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Abstract

A survey is given on the use of the pulsed electron beams to
studies of solid states. Even though main emphasis is placed on the
studies carried out at the Faculty of Engineering, Nagoya University,
using the Pulsed Electron Facilities installed in 1970, the works carried
out at other institutes are also included. Only the studies of crystal-
line solids with simple structures, such as alkali halides and aromatic
hydrocarbons are covered. In the first place several instrumentations
which have extended utilities of pulsed-electron beams are presented.
Then we discuss the studies of the dynamics of excitons, emphasizing
the advantages and disadvantages of the usage of the electron pulses.
Then usages of the pulsed-electron beam for the studies of the excited
states of the quasi-stable defects are descibed. Application of the elec-
tron pulse for studies of the excitation spectroscopy of the photo-
chemistry is described. The dynamic studies of defects introduced by
electron-pulse bombardment is discussed finally. A summary is given,
which includes also the possible future experiments.
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1. Introduction

Pulsed electron beams have been one of the most important experimental tools
for development of the radiation chemistry and a number of facilities of the pulsed
electron beams have been built for radiation chemists. A few reviews have been
published in this field already.?> On the other hand the uses of the pulsed electron
beam for studies of the radiation effects of solid states are not numerous. One
of the intentions of this report is to point out that the pulsed electron beam is
useful not only to studies of the radiation effects but also of the solid state prop-
erties themselves. We also intend to give a summary report on the way how the
Febetron 707 installed at Nagoya University in 1970 have been utilized in these ten
years. This pulsed electron beam generater has been used almost exclusively for
solid state purpose.

It is known that energetic electrons with an energy of 1 MeV impose two
types of effects on solids: (i) to produce electronic excitation and (ii) to impart
kinetic energies on nuclei. The former is more frequent and the number of the
electronic excitation can be calculated by dividing the absorbed energy (egual to the
incident energy multiplied by numker of incident electrons if the thickness is of
the order of 1 mm) by so-called W-value, which is 2 ~ 3 times as large as the band -
gap energy in most cases. The elastic collisions may cause the atomic displacements,
resulting in the creation of the permanent defects. Number of defects created by
an electron with an energy of 1 MeV? is often of the order of 1073, Thus we
should realize that bombardments of a specimen with an electron pulse induce mostly
electronic excitation. What we deal with in this paper is the effect of the electronic
excitation and the effect of the elastic collisions is negligible in most cases.

The electronic excitation in solids creates electron-hole pairs and the excitons.
In insulators, in which the binding energy of excitons is large, the electron-hole
pairs are collapsed into the excitons. In some solids, in which the electron-lattice
coupling is large, the excitons are self-trapped, as described in terms of the
configuration coordinate diagram in Fig. 1.»» Upon the recombination of the free
excitons or the self-trapped excitons, luminescence is often emitted. The con-
figuration of the self-trapped exciton in alkali halides has been studied using
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Fig. 1. The configurational coodinates curve indicating the optical absorption
to create free excitons, the free-exciton luminescence and the relaxed
exciton luminescence.

Fig.2. The atomic configuration of the self-
trapped excitons, the F centers and
the H centers. The self-trapped ex-
citon has approximately a configura-
tion of a V; center (self-trapped hole)
plus an electron.

(a) Seif-Trapped Exciton (b) F ond H Centers

electron paramagnetic resonance and known to be an electron trapped by a self-
trapped hole, a halogen molecular ion occupying two lattice points. It is also
known that photochemical reactions cause defect creation at a certain excited
state.t, ®  The atomic structure of the self-trapped exciton and of the photo-
chemical products in alkali halides are depicted in Fig. 2.6

In this paper we survey how the pulsed electron beams can be utilized for
studies of these electronic excitation effects. We concentrate mainly to summarize
the way of using the pulsed electron beams and its advantages and disadvantages.
Even though the description is confined to the studies on alkali halides and aromat-
ic hydrocarbon crystals, the studies can be easily extended to other solids. It is
known that excitons in naphthalene have a character of the Frenkel excitons and
are mobile.”? In alkali halides free excitons have a character of the Wannier ex-
citons and have a relatively short life time (10 ps) until they are self-trapped.® It
is hoped that this survey could promote use of pulsed electron beams to other
materials.

In this paper in [, we give instrumentation, which includes not only the
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pulsed-electron source but also the attached instruments. We then proceed to the
description of excitons (M), electronic structures of self-trapped excitons (W),
excitation spectroscopy of the photochemical processes (V) and finally the dynam-
ics of the photochemical products (V). In the summary we include the possible
future applications.

I Instrumentation

2. 1. Pulsed electron beam generator

There are two types of pulsed electron heam generators, which generate elec-
tron pulses capable of optical absorption spectroscopy : the linear accelerators (LIN-
AC) and the Marx generators using low-impedance accelerating.tubes. For the
latter type, generators manufactured at the Field Emission Cooperation, called
Febetron, are used most widely. Important specifications are that the accelerating
voltage and current are about 10 MeV and 1 mA/cm? for LINAC, 2 MeV or 600
keV and 100 A/cm? for Febetron. The penetration depth of 10 MeV electrons are
much larger than lower energy electrons. Therefore higher local concentration may
be attained by low energy electrons but the total number of the effect of the elec-
tronic excitation, which is proportional to the absorbed power, is rather small for
600 keV Febetrons.

In Table 1 we show that pulsed electron beam generators used for solid state
studies in this decades. In this table we omit facilities primarily aimed for the
radiation chemical studies. The works having been carried out in the facilities
shown in Table 1 will be discussed below.

Table 1. Pulsed electron beam generators used for solid state studies

location type substances studied

Nagoya Univ. Febetron 707 Alkali.halides
(2 MeV) Organic Crystals

Tohoku Univ. Feégffﬁg?‘l Alkali halids
Tokyf) Univ. ‘ Febetron 704 Rare gas solids
(Institute of Solid State Phys.) (600 keV)
Naval Research Laboratory g0 AU et fhuorides
Tohoku Univ. LINAC Alkali halides
Tokyo Univ. LINAC Alkali halides
Argonne National Laboratory ; LINAC Alkali halides

2. 2. Modification of beam intensity

In using pulsed electron beams, it is often very important to change the beam
intensity. This is not difficult for LINAC: by the modification of the injected
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beam current. Because the Febetron is a constant impedance source, the change of
the beam current requires to change the voltage, which induces the complication
because of the change in the penetration depth.

In changing the beam intensity, we used two methods. To lower the intensity,
we simply placed a copper plate with many small holes. The thickness of the
copper plate was about 2mm, which is larger than the electron penetration depth.
Most serious problem in this method is the uniformity of the beam. It was
confirmed, by using a microphotometer, that the uniformity over the width of 5mm
with a resolution of lp was obtained using 1 mm¢ holes separated by 2 mm.
Moreover, as described later, the intensity dependence of the luminescence dacay of
naphthalene was exactly the same as expected theoretically. These results give
circumstantial support for the uniformity of the beam intensity.

In increasing the beam intensity, the magnetic field will be useful. We used
a very simple method: We simply placed a tapered cylinder in front of the window
of the accelerator tube. Apparently substantial fraction of the electrons emerging
out of the window are guided by the tapered cylinder. The mechanism of focusing
the beam is the build-up of the negative potential on the cylinder. This simple
technique was used to increase the beam current density by a factor of five.

2. 3. Time-resolved optical spectroscopy

The experimental apparatus used to obtain the change in the optical absorption
spectrum induced by bombardment with an electronpulse is shown in Fig. 3. The
specimen was placed in a light path of an optical system consisting of a Xe lamp,
a monochromator and a photomultiplier. The change in the optical density of the
specimen induced by bombardment with a pulsed electron beam causes the change
in the output of the photomultiplier, which
was detected using oscilloscopes. By
changing the wavelength of the mono- Mt XENON LAMP
chromator, the optical absorption spectra
at a given delay time can be obtained.

A few precautions were taken to
avoid the effect of the fluctuation of the
intensity of the pulsed electron beams
and the effect of radiation damage. As
indicated in Fig. 3, we used always at least
two detection systems, in one of which
the wavelength of the monochromater was
fixed and in the other the wavelength was
scanned. This technique helped to obtain
the shape of a optical absorption band Y/
accurately or the relative intensity of two

FEBETRON
MODEL 707

&

Fig. 3. The experimental arrangements A

. R . . PHOTO-
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optical absorption bands. Sometimes when the effect of radiation was accumulated,
it was necessary to anneal the specimen after bombardments. A typical oscilloscope
trace of the optical absorption change is shown in Fig. 4 and a typical time-re-

solved spectra is shown in Fig. 5.
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Fig. 4. A typical oscilloscope trace of the
optical absorption change induced by
an electron pulse at 7, from a Febe-
tron generator. The time scale of the
abscissa is 0.2 ms/div. The ordinate is
a linear scale and the number shows
transmission in per cent.

A more sophisticated method of ob-
taining time-resolved spectra of slowly
changing species has been utilized by
Williams.®> Their method is schematical-
ly shown in Fig. 6. In this technique
they rotated a mirror using a turbine so
that light output of the monochromator
for various wavelength can be obtained in
a time interval of the order of 100us.
Usage of a streak camera would fascili-
tate the time-resolved optical absorption
spectra in a much shorter time.

Time-resolved luminescence spectra
can be obtained using a similar experi-
mental equipment as that shown in Fig. 3,
but without the light source. In some
cases the luminescence disturbs the meas-
urements of the optical absorption.
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Fig. 5. Typical time-resolved optical ab-

sorption spectra obtained using the
Febetron generator. The results indi-
cate how the H centers (interstitial
atoms) are annihilated and the Vg
centers (the di-H centers) are pro-
duced.
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Fig. 6. Schematic diagramfof the measure-

ments of the optical absorption spec-
trum. A grating and a rotating mirror
enable us to obtain optical absorption
spectrum by a shot of an eletron pulse
(after Williams and Kabler®),

If the luminescence is not too strong, the

subtraction of the output voltage of the oscilloscope obtained without the light

source from that with the light source suffices.

When the luminescence intensity

is very high, we often used a Xe flash lamp as a light source, which gives a
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microsecond light pulse triggered slightly before an electron pulse. The intensity
of the Xe flash lamp is higher than the steady Xe lamp by a factor of 100. An
example of the oscilloscope traces when a pulsed Xe lamp was used is shown in

Fig. 7. Use of a laser, such as a He-Ne laser, helps when the wavelength scan is
not necessary.

Measurements of the optical absorp-

tion spectra are known to provide us te 5ps
with information on the excited states of & —s] e
the localized states or of the color cen- :

ters in solids. The time-resolved optical 0— e

absorption spectroscopy vields informa-

tion on the transient species. The tran-

sient species giving rise to transient 100—
optical absorption, more than 1 us after
an electron pulse are quasi-stable defects
or the radicals and lowest triplet state
of the self-trapped excitons. We emphasize
here that, because of the Jahn-Teller
distortion, the lattice symmetry of the
lowest state of the self-trapped exciton
is generally lower than that of the perfect
lattice. Thus the measurements of the
optical absorption from the lowest self-
trapped excitons yield information of the
excited states of which the degeneracy is
removed by the Jahn-Teller distortion.
To measure the optical absorption change 50—
for an allowed transition, we need typically

a concentration of the transient species

of 1016cm~3,

50—

LIGHT INTENSITY

Fig. 7. A typical oscilloscope trace of the measure-
ments of the optical absorption change ob-
tained using a flash Xe-lamp (upper curve).
The middle and lower figures show the oscil-
loscope traces of, in an extended time scale,
the light transmitted through the specimen TIME
without and with electron bombardment. ———

2. 4. Double excitation spectroscopy

The excitation spectra for luminescence of color centers in ionic crystals have
been measured extensively and found to be useful to derive information on the
lattice relaxation. Similarly we may expect that measurements of the luminescence
induced by the excitation of a transient species, such as the self-trapped exciton
may yield information on the relaxation from highly excited states of the self-
trapped excitons. For example, the excitation spectrum of the creation of the
singlet luminescence by the photo-excitation of the lowest triplet exciton may yield
informaion on the mechanism of the intersystem crossing. This intersystem cross-
ing from the triplet manifold to the singlet manifold has been measured using ex-
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Beiay Troaer Fig. 8. Schematic diagram of the experimental
unit_ | P Pulser apparatus for double excitation spectro-
T scopy, utilizing excitation with an elec-
NF L Sample tron pulse and a laser pulse. The laser

Oye o ‘_5&__ Febetron X . 1 d i h 1
Laser : \;/ 707 pulse is delayed from the electron pulse
! ; using the delay unit. The Xe lamp is
E »;\.-.------,--.\ used only for the absorption measure-
:‘ép CLF ments. Xe lamp light through the
’ specimen or light emitted from the
I I speicimen are guided into a few optical
Osc;s?;pe E();c'ﬂlo- Transient i detection systems so that a few pieces
1B b R  Recoder of information are derived from a single

— ’ shot.

perimental apparatus shown in Fig. 8. Here the triplet excitons are generated using
an electron pulse and then they are excited to higher states using a dye laser. The
induced singlet luminescence and the decrease of the triplet luminescence at the
incidence of the light pulse were measured. Comparison of these two quantities
yields fractional yield of the intersystem crossing, and the dependence of the frac-
tional yield on the photon energy gives information on the non-radiativeprocesses.

It is also known that excitation of color centers often causes photochemical
changes. The excitation spectroscopy of these photochemical changes is often very
important to understand the mechanism. One of the photochemical processes which
has attracted scientists for these decades is the creation of a Frenkel pair of an
F center (a vacancy) and an H center (an interstitial) from an exciton in alkali
halides. An excitation spectroscopic study could be made using ultra-violet light
which create excitons from the ground state. An alternative approach is the
double excitation, namely to excite the self-trapped exciton. This double excitation
technique is similar to the double excitation study of the intersystem crossing.
Only the difference is that we measure the optical absorption due to the F centers
or the H centers instead of the singlet luminescence, using a Xe-lamp as shown in
Fig. 8. Similarly to the intersystem crossing, the measurement of the dependence
of the yield on the photon energy of the laser light is useful for the purpose of
understanding the mechanisms of the photochemical processes. We emphasize again
that the double excitation spectroscopy for both the photochemical reaction and
the intersystem crossing can survey the excited states at the relaxed configuration
(configuration B in Fig. 1), while the excitation spectroscopy (single excitation
spectroscopy) from the ground state can survey the excited states at the configura-
tion of the perfect lattice (configuration A in Fig. 1). Thus the information
derived from the double excitation spectroscopy is much more penetrating than
the single excitation spectroscopy.

It is to be noted that both the intersystem crossing and the photochemical reaction
remove the self-trapped exciton from the triplet manifold. In the other words
the triplet self-trapped excitons are bleached by irradiation with laser light. We
can use this fact for measuring the dichroic bleaching, as described in the next
section.

2. 5. Dichroic bleaching of unstable centers

The optical absorption spectroscopy of a color center can locate the excited
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states and in some cases the measurements of the shape of the optical absorption
band yield the information on the electron-phonon coupling at the excited states.
The direction of the optical transition dipole moment from the ground state to a
higher state of a center with a low symmetry, may be determined by the dichroic
bleaching experiments, in which the specimens are bombarded with light polarized
along a certain crystalline direction to cause bleaching of the color centers being
studied and subsequently optical absorption of the specimens is measured with
light polarized along the directions parallel and perpendicular to the bleaching
light. The dichroic bleaching experiments being dealt with in this section is very
similar to the techniques described above except that the initial state of the
optical absorption is the ground state of an unstable center. This technique can
be used to study the optical transition from the lowest excited states of a center
to a higher state. The schematic diagram of the experimental apparatus for the
dichroic bleaching experiment is shown in Fig. 9. Here a specimen is bombarded
first by a pulsed electron beam to creat excited states. Then the specimen is left
for a 1pus ~1ms, during which the several short-lived excited states are allowed
to be de-excited, leaving only rather stable transient centers. Then the specimen

Dye Laser Oscilloscope

Photodiode
Polarizer

Splitter

«-| Febetron

Xe-lamp O — 707

SAMPLE

Fig. 9. Schematic diagram for dichroic bleach-

ing experiments of an unstable species
Filter generated by bombardment with an
Analyzer electron pulse. A polarizer picks up
light polarized along a certain direction,
while the analyzer is used to determine

Monochromator the degree the polarization of light from

the Xe-lamp transmitted through the

[’:] Photomuitiplier specimen or luminescence from the spec-
imen.

Oscilloscope

is bombarded with a light pulse from a tunable dye laser polarized along a certain
direction. Then we measure the luminescence or the optical absorption change,
induced by the irradiation with a light pulse, through a polarizer oriented parallel
or perpendiculor to the bleaching light.

In order to make such measurements, the substantial fraction of the lowest
excited states should be excited. Suppose ¢ be the cross section for the optical
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excitation and ¢ be the number of photons per c¢m? in a light pulse, ¢¢ is the
probability for the center to be ionized. Thus we need o¢ ~ 1. In most experi-
ments we have used a flush-lamp-pumped dye-laser, which generate light pulses of

1 m]J in the wavelength range between 4000A and 7000A.

The technique has been first developed by Williams to obtain the transition
dipole moment from the lowest state of the self-trapped excitons in alkali halide
to higher states. He used a Ruby laser as a light source of dichroic bleaching.
We shall see later that much more information can be derived by measuring the
excitation spectrum for the dichroic bleaching.

2. 6. Measurements of volume expansion

The optical absorption spectroscopy and luminescence spectrum yield informa-
tion on the local nature of defects created by the electron irradiation. Sometimes
it is important to compare the results of optical measurements with macroscopic
properties of the specimen. One of the most important macroscopic properties of
solids relevant to the studies of radiation effect is the volume expansion. If
defects are created, the lattice volume expands in proportion to the number of
defects. The measurements of the volume expansion due to the irradiation and of

KBr T=450 K

He-Ne
Laser
Polarizer
\ \ Tri 3
— rigger
:[ Febetron 707 }— Pulosr g
g z
Sample %
Z
Analyzer P
—— Filter =
D Oscilloscope
. o
ims
M: Monochromater
P : Photomultiplier TIME
s a——

Fig. 10. Schematic diagram of the experi- Fig. 11. A typical oscilloscope trace of the
mental apparatus for measurement of measurements of lattice expansion in-
the volume expansion induced by ir- duced by an electron pulse on KBr.
radiation with an electron pulse. A The apparent oscillation is due to the
sample is placed between a polarizer sound wave reflected back and forth
and an analyzer, and irradiated partial- in the specimen.

ly with an electron pulse. The stress
caused by the expansion of the irra-
diated part gives rise to light trans-
mission through the system.
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its annealing can decide whether defects are indeed created or annihilated or de-
fects are simply rearranged. More specifically if the Frenkel defects, pairs of a
vacancy and an interstitial, are annihilated, the volume change takes place, while
either of vacancies and interstitials changes their form, no change in volume ex-
pansion takes place even though the optical properties are modified. An advantage
of measuring the volume expansion induced by a pulsed electron beam is that one
can pursue the behaviors of defects at a high concentration in a microsecond time
scale.

Most conventional technique of measuring the volume expansion that has a short
response time is the photoelastic technique. In this technique a specimen is placed
in an optical path between two crossed polarizers. In the absence of the distortion
in the specimen no light passes through the system. When a part of the specimen
is irradiated, the distortion arises near the boundary, causing the so-called optical
rotation. Then the system becomes partially transparent, the light output being
proportional to the degree of the optical rotation and hence the volume expansion
of the irradiated part.

The photoelastic technique has been applied to the studies of radiation damages
of insulating solids since 1950’s, only for the continuous irradiation.®> We have
used the technique to study the transient response of specimens induced by an
electron pulse. The block diagram of the experimental apparatus is shown in Fig.
10. A typical oscilloscope trace of the output of the photomultiplier is shown in
Fig. 11. The decaying oscillation is due to the elastic wave travelling back and
forth in the specimen. When the oscillation is averaged, one obtains the volume
expansion of the specimen. In the figure a result of the measurements at high
temperatures is shown, where substantial part of defects are annealed in a millisecond
range.

M. Studies of the dynamics of excitons

Excitons are important entity for the energy transport in crystalline solids.
Their dynamic properties, such as diffusion constants and reaction rate constants
with impurities or defects, attracted interest of many scientists. Reaction among
excitons taking place at a high density, namely the high-density effects, are problems
of current interest.10,1D

The pulse technique is useful for studies of the exciton dynamics. The exci-
tons may be introduced in a specimen by either a light pulse or an electron pulse
and the luminescence emitted upon the recombination of excitons or that induced
by the exciton-impurity interaction is measured. Light pulses have been used
extensively. Advantages of using electron pulses are as follows: (1) Because of
high intensity, the -luminescences over a wide range of exciton concentration can
be measured. (2) Because of the large penetration depth of electrons the exciton
concentration in the specimen can be regarded as uniform. (3) Singlet and triplet
excitons can be easily generated in crystals having a wide band gap. The disad-
vantage is the possible introduction of lattice defects by the radiation damages.
This disadvantage can be avoided by carring out measurements under a condition .
that the exciton concentration and the impurity concentration with which the ex-
citon interaction is being studied exceeds the concentration of the radiation-induced
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defects.

We describe first the studies of the exciton interaction in a naphthalene crys-
tal. In these crystals, several types of exciton interactions, between singlet ex-
citons S, between triplet excitons T, and between singlet and triplet excitons have

been invoked.1

S48 —> S*--G, 1)
S+T —> S*+G, 2)
T+T —> S+G, 3)

where G denotes the ground state. Figure
12 shows the time change of the lumines-
cence from the singlet excitons introduced
by an elecron pulse of several intensities.
12,13 The strong dependence of the char-
acteristics of the decay curves on the
intensity of the electron pulse evidences
the excion-exciton interaction particularly
the singlet-triplet exciton interaction.*
The annihilation of excitons can be de-
scribed in terms of kinetic equations in-
volving the exciton interaction described.
The solutions of the kinetic equations are
shown by solid lines in the figure. The
good agreement over a large dynamic
range assures the technique is promising.
The decay curve of luminescence for
small ¢ is governed mainly by the interac-
tion (2) and for large f is by the in-
teraction (3). In the latter region the
decay kinetics is a bimolecular reaction:
the intensity 7 of the singlet luminescence
follows the relation

IO 1/2
(7J 1=kt (4)
where ¢ is time, [, is the luminescence
intensity at {=0 and % is the reaction
rate constant between two triplet excitons
and is given by
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Fig. 12. Decay of luminescence in a naph-
thalene crystal at 298K induced by an
electron pulse of several intensities.
The intensity ratio is 1:3.5:7.1:12.
Note that there are crosses in the
decay curves (see text). (after
Fujiwara et al.1®))

* Without the singlet-triplet exciton interaction, the concentration of the singlet ex-
citons should follow the same annihilation curve irrespective of the intensity of the
electron pulse, thus the time dependence of the luminescnece intensity will never
cross. With the singlet-triplet exciton interaction, the crossing will take place be-
cause the different rate constants of reactions (1) and (2) causes the difference in
the concentration of singlet and triplet excitons immediately after the electron pulse.



176 N. Itoh et al.

k=47DR, )

where D is twice the diffusion constants (since two excitons are moving) and K
is the interaction radius.

The effect of the radiation damage on the luminescence of naphthalene has
been observed after the concentration of the singlet excitons becomes low, where
the singlet excitons are generated by collisions of two triplet excitons.l¥ Typical
experimental result of the radiation effect on the singlet luminescence decay is
shown in Fig. 13. The open circles show results obtained with the first electron
pulse on a virgin specimen. Clearly it follows Eq (4). The results after several
shots of electron pulses are also shown in the figure. Obviously the decay rate
becomes faster with increasing the number of shots. Such experimental results
have enabled us to obtain the rate constant between the excitons and the radiation-
induced defects.

The reaction rate constant can be also determined through measurements of
the build-up of the luminescence from impurities that are activated through
interaction with excitons. It is more confirmative if one measures both the anni-
hilation of excitons and build-up of the impurity luminescence at the same time.
Such a study has been carried out for NaCl: Li, 15 the results of which are shown
in Fig. 14. In NaCl:Li, both the exciton luminescence and impurity luminescence
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Fig. 13. The dependence on time ¢ of the Fig. 14. Decomposition of the observed
fluorescence intensity Ix divided by luminescence intensity in NaCl:Li into
that at #=0 in a naphthalene crystal the component of unperturbed self-
at 20K undamaged (open circles) and trapped exciton (open triangles) and
damaged by electron pulses. The self-trapped exciton perturbed by Lit
closed circles, open triangles and (open circles). (after Tanimura and

closed triangles are obtained after 10, Itoh15))
20 and 40 shots. (after Chong and
Itohl4))
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exhibit broad bands overlapping each other. The closed circles in the figure
denote the decay of the cumulative luminescence. Using the difference in the
peak positions and widths of the exciton luminescence band and of the impurity
luminescence band and the results of measurements of the luminescence decays at
several wavelengths, the cumulative luminescence decay was decomposed into the
decay of the exciton luminescence and the build-up of the impurity luminescence,
as indicated by open triangles and open circles, respectively, in Fig. 14. Curvature
observed in the decay curve of the exciton luminescence has been shown to be
indicative of the diffusion-limited reaction between close exciton-impurity pair.
1f this effect is included the reaction rate constant is given by'®

e ,},_R_> :
kw4/LDR( 757 (6
where 7 is time elapsed after excitons are distributed uniformly in solids,

So far we have discussed the diffusion-limited reaction between two excitons
and between an exciton and an impurity. In alkali halides doped with silver or
thallium ions, which are efficient electron traps, the electrons are trapped by the
impurities to form Ag® or TI° and holes are self-trapped. In such a case most of
electrons and holes created remain almost permanently after irradiation at the
temperatures where the self-trapped holes are stable. However, some of the pairs
that are generated in proximity recombine in a short time through the tunneling
process. This tunneling recombination exhibits luminescence that decays very slow-
ly. Since the pulsed electron beam can generate the tunneling pairs at a high
concentration, it is possible to measure the luminescence decay over a long dynamic
range. A typical example of the tunneling luminescence in NaCl:Ag and KCl:Ag
is shown in Fig. 15.1" The results indicate that the intensity I of the lumines-
cence decays following a relation
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Fig. 15. Decay curves of the tunneling luminescence between neutral siver centers
and V, centers formed by bombardment with an electron pulse in KCl
(a) and NaCl (b). (after Tashiro et al.1?)
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where { is time, [, is the intensity at t=1,, immediately after an electron pulse
and » is the index. It is found that # is unity in NaCl but 0.77 in KCl. The
difference has been attributed to the difference in the anisotropic nature in the
tunneling recombination. If all pairs recombine by nearly the same rate irrespec-
tive of the direction of the vector adjoining the pair, » expected to be about 0.8.
If only pairs oriented along a certain crystalline direction give rise to the tunneling
luminescence, n is expected to be unity.

Studies described above can be extended to various types of insulating materi-
als, inorganic and organic crystals and polymers. We emphasize that the advantage
of using an electron pulse to create excitons is that it creates excitons uniformly
over a large volume at a concentration of up to 101%cm=3. Thus the decay can be
studied over a large dynamic range even before the concentration of excitons be-
comes lower than impurity concentration in the specimen.

V. Studies of higher excited states of exeitons

The color centers in alkali halides are subjects that have attracted interest of
scientists over half a century.!®, 19 Through the studies of the color centers, the
methods of clarifying the electronic structures of defect states have been well
established. Among them, here we note mainly the optical techniques. The optical
absorption and luminescence spectroscopies are standard techniques. The dichroic
bleaching experiments, in which color centers are bleached with light polarized
along a certain crystalline direction to populate the specimen with color centers
oriented along a given crystalline direction, are often useful to determine the
direction of the optical transition dipole of color centers with low symmetry.
The studies of the correlation of polarization of exciting light and emitted light
of a luminescence center yield similar information. Measurements of the excitation
spectrum for luminescence and a certain photochemical reaction has been found
useful to make clear the energy transfer process.

The conventional technique described above has been extensively used for stud-
ies of stable defects or color centers. In nature there are many color centers
that are not stable even at the lowest temperature but vet studies of their elec-
tronic states are of fundamental importance. The pulsed electron beam is useful to
study the electronic structures of the transient color centers, because an electron
pulse can create transient color centers by an amount sufficient to use the optical
spectroscopic techniques described above. Self-trapped excitons can be regarded as
a type of the transient color centers. On the other hand, the optical absorption
from free excitons have characters different from the localized centers. Here we
describe typical experimental achievements of the optical studies of the self-
trapped excitons in alkali halides and of free excitons of naphthalene. The self-
trapped excitons in alkali halides are not only the typical self-trapped states in
solids but also known to be the origin of the photochemical process: a Frenkel
pair (a pair of a vacancy and an interstitial) is created from a self-trapped
exciton. The atomic structure of the self-trapped exciton is known through EPR
works and shown in Fig. 1, and its one-electron erergy diagram is shown in Fig.
16.
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configuration of the lowest triplet
state in KCl. The occupation at the
lowest state is indicated.

4. 1. Higher excited states of the self-trapped excitons in alkali halides

Using the experimental technique described in 2. 3, measurements of the optical
absorption spectrum of the lowest state of the triplet self-trapped excitons have
been made by Williams and Kabler.8> Typical results are shown in Fig. 17. They
pointed out that the optical absorption bands at the lower energy side is due to
the trasition of the electron of the self-trapped exciton, based on mainly the
results that their peak position depends on the lattice constant in a similar way
to electron-trapped centers in alkali halides. On the other hand the optical ab-
sorption band at the higher energies have been ascribed to the transitions in Clz-
molecular ion or the hole transition (note that a self-trapped exciton is an electron
trapped by a self-trapped hole (Cl;-molecular ion)). Further detailed assignment
of the transitions can be made by employing the dichroic bleaching experiments.

The dichroic bleaching experiment of the self-trapped excitons has been first
carried out by Williams,2® but in more complete form by Soda et al.2®> The
experimental technique used by the latter authors has been described in 2. 5. A
specimen populated with self-trapped excitons was further bombarded with a light
pulse polarized along a <110 direction and the laser-light-induced change in the
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7-luminescence was measured through a polarizer either oriented along parrallel
or perpendicular to the direction of polarization of the bleaching light. From the
degree of polarization of the luminescence change, one can determine the direction
of the optical transition dipole moment as a function of photon energy. The
results for KCl is shown in Fig. 18. It turns out that the degree of polarization
depends on the photon energy of the laser light, indicating that the optical absorp-
tion bands, such as shown in Fig 17, are composites. Since the electron in the
lowest self-trapped exciton is in the 1s(«¢;¢) orbital, the transition to the p-type
orbitals is allowed. In D,, symmetry, the 2p-orbitals are split into three sublevels,
a o-polarized and two =-polarized sublevels as indicated in Fig. 16. The optical
transition to the orbitals higher than 2p may not be able to be separated. Thus
it was assumed that the optical absorption band associated with the electron tran-
sition shown in Fig. 17 consists of four absorption bands, three bands for 1s-2p
transitions and a band for the mixtures of transitions to the higher states. Then
they obtained the peak position and the half-width of each absorption band as
fitting parameters, so that the calculated optical absorption spectra (thick solid
line in the upper half of Fig. 18) and the calculated wavelength dependence of the
degree of polarization (solid line in the lower half of Fig. 18) agree with the
experimental data (dotted line in the upper half and open circles in the lower
half of Fig. 18).

The transition energy to the higher excited states of the self-trapped excitons
is summarized in Table 2. We note that these transition energies are those at the
relaxed configuration. At the unrelaxed configuration, the 2p-orbitals are degener-
ate. Upon relaxation, the exciton may be relaxed into one of these higher excited
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Table 2. The optical absorption of the self-trapped excitions in alkali chlorides.
The numbers in the parenthesis of the transition energies are those
for the F3 centers. (After Soda et al.2*)

Experimental Theoretical transition energy (eV)
Material | Assignment | Transition Relative ; ,
epergy | "(Ly) oscillator | ONDO | SO, | RO
NaCl a1g—ban 2.00 0.26 1.0 2.3~2.4%
a15—b3y 2.02 0.30 0.35 0.7~1.1 1,49
ai1g—>b1y 2.25 0.33 0.83 2,3~2.4
a1 by 2.65 0.40 0.64 2.3~2.5
0.75
KCl | arg—bza | 1862200 016 | 10 1.9£0.159 2.1~2.2%
a1g—b3, | 2.00(1.54) | 0.28 | 0.58 | 1.36 0.70
a1g—b1u 2.15(1.30)  0.26 1.4 2.240.15 | 2.1~2.2
a15—b%y 2.45 0.30 2.1
| 0.40
RbCl | ais—by 1.71 0.1 10
a1g—bay 1.78 0.22 0.33
a1g—b1y 1.93 0.24 2.3
ayg—by 2,20 0.10 0.60
0.34

2 K. S. Song, A. M. Stoneham and A. H. Harker: J. Phys. C8, 1125 (1975).
b) A, M. Stoneham : J. Phys. C7, 2476 (1974).

©) N. Ttoh, A. M. Stoneham and A. H. Harker: J. Phys. C10, 4197 (1977).

4 B, Okamoto: Phys. Rev. 124, 1090 (1961).

states and subsequently be de-excited to lower states. Alternatively if a self-
trapped positive hole traps an electron, it will first occupy the highest orbital and
de-excited successively to the lower states. Thus in order to understand the
mechanisms of the photochemical processes and the detailed de-excitation processes,
the location of the excited states at the relaxed configuration is essential.

The optical absorption of the self-trapped excitons perturbed by monovalent
alkali impurities was also measured, for KCl:Na,22 and KBr:Na.2® [t has been
shown that the self-trapped excitons perturbed by monovalent alkali impurities
exhibit nearly the same optical absorption spectra as unperturbed self-trapped
excitons. The detailed dichroic spectroscopy was also measured for the self-
trapped excitons in KCl perturbed by Na*®. The energetic order of the state was
found to be not modified by the association of a self-trapped exciton with a
monovalent alkali impurity.

4. 2. Higher excited states of rare gas solids

The excitons in the rare gas solids are rather similar to those in alkali halides
in the sense that they consist of a hole in p-type orbital and an electron. It is
known that the excitons in Ne, Ar and Kr are self-trapped. The optical absorp-
tion spectra of the self-trapped excitons in Ne, Ar, and Kr crystals have been
measured by Suemoto and Kanzaki.z4, 2%  They observed an atomic-type self-
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trapped excitons, as well as the molecular-type self-trapped excitons the latter being
similar to those in alkali halides in these crystals. The atomic type self-trapped
excitons have a lifetime different from that of the molecular-type self-trapped
excitons and its transition energies are very similar to those of Ne gas. They also
found that photoexcitation of one causes transformation to the other.26

Further interesting result on the optical absorption of the self-trapped ex-
citons in Ne is that the atomic type self-trapped exciton becomes a neucleus of
the cavity or the vacancy cluster. The optical absorption of the atomic type self-
trapped excitons obtained at several delay times after irradiation with an electron
pulse is shown in Fig. 19. Clearly the peak position of the optical absorption
band shifts as time after the pulse in-
creases. Suemoto and Kanzaki have shown

that the shift of the peak position satu- T T T
Solid Ne

rates and that the final peak position as
well as the initial peak position does not
depend on temperature. However the
speed of the shift has been found to be
faster at higher temperatures. The shift
has been ascribed to the thermal coagula-
tion of vacancies around an excited Ne
atom in a Ne crystal.

Optical Density (Arbitrary Units)

%O
Fig. 19. Time-resolved optical absorption spec- . ﬂ,_‘” iOus

tra of the atomic type self-trapped ex- ad
citons in solid Ne. The shift of the optical

absorption peak has been ascribed to the %& N S ys
association with vacancies (after Suemoto . : L \ L ! ! !
and Kanzaki25), 1.8 1.9 2.0 2.1

Fhoton Energy (eV)

4. 3. Higher excited states of triplet excitons in molecular crystals

The T-T absorption of various molecules has been studied extensively. It is
interesting to see whether there is a solid state effect on the T-T absorption. In
solids the triplet state is in a form of the plane wave and may be also influenced
by the superlattice structures. Thus two types of solid state effects are dealt
with in this paper: the effect of the translational symmetry in a naphthalene
crystal and the effect of the presence of the superlattice in a dibromonaphthalene
crystal.

The optical absorption due to the triplet excitons in naphthalene has been
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studied by Higuchi et al.27>  They observed the optical absorption bands that are
rather similar to those of naphthalene molecules as shown in Fig. 20. They showed,
however, that the width of the optical absorption band from the lowest 3B,,*
exciton to the 3B;,~ exciton is larger than the width of the same transition line
in a molecule. They suggested that the width of the absorption band arises from
the width of the upper exciton band. Since the width of the lowest triplet exciton
is only 1 meV, the distribution of excitons in the lowest band at room temperature
is practically uniform. Thus they concluded that the shape of the optical absorp-
tion band represents the density of states of the upper exciton band. They
also' studied the optical absorption at lower temperatures and showed that the
observed polarization is in accordance with the expectation that the optical absorp-
tion is a band-to-band transition.

The effect of the superlattice stucture has been observed in dibromonaphtha-
lene. The unit cell of the dibromonaphthalene consists of 8 molecules belonging to
4 asymmetric units. Thus the triplet states in the crystal have asymmetry splitting
beside the Davydov splitting. The T-T absorption in a crystal and in a solution
of dibromonaphthalene was compared by Kojima et al.2®> They found that the
T-T absorption band in a crystal is wider than that in a solution and that the
former can be described in terms of superposition of two absorption bands with
the same shape as that obtained in a solution and with a separation of 97 meV,
which was ascribed to the asymmetry splitting in the 3B, exciton in dibromonaph-
thalene.

As seen from a few examples, the studies of the so-called T-T absorption in
solids is very useful to make clear the electronic nature of the higher excited
states. These studies are of basic importance for studies of de-excitation and
photochemical processes being discussed in next paragraph.
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Here we note the difference in the absorption spectrum obtained at the ground
state and that obtained from the (relaxed) excited state. The initial state of the
optical absorption in the latter case is in the relaxed configuration. Therefore
because of the Frank-Condon principle, which states that the optical transition in
the configurational coordinate diagram is vertical, the optical absorption spectro-
scopy from the lowest exciton state enables us to survey the higher electronic
state at the relaxed configuration. Particularly when the ground state has a high
symmetry, this is an advantage, since the excitation can be made to each of sym-
metry-split states.

V. Studies of the photochemical reaction and the other non-radiative
processes at highly excited states

One of the current interest on the photochemical reaction in general is to
identify the initial state from which the reaction products are evolved. From the
discussion at the end of the last section, it is clear that the excitation spectroscopy
of a photochemical reaction in alkali halides at the relaxed configuration, or the
double excitation spectroscopy, enables us to obtain the yield of the photochemical
process at each of the symmetry-split states Studies of the excitation spectroscopy
at the unrelaxed configuration gives only the reaction yield at the degenerate state.
This is not sufficient to make clear the reaction mechanism. In this section we
deal with the excitation spectro- scopy at the relaxed configuration.

5. 1. Kinetics of de-excitation and reactions at the excited states

In this section we discuss the information which we can derive out of the
studies of the double excitation spectroscopy for the creation of a Frenkel pair
from a self-traped exciton. In these experiments the self-trapped excitons at the
lowest triplet state were generated with an electron pulse and they were excited
with a light pulse that are delayed from the electron pulse within the lifetime of
the self-trapped exciton.29~31> Measurements have been made of the self-trapped
excitons annihilated by the laser excitation and of the Fcenters or the Hcenters
created. To study the double-excitation spectrum for the intersystem crossing,
the creation of the singlet luminescence as well as the reduction of the triplet
luminescence was also measured.

The number 4N, of the lowest triplet self-trapped excitons annihilated by the
laser irradiation was determined either by measurements of the change dar in the
optical absorption coefficient or of the change 47, in the intensity of the z-lumi-
nescence. The concentration 4N, of F centers and that AN, of the H centers
were determined by measurements of the change 4a, and 4ay of the optical
absorption coefficients at the maximum of the respective optical absorption bands.
The concentration 4N of the generated singlet luminescent states was determined
from the measurements of the increment 47¢ of the singlet luminescence. Typical
oscilloscope trace for the intersystem crossing and the reaction measurements are
shown in Fig. 21. The concentration changes 4Ng and 4N, were obtained by using
following equations:

AN =G Al (8
AN, =Gz, 4I,, €)
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Fig. 21. Typical oscilloscope traces of the
L ! double excitation spectroscopy. The
[ upper figures in the left and right hand
i sides show the incidence of the light
J pulse. The left-hand side shows the
| I change in the o¢- and =-luminescence
and the right-hand side shows the
= — optical absorption due to the F centers
{ and the lowest triplet selftrapped
| excitons.

s

where G is the geometrical factor, and rs and 7y are the lifetimes of the ¢— and
7-luminescent states, or by using the Smakula’s equation:

~ 9mec 7
‘ANIIfII_ Tl_egh* (ng__e_z)g Aa]IWII (11>
AN fo= IC 0w W, (12)

weh (n*-+2)°

where f’s are the oscillator strengths, W’s are the half-widths of the optical ab-
sorption band, # is the refractive index and m is the electron mass.
A theoretical treatment of the de-excitation kinetics indicates that3®

AN, 7
" M:].‘—e o L g t 3 13
N, XD[ Ns+7p+7x (rf)] (13)
AN s (1 Ns )
S — S —e _ s s 14
N, Ne+Nr+Nx Xp[ NsNr TNy U¢:l 1
and
AN Ny N
o 1—exp| —— e _opt)), 15
N, s+ +7x ( Xp[ e+l D (15)

where 5’s are the quantum yields of the transition to the state, specified by the
suffix, from the excited state populated by excitation with laser light. The suffix
S and F denote the ¢- luminescent state and F-H pair, while X denotes the state
other than these two states and the lowest triple state of the self-trapped ex-
citons. The quantum yield 7’s are those of creating the singlet luminescent state,
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the F-H pair and the X state upon excitation to a given excited state. When the
lowest triplet exciton is excited to a certain higher state, the de-excitation occurs
through vibronic states associated with several electronic states lying between the
state to which excitation is made and the lowest triplet states. Thus if the transi-
tion rate to the next lower state is much higher than that to the other states, the
quantum yield 7 is, for instance, the summation of the quantum yield 7§ of reaching
the singlet luminescent state from vibronic states i lying between the initial state
and the lowest state:

15 =237s5 (16)
Comparison of Egs (13), (14) and (15) yields

AN ‘
Ry= "85 = s 17
S AN]' ,)73_%_405‘_%7]{ ( >

and
AN ,, N
R,.=. ro= z 18
F ANT T]S_}"f]p“}‘”'f]‘y . ( )

Rs and R, are the branching ratios of creating the singlet luminescent state and
the F centers upon excitation of the lowest triplet exciton to a given excited
state.

5. 2. F-H-paiv cveation and intersystem crossing in NaCl and KCI

The creation of the [F-H pairs at excited states of the self-trapped excitons
by means of the double excitation spectroscopy has been studied by Soda et al.39,81)
The same authors have also measured the intersystem crossing at excited states
of the self-trapped excitons.2?,3D In this section we describe their experimental
results briefly and discuss on the information derived out of these experimental
studies.

The typical experimental results for Rg and R, as a function of photon energy
for KCl and NaCl are shown in Figs. 22 and 23. Evidently the creation of the J
centers takes place by excitation to the next lowest state of the self-trapped
excitons reached through an allowed optical transition in KCI and NaCl In KCl,
R, is practically independent of the photon energy of the laser light. This result
was taken as an indication that the internal convesion after the excitation to the
higher states leads to the next lowest state of the self-trapped excitons, without
any additional creation of F centers directly from the higher excited states. Thus
it has been concluded that one of the states Aiz (bs3u; bsu) OF Bie (baw; b3w)
state* is the origin of the F-H pair. Most probably the F-H pairs will be evolved
from one of these states and the initial state of the o-luminescence will be evolved
from the other.

In NaCl, the similar conclusion described above may be derived but in this
case when the excitation is made to the higher A,.* (b3u*; bsy) state, no F-H-
pair creation takes place. Clearly the de-excitation from the higher state bypass
the state that causes the F-H creation. Such bypassing of the states during de-

* The capital letter indicates the irreducible representation of the state and the small
letter before semicolon indicates the electron orbital and that after the semicolon
the hole orbital.
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Fig. 22. The dependence of the creation Fig. 23. The dependence of the creation
yield of the F centers in KCl from vield of the F centers (closed circles)
the excited states of the self-trapped and the ¢-luminescence (open circles)
excitons on energy of photons bom- in NaCl from the excited states of the
barded in order to excite the lowest self-trapped excitons on energy of
triplet self-trapped excitons. Upper photons bombarded in order to excite
part of the figure shows the optical the lowest triplet self-trapped exci-
absorption spectra (see Fig. 18, after tons. Upper part of the figure shows
Soda and Itoh3®), the optical absorption spectra of the

self-trapped excitons in NaCl (after
Soda and Itoh3D).

excitation may be understood in terms of strong electron-lattice coupling. These
phenomena are of importance to understand the non-radiative processes as well as
photochemical processes in solids.

Another important consequence of the investigation of the double excitation
spectroscopic technique is the observation that the yield of the F-H creation as
well as the intersystem crossing is usually not more than 10%.31  Thus the
predominant channel of the non-radiative de-excition is the internal conversion
within the triplet manifold. Moreover it has been found that the delay in the build-
up of the lowest triplet state is only about 100ps.32, 33> These results are not sur-
prising since electronic states are densely populated above the A;, and B¢ states.
The next low-lying state from the 4., state is rather separated, but the strong
electron-lattice coupling again may cause the very rapid non-radiative transition
from the A, or B;, state to the lowest state of the triplet exciton.

Even though the original state of the F-H pair creation has not been deter-
mined, a new technique is being developed to identify the original state. The
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Fig. 24. A schematic diagram indicating
the self-trapping of an exciton and
the evolution of a Frenkel pair from
a self-trapped exciton.

technique is essentially based on the anisotropic nature of the self-trapped exciton
and is utilizing the dichroic excitation. To identify the state has an important
implication on the mechanisms of defect creation from the electronically excited
states. Toyozawa3®) has suggested the adibatic instability at the relaxed con-
figuration for the motion of the Cl; molecular ion along a (110> direction (see
Fig. 24). This adiabatic instability is induced at the A;gz (bsy; b3n) state by an
accidental Jahn-Teller effect between the b4, orbital and the lowest «;, orbital
On the other hand, Itoh and Saidoh3®5’ have suggested that the weakening the re-
pulsive. potential between the halogen molecular ion and two alkali ions lying on
the direction perpendicular to the molecular ion is essential. The repulsive poten-
tial is shown?®6,37 to be weakened if the positive hole in the halogon molecular
ion is excited.

5. 3. Detrapping of impurity-trapped excitons by photo-excitation

The thermal detrapping of free excitons from defects or impurities has heen
studied extensively. Using the experimental technique of the double excitation,
the optical detrapping of excitons in a naphthalene single crystal, trapped by chlo-
ronaphthalene, has been studied by Shirakawa et al.38) They measured the fluores-
cence induced by collisions of a detrapped exciton with a trapped exciton. From
the experimental results they derived the detrapping probability as a function of
photon energy, which is shown in Fig. 25.

Similarly to the case of the photon energy dependence of the F-center creation,
the first derivative of the yield curve

means the detrapping probability from the
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first derivative is non-zero between 2.3 and 2.5eV and at some energies below
2.0eV. In the other states highly excited excitons are de-excited through collisions
with phonons, namely through the internal conversion. 7The non-zero detrapping
vield between 2.3¢V and 2.5e¢V has been ascribed to the admixture between the
exciton state and the free electron-hole state, from the energetic arguments. The
location of the lower state has not been made but it will be related to the f{ree
triplet exciton state. If so it will be very small since the depth of the trapped
state against the free triplet exciton is only 30 meV.3®

V. Dynamics of defects induced by ionizing irradiation in
alkali halides

Electron pulses can be utilized for studies of defect dynamics. Here by defect
dynamics we refer to the motion, aggregation, impurity trapping and annealing of
defects. Following methods may be utilized: (1) The direct determination of
electron-pulse-indnced defect creation and defect annealing and (2) Comparison of
the defects formed in pure and doped crystals within a pulsed bombardment. The
former technique enables us to observe the defect motion taking place with a delay
longer than the duration of the pulse. The latter technique makes it feasible to
derive information on the defect motion terminated during the electron pulse. This
technique can distinguish the effect of the defect motion in the process of formation
from the that of the thermal motion.

6. 1. Defect dynawmics in the defect creation processes

‘When an F--H pair is created by a photochemical process, a certain amount of
energy is imparted to the interstitial. Thus the H center created is usually sepa-
rated from the F center position from which the A center is originated. The
motion of the interstitial until it is de-energized has been called the dynamic
motion and is distinguished from the thermal motion.4® Figure 26 shows an
typical experimental result which distinguishes the dynamic motion from the thermal
motion.41> The result indicates the number of the A centers, the F centers and
the di-H centers created by an electron pulse, as a function of time after the
pulse. Immediately after an electron pulse one sees that both the H centers and
the di-H centers are created. There is slow decrease of the A center concentra-
tion, which is compensated by creation of the di~H centers. The extrapolation of
the growth curve does not lead to zero. Moreover, the temperature dependence of
the slowly increasing component was found to agree with that of the thermal
motion, On the other hand the number of the di-H centers formed immediately
after an electron pulse depends on temperature following an Arrehenius equation
but with a different activation energy.4®

The experimental results described above can distinguish the motion during
bombardment and after bombardment. The motion during bombardment may be
either ascribed to the dynamic motion, described above, or the radiation-enhanced
diffusion of the A centers. The enhanced diffusion of the X centers will become
less effective as the lifetime of the H centers becomes less than the electron-pulse
duration. In alkali halides it has been found that the creation of the di-H centers
during the electron pulse takes place even at high temeratures, 41’ where the lifetime
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Fig. 26. Annihilation of the I centers and Fig. 27. Optical absorption bands formed
the H centers (lower) and the forma- by an electron-pulse bombardment in
tion of the di-H centers (upper) after KBr: Na. The apparent peak shift
an electron-pulse bombardment in KBr with increasing temperature is due to
at 168K (after Tanimura and ItohtD), the increasing formation yield of the

H .4 center (the peak of the H4 band
is at 3.26eV, after Saidoh et al.4®).

of the H centers is expected to be very small.3%

The dynamic motion has been studied in detail by Saidoh and coworkers.42~44
These authors measured the interaction between two H centers and between an H
center and a monovalent impurity in alkali halides between 100K and 200K. A
typical result for the interaction between the H center and the Nat impurity is
shown in Fig. 27. Clearly the increase in temperature enhances the creation yield
of the H, center, the H center trapped by Nat impurity. They analyzed the results
such as shown in Fig. 27 with an assumption that the interaction takes place while
the interstitials undergo a dynamic motion. They showed that the range / of the
dynamic motion depends on temperature as

=1+l "/, (19)

where [, and [; are constants. [/, is typically a few lattice distances. These
quantities are related to the sputtering and other associated processes.45

There are other few advantages in employing electron pulses to study the
defect interaction. One important advantage is that one measures defects created
in a short pulse in which neither thermal motion of interstitials nor thermal decom-
position of defect is allowed. This fact often simplifies the analysis. For example, the
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concentration relation between defects, such as a quadratic relation, often helps to
identify the defects. For example the di-H center concentration formed under a
quasi-steady state is proportional to the square of the H-center concentration,
Hoshi et al.4®) have used an electron pulse to find that the D center is a di-H
center stabilized by a Ca impurity in alkali halides.

6. 2. Dynamics of the primary defects

Observation of the post-irradiation behaviors of the defects introduced by a
nanosecond electron pulse is often useful to make clear the defect dynamics. An
advantage of using nanosecond electron pulses over using continuous irradiation is
following. Under continuous irradiation defects introduced at the beginning of
irradiation are influenced under irradiation. Since the irradiation time is long, the
phonon-assisted motion under irradiation, such as the radiation-enhanced diffusion
may alter the defect states. On the other hand the nanosecond irradiation creates
defects in such a way that is not influenced by a long time irradiation effect.
Therefore the defects created by a nanosecond electron pulse are not necessarily
the same as those created by continuous irradiation even though the radiation dose
is the same. The creation of defects introduced by a nonosecond electron pulse is,
in a sense, a simulation of those in a track of heavy charged particles.

In order to demonstrate the difference in the defects created by a nanosecond
pulse and by continuous irradiation, we show in Fig. 28, the optical absorption
spectra after two types of irradiation. For the electron pulse irradiation, spectrum
obtained 100ns after the electron
pulse. The F band is identical but the uv
bands are not the same. The band after
the nanosecond irradiation, being referred

was

to as H, band, is a new band which has
not been observed by continuous irradia-
tion.4”  The V, band, which has been
ascribed to the di-H center, is known to
be stable below 200K. The ¥V, band has
been assigned to be the optical absorption
of halogen molecules embedded in disloca-
tion loops.¢®

Annealing of the F centers created
by a nanosecond electron pulse has been
measured.48> Typical example is shown
in Fig. 29. Comparison of these annealing
curves with those of the V', centers and
the H, centers shows that the first two
stages, marked I and I, are caused by
interstitial-vacancy annihilation. The an-
nealing of the irradiation-induced volume

OPTICAL DENSITY

0§

KBr

— Xray
o= electron pulse

o4

PHOTON ENERGY (eV)

Fig. 28. Comparison of the optical absorp-

tion bands in the uv region, formed
by an electron pulse and by continuous
X-ray irradiation at room temperature
in KBr.

expansion has been also measured,?® as shown in Fig. 30 and it has been found
that the stages I and 1 are accompanied by the annealing of the volume expansion
but in the later stages the annealing of the volume expansion does not necessarily
follow the annealing of the F centers. Similar results have been obtained for
NaCl.



192 N. Itoh ef al.

T 't a
gt
2
§10?
3
e
i 50
ko
'
4 500
wr
0 0° | ’ !
z M KBr 450K
1 450 &0l :
' g
5
10
107
400 S
<
y = 101 (™ 0a,
% \%::?_WMM%%
: ! 100 \'\:j\\j%’”‘
= ~ B
H 10 [ . & \\ N %
) A & v w0 -6 -5 -4 -3 -2 -1 : !
time (5) 10 10 10 10”ME(1$0) © R
Fig. 29. A typical decay curve of the I Fig. 30. Comparison of the annihilation of
) centers in KBr formed by an electron the F centers and the volume expan-
pulse. The thine solid lines show the sion after an electron-pulse bombard-
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annealing stages. Stages [, I and [[ in the volume expansion.

are bimolecular and stage |\ is mono-
molecular (after Toriumi and [toh4D),

The results described above indicate very clearly that the stages I and I
are due to the direct recombination of F centers with two types of the di-H
centers that are mobile at respective jump rate. In view of the experimental
results that the F-centers in alkali halides make little contribution to the volume
expansion, it has been suggested that the annealing stage of the [ centers not
accompanied by the volume change is due to the coagulation of the F centers into
clusters. The annihilation of the F centers may induce the growth of the cluster
size. This result explains the experimental results that the annealing at the last
stage is a mono-molecular reaction.

It is interesting to note that if higher temperature annealing stages does not
leave any defects, the radiation damages of materials will not take place. The
reason why the radiation damage occurs at high temperatures is that vacancies and
interstitials are clustered separately rather than annihilate each other. Thus it is
essentially important to find the conditions at which the defect clustering is in-
duced. The studies described above indicate that the F centers of which the inter-



Uses of Pulsed Electron Beam to Solid-States Studies 193

stitial partners are stabilized are coagulated, while those of which interstitial
partners are not stabilized are annihilated. Thus one important criterion for clus-
terization appears to be the formation of interstitial stabilization with an enyergy
larger than the migration energy of vacancies.

Vi. Concluding remarks

The use of the Febetron 707 has yielded varieties of information which other-
wise can not be obtained. Particularly the studies of the double-excitation spectro-
scopy, the exciton dynamics and defect kinetics will be of use to other systems.
Following extension of the present techniques may facilitate further deep under-
standing on the non-radiative processes and defect dynamics.

(1) The use of picosecond dye-laser will be of particular importance. The
delay time in the non-radiative de-excitation is of the order of a few picoseconds.
Therefore if a picosecond laser is used instead of a nanosecond laser, the delay
time in the build-up of the evacuated lowest triplet state can be determined. By
changing the photon energy the non-radiative transition rate between each of the
higher excited states can be obtained. The pathway of the non-radiative transition
and the structure of vibronic states may be made clear. In the highly excited
states, because of pseudo-Jahn-Teller effect, the electron-lattice coupling will pro-
duce the mixed electronic states and strongly influence the non-radiative pathways.
The studies of the non-radiative processes using the double excitation technique
may open a new field, non-radiative processes in a low symmetry, and is useful to
understand photochemical processes.

(2) Use of high intensity electron pulse will be important. One of the current
interest of radiation effects is the high density electronic excitation effect induced
in a track of heavy ions that exhibit very high energy deposition rate. It is, how-
ever, often not very practical to study the high density effect using heavy ions,
because of the difficulty in controlling the energy deposition rate and of the
presence of the effect of elastic collisions. Use of the high intensity electron
pulse for studies for example, of the high density effect on sputtering, chemical
reactivities and luminescence will be useful. Focussing the Febetron beam by two
orders of magnitude may suffice for this purpose.

(3) The studies of the type that have been made for alkali halides and aromatic
hydrocarbon crystals can be extended into any materials. In science it is often
the case that use of a new technique cause a stepwise progress. In this sense it
is hoped that similar techniques may be used extensively by experts of other fields.
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