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A STUDY OF CORRELATED THERMALLY ACTIVATED POLARIZATION,
CONDUCTION, AND LUMINESCENCE EFFECTS IN LITHIUM FLUORIDE

AS FUNCTIONS OF IRRADIATION, DOPING, AND THERMAL HISTORY

David E. Fields

P. R. Moran

ABSTRACT

This work describes three related phases of our investigations of
electrical and luminescence phenomena in pure and doped lithium fluoride.
First, we consider the simple trapped carrier-free carrier recombination
model often used to describe thermoluminescence (TL) and thermally
activated conductivity (TAC) experiments. Both TL and TAC curve shapes
depend sensitively on parameter values in the model and general separate
solutions for them have not been derived. We present arguments that the
actual system possesses significant spatial correlation between trapped
carriers and optically active recombination centers.

Next, a study is made of thermally activated polarization (TAP) and
thermally activated depolarization (TAD) effects resulting from impurity-
vacancy dipole reorientation in Mg doped and undoped lithium fluoride in
the temperature region QOOOK- 25OOK- These results are compared to our
earlier measurements of a radiation-induced thermally activated depolari-
zation (RITAD) effect in the same samples. We measure reorientation rate
activation parameters of activation energy Ea = A4h + .03 eV and pre-

8.5¢£1.5 se -1

exponential factor WO = 10 c for simple divalent impurity-~



vacancy dipole reorientation in samples annealed at high temperatures

and quenched. Development of a second polarization phenomena having

B, = .86 £ .03 eV and W= 10YH L5 sec™t 55 observed after annealing
several days at room temperature and is apparently due to the formation
of stable dipole complexes in which dipole~dipole interactions lead to the

replacement of Ea and W_. by temperature-dependent functions. This second

0
feature is observed at a peak temperature only 2.7% higher than the peak
temperature of the .4lh-eV feature, 220K .

Finally, we report initial observations of a new radiation-~induced
phenomenon in LiF; a large permanent electrical polarization can be
induced in LiF by ionizing radiation. Specific radiatiocn-induced
polarizations, after thermal depolarization, can be regenerated optically
but not by thermal repolarization. Rate parameters characterizing
thermal depolarization differ from those of other thermally activated
processes. This effect has a signal-to-noise ratio comparable to

gimiltaneous thermoluminescence measurements, which suggests many

practical possibilities.



INTRODUCTION

Tonizing radiation exposure and impurity doping of simple insulating
materials produce a variety of thermally activated optical, electrical
conductivity, and electrical polarization effects. These phenomena
have received recent renewed interest because of their growing utili-
zation in thermoluminescence radiation dosimetry and in electret and
charge storage applications, and also because modern sample purity
control now offers hope that one might start to understand some of the
microscopic physics involved.

The research project described in this thesis pursued three separate,
but interrelated, investigations on the widely studied material, LiF.
The motivation for these three studies and the basic findings of the
research are:

(1) A general model has been proposed Lo explain thermally
activated charge release and transport in irradiated samples.

It invcolves nonlinear coupled kinetic equatiocns for
trapped charges, free carriers, and recombination centers. Numerical
integration of these coupled eguations for special cases of particular
model psrameters has ghown that approximate solutions normally applied
in analyzing experimental data can be substantially in error.

In this study it is shown that, for this general model,
an exact analytic correlation expression for TL/TAC structures can be
derived. This expression can be studied experimentally to check the

validity »f the mndel. Analysis of two well-resolved LiF TL/TAC curves



shows that the model grossly fails in describing the system's behavior.
The data trends strongly suggest that the real system might have con-
siderably spatial correlation between trapping and recombination centers.

(2) The second study concerns the kinetic behavior of divalent
impurity-vacancy complexes in lightly and heavily doped LiF. The
experiments show that the resulting dipoles produce polarization signals
that might easily, if not accounted for, interfere with TAC experiments.
It is alsc shown that there are associated radiation-induced electrical
effects, but that there are no gross temperature-dependent anomalies in
the susceptibility. A study of aggregation effects after initial
annealing revealed a slow conversion from apparént dipole reorientation
activation energies of about O.4L4 eV to a final value of ~ 0.86 eV. This
behavior can easily explain the large discrepancies which exist in the
literature between NMR relaxation measurements, dielectric loss studies,
and thermally activated depolarization experiments. A theoretical
analysis shows the observed changes are more probably slight changes in
the temperature dependence of the system's activation energy rather than
actual large changes in the magnitude of the activation energy. It is
shown that this temperature dependence may be due to aggregation of
impurity vacancy dipoles.

(3) The final study described looks basically at the inverse
of the phencmena described in the first set of experiments. These
experiments measure radiation-induced thermally activated depolarization
(RITAD) signals generated in LiF. The results show a very strong

phenomena with readout signal to noise comparable to that of simultaneous



TL measurements. One dominant RITAD peak can, after initial ionizing
irradiation, be optically repopulated. These:results suggest important
practical application as a radiation dosimetry technique.

The phenomena studied in these investigations were TAP, TAD, TAC,
RITAD, TL and optically repopulated RITAD, TAC, and TL. These acronyms
refer respechtively to Thermally Activabted Polarization, Depolarization,
and Conductivity, Radiation Induced Thermally Activated Depolarization,
and Thermoluminescence .

In the experimental set-up, the sample has electrodes on two opposing

iy

surfaces for producing and measuring the electrical transport properties.
The sample is mounted along with a thermocouple and heater in a cryostat
having windows to permit both irradiation with ionizing radiation or 1light
and to permit optical monitoring using a photomultiplier tube. One may
operationally define the effects named above az follows:

TAP The sample is Tirst cooled, and an electric field is applied

with a sensitive ammeter in series with the vcltage source. The

gsample 1s heated as temperature and polarizabtion current are monitored.

This technique, gpplied to study impurity-induced dipolar states in

gsimple materials, has not been previously described in the literature.

"freezing

TAD The sample is cooled with a field applied, possibly
in" a polarization. The ammeter is connected across the gsample and
the gample is heated. Resulting depolarization currents have been

called ionic thermal currents; thus this procedure has also been

known as the ITC fechnique.



TAC The procedure is identical to that used in TAP, with the
addition of an exposure to ionizing radiation at low temperature.
There is no applied field while irradiation is in progress. The
distinction is usually made that TAP currents arise from dipole
reorientation while TAC currents arise from free charge mobility.
RITAD The unpolarized -sample is irradiated with ionizing radiation
at low temperature and with an external field applied. The sample
is heated and depoclarization current is observed as in the TAD
experiment .

TL The sample is cooled and irradiated with ionizing radiation.
As it 1s heated, thermally activated light emission is monitored
using a photomultiplier.

Repopulated effects RITAD, TAC, and TL in LiF were repopulated

using ultraviolet light. Optical repopulation of the TAP and TAD
effects could not be observed.
Fach of the three studies listed above has been written in manuscript

form for submission for publication. The third study, Observation of a

RITAD Effect in LiF, has in fact already been published. The first three

chapters, consequently, are essentially those manuscripts. Chapter One
treats our studies on correlated TL and TAC effects, Chapter Two describes
investigations on divalent impurity~vacancy dipoles, and Chapter Three
documents our discovery of the RITAD effect and the observation of this
rhenomena in LiF. The effect described in Chapter Three has been desig-
nated "external' RITAD to distinguish it from the "internal' RITAD effect
recently discovered by Podgorsak and Moran. The final chapter is an over-

all summary and discussion of the entire series of experiments.



An appendix has been provided to further comment on our measurement

o} o
8.5:1.
Sk given in Chapter II, Table 1.

of the attempt f{requency of 10
It is shown that if one accounts for the sensitivity of TAP/TAD measure-
ments to dipole rotation times rather than to vacancy jump times (4o

which NMR gquadrupole relaxation, for example, is sensitive) the value

measured here 1s guite reasonable.

CHAPTER T
AN ANALYTTCAL AND EXPERIMENTAL CHECK OF A MODEL FOR CORRELATED

THERMOLUMINESCENCE AND THERMALLY STIMULATED CONDUCTIVITY
INTRODUCTION

When an insulating material is exposed to ionizing radiation, there
is some probability that the charge carriers (electrons and holes)
liberated by the radiation will, instead of returning immediately to
their ground state, be capbured at trapping sites where they are immobile.
If the temperature is malntained at a sufficiently low value, the
carriers will remain trapped indefinitely, as they can return teo the
conduction band only when the local energy barrier is overcome.

When the temperature of the gample is allowed to rise, however, these
trapped charge carriers are released and may diffuse some distance through
the material before returning to thelr ground state, possibly with the
emission of light to yield thermoluminescence (TL). Under the proper
experimental conditions, one may also observe a trancgient thermally

activated conductivity (TAC). Other investigators have studied this



effect and have called it thermally stimulated conductivity (TSC).
Unfortunately this term, TSC, often causes confusion as it has been used

9-11

by investigators of electret state depolarization to signify "thermo-
stimulated current." To emphasize that we are here considering a thermally
activated current generated by an exfternally applied voltage source, we
prefer the term TAC.

We see that TL and TAC are closely related phenomena. The relation-
ships between correlated TL and TAC have been studied experimentally and
theoretically by Bohm and Scharmarmlm3 while theoretical work has been
done by Kelly and Braunlich (1970),6 Braunlich and Kelly (1970),7 and
Kelly, Laubitz, and Braunlich (1971)-8 Other studies by Zimmerman12
have focused on similar correlations between TL and the related TSEE
(thermally stimulated exoelectron emission) effect.

In describing these effects, the system is modeled by a set of kinetic
equations describing population dynamics of trapped charge carriers and
released mobile carriers. Kelly et al., (1971)8 have considered one
simple model and obtained exact solutions by numerical methods. Their
results show that the appr?ximation normally used to solve the equations
and analyze experimental data for trapping parameters can easily become
nighly invalid and give very erroneous results. They conclude that
isolated measurements of thermally activated processes are virtually use-
less for obtaining trap parameters.

This conclusion leaves open the question of whether the mocdel itself
offers a reasonably good description of actual TL/TAC systems. Analysis

of experimental data by Bohm and Scharmann, based upon approximate



solubions to model equations, shows that simultaneous TAC and TL measure-
ments do not correlate as predicted. In view of the work by Kelly and
Braunlich,6—8 however, this may easily result from invalidity of the
assumptions made in obtaining the approximate solutions.

Our interest is in the correlation between TAC and TL in thermally
isolated carrier release peaks. We wish to determine if the normally
used model 1s at all satisfactory, quite apart from our ability Lo generate
exact solutions to the model equations. We have found that the model
equations yileld directly a simple analytic expression for the correlation
between TAC and TL curves. No approximate solution is necessary. One can
therefore experimentally examine the extent to which the model is appro-
priate in describing the system's behavior.

We shall first develop the thecry for TL/TAC correlations appropriate
to this simple model. A description of our experiments on two pairs of
well-resolved correlated TL/TAC peaks 1s next given, followed by a dis-

cussion of the application of model predictions to the experimental data.
THEORY

We shall use the notation introduced by Kelly, Laubitz, and
Braunlich.8 Considering a single isolated TL/TAC "glow peek,” we define:
n_ = density of mobile charge carriers
n = density of trapped charge carriers associated with the
particular glow peak of interest
f = density of recombination centers associlated with the glow

peak of interest (f = n, + n)



M = density of deep traps associated with thermsally disconnected
peaks of higher activation energies
N = net trap density associated with peak of interest
p = temperature-dependent rate associated with carrier release
from traps where E is the activation energy and T is tempera-
ture and P, is temperature independent (p = poe_E/kT)
B = temperature and time independent capture coefficient of an
empty trap for a free charge carrier
vy = temperature and time independent captureﬁcoefficient of a
recombination center for a free charge carrier
& = charge carrier mobility
T\ = optical efficiency factor which relates luminescence output
to recombination rate.
By "thermally disconnected" we refer to all higher temperature peaks
whose detrapping rate is negligibly small at the temperature attained
during the readout of the isolated peak under consideration. In our

model the decay of trapped carriers is governed by the equation

d,n= - pn+ BnC(N - n) (1)

while the density of recombination centers diminishes according to

at(n + nc) = atf = - 7nc(n gt M) (Pa)



9

or

3, f = - ync(f + M) . (2b)

The next model assumpbion is that the magnitudes of TAC and TL as
functions of time and of temperature may be expressed by

g = TAC = pen, (%)
¢ = TL = -M3. T ()

where y 1s the carrier mobllity and T is the probability that the decay of
a free charge carrier results in the emission of a photon.
Equations (1) and (2) have been solved numerically for special cases
by Kelly, Laubitz, and Braunlich-( Their calculations demcnsbrate that:
(a) The location of TL and TAC peaks is a function of Py B M, N,
and f.
(b) The shape of TL and TAC pesks is determined chiefly by B/y, M,
and N.
(e¢) The TL magnitude depends on N, f, M (weakly), and T-
(d) The TAC magnitude is a function of 7, M, N, £, and u .
M and N are not independent. They conclude that the only quantity one
may in general hope to determine uniquely using only TL/TAC data is the
activation energy E.
We are interested here in determining what conclusions may bz drawn

from quantitative TL/TAC correlations where both effects are simulta-
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neously monitored. In our approach to the above model we need use only

Egs. (2), (3), and (k). Combining these equations leads directly to the

relation

g = P . (5)

In the simple model the quantities e, w, M, and y are temperature inde-
pendent, thus, if we take the temperature derivative of Eg. (5) and

evaluate at the TAC peak, Tmax(TAC)’ where Bﬁs = 0, we have

; (1= TmaX(TAC))- (6)

Using the facts that atf < O always and (M + f) > U, one sees from Eq.

(6) that

at@ <0 (T = TmaX(TAC)). (7)

This expression indicates that the TL is decreasing at the TAC peak;
i.e., that the TAC peak is at a higher temperature than the TL peak.

Substituting Eq. (2) into Eq. (6), we have the relation

Btg
¢

= - om, 3 (T=71  (TAC)). (8)

These same conclusions may be reached by evaluating equation (5) at the
TL peak temperature.
We need not assume above that the quantities y and y are individually

temperature independent; indeed, it is sufficient for cur purposes in
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deriving Egs. (6)-(8) that the ratio p/y is not a function of temperature.
This 1s certainly true if we assume a single charged particle recombinstion
picture. Wé compute the time rate of decrease of f, the recombination
center density for the isolated peak due to the current of free carriers,
nc, which diffuse to within a distance R from the recombination center.
Designating E(R) the electric field at the effective recombination radius

R, and taking (M + f) as the density of recombination centers, we have

8,0 = - (f+Mp ER) n, briR® . (9)

This is physically just the "recombination current which, from Eg. (2),

is equal to (- 7nc(f + M)). Consequently,

7 = p E(R) bR, (10)

9.

and by substituting B = 59

where g is the effective recombination center

|2y

charge, we find

= Wmrg . (11)

T

Thus the ratio (y/u) depends only upon the recombinstion center
effective charge, g, which must be temperature independent for Eq. (8)
to be valid.

We can extract still more useful results from these equations.
Integrating Bg. (4) over time from an initisl time 0, to a measurement

time t, we have
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t t

"

4 Go/myaet - - % (3,f) at' = £ - 1, (12)

where fo is the value of f prior to initiating readout. Solving Eq.

(5) for £ and substituting the result into equation (12) gives us

t
roedt! &g 1
JO n My - (13)

where Mo = M + fo; this is the initial net concentration of recombination

centers. We now accept the usual model assumption that N is temperature
and time independent, which allows us to factor it from the integral.
In contrast to the expressions in Egs. (6)-(8), however, we may allow
(eu/y) to be temperature dependent. Using the recombination center
effective charge expression in Eq. (11), we find

ot

JO o(T) at’ = M - = Sy - (14)

Equation (1%) gives the final form of the correlation expression

relating the integrated TL at any time to the ratio of T0L and TAC signals
at that time. We have made no approximstions other than those embodied
in the detrapping-diffusion-recombination model. Eguation (14) allows
us to relate experimental data to the parsmeters nMo and (an/e)- We
see that it is independent of detrapping rate W(T), concentration of

filled traps (n) and unfilled traps (No), and retrapping cross section

(B)-
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Another useful relation, which allows us to evaluate the effective
recombination center charge, is obtained by combining Egs. (2b), (8),

and (11):

(a/e) = - /) (1/hmo); (T = T (TAC)) - (15)

EXPERIMENTAL

These preliminary experiments were designed to test the validity of
Eg. (14) as a check of the usefulness of the simple model we have described.
Our apparatus 1s similar to that used by Pedgorsak et al.,l5 with the
addition of sample contact electrodes to permit measurement of TAC. A
more detailed description is provided elsewhere-l5 We used a single
crystal sample of commercial Llithium fluoride dosimetric material, TLD-
100, purchased from the Harshaw Chemical Company. The dominant dopants
in this material are divalent ions, particularly magnesium and alkaline
earths, together with some aluminum and titanium activators.

The LiF system was chosen for these studies due to its having been
well stbudied; Bohm and Scharmann (1971) were sble to derive a theoretical

fit to TL/TAC chapes for a pair of correlated peaks observed at 140%k

based upon approximate phenomenological solutions.

s

The sample was a chip roughly one cm” in area and .l-cm thick.
Immediately prior to irradiaticn, the sample was heated to TOOOK and
cooled rapidly to approximately BDOK- The sample was then irradiated

with 2-mm Al filtered X-rays from a molybdenum target X-ray tube operated



1

at 75 kv and 50 mA. Typical irradiation levels in These experiments
were in the range of lO5 rads. A voltage source and a Keithley 610C
electrometer were connected in series to the sample electrodes. We
could attain more than adequate signal to noise ratios with 30 volts
applied to the sample and with the system heated at a roughly constant
rate of approximately .5 K/sec. The sample temperature was monitored by
a thermocouple hard soldered to the copper sample block. This sample
block served as a mounting point for the sample, thermocouple, and
heater, and was also the common electrode for TAC experiments. Sample
current and light output, which was monitored by a photomultiplier, were
plotted simultaneously as functions of temperature using two X~Y plotters.
Synchronous timing marks were recorded along with the data on each
recorder to allow accurate superposition of TI, and TAC data.

Among the recorded data were two sets of guite well resolved corre-
lated TL/TAC peaks. The first, with a peak temperature around 16OOK,

i
is shown in Fig. 1. Using the relationl

3. T\ -1
E t”

one may show that this peak is the same as that seen by Bohm and Scharmann
(1971) at 140°K at a heating rate of .05°K sec™™ and by Podgorssk et al.,
(1971) at l5OOK- The TL/TAC signals were well above noise from 1550K

to ebout 1850K- The second TL/TAC set studi;d is shown in Fig. 2; this

set has 2 peasking temperature at about QYOOK- We discuss first the
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behavior of the 160°K peaks. We note that the temperature shift of TAC
to higher temperature than TL, as predicted in equation (7), is very
pronounced in Fig. 1. From our measured values at the TAC peak,

o= 2.3x% lO“h sec™t (cgs units) and (ngﬁ$) = 2.9 x 1077 sec—l, we
use Eq. (15) to calculate the ratio of recombination center effective
charge to electrenic charge. This yields the value (g/e) ~ 10.

To study the full correlation expression of Eg. (14), the data sets
were digitized manually as presented in Figs. 1 snd 2. A least sqguares
fit of each data set to Eq. (14) was made using a PDP-10 computer and a
moedified Householder linear least squares procedure.l6’17 ﬂMo was
assumed constant whereas the factor e/hnq was fit to a general third-
order temperature function a + bT + cT2 + dT5 where T represents tempera-
tiure and the other variables were determined. From this procedure we
obtained a value of M, = (.89 £ 1.0) = 1015 cm"5 for the 16ook feature.
This value was then substituted back into Eg. (14) and the ratic e/lmg was
computed and plotted along with the TL signal in Fig. 5. An alternate
specification of ﬂMO is obtained from the time interval of TL; by this
process a value of ﬂMOﬁpmaX = 500 + 60 sec is obtained.

The charge ratio, (e/bkmg), not only shows a large temperature
varlation, but even changes algebraic sign. This behavior is roughly
indicated by the solid line in Fig. 3 for the 16OOK TAC/TL peaks.
Obviously, these experimental results grossly disagree with the assump-

tions of the simple trapped charge-free charge recombination model

which led to the correlation expression of Eq. (14). In particular,
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nagative values of (q/e) are unphysical. 1In the initial rise region,
from 135°K to 155°K, (e/bmg) is reasonsbly constant at about (3.3 +
0.5) x 10-2, or (g/e) ~ 4. This value, considering the observed
behavior, 1s in reasonable agreement with the value (q/e)xw 10 obtained
previously from Eg. (15).

The observed variaticn in and the negative going behavior of this
ratio are experimentally real. The signal to noise is sufficiently high
to insure good statistics, we have made no assumptions such as a gingle
trap "glow peak,”" and we have verified that the observed effects could
not be due to departures from our assumed heating rate. The temperature
dependence of q/e is qualitatively the same whether we perform our least
squares fit using a constant "average" heating rate or a rate that is a
moderately strong function of temperature.

Our second palr of correlated peaks, shown in Fig. 2, was above the
nolse level from EEBOK through arocund 3007K.  When analyzed in a manner
identical to that described for the 160°K peaks, the value ™ =
(3.4 £ 2.3) x 16%%en™> was found. The fachor e/lmq has an initiel wvalue
2.4+ .5 and is plotted to show its variations along with TL in Fig. L.
This TL/TAC behavior exhibits an even greater departure from anticipated
behavior than does the 16OOK peak. Iquation (8) is not verified. The
TL and TAC maxima lie at apparently the same temperature. The function
representing e/an obtained for this data set had an even larger negative
(nonphysical) region than that for the 16ODK peak. It does, however,

exhibit behavior rather similar to that of the 16OOK data set in having
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an initial "positive" portion followed by a negative going peak. Our
leading edge estimation of ﬂMO in this case yields a value nMOﬁpmaX =
(1. + 0.6) 10° sec.

A striking feature of the relative magnitudes of the TL and TAC
effects at 160°K and 270°K is that whereas the 270°K TI feature was down
from the 16OOK feature by more than an order of magnitude (an effect also

observed by Podgorsak et allj) the ETOOK TAC signal was up by two orders

of magnitude from its 160K counterpart .
DISCUSSION

For neither of the two LiF (TLD-100) TL/TAC structures analyzed in
these experiments can we obtain correlation behavior between TL and TAC
that has reasonasble agreement with the expression in Eg. (1) for the
simple model. Consequently, further discussion of the detalled mumerical
values derived would be of little value.

We note that our TL/TAC correlation expression, Eg. (1I4), rests only
on Eg. (#b), which relates the time rate of change of the probability
that a given recombination site remains active to the average free carrier
concentration, and Eg. (4), which relates the TL to the optical recombina-
tion efficiency and the density of recombination centers asscociated with
the peak of interest. 1In order to recoucile the simple model To our
results, one might assume that the optical efficiency, T, is some compli-
cated sharply breaking function of temperature. By such an assumption,

one could always force the data to fit BEg. (14). On physical grounds,
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however, such a procedure is difficult to justify. We believe a consid-
eration of the qualitative results gives an improved insight into the
system's behavior.

First of all, the effective charge of a recombination center, g, in
an insulating lattice would be expected to be an electronic charge divided
by the material's dielectric constant. For LiF, € = 9.0; we therefore
expect (q/e)rw 0.1. This is, for example, a factor of 30 to 90 smaller
than the values derived either from the leading slope TL/TAC correlation
fit to Eg. (14) or from Eg. (15) for the 160°K TL/TAC results. This
suggests to us that the local concentration of carriers near optically
active recombination (TL) centers may be much higher than the average
bulk carrger concentration, which is measured in the TAC experiment. We
speculate, therefore, that, at least in this highly doped TL material,
trapped carriers and associated TL recombination centers are spatially
correlated to a substantial degree.

We also observed that the ratio of TL to TAC throughout the 27OOK
feature is less than that ratio for the 16OOK feature; that is, a given
charge carrier contributes relatively more to TL than TAC for the 16OOK
peak but more to the TAC than to the TL for the 27OOK peak. We might
expect this behavior from a system of spatially correlated trapped carriers
and recombination centers in which those carriers trapped closest to the
recombination centers have a lower activation energy and are therefore
observed at & lower temperature than those carriers trapped further from

recombination centers.
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In the simple model earlier described, the TAC on the high tempera-
ture side should fall relatively more slowly than the TL. The reason is
that as recombination depletes the TL recombination centers, the detrapped
carriers remain free a relatively longer time. Therefore, with respect to
the TL output, they contribute relatively more to the TAC on the high
temperature than on the low temperature side of the peaks. Experimentally,
we find this behavior violated; the high temperature TL does not decrease
more rapidly than the TAC. As a result, we derive from Eq. (14) apparent
negative values for (q/e) on the high temperature side of the measured
peaks. On the other hand, if the TL-active recombination centers are
spatially correlated with trapped carriers, then the high temperature TL
need not decrease more rapidly than the TAC tails. Such behavior is com-

patible with the experimental results.
SUMMARY

Our experimental results on correlated TI/TAC peaks in LiF are in
striking disagreement with a TL/TAC correlation expression which can be
derived exactly from the simple trapped carrier-free carrier-recombination
model . We conclude that this model, which is the one normally used to
describe TI, and TAC measurements, does not provide an adequate description
of the system's behavior. These experimental results complement the con-
clusions of Kelly, Laubitz, and Braunlich8 that the approximations often
used 1in analyzing correlated thermally activated data are theoretically

unwarranted.
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From the observed TL/TAC results, in contrast with the predicted TL
TAC correlation expression, we feel that the real system has substantial
spatial correlation between trapped carriers and TL-active recombination
centers. This could easily account for the discrepancies we observe
between experiment and the theoretical expressions which are based upon
the assumption of active recombination centers distributed randomly with

respect to trapped charges.



CHAPTER TII
A STUDY OF THERMALLY ACTIVATED POLARIZATION
EFFECTS IN PURE AND MAGNESIUM

DOPED LITHIUM FLUORIDE
INTRODUCTION

Lithium fluoride is a well-known thermoluminescent (TL) material,
and has been studied using this effect by many investigators, both in
this country and abroad. More recently, thermally activated conductivity
(TAC), also known as thermally stimulated conductivity (TSC), has been
detected in the same material and attempts have been made to correlate

the TL and TAC effects'lﬂﬁ)Y)B

One performs a TAC experiment by exposing
a material to lonizing radiation and heating it in the pressnce of a con-
stant electric fileld. The movement of charge carriers released from traps
in the material is detected as a transient current in the external cir-
cultry which provides the electric field.

It has also been shown that doped lithium fluoride exhibits thermally
activated depolarization (TAD).lB‘QO This effect can be studied by the
observation of ionic thermal currents (ITC) which result from the reori-
entation of impurity-vacancy dipoles. In a TAD experiment, the sample is
vlaced in a large constant electric field and cooled. Upon reaching some
low temperature, the electric field is removed. After s short wait for
the electronic polarization and possibly the cable polarization to relax,

the sample 1s shunted by a sensitive dc electromster and heated. The TAD

currents observed here are similar in shape to those obgerved in TAC,
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since both processes are thermally activated. Depending on the doping
level of the sample used, however, the TAD currents observed may be
several orders of magnitude higher than those cbserved in a TAC experiment.

An experiment obviously closely related to that of TAD is the monitor-
ing of the alignment of impurity-vacancy dipoles in an external applied
field as a sample is heated. We call such an experiment thermally acti-
vated polarization (TAP). In a TAP experiment, the sample is cooled.
Upon reaching some low temperature, a large dc voltage is applied in
series with a sensitive electrometer, and the sample is heated. As the
polarization builds up, a transient current is observed. This current
differs from that seen in the TAD experiment only because, for TAP, the
temperature dependent polarizability causes a small background reverse
current due to the susceptibility decrease as the sample temperature in-
creases. We see that the conditions for observation of TAC include those
necessary for the observation of TAP, and that TAP effects might be
expected to lead to the misinterpretation or masking of TAC data. The
TAP experiment is useful in itself since it can reveal sauy anomalies in
the temperature dependence of the dipolar susceptibility.

The divalent impurity-vacancy dipoles form a weak electret state in
the host material. ZElectret polarization in some materials is known to
be responsive to ionizing radiation through what is called the radio-
electret effect.gl_25 Such effects do exist in our samples and are
observed as radiation-induced thermally activated depolarization (RITAD)
signals. In RITAD studies, the electric field is applied at low tempera-

tures only during irradiation. The results of our studies of the LiF
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RITAD effects have been published elsewhere-'L We will describe again
in thig paper only those parts which are relevant to the impurity-vacancy
dipole orientation effects.

We have carried out TAD/TAP and RITAD studies on pure and doped LiF
samples in order to gain information about the following aspects of the
impurity-vacancy dipole states:

(1) NMR relaxation studies were performed at this laboratory by

c
Wagnerg)

on these same LiF Samples. These experiments gave a dipole
reorientation activation energy of 0.45 + .03 eV for the 130-ppm Mg-doped
sample in the temperature range from 29OOK to about MOOOK. This disagrees
with a value of 0.64 eV obtained from the TAD experiments of Laj and
Bergego in a lower temperature range for much more heavily doped samples,
and disagrees with the value of 0.75 eV determined by Grant26 from
dielectric loss experiments. Our TAD/TAP gstudies can hopefully reveal
whether the discrepancy is due to different temperature ranges, different
measurement techniques, or different sample properties.

(2) The NMR relaxation experiment825 gave data verifying the spectro-
scopic analysis of dipolar impurity content. Thus our TAD/TAP measure-
ments of the total polarization surface charge, which give the semples
susceptibility, can be used to determine the effective dipole length.

This revesls something of the structure of the impurity-vacancy complexes.

(5) We have found that the' shape of the TAD current vs. temperature
undergoes changes depending upon the sample's thermal history. Certain
shape changes could conceivably be attributed to dipolar aggregation which

produces an anomalousgly large temperature dependence of the susceptibility.



Since the TAD and TAP signals differ from one anocther by the temperature
derivative of the sample susceptibility, their comparison can reveal
whether the effect described above actually exists.

(4) In the following, it is shown that very large TAD/TAP shape
changes can be explained by relatively small changes in the temperature
dependence of the dipole reorientation activation energy. The TAD/TAP
experiments can show whether gross changes in the reorientation rate at
a given temperature occur upon dipolar aggregation, or whether it is more
likely that the observed effects are due to much smaller temperature
dependent changes in the reorientation activation energy.

(5) In subsequent studies, we will examine TL/TAC correlations.

It is therefore first necessary to understand the TAP and RITAD behavior
of impurity complexes so that these signals can be properly accounted for
in the TAC experiments.

The experiments reported here lead us to the following main comclu-
sions: The NMR derived activation energy for complex reorientation agrees
with the TAD/TAP activation energy for freshly annealed samples. As the
heavily doped sample ages at room temperature, aggregation effects occur,
the susceptibility decreases, and a new TAD state evolves which shows a
muchn higher apparent activation energy. The resulting shape change of
the TAD curve strongly suggests that the effect is primarily due to a
relatively small change in temperature dependence cf the activation energy.
The dipole polarizibility is very large; a simple Curie law calculation

yields an rms dipolar length of between one and three lattice constants.
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Comparison of TAD and TAP signalsg, however, shows no cobservable effect
of anomaloug susceptibility temperature dependences.

Tn the following section we outline the theoretical basis for ana-
1lyzing TAD and TAP signals and treat the behavior expected when activation
energles for reorientation are themselves somewhat temperature dependent.
The experimental apparatus is next described, followed by & discussion of
the experimental results. The final section presents our interpretations
and conclusions regarding the TAP/TAD/RITAD effects of the impurity-

vacancy dipole states in LiF.
THECRY

General Description of Thermally Activated Polarization Effects

Consider a face centered cubic crystal composed of two monovalent
atoms per unit cell and containing positive divalent impurity ions. We
agssume that these impurity ilons substitutionally enter the lattice at
positions of positive monovalent ions and that, in order to maintain local
charge neutrality, vacancies cccupy nearby sites normally occupied by
positive monovalent ions. For each such substitutional impurity, there
is then an associated dipole moment p = ed where e is the electronic
charge and d is the wvacency to impurity distance. We assume that an
electric field E may be present, define neq(T) as the temperature depend-
ent net dipole moment concentration, and let n (T) be the instantaneous
net dipole moment concentration. 1In this discussion, T refers to

temperature while t denotes time.
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Taking W(T) to be the temperature dependent dipolar relaxation rate,

equilibrium is attained in accordance with the equation

3y = (g (1) - m) W(T) - 1)

e

We first find n(t) for those cases where Teq is constant. This case
corresponds to isothermal polarization and to the TAD experiment where
neq = 0. Equation (1) may be readily integrated between the limits 0
and t with the aid of the integrating factor,
b
exp | Ww(T) dt}

0

Using the relation

1t nt
w(t) exp[ S W dt] = 3, exp[ J w(T) dt] (2)

0 0

we obtain

t t
n(t) = n(0) ex1>[— f w(T) dt'] + neq(T) 1 - exp [— f w(T) dti} .(3)

0 0
Thus
atn(t) = W(T) (neq(T) - n)
- {neq(T) - n(0)} w(T) exp [- wét Ww(T) dt'] . ()

The dipole population approaches this equilibrium value in a time
determined by the diffusion dynamics of its ionic constituents; we antici-

pate a reorientation rate of the Arhennius form,
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W(T) = 1/7(1) = Wy exp [-BE ] (5)

where WO is the rate constant at infinite temperature, Ea iz the activation
energy for diffusion of one ion about its neighbor associabed ion,
B = 1/kT, and 7(T) is the relaxation time at temperature T.

In a TAD experiment the polarization decays from a level n(TO),
which is determined by a previous polarizing procedure, to neq(T) = 0.
In a TAP experiment the aligned dipole concentration is building up to a
polarization level neq(T>' We therefore consider a sample in an electric
field, E. The polarization in equilibrium with this field, neq(T), is
given by the product of the impurity-vacancy dipole static susceptibility,

x(T), and the field strength E,

neq(T> = x(T)E . (6)

For dipoles of mclecular dimensions, experimentally attainsble field
strengths in these studies, and the temperature ranges of interest,
PBE< < 1. The susceptibility is thus given by the high temperature limit

Curie law expression

x(T) = ANopgﬁ - (1)

In Bg. (7), Nb is the number of impurity dipolar entities per unit volume
of the sample, p2 i8 the average squared dipole moment per impurity-

vacancy complex, and 4 1s a geometrical factor related to the microscopic
structure of the dipolar complex. For a spherical distribution of dipole

directions A = 1/5, for vacancies constrained to the nearest neighbor
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face centered positions about the divalent ion A = ?/5, and for equal
populations of nearest neighbor and next-nearest neighbor vacancy

positions, A = 5/9.

Som2 Basic Relationships

When the sample's electrodes are held at a constant voltage difference,
the current measured in the external circuit in response to changing

sample polarization is the displacement current
I(T) = 3.0, (8)

where A is the sample area. We first consider the TAD experiments
represented by Eg. (%) with naq(T)-r 0. Using Eags. (4) and (8) we then
have

t

(T) = Qow(T) exp [— £ W(T)dt'J , (2)

where

Qy = Ax(Tp)Ep = An(T,) (10)

In Eq. (10), Ep is the field strength at which the system was polarized
and Tp is the effective polarization temperature, which we shall discuss
later.

There are certain basic relationships which are very useful in
interpreting the results of a TAD experiment. The first of these is
derived from Eq. (8) and shows that the integrated external current is

Just equal to the stored polarization charge:



33
J‘I(T)dt = Q- (11)

The TAD current passes through a maximum at temperature Tm, for which an
implicit relation may be derived by differentiating Eq. (9) with respect

to time and setting atI = Q¢

d.W ]
0 = [T - W(Tm) . (12)

For systems in which W(T) is well described by Eq. (5) over the tempera-
ture range of the observed TAD currents, one may evaluate the integral
in Eg. (9) as follows:

t W

[ wmar - [ (3, 1/w) Faw
W 1
= [ P Rglegman . (13)
6]

Now, when the temperature scan is programmed to keep ats constant

over the TAD charge releass peak, and with aﬁlogW'z —Ea, one has

t -1 W
[ wimat' = [atw/w S oaw
0 J 0
1-1
= [atw/w W . (14)
A

Moreover, the observed charge release peaks are narrow; that is, the
temperature breadth of the TAD peaks is very small compared to the peaking
temperature, Tm- For narrow peaks, when J,T rather than at(l/T) is

L

programmed to be ceonstant, one still has an approximately constant atﬁ
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over the peak. The expression in Eq. (14) remains approximately correct
with maximum fractional correction terms equal to the ratio of the tempera-
ture breadth to the peaking temperature, T, Thus, Hq. (1) remains a
useful approximate expression.

One can then use Egs. (9) and (12) to obbain the peak current:

Lpeax = T{T,) = Q3 TogW) exp ‘:*l] ' (15)

One can derive the mean temperature breadth 87, of the TAD charge release
from the integrated current expression,

Qy = f I(T)at = [1(T) (atT)”ldT
0

~ (BT) (atT)' I(Tm) . (16)

By substituting this relation in Eq. (15%), one obtains

(5T) = (&) (3, Log) H(d,1), (17)

or an alternative form, using again Eq. (12),
(8T) = (e) [atT/W(Tm)} : (18)

From the Arnennius form in Eq. (5), Eq. (12) can be evaluated for
m?

(atT) (Ea/kTm9> = T, exp [}Ea/kgnJ,, (19)
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or
1 C = Iy M -1 o
(Ea/kTm) + log Ea/kTm = log Wb(BtT/lm) . (20)
Then Eq. (19) may also be expressed as
1/2
T, = |3/ (B /W], (21)

which can be combined with Eq. (18) to see that for narrow peaks, i.c.,
(ST/TH) <<1, one has Ea/kT >>1. Thus Eg. (20) can be written to a
1

good approximation as

(B, /%1 ) = Llog [Wb(atT/Tm)‘l] . (22)

The basic relations derived above will prove useful in interpreting
the trend of our experimental data. To determine how W(T) actually
behaves over the entire TAD/TAP peak, however, we develop further

expressions more suitable for detailed data analysis.

Method of Data Analysis

We discuss first the "leading edge" analysis. If we take the
logaritimic derivative of Eq. (9) with respect to B, we find

dlog T = . o -1 -
S Bt maN(T) (atT/T) . (23)
As the second term in Eq. (23) is small for T small compared to Tm’ a

convenient approximation for the low temperature leading edge may

apparently be used to obtain Ea:

. d log L 1
7, - - e (@)
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It appears that one might plot 1In T vs. %ﬁ below Tm and make use of

all data until the point of obvious departure from the above linear

27

relationship. Haake has shown, however, that 1f one hopes by this method
to obtain values of Ea accurate to 5%, he must stay more than 20 degrees
below the peak temperature. This criterion may be shown to be applicable
over a wide range of peak temperatures, thus sihowing this equation to be
relatively unhelpful in data énalysis- Furthermore, as we see later, there
may be more than one TAD component which is unresolved in a single peak.
The leading edge analysis does not reveal such complications.

It is for these reasons that we have determined our values of W
and Ea starting with Eqg. (l). From the recorded current we integrate the
output from time t to a later time, tg:

te

[ g am, (1) avt = |a(e) -

Y (t)] - | n(8) mn(8)] - (25)

n
eg

In a2 TAP run, t, is taken as the point where the current crosses zero,

i.e., n(t?) =n <tg)’ and in a TAD run (where 9, = 0), t. is simply

€eq 2

taken to be so large that the current has dropped well below the noise

level.
Tn either case the first term on the right side of Eg. (25) is zero

and, from Eq. (1), we obtain the useful result

w(T) = t . (26)
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TAD Effect

In the case of a TAD experiment, the external applied electric field

is zero. Thus neq(T) is also zero and Egs. (5), (9) and (10) give us

T
(1) = A (T )E_ W exp | -BE -f W(T)/a, T at|. (27)
D P T
0]
Equation (26) may be rewritten, with afneq = 0 and using Eq. (8), to
give
I atT
1/7(1) = W(T) = — , (28)
[ P1(r)ar
T

which enables us to determine W(T) at various points on the current peak.
The slope of ln T (T) vs. %T gives us E_ while the intercept gives us W3
alternatively, Eq. (21) may be rewritten as

m o E_ KT
atf ba e a/

m
which gives us the pre-exponential factor WO once Ea and Tm are known-
TAP Effect

For a TAP experiment it is n(0) which is zero. Thus we find here that

I(T) is given approximately by

I(T) = Ax (T)E W exXp [—BEa 'fT I@E:] . (30)
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In this experiment the aLneq term does not disappear as it did in the
U

TAD case but in our experiments the 3 term correction was experimentally
P D y

t
negligible.

Tet us first suppose thst the dipolar system is well behaved and
follows a smoocth (1/T7) behavior as anticipated in Eq. (7). Then we cen
make a very useful observation that allows us to still analyze our data
by the same method as in the TAD experiment. A data peak has a temperature
width at half maximum of roughly lSOK; our peaking temperatures are around
QOOOK for these experiments. As we go through one TAP peak the polariza-

tion goes from O to very close to neq- Therefore, Eq-. (26) gives

Btn
W(T) = —F - {1+

PG
£ gatn

15° (31)
2000 ( °

and Eq. (28) is seen to be valid for TAP analysis to an accuracy of
roughly 1.0%.

Suppose, on the other hand, that due to some such cause as coopera-
tive interactions among aggregated dipoles, the system susceptibility does
not follow the (1/T) behavior of Eg. (7). If %(T) has an anomalously
large T dependence in the temperature range observed, then Eg. (31) will
not hold. In such a case, when Eq. (28) is applied to both a TAD and a
TAP run on the same system there may result a large discrepancy signifying
the existence of a sysceptibility anomaly.

RITAD Effect

As will be explained in the discussion, we believe that the RITAD

signals are a radicelectret polarization of the impurity-vacancy dipoles.
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Since this is a special case of TAD, we feel Justified in using the

same analysis as that applied to TAD.

Temperature Dependent Activation Psramsters

There is good theoretical reason to believe that the form given in
Eq. (5) for W(T) should be at least approximately correct over a reagona-
ble range of temperatures. TIn real systems, however, this simple form
may not be adegquate for describing the observed behavior over a wide
temperature range. We note that Eq. (5) can be a general description of
W(T) if we allow the activation energy to be temperature dependent.

In particular, we see that Eq. (26) is valid even for an explicitly

,lh’ 28 have

temperature dependent activation energy, Ea(T)- Moran et al.
congldered the results of such an explicit temperature dependence for the
mathematically anaslogous thermoluminescent experiment. They conclude that,

for narrow peaks and first-order kinetics, one has a rate over the observa-

ble peak which can be expressed

W(T) = W* exp (-BE¥), (32)
0
where
E¥ = 3P [BE(B)], (33)
and

W¥ = W exp [~B(E*-E(T)}]. (34)
0 0
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That is, the kinetics appear to be governed by an effective activa-
tion energy E* and an effective pre-exponential rate W¥. 1In particular,
0
2ll the relations discussed previously remain valid if one substitutes
% f .
E* for ha and WO or WO
We especially note the relationship given for Ea/kTm in Eq. (28).

For a slightly temperature dependent Ea’ this becomes

-1

EX/KT =log| WX (3 T/T ) (35)

This is particularly interesting since the expressions in Egs. (33)

and (34) for E¥ and Wé can be substituted into Eq. (35) to give

-1

B (T )/1 = Llog | W (3,7/T ) (36)

A simple physical interpretation is that the temperature dependence
of the relaxation kinetics and hence of the TAD/TAP shapes is determined
by the logarithmic temperature derivative of the rate function,
E¥ = -38 log [W(B)]; on the other hand, the peaking temperature, T is
predominately determined by the temperature at which the magnitude of
W(B) becomes comparable to (BtT/T)- Thus, within the temperature range
of a TAD/TAP peak, two systems might have almost equal values of W(T) and
almost equal values of Ea- In one system, however, if Ea is slightly
temperature devpendent, analysis will yield effective activation parameters
E¥ and Wg quite different from Ea and Wo- Both systems, nevertheless,
will show about the same value for Tm according to Eq. (36).

This conclusion 1s important here because we believe we can induce

temperature dependent activation energies and frequency factors by varying
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doping levels and sample treatment so as to cause dipole aggregation.
The formation of trimers, aggregates of three impurity vacency dipoles,
has been recognized and studied in several other alkali halides by Cook

29 30

and Dryden and more recently by Capelletti and Okuno.

We believe the observation of Eg and Wé rather than Ea and WO in
samples with a concentration of impurity levels or in samples that have

been aged is the reason for the aforementioned apparent discrepancies in

the Literature.
APPARATUS

Samples studied were primarily pieces of a single ingot of Harshsw
LiF doped with 130-ppm magnesium which enters as a divalent impurity ion.
Several crystals of TLD-100, a commercially available dosimetry grade
LiF crystal also containing magnesium, and of Harshaw H63A high purity
optical grade maberial, LiF(UV), were also examined. Wagner's experi-

2
ments

1

on NMR relaxation in these H63A LiF samples showed divalent
impurity-vacancy complexes in a concentration of about 10 ppm.

The samples were cleaved to a cross section of 1-x-1 cm2 and approxi-
mately l-mm thickness and cemented by conductive epoxy onto the front
surface of a copper block screwed into the base of a stainlesgs steel cole
finger. This i1s shown in Fig. 5. Also to the front surface of this block
was affixed one junction of an iron constantan thermocouple referenced to
an ice bath. To the back of the copper block was hard soldered a spiral

heater consisting of a 1-mm-diam inconel sheath surrounding a .l-mm
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Fig. 5. End of Cold Finger (F) Showing Samples (8), Copper Mounting
Block (B), Electrical Connections for Heater (H), Thermocouple (T), and
Sample Electrode (E). The spiral neater (on back surface of block) is

not snown.
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nichrome heater wire fyrom which it was insulated by alumina powder. The
neater was constructed using a mabterial available from the Amperex
Corporation under the name Thermocoax. We found this a highly satisfactory
arrangement; there was intimate thermal contact between the heater and the
block, and the heated wire itself was shielded by the outer sheath. This
arrangement kept black body radiation of the heated wire from reaching

our photcmultiplier tube, which was used in a subsequent series of compli-
mentary experiments. (On the base of the copper block was mounted an
insulator formed of machinable ceramic which served as a tie point for
heater connections. FExcellent thermal contact between the block and

sample allowed very high temperature scan rates without problems of
temperature lag or gradients in the sample.

Thermocouple wires entered directly through the top flange of our
stainless steel vacuum chamber, with epoxy cement used to prevent their
being shunted to ground, an arrangement which prevented small offset
voltages which tend to develop at cooled wvacuum feed through Junctions
from being a problem. We did use feed through insulators, however, for
both heater wires and for the sample sensing electrode wire. The sample's
common 2lectrode was grounded through the heater block. All wires except
the sample wire were teflon insulated; the sample wire was glass insulated
and fixed to the gample surface by silver conductive paint.

An electronic temperature regulator was constructed and used to moni-
tor the thermocouple ocubtput and provide a programming voltage for the
heater power supply, thus allowing isothermal annealing of the sample to

0 . . . .
be done to an accuracy of £ -1 K. A block diagram of our circuitry is
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shown in Fig. 6. The cold finger and sample assembly was rotatable under
vacuum conditions. For all experiments the chamber was evacuated to a
pressure of 5 lO“JJr torr. Cooling was effected by flowing chilled nitrogen
gas through the cold finger until the temperature reached lSOOK and then
by slowly adding liquid nitrogen. This procedure lowered the probability
that the bond between the sample and the copper block would be destroyed
by thermal stresses.

Our X-ray source was a GE XRD-3 machine operated at 75 kv and 50 ma
with a molybdenum target. Filtering consisted primarily of a 2-mm-thick
aluminum window on the sample chamber to yleld an exposure rate of
approximately 100 R minml at the sample.

A Keithley Model 610C electrometer was used for current monitoring.
Output current vs. thermocouple voltage was recorded on an x-y plotter.

A timing generator could be mupled into the signal channel to provide
time base interval marks. Representative cooling and heating rates were
.EOK/sec and -SOK/sec respectively.

As DC measurements were made, the light output of the sample was
simultaneously monitored using aﬁ EMI 6256 B photomultiplier tube with
quartz optics tharoughout the system. To perform optical repopulation
experiments, the photomultiplier could be replaced by a PEK short arc
mercury lamp operated at 65 W and backed by a concave mirror. The sample,
covered by a transparent electrcde, was located 15 cm from the arc and

irradistion times were 30 minutes.



ORNL~DWG 72-8090

PROGRAMING
LLAMBDA VOLTAGE TEMPERATURE DIGITEC
LK 351-FMDB CONTROLLER 45{NRIK
0-36V, 254 779K — 700K 0-10 mv
1 4
[T e e s e e e e e =
ALUMINUM l COPPER BLOCK'\X1 |
WINDOW e l :
L I THERMO- | | |
Z | | HEATER COUPLE [ T71
XRD-3 [
X RAY Z [ TAD
SOURCE Z | || °
_?_ J SAMPLE | i TAC
| IL_ | i © ITAC, TAP, OR o
S POLARIZATION |
| | b4
“ o —— Vi ———- OC POWER SUPPLY
EVACUATED QUARTZ WINDOW 320V OR 500V
CHAMBER I
TAD OR ==
PMT POLARIZATION -
62568 -
810C 610C
F%LJ_‘;%O‘*(;\?;B KEITHLY KEITHLY
(PMT CURRENT) (SAMPLE CURRENT)
PLOTOMATIC
BOLD, BERANEK, | Y MOSLEY 135 M Y
AND NEWMAN INC XY RECORDER
XY RECORDER (PMT CURRENT)
(SAMPLE CURRENT)
T X b X

Fig. 6. Block Diagram of Electronics Used for Direct Current Experi-
ments; For Optical Repopulation, the PMI' is Replaced by a Mzrcury Arc

Lamp .



L6

EXPERTMENTAT, RESULTS

The TAD/TAP experiments covered the range from 777K to about 400K.
In all samples, the charge release peaks associated with the divalent
impurity-vacancy dipoles occurred in the range from EOOOK to ZSOOK. This
agrees with the findings of Laj and Berge-20 In all experiments, the TAP
curves and the TAD curves are essentially indistinguishable and give Just
the comparative results expected from Eq. (31). We can therefore conclude
that no large anomalies exist in the susceptibility temperature dependence

cf these samples within the temperature range observed.

Annealed Samplegs

As an annealing procedure all samples were first heated to YOOOK and

gquenched rapidly to room temperature. FEach sample then showed TAD/TAP

charge release peaks with Tm = EEOOK at a temperature scan of O.SOK sec-l.
The TAD curve for a freshly annealed sample of LiF:iMg is shown as the
solid line in Fig. 7. The TAD/TAP curves for annealed LiF(UV) and TLD-100

both have the same shape as for LiF:Mg. Using the whcle curve analysis
indicated in Hg. (28) we found for all samples a rate function W(T), well
described over the entire data range by the rate paramcters E = 0.4k £ 0.03

5 -
08-,&:1-5 sec l.

eV and WO 1 The susceptibility is large; the 130-ppm

. ; -10
LiF:Mg samples, for example, give a TAD charge release of 5 x 10 * C

cm_2 at an applied polarizing voltage of 100 volts across a l-mm sample.

The TLD-100 TAD and TAP signals are approximately the same size. The
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Dipole Aggregation.



L8

LiF(UV) TAD/TAD peaks are somewhat less than 2n order of magnitude
smaller. This agrees with the 10-ppm divalent ion concentration estimated
from the NMR work on the LiF(UV) samples.

If we assume a Lorentz local field model Tor tihe impurity-vacancy

polarization in LiF, then the susceptivility of the 130-ppm LiF:Mg is
. -11 .
x = 1.9x 10777 (mks) = 0.17 (cgs)- (37)

Since the dipole complex is a part of the LiF lattice, the Lorentz field
may be of doubtful applicability. If only the average internal field
contributes to the polarization, then the susceptibility is a factor of
approximately 5.5 larger than guoted above. In any event, this polariza-
tion corresponds to an increase of the dielectric constant of the LiF:Mg
sample from the nominal "pure” valus of 9.0 to a value of 16.h.

The above value for the susceptibility end Eg. (7) can be used to
estimate the rms vacancy-ion distance, d2 = pg/eg. The effective polariz-
ing temperature for either TAP or TAD is estimated sufficiently well for

our purposes by Tm = EZOOK. As a most conservative approach we take

19

A =1, and we take NO = 10 cm_B. Then even the relatively small Lorentz

local field susceptibility of Eg. (39) gives
~ 1 B
(A% 2 b.5 % 10 B (38)

We ncte that this value is approximately equal to the LiF f.c.c. lattice
constant. The least conservative estimate is to use the average field,

ratner than Lorentz field, susceptibility and to take the geometrical
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factor to be A = 1/3. We then find
203 -8
(A% < 14 x 107 cm, (29)

and conclude that the rms divalent ion vacancy distance is between one

and three lattice constants.

Aggregation Effects

As we allowed our TLD-100 and LiF:Mg samples to age for several weeks,
however, we began to observe that the line shape changed in an interesting
manrier. The suscepbibility decreased with aging and the TAP/TAD curves
developed a growing high-temperature shoulder. The shoulder became increas-
ingly well resclved, and ultimately complete conversion was observed with
the formation of a single peak occurring at 226°K.  The aged TAD curve for
LiF:Mg is shown as the dashed line in Fig. 7. We presumne this to be an
aggrega‘tionl)1L effect. 1In the relatively dilute dipole LiF(UV) samples, no
such effects could be detected.

The effect also was reversible; upon heating the seample fo a high
temperature and rapidly cooling it, the original shape and EEOOK tempera-
ture maximum returned.

The TAD curves for the high divalent concentration samples after
complete conversion have the following properties. First, when analyzed
according to Eq. (28), we find a well-defined single activation energy

19:1.5 -
behavior, Ea = 0.86 + .03 eV and Wy = 1ot HL-5 sec L.

Also, using the
mean breadth expression in Eq. (18), we find that the rate at 226°K for

the aggregated dipole TAD peak i1s just twice as large as the rate at
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O
220K for the annealed sample TAD peak. Since the rate doubling tempera-
ture interval of the annealed sample is about 6OK in this temperature

range, both curves actually have almost equal values of W(T).

Radiation Ynduced Effects

We have described previouslygu RITAD experiments in which we observe
electronic state polarization signals. We observed a strong RITAD effect,
which we associate with the impurity vacancy dipoles, at QEOOK in the
TLD-100 and in the LiF:Mg; the effect was present, but was very weak in
the LiF(UV). Although it had the same peak Lemperature as did the

ALh-eV feature seen in these samples using TAP/TAD, its assoclated shape

parameters were Ea = .6p + .03 eV and WO = 10lj'bfl sec“l- The radiation

response of the impurity-vacancy dipoles is quite large. With a 5 X lO5
-1 . . R . s -13 -2 -1 s s

Vem field the polarization is approximately 10 C cm R ™. This 1is

somewhat greater than the radiocelectret response reported by Murphy et

23

al. for Teflon.

DISCUSSION AND CONCLUSIONS

2
A summary of our results, together with those of Wagner, 2 Laj and

Berge,co and Grant26 is given in Tagble 1. It seems clear that the QPOOK,
Jlh-eV feature seen by both TAP and TAD is due to a simple dipolar
reorientation effect. The dipole ig formed by a Mg++ ion and its
associated cation vacancy. This mechanism is adequately described in

the article by Bucci and Fieschi.lB Recent studies by Wagner and
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Table 1. Summary of Impurity Ion Associated Effects in Doped and Undoped
Lithium Fluoride in the Temperature Regime 2009K- 250°K.

Experiment Sample Tm(OK) Ea(eV) wo(sec‘l)
TAP, TAD Lil:Mg 000 Mk x .03 1000 F L5
TT,D-100
,,XA
LiF(UV)
TAP, TAD LiFiMg } 206 .86+ .05 109 F b2
¥k
TL.D-100
RITAD LiF:Mg pr0 o+ w03 1000 F 1
TLD-100
LiF(uv)(?)
25 , .
NMR data (Wagner™ ) LiF:Mg L3
2 .5
dielectric loss data (Grant™®) LiFiMg .75 TCRREE
TAD (Laj and Bergego) 217 L6k 1000t

*Annealed and quenched

*¥Aged
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MaSCaThenaSBl on rare earth-doped CaF2 show that one may expect only
small activation energy differences depending upon which particular
impurity ion is present in the complex. Conseqguently, in the TLD-100 and
the LiF(UV) samples, the dipole system may be formed of many different
divalent ion-vacancy complexes.

The activation energy of annealed samples given in Table 1 is in

25

good agreement with that measured by Wagner ~ in NMR experiments for the

same sample batch of LiF(UV) and LiF:Mg. He obtained shape parameters of

8.541.5

Bl + 0% ev and b5 + .03 eV. Our value of wo = 10 is much

"

smaller than that given in a physical interpretation of an "attempt

" . . 1 1
frequency for diffusion. One expects a value closer to lO]l or 10

2
sec for the latter. 1In dipolar reorientation the vacancy must make a
number of diffusion jumps ©to accomplish relaxation of the dipole. A simple

diffusive calculation shows that WO should be related to the mean vacancy

Jjunp attempt time, T., by
2
Wy = (08) /gfrj, (40)

where A® is the rms angular jump of the vacancy about the divalent ion,
defined as the angular jump distance divided by the nearest neighbor
distance, 1i.e., assuming diffusion to be dominated by nearest neighbor
jumps. We thus see that our measured "attempt frequency" is therefore
1Oll'iil'5.

The 226°K, .86-¢V TAP/TAD effect is apparently the formation of a

stable state due to dipole aggregation in samples containing relatively
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high impurity levels. Several investigators have studied the growth of

0 32
29,3 in other materials. Capelletti and Fieschi “ have

dipole complexes
recently observed the growth of a gecond TAD peak in KCl:Bu, in which
the two TAD curves were simultaneously resolvable. We believe our study
may be the first recognition of similar effects in LiF:Mg. It is likely,
though, that the feature seen in the LiF:Mg material at Eavz 65 ev by
La]j and Bergego and at a value of Ea = .75 eV by Grant26 is also the
result of aggregation.

We see that our results for freshly annealed samples agree with those
of Wagnerg5 for similar samples. Upon aging for many weeks, however, our
TAD/TAP peaks the samples convert into apparent kinetic behavior much

=0 or by Grant.”

closer to that measured by Laj and Berge
A very interesting feature of the various experimental results can
be seen in Table 1. TIn all cases, although the apparent activation
energles change, the ratio of the activabtion energy to the logarithm of
WO is essentially constant. This is Jjust the relationship expected, as
indicated in Egs. (35) and (30), in a system where E,_ becomes slightly
temperature dependent. We speculate that aggregation effects cause this
temperature dependence, but that Ea(T) for the aged samples is not very
different from Ea for the annealed samples. In such a case, we expect
the "characteristic" parameter to be the peak temperature, assuming a
constant heating rate. That the apparent Ea and WO are really E¥ and Wg

as defined in Egs. (33) and (34) is the reason we are not disturbed by

what appears to be an unreasonably large pre-exponential FTactor. The
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values of Ea = .86 eV and WO = 10, then, are reproducible and strongly
suggest some dipole-dipole interaction is taking place, although our
simple model does not permit its calculation a priori. Tne magnitude of
this dipole-dipole interaction depends upon the individual dipolar
susceptibility, which varies inversely with temperature. Thus we expect
that tne aggregated and nonaggregated systems behave very similarly at
high temperatures, where the dipole-dipole interaction is small, but
slightly differently at low temperatures, where the temperature dependent
interaction leads to perturbations in Ea and WO- It is well documented
that the TL spectrum of Mg doped lithium fluoride is a function of pre-
irradiation annealing procedur8555~~this, too, is apparently a result

of the formation of ionic clusters, most likely of the M;+ ion. This ion
is known to be present in most dosimetric grades of lithium fluoride.

The large susceptibility of this system gives a minimum rms ion-
vacancy distance [Eq. (38)] greater than the fcc lattice constant. Thus
there is substantial lattice polarization within the system from the
nearest neighbor LiF pairs. Therefore, one can hardly justify use of the
Lorentz field as thae polarizing field sensed by the complex. The alterna-
tive is that the complex polarizes in the average field. We therefore
conclude that the value <d2>% = 142° given in Eq. (39) is the more real-
istic estimate. This large value is not inconsistent with models and
measurements which put the average vacancy position between nearest and

next nearest neighbors. The polarizibility, which we have studied,
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measures the second moment of the distance distribution, dg. A large
value of d2 implies only that the wings of the distribution are not
sharply truncated.

We believe that our RITAD effect with Tm.: QEOOK, Ea = .62 eV, and
155 sec_l igs essentially the same as TAD, but where polarization
in the presence of the applied field at low temperature (app- BOOK) has
occurred due to local heating of the ionic enviromment by "hot" radiation
induced electrons and holes. We can view this as a normal radiocelectret
effect on the impurity-vacancy dipole system. We suspect these charge
carriers become trapped in the immediate vicinity of the polarized ionic
dipocles and cite recent investigationsBu which suggest and verify this
hypothesis. This leads to an attendant charge carrier-ionic dipole inter-
action which produces a temperature dependence of the activation energy,
which causes a shift in the curve parameters Wé and E; but leaves the
peak temperature relatively unperturbed.

To conclude, we have performed TAP, TAD, and RITAD experiments on
LiF samples with varying divalent ion concentrations. We have observed
thermally activated reorientation of impurity-vacancy complexes. The
TAD/TAP susceptibilities measured in these samples imply an rms dipole
length between 4.5 and 1&2. It appears that the larger value more likely
represents the actual situation.

Depending upon sample history we find three different sets of rate
parameters. Freshly annealed samples give E = Ok £ 0.3 eV and log

WO = 8.5+ 1.5. These parameters agree with those determined from NMR
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relaxation experiments.25 As the samples age, the TAP/TAD curves in
heavily doped samples become converted to a much narrower shape, although
the temperature of the peak maximum shifts only slightly. The aged
sample curve is characterized by Ea = .86 + .03 eV and log lOwO = 19+ 1.5.
We suspect that these aggregation effects have occurred in other experi-
ments as well, and account for the large apparent activation energies
observed by Grant26 and Laj and Bergego in the LiF system. These dipoles
also show RITAD response, which occurred in all samples at QEOOK, and for
which we find E_ = 0.62 + .03 eV and log 100 = 1%.5 + 1. This variation
in apparent kinetic behavior can be consistently interpreted as dipole-
dipole or dipole-trapped-charge interactions which slightly alter the

temperature dependence of the reorientation activation energy.
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CHAPTER IIT
OBSERVATION OF A RADIATTION-INDUCED THERMALLY ACTIVATED

DEPOLARIZATION IN LITHIUM FLUORIDE

We have observed that an intenge stable electrical polarization can
be induced when a sample of high purity LiP is subjected to a polarizing
field during simultaneocus X-ray irradiation. The effect is readily
detected af'ter irradiation by shorting the polarizing electrodes through
an ammeter, heating the sample at an approximately constant rate, and
recording, as a function of temperature, the thermally activated current
generated by sample depolarization. We also observe that, after initial
irradiation of relatively high-purity samples, the dominant charge release
peak can be optically regenerated. Before irradiation, the samples exhibit

- C o 8 ..
some weak electret activity from ionic thermocurrent (ITC) states™  with
characteristic activaticn temperatures around 220 K; this is due to trace
concentrations of divalent ion-vacancy complexes, but at our exposure
levels, radiation damage induces no other detectable purely thermal-

o . rox . . 55-38
electret activity as has been observed in certain other dielectrics.
Sample irradiation does produce, from these ITC states, a small radic-
s 23 . . '
electret effect similar to that observed in Teflon and carnauba wax,
both of which form strong thermsl electrets. This Letter, however, is
. . o}
mainly to report much stronger and different effects observed below 2007K;
these intense polarizations clearly arise from very different physical
22,59

origins than the ITC, radivelectret, or electret decay phenomena

previously studied. Consequently, we subseguently refer to all these
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effects by the general description of a "thermally activated depolari-
zation" (TAD) or "radiation-induced thermally activated depolarization"
(RTTAD) .

An example of the RITAD peaks is shown in Fig. 8 for the temperature
range from 850K to QMOOK from a 1l-x-1-x% O-O?S—cmj sample of Harshaw uv
optical quality, UV-H63A, high-purity LiF [LiF (UV)]. The dotted line in
Fig. 8 shows the thermoluminescence (TL) glow curve measured simultaneously
with the RITAD curve. For Fig. 8, the exposure is about 1OOR, and the
polarizing field about 500 V/Cm in the sample. The temperature scan
corresponds to constant heater power and varies from about O.SOK sec»l
at the higher temperatures to about 0-750K sec“?L at the lower temperatures.
We measure approximately one electron of electrode compensation charge for
each lOlL keV of X-ray energy absorbed by the LiF. This radioc susceptibility
is about 105 times stronger than the rédioelectret polarization of carnauba
wax-g5 We have, as yet, acquired insufficient detailed data on these
effects to give a fully quantitative description of much of the behavior.
Wz believe, however, that this new phenomenon has enough practical poten-
tial to warrant this chapter outlining only our semiquantitative descrip-
tions and qualitative results. The apparatus is essentizlly the same as
described previously for TL studies,15 but modified for attachment of
sample electrodes. A more detailed discussion of our experimental pro-
cedures, RITAD curve analysis, sample treatments, etc., will be published
subsequently. In tne following discussion, because of its descriptive

purposes, the temperatures gquoted are simply the sample mounting block
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temperatures. Some sample mounting procedures may cause the actual sample
temperature to lag behind the block temperature and to be as much as lOOK
cooler at the lower temperatures.

Although the central ~180°K peak shown in Fig. 8 displays the most
striking RITAD properties, the overall RITAD behavior requires complicated
verbal description, and so we begin by discussing other preliminary
experiments. First, prior to laboratory X-ray exposure, one can measure
ionic thermocurrents by applying a polarizing field at about room btempera-
ture, cooling the sample to freeze in any impurity electret state polari-
zation, and then performing a TAD experiment. The inverse experiment is
thermally activated polarization (TAP); one starts with a cold, unpolarized
sample and heats in the presence of an applied field to measure the polari-
zation currvents. In both TAD and TAP one observes charge release peaks at
the same temperature and asscciated with the highest-temperature (EEOOK)
RITAD peak shown in Fig. 8. If we perform TAD/TAP ionic thermocurrent
experiments with divalent-ion-doped samples of LiF, either thermolumines-
cence dosimetry grade [LiF-TLD(100)]}, or samples doped to 130 ppm with
magnesium, LiF:Mg, we observe qualitatively similar behavior of the QEOOK
TAP/TAD features; the intensity, however, 1s very much greater than in the
LiF(UV) samples. We apply a whole curve analysis, such as described by
Bucci and Fieschil8 which we can also modify for TAP effects, to the
polarization curves and thereby extract activation energies and frequency
factors describing the EEOOK features. We assume here a rate W for

depolarization; W(T) = s exp(-E/XT), where B may itself be temperature
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iy

dependent-lh’ In general the peaks seem to be well described by first-
order kinetiecs, each peak having a definite activation energy E. We feel
that the activation energy is useful for labeling a particular peak and,
together with the rate parameter s, gives some indication of the physical
processes regponsible for the observed phenomena. For present purposes
it suffices to say that the QQOOK features are ITC states associated with
impurity divalent ion-vacancy dipolar complexes; their RITAD activity
seems to be the radiocelectret polarization of these existing dipoles and,
for annealed samples aged at room temperature for several weeks, the
measured ITC rate parameters are & = 0.4k + 0.02 eV and loglo(s) = 9% 1.5.
A second experiment is the measurement of radiation-induced thermally
activated conductivity (TAC); the sample is irradiated at low temperatures
to produce trapped electrons and holes. One then applies an electric
field, heats the sample, and monitors the conductivity to record the TAC
curve resulting from the release of the charge carriers Into mobile states
prior to their recombination. This phenomenon is also called thermally
stimulated conductivity by some investigators. In a TAC experiment one
also observes TAP effects, as described previously, from dipolar entities;
the two can be differentisted because the TAP effects can also be identi-
fied in an ionic thermocurrent TAD experiment. When a radiation~induced
TAC run is perTormed on any of our samples we observe actliviiy associabed
with the low-temperature TL peak Cvl620K) shown in Fig. 8, as well as
already measured TAP activity from the EZOOK features. Simulbaneous TL

measurements show near-uv emission in a very strong glow peak correlated
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with the 16EOK TAC peak and show that this TL is not repopulated by
subsequent uv irradiation. The activation rate parameters for either the
TAC or TI, peak at 162°K are E = 0.25 + 0.02 eV and loglo(s) = T4+ 1. All

3,14

these features correspond with previous experiments at this labl where
the TI, peak was associated with the activated mobility of the self-trapped
hold Vk center. It therefore appears that the RITAD effect shown in Fig.
results from the dipole moment generated by net charge separation of the
Vk center hole and its charge-compensating associated trapped electron
when irradiation is carried out in a polarizing field. The VK center
0.25-eV TAC peak can be observed in all our specimens, LiF(UV), LiF-TLD
(100), and LiF:Mg. When a previously unirradiated crystal is exposed at
liquid~Né temperature to optical illumination from a T75-W mercury arc
through gquartz optics, we can cobserve no optical generation of TAC, TL,
TAD, or TAP effects.

Finally, we can discuss the RITAD behavior specifically; when our
LiF(UV) samples are irradiated with X-rays in the presence of a polarizing
voltage of 500 V, the RITAD curve shown in Fig. 8 results. In the LiF:Mg
and the LiF-TLD(100) samples the 2200K RITAD features, which we identify
as radioelectret polarization of pre-existing ITC states, are typically
stronger by more than a factor of 10 than those shown in Fig. 8 for the
LiFr(UV) sample. On the other hand, in LiF(UV) the central RITAD peak
atfwlBOOK ig much more intense than in the doped samples. Because we can
measure the overlapping Vk center 0.25 eV peak in a TAC experiment, its

contribution can easily be subtracted for good analysis of the central



180°K RITAD peak, which is characterized by E = 0.34 £ 0.05 eV and
loglo(s) = 8.5 4+ 1.5. The most interesting features of the 0.3 =V peak
in LiF(UV) are the following: (1) It cannot be detected in TAP, or
regenerated, as can an electret or the ilonic thermocurrent features at
EZOOK, by a high~temperature polarizing process once 1t has been thermally
depolarized. (2) We have not been able to detect the 0.34-eV RITAD peak
in a TAC experiment nor to observe any correlated TL activity:; thus this
strong RITAD effect does not appear to be a fadioelectret effect, in the
sense of the usual meaning of the term. (3) In contrast to the VkO.ES aV
peak and 220K ITC peaks, however, the strong 0.34 eV RITAD peak in
LiF(UV) can be optically regenerated. After X-raying and thermal depolari-
zation, the sample can again be thermal depolarization, the samplé can
again be cooled and the O-fu erRITAD peak regenerated by applying a
polarizing voltage simultanecus with sample illumination through quartz
optics from a small Hg arce source. A comparison of the direct RITAD and
cptically regenerated RITAD curves 1g shown in Fig. 9. We note that the
optically regenerated RITAD peak appears to shift to higher temperature

by about lOOK with respect to thz direct 0.34 eV peak. However this may
be an experimental artifact, since the whole curve analysis shows that

the opbically regenerated curve has rate parameters of & = 0.37 £ 0.04 eV
and loglo(s) = 94 1, both of which are within our experimental error of
those for the direct RITAD 0.34 eV peak. With a soft glass Tilter between
the sample and the optical source to absorb radiation with wavelengths

o
less than about 30004, no optical regeneration occurs.
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Tn the LiF:Mg and the TLD(100) samples, both the 0.34-eV RITAD peak
and its optical repopulation are heavily suppressed with respect to those
observed in the undoped LiF(UV) samples. It is clear that the strong
0.34 eV RITAD peak in LiF(UV) is extremely sensitive to sample impurity
content.

Qur preliminary observations show that the RITAD effects can be
strongly supralinear in absorbed dose; at least up to about 103 rad, our
initial rough experiments indicate that the total thermal charge release
may scale aspproximately as the cube of the X-ray exposure. We alsgo
observe that the signal-to~noise ratio in measuring RITAD peaks is perhaps
a bit better than that in simultaneocus measurement of TL peaks. Optical
considerations limit sample size for increaging sensitivity in TL dosi-
metry, but there are no such limitations on measuring RITAD. Because
RITAD effects do not intrinsically require conductive electrical continuity
or gond optical quality of the sample, they can be measured for sintered
or extruded samples, or for RITAD materials extruded as a suspension in a
matrix. Since at least some RITAD peaks can be regenerated optically,
irradiation received at higher temperatures in the absence of a polarizing
field can be measured at a later time using coptically regenerated RITAD.
Because of the considerations outlined above, it would seem that these
radiation-induced polarization phenomens may provide a wealth of possi-
bilities for gsensitive dosimetric techniques not posgible with other

radiation-induced phenomens.
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Added note - Since submission of this manuscript, further experiments
have revealed a variety of RITAD effects in other dielectrics. TIn CaFg,

for example, we can observe a RITAD phenomenon having at least lO5 greater

charge release per rad than for the LiF(UV) described above.
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CHAPTER IV

CONCLUSIONS

In our first chapter, we describe results of our test of the simple
trapped carrier-free carrier reccmbination model normally used to degcribe
TL and TAC effects. We analytically derive an exact correlation expression
for TL and TAC effects which implies, in its inability to describe experi-
mental results, the nonvalidity of the model. An examination of the manner
in which the model predictions disagree with our results indicates that a
suitable additional model hypothesis, the existence of a significant
degree of spatial correlation between trapped carriers and recombination
centers, will bring the model into agreement with the experiment.

In Chapter II we describe ocur experiments on LiF crystals doped to
various impurity levels and with different thermal histories. We conclude
that consistent changes in activation energy and rate parameters with
doping level and sample treatment are likely due to the activation energy
Ea and rate parémeter WO developing a temperature dependence as the
divalent impurity-vacancy dipoles aggregate. Chapter TIT is important to
this thesis chiefly in two ways. Firstly, our results here enable us to
subtract the TAP contribution from dipolar polarization effects as we
¢ollect data in a TAC experiment. Secondly, an important unforeseen result
of these analyses is our ability to reconcile earlier NMR, TAD, and die-
lectric loss results that show radically different values for the activation

energy and rate parameter.
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Chapter III describes the RITAD experiment and our observations of
this effect in doped LiF. We conclude that this effect, due to its high
signal-to-noise ratio and the fact that its intensity may be remeasured
after optical repopulation, may have useful application in the area of
radiation dosimetry. The RITAD effects are shown, by reference to those
effects investigated in Chapters I and II, to have perhaps several origins.
The .34 eV RITAD effect appears to be closely related to our correlated
160°K TL/TAC peaks assumed to be related to VK center recombination. It
may be that here we observe a polarization of the electric dipoles formed
by the VK center and its associated electron. Our higher .62 eV RITAD
peak is apparently correlated with our QEOOK impurity~vacancy dipole
polarization effect, and may indicate an interaction between the "ionie"
electric dipoles and electron or hole charge carriers trapped nearby.

This could lead to temperature-dependent shape parameters which would, as
dezcribed in Cnapter II with reference to dipole aggregation effects,
leave the peak temperature relatively unchanged.

We have shown that the TAP effect (Chapter IT) can significantly mask
or cause the misinterpretation of data obtained in an experiment designed
to measure TAC (Chapter I). Tt is also significant that the TAC signals
(Chapter I) are observed in the same temperature range as is the RITAD
effect (Chapter ITII). This suggests these effects may have similar origins;
it may be that RITAD is a TAC effect due to charge carriers trapped in the
neighborhood of, and conseguently within the electric field of, those
impurity-vacancy dipoleg responsible for the TAD/TAP effects described in

Cnapter TII. Those aggregation effects described in Chapter IT suggest
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that at least some impurity states may in highly doped sampleg exhibit
strong spatial correlatiocns. This may be significant with regard to TL/TAC
results in Chapter I which also suggest spatial correlations.

These spatially correlated trapped carriers and TL-active recombina-
tion centers discussed In Chapter T might be a result of the concentration
of each entity along damage tracks in the material, or instead an increased
probability of finding these entities near dipoles or dipole aggregates.
This suggests that future systematic studies of very lightly doped samples,
where dipole aggregation would not be so pronounced, are in order.

Nor do the experiments of Chapter I positively resolve whether failure
of the relation M # MN(T) or of the equation atf/M+f = ~yn_ is responsible
for failure of the simple model. If one uses a population sensitive
technique, such as ESR or optical absorption to monitor f£(t) or n(t)
directly, rather than relying on monitoring o = —ﬂatf, one might be able
to do a correlation check between these techniques and TAC, and to derive
an accompanying correlation exXpression with the T dependence removed. An
experiment of this type could determine which of the above model equations
is violated. BShould T be proven to be constant, the theoretical incor-
poration of trapped carrier-recombination center spatial correlation would
be a possible modification to the general model. Experiments on TAC/TL
correlations as functions of sample treatment, accumulated dose, and
applied field might also be of wvalue, especlally in light of the well
known supralinear TL response of LiF with increasing dose.

A logical extension of the experiments discussed in Chapter II is a

careful study of the decay of the U4 eV feature and the growth of the
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.86 eV feature as functions of sample composition and of time and tempera-
ture so as to elucidate the aggregation kinetics. Also, if it is possible
to observe a RITAD effect due to charge carriers trapped near impurity
vacancy dipcles, might not the TAP/TAD shape parameters and pesking tempera-
turcs be influenced by these nearby trapped carriers? TAP/TAD experim=nts
subsequent to irradiation to determine if this effect exists should also
be carried out. At high doping levels, is ferroelectric domain behavior
observed? Presumably in this experiment we observed temperature dependent
TAP/TAD shape parameters resulting from aggregations of like impurities.
Cook and Dryden29 observed trimer formation in alkali hslides. Would, in a
sample doped with two impurities, we see effects resulting from stable
dipole aggregates of unlike impurities?

Regarding Cnapter ILI, a correlation of the RITAD effect with TL,
TAC, or other electron-hole related effects, and with impurity-vacancy
dipole derived effects such as TAP and TAD would be useful. Tne RITAD
effect appeared to be supralinear with irradiation--a study of RITAD vs.
dose and vs. applied field would be interesting. Also, does this effect
exhibit any variation in sensitivity as a function of irradiation tempera-
ture, assuming the irradiaticn is performed in all cases well below the
read-out temperature? Finally, a study should be made of RITAD repopu-
lation as functions of irradiation wavelength and of time, correlated with
measurements of RITAD repopulation intensity as a function of the concen-
tration of carriers remaining trapped at higher activation energies. These
experiments would determine if RITAD repopulation appears to be brought

abcut in a2 manner similar to repopulation of TL and TAC.
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APPENDIX T

ON THE RELATION BETWEEN THE EXPERIMENTALLY
DETERMINED PRE-EXPONENTTAL FACTOR WO AND THE

MICROSCOPIC VACANCY JUMP TIME, L

One notes in Chapter IT, Table 1, that the experimentally determined
value of the pre-exponential WO, interpreted as an effective attempt
frequency for dipole rotation at infinite temperature, is 108'5:&'5
sec—l. Most other measurements where a simple first-order kinetics
model of this sort has been used (e.g., thermoluminescence) indicate that
a value of ]_O:Ll or 1012 sec~l would be anticipated. The reason for this
difference may be explained by the argument that whereas thermocluminescence
is sensitive to the actual jump time for charge carrier diffusion, experi-~
ments of the TAP/TAD genre are sensitive to average times for dipole
rotation, i.e., to the diffusion time of a trapped vacancy completely
about an associated impurity ion. A classical diffusion approximation
relating dipole rotation to vacancy diffusion should give us a rough idea
of the ratio between these characteristic times.

One may compare the rotation of the dipole moment to that of the axis
of a rigid sphere of radius a in a viscous medium. Thus, we assume a
diffusion equation

28:80 - 2 o5 o, 0)



T2

2
where ¥V~ is the angular Laplacian operator, D is the diffusion constant

for rotation (for a rigid sphere in a medium of viscosity h, D is g:ﬂa
by Stoke's law), and y(Q,t) is the probability of finding the axis in

the direction 2 at the time t.

Seeking a solution of the diffusion equation as an expansion in

spherical harmonics, we take

b@,e) = - 2 (8) Y, @)
)]

Substitution into the diffusion equation gives

D
E_E— = = “—é" f(f+l) c

m
b

!

which leads to

where

is interpreted as being the observed characteristic dipole relaxation

time.

Applying the initial condition

v (0,0) = 5(0-_)



[
together with the expansion for the delta function in spherical harmonics

8(@-0.) = £Y, (@) ¥, (@)
£

m

leads to the identification

4 (@,0) = YJ;(Q)e"t/T.

%
yi
m

In looking at the change in polarization of a given material one
is concerned with the projection of the microscopic dipole moment onto
some preferred axis. The relevant quantity is <cos@>, where 8 is the
average value of the angle between the dipole moment and some arbitrary
direction in space.

Now

<cos> = | cosh w(Q)dQ

@

= g j’cose ?'YT (QO) Y?’(Q) e”t/Td(cose)de
¥

m

it

i
m

e't/TJ“cose ZYI; @) f;‘ Q) d(cos6)as
) :

0
but since cos@ = Y1 and the integrand integrates to zero for all m % 0,

b4 % 1, we get

<cos8> = (const.) YT (QO) e't/T

thus verifying the identification of T as the observed dipole relaxation

time, and indicating that £ = 1 in the equation for 7.



D may be approximated by

D

Jump length2
~ i

where T is the characteristic vacancy jump time and ej is some character-
istic jump angle.

Substitution in the equation for v gives

b r o1
a o
T = =

8 .2a2 1(e+1) e,
J J

0
2

The approximation ej z;EOO, for example, yields

2T
o)

= e = 7T
(m/6)% °

T

The upper limit of our experimental determination of wo is lOlO sec_l.

The above computation indicates that our measured attempt frequency for
dipole rotation should be lower than the microscopic jump rate for vacancy
diffusion by about a factor of 10, thus indicating our estimate of the

11 -1
micreoscopic jump rate to be a "reasonable" value of around 10 sec .



APPENDIX II

METHOD OF DATA ANALYSIS USED TO OBTAIN Ea and WO

It was thought that an explicit description of the data analysis

procedure used to obtain Ea and W,. in Chapters I1 and III would be a

0
useful appendix to this work. Equation (28) of Chapter II tells us that,

for TAD,

T
w(T) = I(T)atTAf‘EI(T)dT
T

where T(T) is the observed sample current at the temperature T, 3,T is

our experimental (linear) heating rate, and T2 is the temperature at
which the signal goes to zero on the high temperature tail. We have shown
that this equation is approximately correct for the TAP effect as well,

provided we take T, as the temperature at which the signal crosses zero.

2

In our data analysis procedure, we first digitize the signal
manually; then, using a computer program written for this purpose, we
compute W(T) for the range of temperature over which we have statistically
meaningful data.

We assume a rate equation of the Arhennius form,

W= wbe"BEa,

where B = 1/kT.

Plotting 1nW(T) vs. B allows us to find W. by extrapolation to 8 = O,

0
while the slope of this plot allows us to compute Ea using the equation
BE

d. W= -WE e g
B 0 a
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As we point out in Chapter TII, we can as an independent check of

these values compute WO via Eq. (29) from the peak temperature Tm once

Ea is known:

_ _E,/kT 2
Wy=23.TE e /kTm
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