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Influence of radiation damage on perturbed angular distributions: The PoPb system
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Perturbed angular distribution measurements in a Pb target have been performed for the ' """Po(8+)and
' Po(17/2 ) isomeric levels. Target temperatures were varied from 80 to 575 K and magnetic fields were applied

from 0.1 to 6.1 T. The data can be explained with a combined strong magnetic and weak quadrupole interaction,

with the quadrupole interaction arising from radiation damage in the host correlated in position with the implanted

ion. A perturbation theory treatment of the combined magnetic and quadrupole interaction was developed and

provides the basis for the interpretation of the results. The data are consistent with a Lorentzian distribution of
electric field gradients centered around zero with half width I'/2 = 0,9)&10" V/cm' at room temperature. At
higher temperatures the gradients are weaker indicating that before the measurement begins at 10 ' sec after the

implantation, some annealing of the initial damage takes place.

NUCLEAR REACTIONS 204s206, 207, 208Pb(e, 2n) ~ ~ ' Po*, E = 24-25.5 Me&.
Enriched targets measured s(E; H, H, t,T) for isomeric levels. Deduced elec-

tric field gra ients from radiation damage.

I. INTRODUCTION

The study of angular distributions of y rays from
the decay of high-spin levels is an important tool
for the construction of level schemes and for spin
assignments. Since high spin levels are often
isomeric, their static electromagnetic moments
can be measured using the perturbed angular dis-
tribution (PAD) method. In many cases, unde-
sired perturbations are present along with the ap-
plied fields, and observation of the nuclear pre-
cession or the unperturbed angular distribution is
impossible. In particular, our understanding of
the perturbations from electric field gradients
(EFG) caused by lattice defects in a metallic host
is very limited.

Since heavy ion (HI) reactions produce large re
coil momenta, much damage is created in the
vicinity of the recoiled probe nuclei. This damage
is referred to as "correlated radiation damage"
in contrast to uncorrelated damage which may be
distributed randomly in the target volume by the
beam. In many cases, the EFG from radiation
damage results in the loss of the nuclear align-
ment before the observation starting time. Thus,
the study of the interaction between nuclei and
radiation damage is very important from the nu-
clear physicist's point of view. An understanding
of the damage distribution, migration, and anneal-
ing processes can assist in finding unperturbed
environments for spin and moment measurements
in cases where it was impossible before.

The objective of the present work was to define
the conditions for preservation of the nuclear
alignment for the polonium in lead (PoPb) system

and to understand the dealignment mechanisms
involved. This system was chosen for several
reasons. Lead has been used in the past as a
host for time differential perturbed angular distribu-
tion (TDPAD) experiments, including fission iso-
mer studies. The cubic structure provides a
symmetric environment to the implanted Po
nuclei and no EFG from the host lattice is present
for the most likely substitutional site. Since lead
is a well-studied metal, our results can be corre-
lated to known solid state information. In addi-
tion, the Po isotopes offer isomeric states with a
range of convenient lifetimes. The isomeric (8"}
states in "'""'"I'oand the —", state in '"Po have
almost identical g factors but different electric
quadrupole moments, and they are easy to popu-
late by (o, 2n) reactions with different enriched
lead isotopes as targets.

A. Preliminary work and a model

In preliminary experiments, the "'Po(8'} and
'"Po(8') isomers were implanted into a lead tar-
get, and the spin rotation patterns in the presence
of an external magnetic field were observed for
different target temperatures. ' Some spectra of' 'Po(8')Pb at different target temperatures are
shown in Fig. 1. The experiments and analysis
are described in detail in Sec. II. It is seen that
at temperatures lower than 575 K, less than the
complete initial alignment is observed. At all
temperatures, but in particular at the lower ones,
there is damping of the alignment on a time scale
of =10 ' sec. Such damping may arise in para-
magnetic systems from fluctuating magnetic hy-
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FIG. 1. Spin rotation spectra for 2@Po(8+) in Pb for
different temperatures. R(t ) is defined in Eq. (4). The
magnetic field was nominally 0.3 T and was slightly dif:—
ferent for the cooling and heating devices.

perfine fields at the probe site. However, Po is
not expected to be paramagnetic in lead, and in-
deed the Larmor frequencies are independent of
the temperature while such dependence exists in
paramagnetic systems. A fluctuating field can
also arise from possible defect motion, and
Heubes et al. ' have interpreted their spectra of
'"Po in Pb with a fluctuating EFG. However, in
our best data, one can distinguish that the damp-
ing is not exponential as it would be in a fluctuating
field model, and we have rejected this mechanism
for the dealignment. An alternative explanation
for the damping of the spin rotation pattern is that
of static, randomly oriented EFG's from frozen
radiation damage combined with the external mag-
netic field. This explanation is supported if we
consider the migration rate of point defects in
lead. Self-interstitials are very mobile in the
temperature range of the present experiments
(T &80 K) and, most probably, should not be con-
sidered in our system at all. Defects of impor-
tance are, then, monovacancies or small clusters
of vacancies. The migration energy of a vacancy
in lead" is E„=D.56+0. 13 eV. Migration ener-
gies of polyvacancies are of the same magnitude
or slightly smaller, The jump frequency of a
vacancy in the lattice is given by

p eSg/ke-Eg/kT
0

where S„and v, denote the entropy of migration
and the attempt frequency associated with the

jump, respectively. For lead,"S„=0.7+ 0.2 K
and v, is 1.51~10"Hz. Using these numerical
values, we obtain

v = 8 x 10"x exp(-6500/T)(sec ') .

For temperatures below = 450 K, vacancies are
frozen during the time scale of the present ex-
periment (=10 6 sec). At the highest temperature
used in this study, 575 K, vacancies jump every
25 nsec on the average.

Because of the presence of the defects in the
vicinity of the probe nucleus, a combined mag-
netic and quadrupole interaction is applied to the
probe. A complete calculation of the angular dis-
tribution with combined magnetic dipole and static
electric quadrupole interactions is not available for
high spins. It has been shown' using a first order
perturbation calculation that for weak EFG's the
combined interaction results in a Gaussian shaped
envelope to the Larmor oscillations. The experi-
mental observation of loss of initial alignment and
damping can then be explained in the following way.
After the nuclear reaction, the recoil nucleus is
stopped in an environment characterized by a high
density of lattice defects and a very high degree of
lattice excitation which is dissipated in times of
the order of 10 "sec. ' During this period,
damage annealing takes place and the more mobile
damage (interstitials) migrates away to regions of
lower defect concentration. After the environment
of the impurity is deexcited, a certain amount of
damage is still located near the impurity. These
static lattice defects give rise to EFG's which inter-
act with the nuclear quadrupole moment. For a given
target temperature there will then be a quadrupole in-
teraction strengthdistribution P(rue), where P(~q)
x du~ is the fraction of Po nuclei subject to the quad-
rupole frequency between ~+ and ~++ 4o+. A
schematic drawing of a possible P(&uo) distribution
is shown in Fig. 2.
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FIG. 2. Schematic representation of a possible dis-
tribution of electric field gradients.
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For the fraction of Po nuclei for which the mag-
netic interaction is much stronger than the quad-
rupole interaction, the Larmor oscillations are
observed but are confined to a Gaussian envelope,
the width of which is related to an average quad-
rupole interaction strength. For the other frac-
tion of Po nuclei with electric interactions larger
or comparable to the magnetic interaction, no
Larmor oscillations are observed after a suffi-
cient time. We explain the loss of initial align-
ment as a result of strong EFG's which remove
a fraction of the Po nuclei from the Larmor pre-
cession. The observed damping is a result of
weak EFG's interacting with the rest of the Po
nuclei. For a given EFG distribution, the frac-
tion of probe nuclei for which the electric interac-
tion is weaker than the magnetic interaction is a
function of the nuclear g factor, the external mag-
netic field, and the nuclear quadrupole moment.
Experiments to measure the magnetic field depen-
dence, the quadrupole moment dependence, and
the target temperature dependence of the observed
alignment have been performed and are discussed
below, in the framework of the above model.

B. The Po isomers

Isomeric states are known to exist in different
Po isotopes from A = 202 to A = 212. Four of
these isomers, the (8') states in """'"Poand
the —", state in '"Po, were used as probes in the
present study. These four isomers were first
reported by Yamazaki' and they were chosen here
for their suitable lifetimes and their ease of popu-
lation with available beams and targets. The
magnetic moments of the isomers were further
studied by Nagamiya et al. ' Hausser et al. "have
reported precise g-factor and lifetime measure-
ments for ' '2' Po. The decay schemes of

06 208 209 2 10P0 a re displayed in Fig
The 8' states of the even mass isotopes are the

highest members of the (h9&,)' proton configura-
tions. Their g factors are equal to the g factor of
the h9&, ground state in "'Bi except for small
corrections.

In order to estimate the quadrupole moment of
the even Po isomers we make the following as-

sumptionss.

(i) The wave functions consist of

~

8') =~ v(hg(, P8')

i6') =in(h, i,)'6') .

The effects of the other contributions to the wave
functions will then be included in the E2 effective
charges.

(ii) Within the same nucleus the static E2 ef-
fective charges for protons in the (h, &,)' 8' con-
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FIG. 3. Level schemes of the Po isotopes used in
this work.

(eQ( —6 19[B(E2)[ ~ efm (3)

The similarity between the energy levels of '"Po
and '"Po suggests the

~

v(h &,
)' O'Igt vp, &,) structure

for the '"Po( —", ) state, and Eq. (3) then also holds
for '"Po, as the P, /, neutron does not contribute to
the moment or the transition in first order.

In addition to the radiative decay of the 8' states,
internal conversion" of the low energy E2 transi-
tions is an important deexcitation process. The
half-life measurement can be used to extract the
B(E2) values even when the transition energy is
not exactly known, as the conversion emission
probability is rather insensitive to the transition
energy. For '"Po and "po the transition ener-
gies are known and the B(E2) values can be evalu-
ated. For '"po, this energy is believed to be less
than 14 keV, and it is unknown for "'Po. Two
B(E2) values may be derived for the case of "'Po,
depending on whether the transition, is above or
below the threshold for I. conversion. The higher
value (see Table 1) is favored since the quadrupole
moment is expected to increase as we go further
away from the closed neutron shell. " The ratio
between the quadrupole moments of "'Po and ' 'Po
was measured experimentally by Feilitzsch et al. "
as Q[20'Po(8')]/Q[20'Po(8')] =1.3(1) in agreement
with the higher value (1.3 for E„&14 keV). All of

figuration are the same as for the transition ef-
fective charges which appear in the B(E2) [8'- 6'].
This assumption was found to be correct in the Pb
isotopes" as well as in the Mo isotopes" in the
region of the 'Zr core. A relation between the
static electric quadrupole moments of the 8' state
and the B(E2) [8' —6'] value can then be derived,
l. e. ,
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TABLE I. Po isotopes used in the present work.

Nucleus

"'Io'
208PO a

208po a

206po b

Isomer
energy

(keV)

1557

1473

1524+x

1573+x

Spin
parity

8'

ip
2

g factor
(uncorrected)

0.914(1)

0.907(1)

0.919(1)

0.M 5(13)

Tf /2
(nsec)

96.0(14)

88.5(15)

350(20)

212(5)

E,[J - (J-2) ]
(i eV)

83.6

55

&15

&14

&14

B[E2 J (J-2)']
(e2 fm4)

114

189

47

eQ
(efm )

57

65

66

aQeference 9.
b Reference 8.

the known electromagnetic properties of the Po
isomers are summarized in Table I.

II. EXPERIMENTAL PROCEDURE

A. Apparatus and techniques

All the experiments performed were spin rota-
tion measurements, using the TDPAD method with
pulsed e-particle beams. As this method is dis-
cussed in detail elsewhere, "we will only point out
details which are specific to the present work.

(a) Beams and reactions Pulse. d 4He beams of
energy 24-25. 5 MeV were obtained from the
Stony Brook FN Tandem. The beam bursts were
bunched in time to full width at half maximum
(FWHM) =1.5 nsec, and the repetition time was
1-4 psec, depending on which isomer was studied.
The beam intensity was typically several nano-
amperes, and was sometimes reduced to limit the
detectors' counting rate.

(b) Targets Thick iso. topically enriched Pb
foils were used in all experiments and the beams
were stopped in the targets. The isotopically en-
riched targets were difficult to obtain with ex-
tremely high chemical purity. To ensure that
differences in the chemical nature of the host did
not affect our measurements, we populated several
isomers in a mixed target and also in a 99.99%
pure natural Pb target. The results obtained at
room temperature and a field of 0. 3 T were in
agreement with the results from the isotopic tar-
gets to within the statistical errors.

(c) TemPerature contro/ The tar. gets were
heated by a resistance heater consisting of a high
resistance coaxial wire (Sodern Thermocoax)
coiled around a copper block onto which the target
was attached. Targets were cooled by means of a
commercially available Joule- Thompson cooling
device that mas modified for in-beam experiments.
Tn both cases the temperature was monitored us-
ing a thermocouple pressed against the target foil.

The temperature measurement error results
mainly from possible gradients between the beam
spot and the thermocouple position and is esti-
mated to be less than +5 K. A simple glass "T"
was used as a target chamber in all experiments.

(d) Detectors. Two identical y ray de-tectors
placed at +135' to the beam direction were used
for most experiments. The detectors consisted
of 5 cm longx 5 cm diam Nal(T1) scintillators
optically coupled to RCA 8575 photomultiplier
tubes which mere mounted on ORTEC 265 photo-
multiplier bases, and extensive magnetic shielding
was employed. In the high magnetic field experi-
ments with the in-beam superconducting magnet it
was necessary to use 23 cm long light pipes be-
tween the detector crystals and the photomulti-
plier tubes. Time resolution of FWHM =2 nsec
was typical for 511 keV y rays. Ge(Li) detectors
mere utilized for the mixed target experiment
where the good energy resolution (typically FWHM
= 2. 5 keV for 1.17 MeV y rays) was required.

(e) Magnetic field An electr.omagnet, equipped
with pole tips tapered to 5. 1 cm diameter and with
a 2. 5 cm gap produced fields to 1.1 T. In this
arrangement the field was homogeneous to =0. 5Q
over the target size (=0.3 cm). The magnetic
field was measured using a Hall probe which was
calibrated in the 90 bending magnet of the accel-
erator. For higher field values, a superconducting
magnet with fields up to 6. 2 T was used, and the
field was determined from the current in the mag-
net and from the known g factor.

(f) Electronics. A schematic drawing of the
electronics is shown in Fig. 4. Special care was
taken to reduce dead time effects in the system.
Since the time-to-amplitude converter (TAC) has
a relatively long event processing time, the time
signals were gated by the energy signals before
the TAC was started. Time signals mere delayed
(by =2 &sec) until the energy analysis was carried
out by the single channel analyzers (SCA). As
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Several typical ratio functions are shown in Fig.
1.

B. Experiments
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FIG. 4. Schematic drawing of the experimental elec-
tronics. The abbreviations are: HV—high voltage;
TFA—timing filter amp; CFD—constant fraction disc. :
SCA—single channel analyzer; GDG—gate and delay
generator; TA C time-to-amplitude converter; MCA—
multichannel analyzer. Passive delay* is obtained by
long cable. A fast amp is used every =0.5 @sec.

active delay elements introduce their own jitter
and dead time, this delay was achieved by sending
the time signal through long cables. The pulse
was rediscriminated every 500 nsec to overcome
the attenuation and dispersion of the cable. The
strobing time of the TAC was selected to produce
a TAC dead time of nto-b, where n is an integer,
fe is the beam repetition time (and also, normally,
the TAC range), and 6 is typically 20-50 nsec.
This procedure places any distortion effect from
the TAC dead time after the intense prompt peak
into the time range immediately before the prompt
peak. The TAC output was recorded by a multi-
channel analyzer, and external routing was used
to produce up to four different time spectra cor-
responding to different detectors or energies. The
time scale was calibrated using the pulsing sys-
tern reference oscillator.

(g) Data maniPulation. The time spectra for
a given y ray were fitted to a linear background
plus an exponentially decaying term. The back-
ground was then subtracted and the spectra from
the two detectors were normalized. In some
cases, time spectra were collected for back-

While the previous section presented the ex-
perimental technique in a general manner, further
specific details of the different experiments are
given here. Although we are studying the pertur-
bation of the isomeric levels, the y transitions
which depopulate the isomers are difficult to ob-
serve because they are of low energy and highly
converted. For different isomers it was advanta-
geous to use different transitions, depending on
the particular spectrum. The angular distribu-
tion is the same for all y rays in each stretched
cascade, providing that no perturbation is present
in the short lived intermediate states. The"Po(6') and the ' Po(~e ) states are also iso-
meric but their lifetimes are short and their g
factors are almost identical to those of the higher
spin isomers, so their calculated effect on the
angular distribution with a pure magnetic interac-
tion is negligible. " The effect of the intermediate
states on the angular distribution with a combined
magnetic and electric interactions has not been
calculated. However, we estimate that the angular
distributions observed in our experiments reflect
essentially the perturbation due to the 8 and the
~2 isomers, since the intermediate isomers have
quadrupole moments of the same sign and similar
magnitude as the higher spin isomers. The
"'Po(8') is the easiest Po isomer to populate.
Both the 245 keV (4'-2') and 1180 keV (2'-0'}
y rays were observed for the '"Po measurement,
and a sum of the counts in both y windows was
used to generate the ratio functions. A beam en-
ergy of 24 MeV was used for all experiments ex-
cept the high field measurements in the super-
conducting magnet where 25. 5 MeV alphas were
used. The measured alignment was independent
of beam energy to within the errors.

The 44"I keV (4'- 2') y ray was observed for the
Po measurements, and a combined 660 keV and

685 keV (4'- 2', 2'-0') energy window was used
for '"Po. The '0 Pb data was measured simul-
taneously with ' 'Pb, with a beam energy of 25.5

MeV, except for the measurements at 78 K, where



INFLUENCE OF RADIATION DAMAGE ON PERTURBED. . .

24 MeV was used because of accelerator limita-
tions. The V82 keV (~ ——', ) y ray of ~o9Po was
used for the time spectra. A background of this
y ray exists in the ' Po time spectra. Since the

g factors and quadrupole moments of the two iso-
mers are similar, a small contamination of the
'"Po spectrum in the "'Po spectrum was not
significant. Furthermore, the starting time of the
'O'Po observation (=175 nsec) was after most of
the '"Po isomers have been depopulated.

Measurements with different magnetic fields
and different target temperatures were performed
for the different isomers. The parameter space
covered in the present work is shown in Fig. 5.
The data were taken in many different runs. To
check for systematic errors due to different elec-
tronic arrangements or different target proper-
ties, several points were repeated at different
times. Agreement with statistical error was al-
ways observed.

I I I I i I I I & I I l

5.0-
o 206PPo
~ 208p
a 209p
~ 2I Op

C. Data analysis

Our experimental system involves a combined
transverse magnetic field and a randomly oriented
electric field gradiant from radiation damage. An

exact calculation of the angular distribution of y
rays with this perturbation is possible, but re-
quires much computer time for high nuclear spins.
We have utilized the analytic functions of Ref. 6
which are appropriate for weak randomly oriented
EFG and a strong magnetic field in order to fit the
data. The basic formula is

W(e, I}=1+ B"",E","„(1&uqt}cos[nr(e —&,I)],

(5)

where the notation is taken from Ref. 6. Note the
decoupled form of Eq. (5). The B coefficients
contain all the geometrical information concerning
the nuclear alignment and the radiation field pro-
perties. The envelope functions ENI„"»(I eqt), shown
in Fig. 6 for different spins, are independent of
the magnetic field and contain the information about
the electric interactions. These envelopes con-
fine the usual Larmor oscillations to a decreased
amplitude. It is apparent that these functions are
almost independent of nuclear spin for I~zt ~1.
A convenient estimate of the strength of a quadru-
pole interaction can be obtained by measuring the
half-amplitude time of the observed envelope. For
the dominant term E",„half amplitude is reached
for Iurt =0.63, independent of I. We have fitted
all ratio functions for the PoPb experiments to the
function.

R(t}„~b= [B,Q~~(I(oqt}+ B,~E,~(1&uqt}] cos(2(o~t+ P) .

I.O— r~ ~
8

Implied in this parametrization is that we ob-
serve only those nuclei for which the magnetic in-
teraction is strong compared to the quadrupole
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FIG. 5. Parameter space of the Po in Pb system
covered in this work.

F&G. 6. Envelope functions E &~ and &4~, for different
values of the nuclear spin 1 as a function if Icet. Note
the universal nature for I~t &0.7.
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interaction. We denote the quantity' p,'A, as a„
and since p, =0, we have

822 3
4+a2

0.2-

and also'
O. I- 208 p

gy22 4

The free parameters in Eq. (6) are then: (i) a„
the initial alignment, (ii) &oz and or~, the quadru-
pole and the Larmor frequencies, respectively,
and (iii) Q, which depends on the detectors'
angles, the t=0 determination, and beam bending
in the magnet. The fits started a fixed time ht
after the prompt peak, in order to eliminate inter-
ference of the prompt peak and to allow for the de-
cay of short lived background. This time was not
changed for each isomer, in order to avoid syste-
matic errors, but was different for the different
isomers. The At used for the "'"'"""Poiso-
mers were 25, 175, 100, and 75 nsec, respec-
tively. It was found that the fitting results de-
pended on the starting time but were not sensitive
to small changes in the ending time. The quoted
values for the initial alignment a, have been cor-
rected for finite solid angle and for finite time
re solution.

III. RESULTS AND DISCUSSION

A. Magnetic field dependence

The magnetic field dependence of the initial
alignment can be used to measure the strength
of the quadrupole interactions from radiation
damage and can help to determine the nuclear de-
alignment mechanism. The initial alignment for'" Po was studied at room temperature for
fields up to 6. 14 T. The data are shown in Fig. 7
Although the experimental error in the high field
measur em ents is signifi cant, an increase in

alignment with increasing field is observed in all
cases, in agreement with the assumption that as
the field is increased, the decoupling condition is
satisfied for a larger fraction of the nuclei.

The exact shape of the distribution of electric
field gradients cannot be uniquely determined from
the data. In order to fit the data, we have as-
sumed a Lorentzian distribution of electric field
gradients centered around q = 0,

where f'/2 is the half width of the distribution. The

0.0

0.2

C)
II

O. I-
OJ

n

209 p

0.0—

fr02-P1t t

O. I—
2IO

p

fraction of nuclei, f, partaking in the Larmor pre-
cession is determined by

f jl (o 1&v, = (8)

where q, is a cutoff parameter determined by the
conditions of the measurement. Normally, q, is
determined from the decoupling condition'
urz ~ u~/51, and the observed a, increases as the
field increases. At low fields, however, the ob-
servation time ~ must be considered. To under-
stand this dependence, consider a very short ob-
servation time, such as with a short lived iso-
mer. For a weak gradient, one cannot discern
until a time r~ 1/Iu&z whether the gradient is on
or off. Therefore, we will always include in our
integration those gradients weaker than cue ~1/Ir
This gives rise to the flat portion of the curves in
Fig. 7, which begin at different field levels for

P O i

0 I 2 3 4 5 6
8(&)

FIG. 7. Magnetic field dependence of the initial align-
ment parameter a2 for different Po isomers. The
smooth curves are fits to the data which are explained
in the text.
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different isomers. Reasonable agreement with
the data is found for I'/2=0. 9&&10"V/cm'. Oth-
er forms of the distribution was assumed and
give fair agreement, but the long tail of the Lo-
rentzian distribution is preferred to fit the gradual
rise at higher fields. The sensitivity to small
gradients of 2 'Po compared to the other isomers
can be seen in the low field region of the data.
The alignment is not destroyed for '" '"Po be-
cause the shorter measurement time is not suf-
ficient to observe any of the weak quadrupole in-
teractions.

B. Quadrupole moment dependence

We have seen from the magnetic field dependence
that increasing the magnetic field will include a
larger fraction of nuclei in the Larmor precession.
Conversely, increasing the quadrupole interaction
strength should decrease this fraction of nuclei.
The relative quadrupole moments of the '"Po and
2ioPo isomers is given by

TABLE II. Parameters extracted from the natural Pb
target at T=293 K, 8=0.32 T.

Isomer

206 Po(8+)
2'OPo(8')

o.19(1)
O.24(1)

21(4)
15(2)

less alignment is observed for "'Po than '"Po.
The indication that the average quadrupole in-

teraction strength scales linearly with the quadru-
pole moment is consistent with static perturba-
tions, although the poor quality of the data does
not rule out a quadratic scaling with the relative
moments. Data were also taken for the "'Po(8')
and "'Po(—", ) isomers in the natural target. In
this case, however, the quadrupole moments are
very similar and it was not possible to observe
any differences larger than the error involved in
fitting the data.

e['"Po(8 )1/e['"Po(8*)1=1.49. (9) C. Temperature dependence
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FIG. 8. Spin-rotation spectra for +~Po and 6Po at
room temperature with a field of 0.32 T.

The spin rotation patterns for "'Po and "oPo in
Pb were measured simultaneously using a natural
lead target enriched to 20% ' 'Pb. The data are
shown in Fig. 8. The target was held at T =293 K
and a transverse magnetic field of 0. 32 T was ap-
plied. The least squares fits were done for the
same time range for the two isomers. The fitting
parameters are given in Table II, and we see that

co
q(T)= qL(q, T)dq.

0
(10)

The good agreement obtained simultaneously for
both data indicate that the shape of the distribution
of gradients is well fit by the Lorentzian. From

The magnetic field dependence and quadrupole
moment dependence of the data taken at room
temperature are consistent with a distribution of
static electric field gradients being applied to the
probe nuclei. The temperature dependence of the
strength of these gradients can be used to investi-
gate the dynamics of the annealing process on a
time scale which is difficult to measure by classi-
cal radiation-damage techniques.

The most sensitive isomer for these studies is
again the '"Po(8'} because of its long lifetime. A

field of 0. 32 T was applied to the target. Spin ro-
tation spectra at several temperatures are shown
in Fig. 1, and the parameters extracted from these
and other data are shown in Fig. 9. As the tem-
perature is increased, the initial alignment in-
creases, and the average gradient observed de-
creases in strength. The data are consistent with
a distribution of gradients centered around zero
strength whose width decreases steadily with in-
creasing temperature.

We have characterized the distribution of EFG
with a Lorentzian [Eq. (7)] and have adjusted the
width of the distribution, I', with temperature as
shown in Fig. 9(a) in order to simultaneously fit
the data in Figs. 9(b) and 9(c}. The smooth curve
in Fig. 9(b) is generated with Eq. (8) and the
curve in Fig. 9(c}is defined by
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Fig. 9(a), we see that at lower temperatures,
higher average gradients are observed.

In Fig. 9(b), we have also included the initial
alignment parameter a, (t)/a (575) for the other
isomers. Both '"Po and '"Po exhibit more align-
ment at lower temperatures than the longer-lived
'"Po. This systematic trend can in part be ex-
plained by the smaller quadrupole moment of '"Po,
but in addition the decreased observation starting
time for the shorter lived isomers introduces
some systematic differences in the fitting of the
data. The average gradients obtained from the

T (K)
FIG. g. (a) Width parameter I' for a Lorentzian dis-

tribution of electric field gradients [derived from the
data in (b) and (c)] . (b) Initial alignment parameter
a2(T) (normalized to the highest temperature) for the
different Po isomers. The maximum alignment ob-
served for 208Po MSPo, and ~ Po was 0.23(1), 0.28(1),
and 0.26(1), respectively. (c) The average gradient ob-
served for ~+Po at different temperatures. A gradient
of q = 10 7 V/cm corresponds to e qQ/h = 15.9 MHz.
Sternheimer corrections have not been made.

other isomers is consistent with but not nearly as
sensitive and accurate as those obtained from the

'Po data, and have not been included.

D. Damage annealing

All of the PAD measurements are consistent
with a Lorentzian shaped distribution of static
electric field gradients acting on the probe nu-
clei, with stronger gradients at lower target
temperatures. Since the initial damage profile
should be essentially temperature independent,
we must therefore conclude that before the obser-
vation starts, some annealing takes place at the
higher target temperature because the observed
gradients are weaker. We can exclude the possi-
bility that the annealing is taking place during the
observation time, as the spectra at long times
cannot be fitted with an exponential decay of the
alignment which would be caused by a fluctuating
environment.

In order to estimate the effect of damage an-
nealing on the angular distribution we take the
following approach. Immediately after the im-
planted nucleus is stopped, the lattice is in a high
degree of excitation. Let us suppose that after
the probe comes to rest there is a defect in the
jth neighbor shell surrounding the probe. We de-
fine P,~(n) to be the probability that after n jumps,
the defect will be in the ith neighbor shell. In a
simple model with point defects and all jump di-
rections equally likely in the defect's first neigh-
bor shell, we can easily calculate P,~(n) from the
geometry of the fcc lattice. We have limited the
calculation to the first 6 neighbor shells, and ef-
fects of damage migrating into these 6 shells from
the outside are neglected. Defect clusters and
binding effects are not considered in this simple
model. The P,.~(1) coefficients under these as-
sumptions are given in Table III. For higher n

values, P, &(n} are given in matrix notation as
P(n) =P(1)". With these coefficients one can find
the damage distribution after n jumps, providing
that the initial distribution is known. To further
simplify the problem we assume a constant initial
damage density p, and that the electric field grad-
ients at the probe location resulting from a defect
in the ith shell scales like 1/d, ', where d,. is the
probe-defect distance. In this simple model, we
will neglect screening effects. The initial average
electric field gradient is then

e(o)=e.p g ¹

where 1V, is the number of neighbors in the ith
lattice shell and q, is the EFG from a defect which
is a unit distance away from the probe. The
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TABLE III. P&&(1) coefficients.

&6

0.417
0.333
0.167
0.083

0.167

0.083

0.167

0.333
0.333
0.167
0.333
0.167
0.250

0.083

0.167
0.333
0.167
0.167

0.083 0.167
0.417
0.667
0.750

average EFG after n defect jumps is

q(&) = qop
P„(n)N,

d,
(12)

Values of q(n)/q(0) are independent of q, and p and
are shown in Fig. 10. For n& 2 we see that

q(+) q(0) e-(n-1) /4 (13)
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FIG. 10. Dependence of the average gradient q(n) on
the number of defect jumps after implantation.

We find that a small number of defect jumps is
sufficient to produce an almost complete anneal-
ing. The exponential dependence in Eq. (13) is a
property of the lattice geometry [i.e. , the P,~(n)
coefficients] and is independent of the details of
the initial damage distribution and the actual
screening of the EFG from far away defects, al-
though a slightly different slope would be obtained
if we included more than 6 shells in our model
calculation. Even though we do not know how

many defect jumps occur before the damage be-
comes immobile we can now estimate that around
four additional defect jumps are made during the
longer time to immobilize the lattice defects when

the target is held at room temperature rather than
80 K. This result follows from the observation
that the average gradient at 80 K is about 3 times
larger than that at 295 K. This kind of information
is not available from classical radiation damage
measurements and it would be interesting to use
as a test of different theories of the short term
dynamics of the radiation damage process.

V. SUMMARY

The loss of alignment due to solid state effects
in one system, Po in Pb, has been studied in de-
tail, in order to characterize this system as corn-
pletely as possible, and to attempt a quantitative
understanding of the dealignment mechanism, so
that the results can be useful in interpreting other
experiments, e. g. , measurement of moments of
fission isomers. The mechanism for the dealign-
ment is consistent with a distribution of weak
electric field gradients which are essentially sta-
tic during the measurement time. The distribution
at T = 295 K can be characterized with a Lorent-
zian distribution centered around V„=O, with half
width I'/2=0. 9X10"V/cm'. The observed grad-
ients are consistent with point defects or defect
clusters within several lattice spacings of the
impurity probe nucleus.

The application of very strong magnetic fields
does improve slightly the spin-rotation signal
amplitude due to increased decoupling of the weak
electric field gradients, but the amount of im-
provement does not justify the additional experi-
mental difficulties of utilizing a superconducting
magnet for the measurements. For measurements
with fission isomers where the quadrupole mo-
ments are larger by over an order of magnitude,
decoupling with strong fields does not seem to
offer any promise to preserve the alignment if the
gradients are of comparable magnitude for Pu in
Pb as for Po in Pb.

The variation of the spin rotation spectra with
temperature which were observed indicate that
additional annealing takes place in the vicinity
of the probe nucleus when the target is maintained
at an elevated temperature than when the target is



100 DAFNI, RAFAILOVICH, LITTLE, AND SPROUSE

held at low temperature. A simple model indi-
cates that a defect takes approximately four more
jumps within 10 ' sec after implantation when the
target is at room temperature than when the target
is at 80 K. This detailed information on the short
time b havior of a damage cascade is not available
by conventional radiation damage measurement
techniques. The reputation of Pb as a "good" host
for PAC measurements may be correlated with
this annealing behavior. The energy of the damage
cascade may be dissipated more readily into elec-
tronic degrees of freedom in a metallic host such
as gold which is not a good host for PAC mea-
surements, while the energy remains for a longer
time in lattice degrees of freedom for lead, al-
lowing some partial annealing of the lattice and
consequently lower electric field gradient distri-

butions. The observed behavior of the initial
alignment for Po in Pb is qualitatively different
from that observed for a large number of other
systems. "'" In the Pb hosts, the alignment
gradually increases with temperature, while in

the other systems, a step is observed at about
60/p of the melting temperature. This difference
is probably another manifestation of different
mechanisms for dissipation of the energy of the
damage cascade in the different materials. There
are many other parameters relevant to the loss of
alignment in PAC measurements so that a com-
plete quantitative explanation of these effects is
not feasible at this time.
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