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I. INTRODUCTION

The passage of lonizing radiation through an alkalil halide produces a

"5 The production of color has been shown to

coloring of the crystal.l’
result from the trapping of electrons and holes, released by radiation, at
crystal imperfections and impurity sites. The defect centers formed by

the trapped electrons and holes have excited states which allow the absorption

of photons that are normally transmitted by the crystal. Such defect centers that

give rise to optical absorption spectra are called "color centers."4’5’6

The F center 1s the principal color center produced by ionizing radiation.5’6’7’8
In the band picture of solids, alkali halides are described by a filled
valence band and an empty conduction band separated by a forbidden energy

.8’9’10’11 The ground and excited states of the F center are localized

gap
energy levels in the forbidden energy gap. The transition from the ground
state to the first excited state on absorption of a photon gives rise to
the F center's optical‘absorption band. Other color centers demonstrate
the same behavilor, thus several absorption bands, characteristic of the
color centers, would be observed in an optical absorption measurement.3’4’7’8’12
The fact that there are trapped electrons and holes in the bandgap raises
the possibility that the alkali halides could be photoconductive. Past work
has shown several of the alkali halides exhibit photoconductivity generated
by electrons and holes from defect centers and
impurities.3’8’l3’14’15’16’17’18’19’20
Recent work by Metha on the optical bleaching of absorption bands in
LiF éuggested that LiF could alsoc be photoconductive.21 Nelson studied the
photoconductivity of LiF, at room temperature, in the spectral range from

400 nm to 200 nm and observed a photoconductivity peak at 278 nm.22 It



was observed that this was the same region as a small absorption band théf

appeared as a shoulder on the long-wavelength side of thé F center absorption

band in LiF. At room temperature the F center absorption band appears at

250 nm.3’4
The objective of this research is to study the photoconductivity of gamma-

irradiated LiF in the temperature range 85°K to 300°K and to study the optical

absorption of the shoulder on the F center optical absorption band with

plane-polarized light at 90°K and 300°K.



II. THEORY

A photoconductor in the broadest sense is defined as any material
whose electrical conductivity can be changed by the absorption of

9,23, 24

photons. In this sense every semiconductor and insulator is a

photoconductor.

Processes in a Photoconductor

The absorption of photons in a semiconductor or insulator is a
quantum process In which electrons are raised from trapping sites or the

valence band to the conduction band.?’8’9’23’24’25

For the case of
removing an electron from the valence band, a free hole is also produced.
Dnder the influence of an applied electric field, the free elecfrons and frée
holes will move through the crystal lattice proauéing é current, initiated
by the absorption of photons.

Figures 1, 2, and 3 show some of the electronic transitions found in

a Photoconductor.19*23’25

These transitions can be divided into three
types: 1) absorption and excitation, 2) trapping and capture, and 3)
recombination.

There are four possible types of absorption and excitation transitions that
result in photoﬁonductivity, see Fig. 1. Transition 1 corresponds to absorption
by the atoms of the crystal itself, producing a free electron and a free
hole. Transition 2a corresponds to absorption at localized imperfectiomns,
producing a free electron and a hole bound in the neighborhood of the
imperfection. Transition 2b is similar to 2a, but the difference is the

electron is promoted to an excited state below the conduction band yet
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close enough to be thermally promoted into the band. Transition 3 corresponds
to absorption, raising an electron from the valence band to an unoccupied
imperfection level, producing a free hole and an electron bound in the
neighborhood of the imperfection.

Once electrons and holes have been freed by absorption of photons of
sufficient energy, they will remain free until they are captured at an imperfectio
see Fig., 2. These capturing centers can be classified in two groups:lg’25
1) trapping centers and 2) recombination centers. In a trapping center,
the probability that the captured charge carrier will be thermally freed
to the nearest band is large compared to the probability of recombining
with a carrier of opposite sign. In a recombination center, the probability
for thermal freeing is small compared to that for recombination. Figure
2 shows trapping and thermal release of electrons in electron traps by
transitions 5 and 5' and trapping and thermal release of holes in hole
traps by electron transition 4 and 4'. The capture of an electron is
shown by transition 7 and the capture of a hole by an electron transition
6 in recombination centers.

There are three types of recombination transitions shown in Fig. 3.

The free electron may directly combine with a free hole, depicted by
transition 8. Transition 9 depicts the capture of a free electron at an
excited recombination center containing a hole and transition 10 depicts
a free hole being captured at an excited recombination center containing
an electron.

The spectral response of the photoconductor will be determined by
transitions 1, 2a, 2b, 3. The free carrier lifetime will be determined by
transitions 4, 5, 6, 8, 9 and 10. Transitions 4, 5, 6 and 7 frequently

determine the speed of response. Optical and thermal quenching of the

10



photoconductivity corresponds to transitions 3 and 4'.

Characteristic Relations of Photoconductivity

The conductivity of a material with free electrons and free holes is

given by9,19,23,25,26

o=mnewu, +peu 1

where ¢ is the conductivity, e is the charge of the earrier, My and N aré
the mobilities of the electrons and holes, respectively and n and p are
respectively the concentrations of free electrons and free holes. For
simplicity in this discussion, Equdation 1 will be examined for only one
type of free charge carrier. The resulting equation 1s applicable to

either free electrons or free holes. Thus Equation 1 beconmes
o=neypy . (2)

- A change, An, 1n the dengity of free charge carriers, or a change,
Ay, In the mobility of the free carriers, will contribute to a change in

the conductivity, Ac. Using Equation 2, Ao is
Ao = epAn + endAuy . (3)

The first term, epdn, represents the conductivity change due to a
change in the density of free charge carriers. For steady illumination,

the equilibrium number of charge carriers is given by

11



n=gr . (4)

It can be seen that a change in n requires a change in g, the number
of carriers freed/unit volume/unit time, or a change in T, the mean
lifetime of the carriler in the free state. At a specified temperature,
g could be changed by either a change in the incident photon flux
or the absorption coefficient. It has been observed for the alkali
halides that the quantum efficiency for the production of free charge
carriers varies slowly with decreasing temperature until a temperature
characteristic of the particular alkall halide is reached. Below
this temperature the quantum efficiency decreases rapidly.3’4’7’15’l6
Since g is directly proportional to the quantum efficiency, a decrease
in temperature would result in a change in the density of free
charge carriers.

The other possibility 1s that the mean lifetime of the free
carrier can change. A change in mean lifetime can result when there
is a change in the relative importance of the various mechanisms which

govern the rates of carrier removal from and emission into the conduction band.

For example, as the light intensity is increased trapping levels may become

12



filled and a corresponding increase in the lifetime of photogenerated carriers
may be observed.19’23’25
The second term in Equation 3, enAu, represents the conductivity change
due to a change in the mobility of the free carrier. There are seGeral
possibilities that result in a mobility change.
1) The formation of space charge In the volume of photoexcitation
will reduce the mobility. Space charge can result from; a) Non-
uniform illumination throughout the crystal; b) when the electrodes
cannot supply or drain off charge carriers freely from the
crystal;19 c) one type of free charge carrier being trapped at
defect centers orders of magnitude faster than the opposite type
ﬁf carrier. This build up of charge will inérease the Coulombic
barriers that act as scattéring centers for the mobile carrier.24
2) The presence of charged scattering centers, which during photo-
excltation of the carriers have their charge changed by capture of

19

a carrier.

3) Change in crystal temperature will change the mobility.3’4’15’26’27
At high temperature, scattering by optical phonons limits the
mobility. As the temperature decreases the mobility is limited

by the crystal purity.%‘27

Photoconductivity from Defect Centers

The exposure of alkali halides to ionizing radiation promotes electroms
from the valence band to the conduction band and they can be trapped at
halogen-ion vacancies. This defect center resembles a hydrogen atom and

5,7,8,12

is called an F center. Under prolonged irradiation, other defect

centers, aggregates of the F center, are formed. Two F centers as nearest

13



neighbors constitute an M-center, three adjacent F centers an R center and
g0 on.3’4’8’10’12’20’25 There are also defect centers formed by impurity
atoms or ions in thg_crystal. When the impurity is positive and divalent,
the defect centeré'are known as Z centers.?”t"g’12

All these defect centers have localized energy lgvels in the forbidden
energy gap of the crystal., The transition of the electron from the ground
state to an excited state upon the absorption of a photon gives rise to an
absorption band characteristic of the defect center. Since the F center
resembles a hydrogen atom, higher excited states of the F center.would be
expected.a’Y These higher states have been observed in several of the

alkali halides and are known as K and L bands.3’4’7’8

It is experimentally observed that the peak position of the optical

absorption band shifts to higher energy and the full width at half

35458531

maximum, FWHM, decreases with decreasing temperature. Using the

simplest model for the F center, in which the trapped electren will be
treated as a particle in a box, it is possible to qualitatively explain

the behavior of the F center optical absorption band with a change in

31,32,33

temperature. The energy between the ground state and the first

excited state for a particle in a box is

2

3n
= (5)

8ma

E

o "By =

where m is the mass of a free electron, h is Planck's constant divided

31,32

by 21 and 'H' is the nearest neighbor distance. For LiF at 293°k,"a"

* 3

is 2.013 A, The energy, calculated from Equation 5, is 6.9 eV, This

compares to an experimentally observed value of 5.0 eV. At 73°K, 'H'is

14 -



0y .
2,003 A34 and the peak position of the absorption band has shifted to 6.97

eV. Experimentally the observed shift is to 5.12 eV. Qualitatively it can
be seen that the shift can be explained by the thermal contraction of the

31,32,33

lattice. The width of the band arises from the interaction of the

F center with the vibration of the neighboring ions about their zero-point

31,32,33 As the temperature decreases, the average amplitude of

position.
the thermal vibrations of the ions will decrease.

Using the particle-in-a-box model, the decrease of the average ampli-
tude of the thermal vibrations will result in a decrease in the variation
of the dimensions of the box. Qualitatively it is seen that a decrease in
the variation of the dimensions of the box will result in the narrowing
of the width of the absorpﬁion band.31’32’33

The ﬁarticle—in*a—box model of an F center is the simplest model used
for calculating the energy levels of the F center. More eﬁact calculations
attempt to use varlous approximations and potential energy terms that take
into account such contributions to the energy levels as electronic polarization,
the dielectric constant, the effective mass of the electron in the F center
and the temperature dependence of the F center absorption band. A very
good discussion of these calculations is found in Fowler8 and Schulman and
Compton.a

Photoconductivity would be observed from F center, M centers, R centers,
and Z centers for transitions 2a and 2b in Fig. 1. In the alkali halides,
transitions of type 2b are the ones of most interest and they have bgeﬁ
observed for all the defects mentioned previously.4’8’13’1a’15’16’17’18
If there is to be photoconductivity from a 2b transition, the energy
difference between the excited state and the conduction band minimum must

be small, on the order of a few tenths of an electron volt,8’19 so the

15



electron can be thermally freed from the excited state. Thus studying the
photoconductivity as a function of temperature would lend itself to the
determination of the thermal ionization energy of the defect producing
the photoconductivity.3’4’8’9’20’23’25

For the specific case of F centers in LiF, it has been determined that
the width of the forbidden energy gap is approximately 13.4 eV28 and the
ground state of the F center is 5.04 eV above the top of the valencé band.29
At room temperature, the first excited state of the F center is 5.0 eV above
the ground state.3’4 This would mean the first excited state of the F center
is approximately 3.5 eV below the conduction band minimum and photoconductivity
from the first excited state of the F center in LiF would not be possible for
a single photon absorption process. Thus photoconductivity observed in LiF

for low incident photon fluxes over the emergy range investigated must be

generated from some other defect.

16



III. EXPERIMENTAL PROCEDURE

Optical absorption spectra and photoconductivity excitation spectra of
gamma-irradiated LiF were observed in the spectral range of 700 nm to 200 nm and
370 nm to 200 nm, respectively. The optical absorption and photoconductivity
spectra were measured with unpolarized light and light polarized in the
[011] and [011] directions relative to the crystalaxes. In all experi-
ments the wave vector of incident light was in the [100] direction through

the crystal lattice.

Experimental Samples

The LiF crystals were purchased from Harshaw Chemical Corporation in
1972. Harshaw stated that the possible impurities presen£ in the samples
were A%, Ca, Fe, and Mg, with concentrations of 1-3 ppm. To determine what
impurities were present, a qualitative Neutron Activation Analysis was run
on two crystals. The iﬁpurities A%, Na and C%& were found. The specifics
of the Neutron Activation Analyéis are given in Appendix I.

The sample crystals were cleaved from larger single crystals of LiF.
The dimensions of the samples used for the optical absorption measurements
were 1,0x1,.0x0.5 em. The photoconductivity measurements were made with

0.5%x0.5%x0.1 cm samples.

Thermal Annealing

Prior to gamma irradiation, all samples were annealed for 24 hours at

450°C. They were then quick quenched to room temperature, in air, by

17



placing the Pyrex beaker containing the samples on a large plece of stainless
steel, The purpose of the quick quenching was to freeze in the uniform
distribution of wvacancies produced during the high temperature anneal.

After the sample was gamma—irradiated, it was annealed at 100°C for
30 minutes and again quick-quenched to room temperature. The pﬁrposa of
this anneal is to destroy the larger F-center aggregates so as to eliminate
any possible interactions between these centers énd the centers of interest.
The quick quenching's purpose was to freeze in those defects left after the

100°C anneal.

Gamma Irradiation

The irradiation of the samples was carried out in the irradiation
chamber of the Gamma cell (AECL 220) located in the Nuclear Engineering
Department. The Gamma cell was loaded on March 15, 1964 with 3,963 curies
of Cobalt-60.

To irradiate a sample, a polyethylene disk was placed in the irradiation
chamber of the Gamma cell.30 The purpose of the disk was to position
the samples in the irradiation chamber so that they would reeceive the same
dose as a sample that had been positioned in the geometric center of the
chamber. Thus it would be possible to irradiate several samples at the
same time, at the same dose rate. The position is located at 2-3/4 inches
above the base of the chamber and two inches from the center axis of the
chamber’.30 The dose rate at this position was 24.2 rads per second, as
of February 1, 1975. The sample was placed on the disk and the door to
the.irradiation chamber closed. A timer located on the operator's panel

was then set for the desired exposure time and the irradiation chamber was

18



lowered into the cell. After the sample had received the required dose;
the timer activated a travel mechanism which raised the chamber back out
of the cell. The above procedure was reversed and the sample removed

from the irradiation chamber.

Optical Absorption and Bleaching Measurements

A Cary-14 Spectrophotometer was used to measure the optical absorption
spectra. The optical absorption spectra were measured with unpolarized
light and plane-polarized light with the polarization in either the [011]
or the [Oil] direction. For all the measurements the k vector of the
light was in the [100] direction relative to the crystal axes. Figure
4 gives the orientation of the polarization vectors and the k vector
of the incident light relative to the crystal axes.

The self-absorbance spectrum of the unirradiated sample was measured
first and used as the background spectrum for that sample. This background
spectrum was subtracted from the spectrum of the irradiated sample to show
the effect of the gamma irradiation.

The optical absorption spectra were observed at temperatures of 300°K
and 90°K. A schematic of the dewar is shown in Fig. 5. The sample was
held on the copper cold finger by Eccotherm TC-4 conducting grease, made
by Emmerson and Curmings Inc., Canton, Massachusetts.

Figure 6 shows the experimental arrangement for optically
bleaching the samples. The samples were bleached with either unpolarized
light or light polarized in the [011] direction. The wavelength of the
bleaching light was 254 nm at 300°K and 244 nm at 90°K. A Bausch and

Lomb, Model HP-100, 100 watt Mercury Arc Lamp and Power Supply, coupled

with a Jarrell-Ash, Model 82-410, 0.25 meter Ebert Monochromator, was used

19



FIGURE 4

Crystallographic representation of the direction of propagation
and the direction of the polarization of the incident light.
Dark arrows denote the polarization of the incident light
relative to the crystal axes. The k vector of the incident

light was in the [100] direction.
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FIGURE 5

Glass dewar and sample holder for optical absorption measurements.
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FIGURE 6

Experimental arrangement used in determining the effect of

optical bleaching on the optical-absorption spectra.
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as the bleaching source. The Jarrell-Ash monochromator has a dispersion

of 1.6 nm/mm in the ultraviolet. A one millimeter exit slit was used giving
a bandpass of 1.6 nm. A linear polarizer made by Polacoat Inc. was employed
to polarize the light from the monochromator when bleaching with [011]

polarized light. The spectral range of the polarizer was 240 nm to 400 nm,

Photoconductivity Measurements

Figures 7, 8 and 9 show the experimental equipment that
was used for the photoconductivity measurements. The light source was
composed of a LPS 251 Lamp Power Supply, LH 150 Lamp Housing and 150 watt
Xenon Lamp, made by Schoeffel Instrument Corporation. The LH 150 Lamp
Housing was provided with a focusing lens and a shutter. This light source,
coupled with a Bausch and Lomb 33-88-01 Grating Monochromator, was used
for photoexcitation and bleaching of the samples. The Bausch and Lomb
monochromator had a 5 nm bandpass determined by a combination of a
2,68 mm entrance slit, 1.50 mm exit slit and a 3.2 nm/mm dispersion in
the ultraviolet.

The sample was placed in a vacuum chamber that mounted on the
monochromator. A quartz window allowed the light from the monochromator
to enter the vacuum chamber and strike the surface of the sample. The
sample holder was mounted on a liquid-nitrogen cold finger in the vacuum
chamber, see Fig. 9. Between the cold finger and the sample holder
a thin layer of Eccotherm TC-4 conducting grease was applied to give good
thermal contact. With this arrangement it was possible to vary the sample
temperature from 85°K to 300°K. The temperature of the sample was measured

with a copper-constantan thermocouple attached close to the sample on the

26



FIGURE 7

Block diagram of the experimental equipment used for the

photoconductivity measurements
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FIGURE 8

Top view of the Bausch and Lomb monochromator and vacuum

chamber used in the photoconductivity measurements
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sample holder and held in place with General Electric Adhesive Varnish,
no. 7031. The reference junction of the thermocouple was held at 0°C
in an ice bath and the thermocouple's e.m.f. was measured with a Leeds
and Northrup, Model 7554, Type K-4; Potentiometer and a Keithléy; Modél
155, Null-Detector Microvoltmeter.

The front sample electrode, hereafter referred to as the biasing
electrode, was biased using a Hewlett-Packard 6110A D.C. Power Supply.
Positive or negative voltages up to 3000.0 volts were obtainable from
this power supply. The biasing electrode had a 0.12b cm2 hole to
illuminate the sample. To ensure that.the applied electric field was
fairly uniform across the sample, a nickel screen of mesh size 70 squares
per inch was placed between the sample and the biasing electrode. The
absorbance of the nickel screen was 0.05 absorbance units.

A Cary 401 Vibrating Reed Electrometer was used to measure the change
in coﬁductivity of the sample due to photoexcitation. The actual parameter
the electrometer measured was the change in the voltage drop across the
electrometer input resistor. Since the voltage drops measured were small,
it was necessary to electrically guard the input to the electrometer
against leakage currents. Thils was accomplished by placing a guard ring
around the rear sample electrode, the input to the electrometer, and
operating the electrometer in the current mode. When operated in this
mode, the electrometer reduces, by a feedback circuit, the voltage change
at the input terminal with respect to ground by a factor of 0.00l. The
output from the electrometer was recorded on the Y-axis of a Hewlett-Packard
7004A-116 X-Y Plotter. The incident photon wavelength was recorded on the
X-axis of the plotter. Since the output signal of the electrometer is

dependent on the incident photon's wavelength, a photoconductivity spectrum
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of a sample can be plotted by scanning over a range of photon wavelengthé.

For this purpose a wavelength drive was constructed and connected to
the wavelength control of the monochromator. The wavelength drive consisted
of an A.C. synchronous motor and gear reduction, a 10,000 ohm, 3/4 turn
potentiometer and a Lambda Regulated Power Supply, ModellLPth FM. The
potentiometer acted as a voltage divider as shown in Fig. 8. As the
motor turned the wavelength control, it also turned the potentiometer, thus
sending a voltage to the plotter that was proportional to the wavelength.
The linearity of the potentiometer determined the calibration of the X-axis.
The wavelength scanning rate was determined by the motor and the gear
reduction. The scanning rate used was 2.2 nm/sec.

The photoconductivity samples were bleached with unpolarized light or
light polarized in the [011] direction. The same experimental arrangement
employed for the photoconductivity measurements was used for bleaching the
samples with unpolarized light, see Figs. 8 and 9. VWhen 1ight
polarized in the [011l] direction was needed, the polarizer was plaged
between the quartz window and the exit slit of the Bausch and Lomb Mono-

chromator.

Determination of the Photon Flux of the Xenon and Mercury Lamps

The photeon fluxes of the Xenon and Mercury Lamps were determined by use
of a Laser Power Meter, Model 3600, made by Scientech Inc. An asbestos
cover was fabricated to minimize the response produced from extraneous
light sources. The Power Meter's output was measured using a Keithley,
Model 155, Null-Detector Microvoltmeter. The output calibration for the

Power Meter was 1 millivolt equals 10 milliwatts. Further details are
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given in Appendix IL.
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IV. RESULTS AND DISCUSSION

Optical absorption spectra and photoconductivity excitation spectra
of LiF were measured with unpolarized light and plane-polarized light,
with the polarization vector in the [011] and [0I1] directions relative
to the crystal axes. The optical absorption spectra were measured in
the spectral range from 700 nm to 200 mm at temperatures of 90°K and
300°K; The photoconductivity excitation spectra were measured-in the
spectral range from 370 nm to 200 nm at temperatures from 85°K to 300°K.

The effect of oftical bleaching, with light corresponding to the F center
absorption band maximum, was observed by studying changes in the optical
absorption spectra and the photoconductivity excitation spectra. In
the optical absorption bleaching measurements, the bleaching light was
either [011] polarized light at 244 nm at 90°K or unpolarized light at
254 nm at 300°K. In the photoconductivity bleaching measurements, the
bleaching light was either unpolarized light or light polarized in the

[011] direction at 254 nm at 300°K.

Optical Absorption of Irradiated LiF

Figures 10, 11 and 12 show the optical absorption of LiF versus
photon energy after exposure to 0.12 Mrad of gamma radiation. Figure
10a shows the optical absorption spectrum of LiF at 300°K and Fig.

10b the optical absorption spectrum of LiF at 90°K. Both are measured

with unpolarized light. Figure 10a consists of the prominent F center
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: ' FIGURE 10

Optical absorption spectra of irradiated LiF measured with
unpolarized light at 90°K and 300°K. Curve (a) is the
. optical absorption measured at 300°K. Curve (b) 1is the

optical absorption measured at 90°K. Absorbed Dose -~ 0.12

Mrad.
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absorption band at 5.0 eV and a small unresolved absorption band, hereafter
referred to as the Y center absorption band, on the low energy side of the
F center around 4.4 eV. When Figs. 10a and 10b are compared, it is ob-
served that the peak position of the F center absorption band has shifted
to 5.1 eV and the peak position of the Y center absorption band has
shifted to 4,5 eV, It is also observed that the full width at half
maximum (FWHM) of the F center absorption band has decreased from 0.81 eV
at 300°K to 0.67 eV at 90°K,

The shift of the peak position of the F é;ﬁter absorption band, to
a higher energy with decreasing temperature, can qualitatively be under-
stood by the particle-in-a-box model of the F center. From Eq. 5 it
is seen that the difference in energy between the ground state and the
first excited state of the particle in a box 1s inversely proportional
to the square of the size of the box. For this model of thelF center,
the particle is the electron and the box is the negative ion vacancy.
When the lattice 1s cooled, thermal contraction will decrease the size
of the box. The reduction of the size of the box will result in increasing
the difference between energy levels. As a consequence the peak position
of the absorption band will shift to lkigher energy.

The narrowing of the fWHM of the F center absorption band can also
be qualitatively explained by the particle-in-a-box model of the F
center. The FWHM of the absorption band 1s a result of thermal wvibrations
of the Li+l ions, surrounding the negative ion vacancy, about their zero
point position. The amplitude.of the vibration will give a range of

possible values for the size of the box. As the temperature is decreased,
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the decrease in the amplitude of the thermal vibration will result in a
smaller range of possible values for the size of the box. Thus the FWHM
of the absorption band will decrease with decreasing temperature, until
the amplitude of the thermal vibratioﬁs has reached its minimum value.
After thils value 1s reached, the FWHM of the absorption band will not
decrease if the temperature is further lowered.

The area under the F center abQorption band is proportional to the
concentration of F centers, if it is assumed they are sufficiently
dispersed so thaf they do not interact with one another. The concentration

of F centers can be calculated usiné Sﬁakula'a Ei:;uation,4

Nf = —5 20— aw(0.87x10"") (6)
(n” + 2)

where N is the number of absorbing centers per cm3, o 1s the absorption
coefficlent in cm—l at the peak of the absorption band, W is the FWHM in
eV, f is the oscillator strength of the absorbing center and n is the
index of refraction at the maximum of the absorption band. The con-
centration of F centers at 90°K and 300°K should be equal since the F

center is thermally stable over the temperature range shown.3’4’8’10

The calculated concentration of F centers at 300°K is 8.65!1015 cm”3

15 cm_a.

and at 90°K is 8.63x10
Figures 1lla and 11b are respectively the optical absorption spectrum

measured with [011] polarized light and [011] polarized light at 300°K.

As in Fig. 10, the optical absorption spectrum consists of the prominent

F center absorption band at 5.0 eV and of the Y center absorption band

around 4.4 eV. It is observed that the optical absorption of the Y center
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FIGURE 11

Optical absorption spectra of irradiated LiF measured with [011]
and [0I1] polarized light at 300°K. Curve (a) is the optical
absorption spectrum measured with [011l] polarized light, curve

(b) is the optical absorption spectrum measured with [011]

polarized 1light. Absorbed Dose - 0.12 Mrad
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exhibits dichroic behavior for the two polarizations with the optical
absorption being larger for the [011] polarized 1light. Figure 12 shows
the dichroic optical absorption of the Y center at 90°K. Figure 12a is
the absorption spectrum measured with.[Oll] polarized 1light and Fig.
12b is the absorption spectrum measured with [011] polarized light.

The dichroism indicates that the number of Y centers oriented in the [011]
direction is larger than the number oriented in the [011l] direction.
There are two possible explanations for the observed dichroism;

(1) The dichroism is present before the experiment is performed;

(2) The dichroism is induced by tﬁe experiment.

The first alternative suggests that the manner of crystal growth
can induce a preferential orientation of the defect. It is known that
the Harshaw Chemical Corporation irradiates the LiF crystals with Cobalt-
60 gamma rays to facilitate the cleaving process.36 Since the manner of
crystal growth and the exact cleaving process is not known, this
alternative cannot be excluded.

The other alternative is that the dichroism is induced by the
experiment. All the samples are annealed at 450°C for 24 hours and quick-
quenched to room temperature. This quenching can introduce thermal strains
by nonuniform cooling of the sample. It is difficult to imagine how the
quenching can induce a strain so that there is the same preferred orienta-
tion of the defect in every sample. The samples are irradiated with
Cobalt-60 gamma rays and it 1s difficult to say whether the radiation
induced the dichroism because the direction of the gamma rays relative to

the crystal axes 1s not known. The samples are then annealed at 100°C
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FIGURE 12

Optical absorption spectra of irradiated LiF measured with [011]
and [0I1] polarized light at 90°K. Curve (a) is the optical
absorption spectrum measured with [0ll] polarized light. Curve
(b) is the optical absorption spectrum measured with [011]

polarized light. Absorbed Dose - (.12 Mrad
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fﬁr 30 minutes and quick-quenched to room temperature. This annealing
process and this quick quenching do not explain the dichroism.

The optical absorption spectra are always measured in the following
order; unpolarized light, [011] polarized light and [011] polarized light.
Since there are examples of defects orienting in a prefe;red direction

under the influence of polarized 1ight,38’39

the optical absorption spectra
are measured so that the order is changed to unpolarized light, [011]
polarized light and [01l] polarized light. No difference is observed in
the optical absofption spectra on changing the order in which the measure-
ments are made. Thié suggests that thé defect producing the Y center
absorption band prefers an orientation along the [011] direction ovér the
[011] direction. If this is the case, rotation of the sample by 90° about
the [100] direction in the crystal would translate the [011] direction into
the [011] direction. When the rotation is performed, the dichroism did
switch to show the [011] optical absorption larger than the [011] optical
absorption.37 It i1s concluded that the manner in which the experiment is
performed does not induce the observed dichroism.

At this time there is no satisfactor& explanation as-to why the

defect producing the Y center absorption band prefers the [0I1] orientation

over the [011] orientation.

Effect of Optical Bleaching on the Optical Absorption Spectra

The effect of optical bleaching with unpolarized light at 300°K and

[011] polarized light at 90°K 1is observed by the changes in the optical

absorption spectra. Figures 13 and 14 show the effect of bleaching with
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FIGURE 13

Optical absorption spectra of irradiated LiF measured with [011]
polarized light at 300°K before and after an optical bleach with
unpolarized light at 300°K. Curve (a) is the optical absorption
spectrum before the bleach. Curve (b) is the optical absorption

spectrum after a 930 min. bleach at 254 nm. Absorbed Dose -

0.12 Mrad
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FIGURE 14

Optical absorption spectra of irradiated LiF measured with [011]
polarized light at 300°K before and after an optical bleach with
unpolarized light at 300°K. Curve (a) is the optical absorption
spectrum before the bleach. Curve (b) 1s the optical absorption
spectrum after a 930 min. bleach at 254 nm. Absorbed Dose -

0.12 Mrad
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unpolarized light at 254 mm at 300°K for 930 minutes. Figurel13a i1s the
optical absorption spectrum measured with [011] polarized light and Fig.
l4a 1s the optical absorption spectrum measured with [011] polarized
liéht.before the optical bleach. Figﬁres 13b and 14b are the respective
optical absorption spectrum measured after the bleach. Comparing Figs.
13b and 14b, it is observed that the dichroism of the Y center has dis-
appeared. The Y center optical absorption measured with [011] polarized
light has decreased and the Y center optical absorption measured with
[011] polarized light has increased to make the optiéal absorption of
the Y center equal for the two polarizétions after the bleach. The
decrease in the Y center optical absorption measured with [011] polarized
light is greater than the increase in the Y cgnter optical absorption
measured with [011] polarized light. This fact indicates that the optical
bleach is also decreasing the population of the Y center. It is also
observed that as a result of the bleach, the peak height of the F center
absorption band does not change even though the wavelength of the bleaching
light corresponds to the maximum of the F center absorption band. The
fact that the peak height does not change can be understood since the
ground state of the F center is approximately 8.5 eV below the conduction
band minimum and cannot be optically bleached by a single-photon ab-
sorption proéess.zs'29

The effect of bleaching on the optical absorption spectra with [011]
polarized light at 244 nm at 90°K for 90 miﬁutes is shown in Figs. 15 and
16 for [011] and [0I1] polarized light, respectively. Figures 15a and léa
are -the optical absorption spectra before the bleach and Figs. 15b and 16b

are the optical absorption spectra after the bleach. The result of the
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FIGURE 15

Optical absorption spectra of irradiated LiF measured with [011]
polarized light at 90°K before and after an optical bleach with
[0111 polarized light at 90°K. Curve (a) is the optical absorption
spectrum before the bleach. Curve (b) is the optical absorption
spectrum after a 90 min. bleach at 244 nm. Absorbed Dose -

0.12 Mrad
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FIGURE 16

Optical absorption spectra of irradiated Li§ measured with [011]
polarized 1light at 90°K before and after an optical bleach with
[011] polarized light at 90°K. Curve (a) is the optical
absorption spectrum before the bleach. Curve (b) is the optical
absorption spectrum after a 90 min. bleach at 244 nm. Absorbed

Dose - (.12 Mrad
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optical bleach with [011l] polarized light 1s the same as that observed for
unpolarized light. The dichroism of the Y center has disappeared and the
Y center optical absorption for the two polarizations is equal after the
optical bleach.

The fact that the Y center optical absorption is equal for [011l] and
[011] polarized light after the bleach indicates that the Y center reoriented
itself so that ﬁhe concentrations of the defect are equal for the two
polarizations. The mechanlsm of the reorientation is not clear. There are
examples of other defect centers, M centers and Vk centers, that can
reorient themselves upon the absorption of a photon. Schneider38 proposed
the following mechanism for reorientation of the M center. At low
temperatures, the absorption of a photon leads to the ionization of the M
center by ejecting an electron. The ionized center, known as the M+
center, absorbs another photon and rotates to a new orientation in its
excited state before returning to the M+ ground state. Capture of an
electron cﬁnverts the M+ center back into a reorlented M center. At
temperatures above 100°k, the absorption of a second photon is unnecessary
for the M center since the reorientatioﬁ can be made by thermal excitatilon.
A similar reorieptation mechanism for the VK center is proposed by
Delbecq EE_EL.BQ

The fact that the Y center absorption band can be optically bleached
with tOll] polarized light and unpolarized light corresponding to the F
center absorption band maximum at 90°K and 300°K respectively may
give an indication about the structure of the Y center. The F
center is an isotropic center, so it can absorb any direction

of polarized light. When bleaching at 90°K with [011] polarized
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light at 244 nm, it is observed that the Y center optical absorption measured
with [0I1] polarized light decreases (see Fig. 16). This indicates that the
Y center has an optical transition associated with it that is an F center
optical transition. The above observations suggest that the Y center is a

perturbed F center.

Photoconductivity of Trradiated LiF with Unpolarized Light

Figure 17 shows the normalized photoconductivity excitation spectrum
of LiF for unpolarized light at various temperatures after exposure to 0.86
Mrad of gamma radiation. The spectrum at 3N00°K consists of a prominent
photocurrent peak at 4.46 eV. The increase in the photocurrent at higher
photon energles may indicate the presence of another photocurrent peak.
It is questionable as to how much of the photocurrent increase is real,
because the intensity of the Xenon lamp decreases very rapidly in the
region of the increase making the normalization difficult (see Appendix
IV). Figure 17 also shows that the decrease in temperature from 300°K
to 100°K shifts the peak position to higher energy, decreases the FWHM,
increases the area under the photocurrent peak, and increases the peak
height. The photocurrent peak exhibits qualitatively the same behavior
as the F center absorption band for decreasing temperature (see Fig. 10),
except for the increase in the area under the photocurrent peak.

The shift of the peak position to higher energy with decreasing tem-
perature can be explained by the same arguments given for the shift of
the optical absorption bands (see Section-Optical Absorption of
Irradiated LiF). Figure 18 shows how the peak position of the photocurrent

eak at 4.46 eV at 300°K varies with decreasing temperature. The general
P
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FIGURE 17

Normalized photoconductivity excitation spectra measured at
100°K, 214°K and 300°K. Curves (a), (b) and (¢) are the
normalized photoconductivity excitation spectra measured
at temperatures of 300°K, 214°K and 100°K, respectively.

Absorbed Dose - 0.86 Mrad.
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FIGURE 18

Temperature dependence of the peak position of the 4.46 eV,

at 300°K, photocurrent peak
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shape of the curve is the same as that observed for the temperature depen-
dence of the peak position of the F center absorption band in several of
35
the alkali halides.
Figure 19 shows how the FWHM of the photocurrent peak varies with tempera-
ture. The FWHM of the photocurrent peak follows qualitatively the same temperatur
3
dependence as the FWHM of the F center absorption band in LiF. > Figure 19

; . 4,8,35
also shows the best curve fit to the experimental points using the equation ’’

hv
. 5. 112
W= [coth(-—-—‘z,&,r)] . (7
which relates the observed width of the absorption band W to Wb, the width
of the absorption band at 0°K; vg, the lattice frequency around the defect
at 0°K; and T, the temperature of the observed bandwidth. Wb is determined
by extrapolating the data in Fig. 19 to 0°K and is 0.46 eV. Using Eq. 7,

v_ is determined to be 1.05><1O13 sec-l. It should be pointed out that

8
Eq. 7 is derived to explain the temperature dependence of the width of an
optical absorption band, but it also can be applied to explain the
temperature dependence of the width of a photocurrent peak. The only

dif ference between arn optical absorption measurement and a photocurrent
measurement is that in a photocurrent measurement the free charge carriers
have a drift velocity in a preferred direction because of the applied

electric field. The appliea electric field should be small enough so

that the quantum efficiency for production of free charge carriers, the
retrapping rate and the recombination rate should remain relatively unchanged.

Applying the particle-in-a-box model of the F center, the width of

the absorption band is due to a variation in the amplitude of the thermal
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FIGURE 19

Temperature dependence of the FWHM of the 4.46 eV, at 300°K,

photocurrent peak
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vibration of the Li+l ions, surrounding the negative ilon vacancy, about
their zero-point position. The width of a photocurrent peak should have
the same temperature dependence as the width of an optical absorption band.

35 and the width of the

The width of the F center absorption band 1s 0.43 eV
Y center photocurrent peak is 0.46 eV. Comparing the width of the F

center optical absorption band in LiF at 0°K to the calculated width of

the Y center photocurrent peak at 0°K, it is observed that they are
essentially the same. This also ;upports the idea that the Y center is a
perturbed F center.

The increase in the peak height and an increase in the area under the
photocurrent peak with decreasing temperature, see Fig. 17, can be under-
stood by examining the terms that contribute to the conductivity. The
conductivity may change due to a change in the density of free charge
carriers. The density of free carriers can be changed, for steady illumina-
tion, by a change in the production rate of the free carriers or a change
in the mean lifetime of the carrier.

It is known that the quantum effiliclency for the production of free
charge carriers varies slowly with decreasing temperature until a tempera-
ture characteristic of the alkali halide i1s reached. Below this temperature

3,4,7,15,16 This temperature is

the quantum efficiency decreases rapidly.
not known for LiF, but the fact that the peak height and the area under the
photocurrent peak increase with decreasing temperature indicate that this
temperature has not been reached. Thus a change in the production rate of
free carriers does mot account for the observed changes in the peak

height and area under the phoéocurrent peak with decreasing temperature.

The other contribution to the free charge carrier density is a change

in the mean lifetime of a charge carrier. The mean lifetime will depend
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on the various mechanisms which govern the rates of carrier removal from and
emission into the conduction band and how these mechanisms vary with
temperature. The fact that the area under the photocurrent peak increases
with decreasing temperature indicates‘that the mechanisms governing the
removal of free carriers from the conduction band have changed in such a
way as to increase the carrier lifetime. The specifics of the change are
not known.

Finally, the conductivity may change due to a change in mobility. It
is observed that the mobility of free charge carriers increases with de-
creasing temperature. This is because.the mobility is limited by scattering
from optical phonons at high temperatures while scattering from impurities

3,4,15,26,27 The increased mobility

limit the mobility at low temperature.
will allow a larger number of free charge carriers to pass through a

glven area per unit time thus Increasing the photogenerated current.

Photoconductivity of Irradiated LiF with [011] and [011] Polarized Light

The Y center absorption band occurs at approximately the same energy
as the 4.46 eV photocurrent peak which indicates they are produced by the
same defect, the Y center. Thus the photocurrent spectrum was observed
with [011] and [011] polarized light at 300°K to see if the dichroism of
the Y center absorption band was present in the Y center photocurrent
peak. No dichroism was observed. The fact that no dichroism was observed
would indicate that the applied electric field has somehow caused a re-
orientation of the Y center. The mechanism for the reorientation is not
knoﬁn but it may be associated with a large dark current that is observed

at room temperature.
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Effect of Optical Bleaching on the Photoconductivity Excitation Spectrum

The effect of optical bleaching with either unpolarized light or [011]
polarized light at 254 nm at 300°K was observed by the changes in the
photoconductivity excitation spectrum. The sample was not biased when the
bleaching was performed. The result of the optical bleach was the same for
the unpolarized light and [011] polarized light. The peak height of the
Y center photocurrent peak decreased with increasing bleaching time, After
the desired bleaching time had passed, the photocurrent spectrum was measured
over a period of time to see if the peak would approach its original height.
No increase was observed. This indicates that the electrons freed from the
Y center during the optical bleach have become trapped at some other

"electron trap or have undergone recombilnation with a hole.

Effect of Decreasing Temperature on the Dark Current of Irradiated LiF

When an electric field 1s applied to a sample, a dark current varying
from one to two orders of magnitude smaller than the peak photocurrent is
observed at 300°K. As the temperature is decreased, the magnitude of the
dark current decreases to the point that 1t is in the range of the noise
level of the equipment, 10—16 amps.

In alkali halides, impurities, Frenkel defects and Schottky defects
are mobile and under the influence of an applied electric field they will

7,10,26 This motion will produce

move with their respective mobilities.
a current referred to as ionic current.

‘Since the motion of any defect, ion or atom in a solid is governed
by the probability that the defect can move to an adjacent site, the

activation energy for motion of the defect must be small enough so that
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Pa=vyv e "2 (8)

- where s iz the jum@ frequency ~=° 18 ou the amdgr of-i013 HEq EA is the
sotivation eaargy-aﬁ the procass, k is Boltzmann congtant and T 1s the
temrarature,

Ths'eﬁargy éf_agtiv&tica ﬁﬁf motion of a Prenkel defect in LiF is
1.5 ev,zo campare& te 1n9_evzo for the.qnargy ai aa;i#ation for motion of
a2 Schottky defect. Thesz energies indicate that at 300°K these defects
could move proéaciﬁgkthééobsarVed,daxk.curﬁent;zﬁ’éﬂ As the temperature

decreases, 8o does the probahility for movement of +-ug: Jdofect decreases,

thus lowerine the current.

5 Model for the Y fenter

Sirce the ¥ center ls responsible oy tha of: v . absorption band on
the iow enerpy side of the:F center and the p%bamawrreut neak at 4.46 eV,
a woedel will have to be able o explain the cbserved datz for the optical
absarpﬁian and puotocurrent measyurements.
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the following observaticns:
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an dmpurity atom on-dpp.

(2) The optleal absorption band makimur ef the Y center occurs

around 4.4 eV, apprgximaﬁely (i.6 &% belov :he maxims ot the
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F center absorption band at 5.0 eV,

(3) The Y center absorption band can be optically bleached with

F center absorption band light that ié elther unpolarized, at

254 nm at 300°K, or [0N11] p&larized light, at 244 nm at 90°K.
(4) The FWHM at 0°K of the F center absorption band is 0.43 ev.>?

This is compared to the FWHM of the photocurrent peak of the
Y center of 0.46 eV at 0°K.

(5) The Y center absorption band exhibits dichroism with respect

to [011] and [0I1] polarized light.

(6) No dichroism is observed in fhe Y center photocurrent peaks

with respect to [011] and [011] polarized light.

The observations above suggest that the Y center may be a ﬁerturbed
F center. Three possible perturbed F centers are shown in Fig. 20. They
are,

(a) a substitutional impurity ion on a Li+1 site,

(b) a substitutional impurity ion on a FL site,

(c) and an interstitial positive ion impurity.

The substitutional Impurity on a Li+1 site, as in Fig. 20a, would lie
in the [010] or the [001] direction. This perturbation on the F center
would not produce the observed dichroism fof the [011] and [Dil]‘polarized
light. Thus it will be excluded as a possible model.

A substitutional impurity on a Fnl site, as in Fig. 20b, could produce
the observed dichroism. Optical bleaching with [011] polarized light at
90°K removes the dichroism, which implies a reorientation of the Y center.

This reorientation would require the vacancy to diffuse two negative ion
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FIGURE 20

Thrge possible models of the Y center:

(a) Substitional positive ion impurity on a Li+l site as a
nearest neighbor to an F center

(b) Substitional negative ion impurity on a F_l site adjacent

to an F center

(c) Interstitial positive ion impurity adjacent to an F center.
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sites after the electron wasuejected from the center. The activation energy
for the motion of a negative lon vacancy is 1.1 eV in LiF.40 Thus at 90°K
the process of reorlentation by diffusion has a very small probability of
occurring. There 1s also the possibiiity that the defect could reorient
by the absorption of a photon, thus showing the observed bleaching behavior.
Recent work37 has shown the Y center absorption band is present without any
negative ion impurities present in the sample. This fact eliminates the
substitutional impurity on a F—l site as a possible model of the Y center.
The interstitial positive ion impurity, shown in Fig. 20c, could
produce the observed dichroism. Reoriéntation of this defect would require
the ejection of the electron from the defect upon absorption of a photon
and thermal diffusion of the interstitial to a neighboring interstitial
site. The energy of activation for motion of positive ion interstitials

in several of the alkali halides is on the order of 0.10 eV.20’26

By
analogy the energy of activation for the motion of positive ion inter-
stitials in LiF should be of the same magnitude. An energy of this order
would make thermal diffusion of the positive ion interstitial possible at
90°K. Also, as is the case with other defects38’39, the reorientation
could be possible by absorption of a photon by the defect in the ionized
state. -

The fact that the photocurrent spectrum does not possess dichroic
behavior with respect to [011] and [0I1] polarized light can be understood
only qualitatively. The application of the applied electric field might
be able to reorient the Y center. The mechanism for reorientation may

. be associated with the large dark current that is observed at room

temperature, but specifics are not clear at this point,
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There 1s also some indication as to where the energy levels of the
Y center are relative to the conduction band minimum. The fact that the
Y center photocurrent peak 1s observed at temperatureé down to 85°K
indicates that the excited state of the Y center is close enough to the
conduction band to allow thermal lonization and ejection of the electron
into the conductioﬁ band. The close proximity of the excited state of
the Y center to the conduction band is also supported by the fact that

the Y center ébsorption band is optically bleached at 90°K.
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V. SUMMARY AND CONCLUSIONS

The results of the experiments with [011] and [011] polarized light
on the optical absorption spectrum of irradiated LiF indicate there is
an unresolved, dichrolc absorption band on the low-energy side of the F
center absorption band (5.0 eV). The dichroic absorptidn band maximum
occurs at V4.4 eV and is labeled the Y center absorption band. The
dichroism indicates that the concentration of the Y centers oriented in
the [0I1] direction is larger than the concentration.of Y centers oriented
in the [011] direction. The mechanism for producing the dichroism in
the Y center absorption band is not known.

The effect of optical bleaching with unpolarized light at 254 mm at
300°K and [011] polarized light at 244 nm at 90°K is observed by changes
in the optical absorption spectra. The result of optical bleaching is
observed to be the same for unpolarized light as it is for [01l] polarized
light. The optical absorption of the Y center measured with [011] polarized
light decreases and the optical absorption of the Y center measured with
[011] polarized light increases to the point that the optical absorption
for the two-polarizations is equal after the bleach. It is also observed
that the decrease in the optical absorption of the Y center measured with
[011] polarized light is larger than the increase in the optical absorption
of the Y center measured with [0ll] polarized light. This indicates that
the population of the Y center is decreasing as a result of the optical
bleach. The fact that the optical absorption of the Y center measured
with [011] and [011] polarized light is equal after the optical bleach

indicates that the Y center has reoriented.
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Photoconductivity excitation spectra are measured with unpolarized
light at temperatures from 85°K to 300°K. A photocurrent peak is observed
at 4.46 eV at 300°K, It is observed that the peak position of the photo-
current peak shifts to higher energy,lthe FWHM of photocurrent peak
decreases, the peak height of the photocurrent peak increases and the area
under the photocurrent peak increases with decreasing temperature. The
shift of the peak position to higher energy, increase of the peak height
and decrease in the FWHM of the photocurrent peak exhibit qualitatively
the same temperature dependence as observed for the F center absorption
band. The shift of the peak position énd decrease in the FWHM is
qualitatively explained by the particle-in-a-box model of a defect. The
increase in the peak height and area under the photocurrent peak is
attributed to an increase in the mobility and mean lifetime of the electron
with decreasing temperature.

Since the photocurrent peak at 4.46 eV is attributed to the same
defect és that which produces the absorption band at ~4.4 eV, the
photoconductivity excitation spectrum is measured with [011] and [011]
polarized light at 300°K to determine if the Y center photocurrent peak
is dichroic. No dichroic behavior 1is observed. The reasonno dichroism
is observed, is believed to stem from the applied electric field causing
reorientation of the Y center. |

A durlk eutrent oh, vhe seder o 1070 amps 1is obser#ed at 300°K. The
magnitude of the dark current decreases with decreasing temperature. The
dark current is attributed to motion of Frenkel and Schottky defects

under the influence of the applied electric field.
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Based oﬁ the optical absorption and photoconductivity measurements, a
model is proposed for the structure of the Y center. The model involves
an interstitial positive ion impurity adjacent to an F center.

Areas of further study should include dependence of absorption band
maxima and photoconductivity of the Y center on the concentation of
impurities. Photoconductivity measurements should be extended below
200 nm in the hopes of observing other possible photocurrent peaks associated
with the Y center. The measurement of the optical absorption spectra and
the photoconductivity should be extended to lower temperatures to determine
the energy levels of the Y center relative to the conduction band minimum.
ESR measureménts would be useful in determining the structure of the Y

center.
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APPENDIX I

Neutron Activation Analysis of LiF Samples

A qualitative neutron activation analysis was run on two LiF samples
to determine what impurities were present. The samples were individually
irradiated in polyethylene vials in the Triga Mark II Reactor located in
the Nuclear Eﬁgineering Department. The reactor was operated at 100
kilowatts, which corresponds to a neutron flux of approximately 7.ZXI011n/cm2-sec
The samples wére irradiated, one at a time, for four minutes at the
above flux. After the irradiation, the sample was removed from the reactor
specimen rack and since the polyethylene vial had also become activated,
the sample was placed in an unirradiated polyethylene vial. The vial
was then placed on the Ge(L1i) detector that was part of the Northern
Scientific Analyzer System. Data was collected for two consecutive periods
of 256 seconds. After the sample data was collected, the calibration of
the analyzer was determined by Cobalt-60 and Cesium-137 gamma-rays. The
impurities that Harshaw Corporation.said were posslbly present were: A%,
Ca, Fe and Mg with concentrations of 1-3 ppﬁ. The impurities found were:

A%, Na and CR with concentrations of the same order as shown.
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APPENDIX II

Determination of the Photon Flux Used for the Bleaching Experiments

The determination of the photon flux of a lamp is formulated in the

]

following manner, By definition,

Intensity = Average Power/Area (L)

and

(Number of photons/unit areacunit time)

Intensity

X(Energy of a single photon) (2)

Combining Equations 1 and 2 and solving for the photon flux, N, gives,

s (3)

=

[}
tr e
il
=
b

where
I = intensity of the light,
E = energy of a single photon in eV,
A = area of 1llumination in mz,
P = power in watts, from Power Meter.

Values taken at 254 nm for the Xenon Lamp arg
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E = 4.88 eV/photon
A= 7,5%107% n?

- A0uw = 5. 4x10"°
P 5, 4uv v S54uw = 5.4x10 ~ watt.

Substituting these values into Equation 3 gives,

x3 photons/cmz'sec.

N = 9.21x10
This 1s the photon flux at the sample position for an area of one square
centimeter. If one calculates the illumination of the 0,126 cm2 hole in
the biasing electrode, the number of photons incident on the crystal face

per unit time is, 1.16><1013

photons/sec.
The same experiment was done using the Mercury Lamp as the light source.

The values for an area of illumination of 1 cm2 are; for 244 nm,

E = 5,08 eV/photon
A = 5.35x10"% p2
P = 9.3uveid¥ _ g 351075 watt
luv
13

which yields a photon flux, N = 2.14x10 photons/cmz-sec; for 254 nm,

E = 4.88 eV/photon
A = 5.35x10 % m?
P = 10uw 4

= 11.2]11!°—-]'Ij-; = 1,12x]10 watt

which yilelds a photon flux, N = 2.68*1013 photons/cmz'sec.
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Siﬁce some samples were bleached with light polarized in the [011]
direction, a correction of these values must be made to account for the
effect of the polarizer. The correction is simply the percent transmission
of the polarizer at the two wavelengths. At 244 nm the percent transmission
was 20.5% and at 254 nm the percent transmission of light polarized in the
[011] direction was 23.2%. The corrected values are 4.39*1012 photons/sec

12

at 244 nm and 6.22x10"“ photons/sec at 254 nm.
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APPENDIX III

Wavelength Calibration of Jarrell-Ash and Bausch Lomb Monochromators

The wavelength calibration of the Jarrell-Ash, Model 82-410, .25
Meter Ebert Monochromator and Bausch and Lomb 33-88-01 Gfating Monochromator
was determined by the experimental arrangement shown in Fig, 21.

A helium cadium laser, Model ML-442, made by Meterologic Inc. was used as
the light source. The 442 nm laser line was used as one calibration wave-
length for the Jarrell-Ash Monochromator. The other calibration wave-
lengths were the fluorescence lines of helium and cadium present in the
laser channel. A front surface mirror was used to refléct the light from
the channel onto the entrance slit of the monochromator. The light passing
out the exit slit was detected by a Jarrell-Ash photomultiplier tube,’

Type 1P28, with a S5 response. The tube was biased at -750 volts with a
Fluke High Voltage Power Supply, Model 415B. The output of the PM tube
was monitored withra Keithley Picoammeter, Model 410A. The measured
wavelengths and the actual wavelengths for the Jarrell-Ash and Bausch and

Lomb Monochromators are shown in Fig. 22 and Fig. 23, respectively.
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FIGURE 22

Wavelength callbration curve for the Jarrell-Ash monochromator
The solid line represents a least-squares fit to the experimental

data.
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FIGURE 23

Wavelength calibration curve for the Bausch and Lomb
monochromator .. The solid line represents a least-squares

fit to the experimental data.

90



(nm)

Calibrated Wavelength

450

400

350

300

250

200

250

Actual

91

300 350

Wavelength

(nm)

400

450




APPENDIX IV

Determination of the Spectral Distribution of the Xenon Lamp

and Normalization of Photocurrents

The output of the Xenon Lamp is dependent upon the wavelength and
this fact is reflected in the photoconductivity spectra tﬁat was observed.
To normalize the photoconductivity spectra to a constant photon flux, the
spectral distribution of the lamp must be determined.at the sample
position.

Figure 24 shows the experimental arrangement for determining the
radiative power for the laﬁp. A Tungsten-Iodide Standard Lamp, Model
L-101, and Power Supply, Model P-10l1, was used to determine the sensitivity
of the Bausch and Lomb Monochromator and the Jarrell-Ash photomultiplier
tube. The photocathode of the PM tube was at the same distance from the
exit slit as a sample. The tube was biased at =750 volts with a Fluke
High Voltage Power Supply, Model 415B. The output was read by a Keithley
Picoammeter, Model 410A, and plotted versus wavelength on a Hewlett-
Packard 7004A-116 X-Y Plotter. Both the Xenon Lamp and the Standard Lamp
responses were_determined hy this method.

The sensitivity of the monochromator - PM-tube system, in milliamp/uwatt,
was determined by measufing.iés response to the standard lamp. The power-

spectral distribution for the standard lamp is given by,

[-

B/A

I =
40 AS(e - 1)
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where,

18

N °
c= = 6,768x10 uw'cm3/10A

B = 4.593!10_4 cm
A = wavelength in em

]
140 = gpectral radiance in uw/cmz'lOA at 40 cm
from the entrance slit,

The standard lamp was 15.4 cm from the entrance slit of the monochromator,

so a correction to the spectral radiance must be made. This was done by,

. (40

= 1
15 (15,4)2 '

40

9 ®
where 115 is the spectral radiance in pw/cm *10A at 15.4 cm., In order to
determine the sensitivity of the monochromator - PM tube, the observed
current output of the PM tube for the standard lamp at awspecific wavelength
1s divided by 115, calculated for the same wavelength, the area of i1llumina-
tion of the photocathode and the bandpass of the monochromator.

To determine the power output of the Xenon Lamp, the observed current
output of the PM tuﬁé, at a specific wavelength, is divided by the sensi-
tivity of the monochromator - PM tube at the same wavelength. Figure 25
shows the power of the Xenon Lamp incident at the sample site as a function
of wavelength.

Nelson showed that the photocurrent in LiF is directly proportional
to the intensity of the incildent 1ight.22 From Appendix II, Equation 3,

it was shown that



FIGURE 25

Power output of the Xenon Lamp incident on the front surface of

the sample
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where N is the photon flux at a specific wavelength, P is the power of
the incident light at the same wavelength, A is the area of illumination
and E is the energy of a single photon of the specified wavelength., From
this equation the photon flux is determined for a specified wavelength
and the corresponding photocurrent. The photocurrent is then normalized,
by a proportion, to a photon flux of 9.87XI013 photons/cm2 sec at 370 nm
by

N N

1 2

i, 1

where Nl is the photon flux of the Xenon lamp at the sample site, 11 is the
experimentally observed photocurrent, NZ is 9.87><1013 photons/cm2 and 12

is the normalized photocurrent.
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ABSTRACT

The optical absorption and photoconductivity of gamma-irradiated
LiF is studied with emphasis on'an unresolved absorption band on the iow
energy side (V4.4 eV) of the F cenfer absorption band (5.0 eV). Response
of the unresolved absorption band, labeled the Y center absorption band,
to [011] and [0I1] polarized light 1s examined. The Y center absorption
band is found to be dichroic with respect to these two polarizations of
light. Possible causes of the dichroism are examined and discussed.
The optical bleaching behavior of the Y center absorption band is also
examined. Photoconductivity is.observed from the Y center at temperatures
from 85°K to 300°K. The photoconductivity is discussed in terms of the
fundamental processes in a photoconductor and the characteristic relations
of photoconductivity. Using observations from the optical absorption
study and photoconductivity study, a model is proposed for the structure

of the Y center.



