change.
of 0,554 nll~cm, The -derivatives were calculated by finding the slope
of -a straight line between:adjacent}isocﬁronal-annealing points. -

The‘iow.temperature recovery stage .contains .five .substages.
The four lowest temperature recovery substages appéar te be_iqdepend—-
ent of the concéntration sf radiation induced defects while the;high—
est .temperature substage shifts to lower.temperature with increasing
defect .concentration. This structure is similar te that-obsérved
follOWing»a;low temperature~irradiation of coppergl/‘ Accordingly, the.
reqévery;below 5.5 K in lead will be labeled Stage.I.  Stage II begins
with»a;re60veryus;age at about.5,9 K,

The-total annealing in .the IA’ IB’ and,IC substages in lead
.is less than 57. ThQs~thg derivatives‘of-thése substages.are not ‘ex-

perimentally determined with great.precision,  The I;

A substage occurs

in -the temperature range of 1.7 K toe 2.0 K. The recovery in.this
substage .was always less than 17 of the total radiation damage. The

flux -used .in-the 0.122 nfi=cm irradiatioen was-réduced,to one half the
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Figure 11. Recovery of .the resistivity vs. temperature.for
isochronal anneals .on one sample with initial
measured resistivity changes.of 0.122 nQ-cm,
0.523 nQ-cm, and 1.03 nfl~cm. The sample was an-
nealed to room.temperature between irradiatioms.
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Figure 12. .

The rate of recovery of the resistivity with respect .

to temperature vs, temperature for the sample of
Figure 11 with initial measured.resistivity changes
of 0.122 nf0-cm and -1.03 nfd-cm. and a.secend sample
with an initial measured resistivity change: of.
0.554 nQ-cm. )
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flux -used .in -other irradiatiens.. The temperature during this dirradi-
ation was belowfl°45'K° The -lower irradiation temperature did not-

result.in any change in the.I, substage.

A

To investigate .the effect of subthresheld cellisiens on the

radiation damage, a sample was.initially irradiated with 1.5 MeV

4

electrons ‘to a fluence.of 5;2 ><<10l e/cm2 at a temperature of 1.45 K

followed by an irradiation at 1.4 K with subthreshold electrons of

energy of :0.52 MeV to a fluence of 1.3 X 10,14 e/cmz; The - subthreshold.

irradiation produced a.recovery .of 0.5 +-0.25%, This recevery is.

'equivalent‘to.thé'IA substage. It is believed that-the IA substage

is reduced during the irradiatien by subthresheld cellisiens.. This

16/ -

effect has alse been observed for the I, substage in.platinum.,—

A

_The IB recovery substage is an isolated reco&ery stage-
centered at.2.6 K with a half width of 0.35 K. For all.irradiAtioné,
the recovery .in.this-substage varied between 2.4% and 2.97 with no
consistant'depen&ence on the irradiation dose. The‘apparent.shif; in
the temperature of the IB peak .for the 0.122 nfi-cm irradiation is due.
to the reduced resolution in the measurement of .the recovery (0.5%)
for this low dose and to the use of larger temperature steps between
the:isoéhronql énnealso' | |

The I, substage appears-as .a low temperature shoulder on

¢
the'ID substage. ' The recovery in this substage begins at 3;0 K. About

2% of the total radiation induced damage is remoeved in.the I substage.

[«
The main‘réqpvéry begins .in - the ID substage. . The maximum

rate .of recovery for theKID_substage'occurs~at-4015‘K + 0,05 K, The
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recovery in.this stage removed about 40% of the radiatioen damage.

The 'final. substage, I is strongly dependent .upon the con-

E’
centration of defects. The defect concentration dependence -of /this-
recoyery.willAbe discussed in section III D,

There ‘appears for.some samples a recovery .stage at about.
5.8 K. The:total .recovery in this stage .for the 1.03 nfd-cm irradi-
ation is 2.5%, The-samc recovery hgs~been:observéd£9/ at 5.6 K fol-
léwing electron irradiation .at 4,7 K; The recovery for a 1.0 nfli-cm
irradiatien at-4.7 K was: :about 9% oflthe»totél radiacion!damage;
Sinde'at’least'soz of the damage has,;ecovered below-5.0 K in the/
preseﬁtfexperimeﬁt,Atheztwe recoveries are seen.to be in ‘rough agree-

ment.’ This recovery marks the beginﬁing of‘Stage‘IIo

C., - Isothermal Anﬁealiqg‘v

The time dependence of the recovery.of the radiation induced

I
" ' damage at a constaﬁ%‘pemperaturénis&§pown,in;ﬁigureAlﬁﬁfozﬁﬁyggsgpgkgéi
after . irradiation to doses'ofA0°67 nfl-cm., The recovery as.a function .
of.time,is.shown.for annealsat .successive temperaturés~of;é°5 K (fol-
lowing a.five .minute anneal .at 3.0 K),_308 K, 4,0 K, 4.2 K, and 404‘K§
The -anneals were AOne using a pulse~mgthodswith‘the remaining resis-
‘tivity measured at.1.35 K after each pulse. Correctioen te the time of
each pu;se forAthe‘heating‘phase:was less than fifteen seconds. Total
cooling times were less than one second.

The first isothérmal anneal at 3.5 K-is cemplicated:since it

invelves the ‘I, recovery .substage and the -beginning of tHe_ID recovery

C

substage. . The anneals at temperatures of 3.8 K; 4.0 K, and 4.2 K involve,

&
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Figure 13, Recovery of.the resistivity vs. time for two
samples annealed together. '




'_Ap.(nQ-Cm)

660}
850%
640
6301

- 8lof -
600}
5901 |
s8N o T8k
570k L
seol
550
540}
5300
5208
510
s00F
490
480}
4rol
460+
450
440
430

45

620

40K

~4.2K

4.4K

1 A’ I 1 1 1 | A 1
0 200

! ! ! !
600 800 1000 1200

TIME (sec)

|
400




46

the ID substage; The final anneal at 4.4 K invelves both the ID and the

13/

IE substages. The slope change analysis—— used for this experiment is
not .valild for recovery involving more than one thermally activated
processes,

The activation energies calculated using the slope .change-

analysis from the data in Figure 13 are ‘shown.in Table 1.

v Table 1
Temperatures .(K) E-(evV) .
3,5-3.8 0.0055 !
3.8-4,0" : 0,0098
4,0 -4,2 0.0099
4,2 -4.4 ' - 0,0127

The -first and last values are not expected to represent the thermal
activation energy. The activation energy for the ID peak.is-0.0099 +
0.001 eV, The pre—exﬁonential factor for this first order reaction
. 012 -1 oy
is 2:x 107" sec ~ to within a factor of 4,

If both the IC and ID recoveries are-assumed to be first order
processes with the same pre-exponential factors, the change in slope
between the 3.5 K and the ‘3.8 K isothermals gives an activation energy .

for the I, substage of 0.0087 eV + 0.001 eV,

C

D. - Defect Concentration Dependence of the I_ Substage-
In the isochronal annealing experiment .the IE recovery shifted .

to lower temperatures. for higher initial defect concentratiens. To fit



|
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the recovery spectra shown in Figure.l2 the IE recovery was assumed to
have the same thermal activation energy as the ID recovery., The mono-

molecular rate‘equation, Eq. (7), was solved.for first .and second order

kinetics, The theoretical recovery fer a given order of kinetics depends.

on the reaction rate constant and the initial defect concentration. The

IE recovery spectrum.for an initial measured resistivity change of 1,03

n{d-cm was fitted with second order kinetiés as shown in Figure 1l4a to .
determine the recovery rate .constant, The exact shape-of .the calculated
IE recovery peak is very dependent upon the selection of the annealing

temperatures. Removal of the calculated second.order I, recovery from

_ E
the experimentally determined recovery leaves.the Ié peak centered at

4,05 -K with -a half width of ‘0.6 K. The fitted I_ rate constant was used

E
to calculate the recovery expected for a second sample with an initial
measured resistivity change'of 0.554 nfi~cm. The change in the defect .
concentration for each sample.can be determined bylassuming a constant
damage production rate and knowing the fluences used produce to the

damage .in each-sample, The expected second order I_ recevery is cempared

E .
to'the~measured.recovérylin.Figure,ISa, The same procedure.was used to
fit these recoveries witﬁ third eorder kinetics as shown.in-Figure 14b
and Figure 15b,

The IE recovery seems to be better described by second order
kinetics. It was.not possible te achieve an accurate third order fit to
the 1,03 nfl~cm IEArecovery spectrum., Third - -erder kinetics predicts too

great .a shift in the IE recovery peak with defect concentration -and too

wide a recovery peak, '



Figure 14.- (a) Second and. (b) third .order fits te the IE-
’ ~recovery -spectrum .of :the sample of Figure 127"
for an initial measured resistivity change-of.

1.03 nf-cm, ' '
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Figure. 15

(a) ‘Second .and ' (b) third order,fitsfto‘the.IE
recovery spectrum’ of the .second sample .of
Figure 12 calculated using the reaction rate .

_constants determined in Figure 14, -
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E,"Activation'Energy of the I_, Substage

During the-isochronal anneal of the low dose (0.122 nfd-cm)
irradiation shown in Figure ilD follewing the anneal at 5.0 K for five
minutes, an anneal ‘was performed at .4,0 K for forty minutes. The 5;0 K-
anneal was-et-the end of'the ID substege and at .the start of the IE

substage. The 4.0 K annealing temperature was 0.15 K lower.than the

temperature of . the maximuﬁ rate ‘of .recovery.for the I_ substage., This

D
anneal removed;0°90-j.0015% of the total damage.

A first order process.centered . at 4,15 K with an activatien
energy ef 0.010 eV should have been completed before.the 5.0 K -anneal. -
Durieg the 4.0 K anneal, a second order process centered at 5.2 K~with'
an activation energy of 0,010 eV should have recovered an additioenal

3% of the damage that recovers in the I_ stage. About 55% of the total

E .
damage remained after the 5.0 K anneal. - If al® this recevered in the
IE-subs'tage9 about 1.6% would have 'recovered during the 4.0 K.anneela
This over estimates  the -expected recovery because a large fraction of.
the remaining interstitials -are trapped.at‘impur;ties,or‘other inter=
stitials., Only 207 of the total damage recevered-in the:IE substage.

Thus one might expect 0.6% of the total ‘damage te recover during the

4,0 K -anneal.. These ‘rough estimates .give upper and lower limits en the.

expected recovery. However, if the calculatien is repeated with an

activation energy of 0.011 eV, the recovery is .expected to be between
0.04% and 0.09% of the total :damage: Thus the IE substage appears to

have the same activation energy as the ID substage to within 0.001 eV,




IV. - SUMMARY OF THE -EXPERIMENTAL -RESULTS

The ‘low. temperature .recovery .of lead follewing an electren
ifradiation -at ‘1.5 K shows the same features -observed for all .fcc
metals except for gold. The low temperature .recovery .can be inter-.
preted in terms .of the split interstitial model originally preposed
for copper.

The Stagé I occurs.below 5:5 K and has five substages. The

lowest four subsfages obey first .order annealing kirnetics.: The IA sub-.

stage is suppressed by Subthreshold collision recovery .events:; The

- most 'predominant recovery begins in the I recevery which is centered

D
at 4.15 + 0;Q5=K° The activation energy for the ID recovery is'09010 eV

+ 0,001 eV, The activation energy for the I_ substage ‘has been inferred

c

to be 0.0087 eV + 0.001 eV with the assumption of the same .pre-
ThefI- recovery shifts with defect con-

exponential factor as I B

DD
centration in lead as it dees in copper. It obeys second order kinetics -

with an activation energy .of 0,010 eV + 0,001 eV,

The ‘Stage II recovery begins at 5.8 K, - This recovery extends-
. .-10,18/ : :
in temperature up to Stage III=*— at about 160 K. Thus-the recovery
of the low temperature.electron radiation damage of lead has all the:

features ‘observed for. copper.,
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Figure-A; -Isochronal recevery of four samples irradiated -to-
measured resistivity changes .of 0:378 nQi~cm, 0.581
nfl-cm, 0.762 nQ-cm.and 1,10 nfl~cm respectively.

[N
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APPENDIX B -

FITTING PROCEDURE FOR THE'IE SUBSTAGE

For defect recovery described.by ‘the monomolecular rate equa-
tion, the time dependence of -the resistivity is.given by

%% - - A p(n+l)e-E/kT . (B1)

where (n+l) is the order of -the kinetics of the reaction and the resis-
tivity has been assumed.to be pfoportional‘to the defect concentration,
After the first anneal .to the. temperature Tl for a time t the remaining
resistivity pl is given by

n n

= ,l— + A te
po

~E/kTq . (82)

where<po was the initial resistivity and n > 1, After m anneals, all for

a time t, the remaining resistivity is.given by

%_ . + A<t:e_E/kTm (B3)
m pm—l
\n " \n o .
L) = () sac z EKT (84)
Qm po i=1l :
The-7% recovery after m anneals is given by
0. m ) -1/m
T - [14+Ap0°t 2T e /KTy ] (B5)
p - o ._
o i=1

This equation has ‘been used to .fit the'IE recovery for second (n =.2) and
third (n.= 3) order kinetics .to determine the reaction rate constant A,

Using A, the expected recovery for a different defect concentration may be

calculated,
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