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The off-axis symmetry of the F, center in KCL:Li* has been investigated by optical experiments.
We have studied static and dynamic reorientational properties of the F, center by measurements of
absorption and emission. The off-axis model of the center has been confirmed. A theoretical treat-
ment, which takes into account the small deviation of the center with respect to the crystal axes, is
in good agreement with the experimental results. Best fittings of the theory to the experimental data

yield a value of the off-axis angle 6=28".

I. INTRODUCTION

Color centers in alkali halides have been deeply studied
in the past as prototypes of point defects in solids. In par-
ticular, the F and F, centers, which are the simplest de-
fects, have been the object of detailed investigations that
have also lead to the understanding of more complex
centers.”? In the last ten years the interest on these
centers has been further stimulated by the possibility of
using these defects as active centers in tunable laser sys-
tems.> These lasers possess very useful features, such as
high single-mode output, narrow linewidth and a broad
tuning range, and their wide field of application, from
laser chemistry to high-resolution spectroscopy, from pol-
lution detection to optical communications, explains the
increasing number of studies in this research area.

Various types of point defects in doped alkali halides
have been successfully tested for laser action, yielding tu-
nability over the spectral range from 0.8 to 4 um. These
defects are formed by F centers associated to impurities,
such as Li*, Na*, and T1* or by ionized pairs of F
centers, such as F,* possibly stabilized by neighboring im-
purities.>~> Despite the long list of laser-active centers,
the F,(II) center in KCI:Li*, which was the first system
showing laser action,®’ is still one of the most widely
used, because of its peculiar characteristics of easy pro-
duction, stability, and low bleaching effects.

The F4(II) center is formed by an F center (an electron
trapped by an anion vacancy) in which one of the six
alkali-metal nearest-neighbor ions is replaced by some
lighter alkali-metal ion. The optical behavior of the
F(II) center has been extensively studied, and the
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theoretical model currently accepted accounts very well
for its optical absorption and emission properties.® The
peculiar optical cycle of the F,(II) center stems from the
so-called ionic saddle-point configuration of the defect in
the relaxed excited state, in which the electron is shared
between two symmetrical potential wells. This configura-
tion, which gives rise to an emission having a large Stokes
shift, narrow bandwidth, and short lifetime, is caused by
the small size of the substitutional Li* ion neighboring
the vacancy. However, the precise location of the Li* ion
in the KCIl lattice has not yet been well established, even
in the ground-state configuration. Indeed, several small
monovalent impurity ions, such as Cu*, Ag*, and Li™,
introduced substitutionally in alkali halides with suffi-
ciently large lattice parameters, can occupy an off-center
position.” The origin of this effect was identified by
Matthew!© as the small size of the substitutional ion,
which has a weak overlap interaction with its neighbors.
For this reason the repulsive interactions are not strong
enough to oppose the displacement of the impurity ion to
an off-center position, which is stabilized by the energy
gain due to the polarization of the lattice. It is known, for
example, that an isolated substitutional Li* impurity in
KCl occupies an off-center position shifted from the
proper lattice site along one of the eight equivalent (111)
directions.!!

A similar off-center behavior was suggested to explain
Raman experiments in the F,(Li) centers in KCL.!> Clear
evidence of the off-center displacement of the Li* ion in
the F, center was obtained by Rosenberger and Liity'>!*
with a detailed analysis of electro-optical experiments.
They conclude that the Li* ions are displaced into four
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equivalent sites, along the (110) directions, on a plane
perpendicular to the symmetry axis of the center. This
model has been successfully applied to the interpretation
of the results of spin relaxation, yielding information on
the tunneling structure of the Li* ion.! However, con-
trary to the behavior of isolated off-center impurities, the
Li* ion of the F, center in KCl could not be constrained
in the on-center position by applying hydrostatic pres-
sure.'$

Because of the fast tunneling motion among the four
equivalent positions, it seemed that optical and electron-
nuclear double-resonance (ENDOR) experiments could
not differentiate between a C,, symmetry and an off-axis
geometry.? In particular, the absorption and luminescence
properties were expected to be independent of the off-axis
displacement of the Li* ions. However, careful measure-
ments of luminescence in colored KCL:Li* crystals per-
formed under certain optical pumping configurations
have shown unexpected results.!” Therefore we have
started a series of systematic experiments in order to clari-
fy the role of the off-axis configuration. We have found
that the absorption, emission, and kinetics of the center
reorientation are all affected by the displacement of the
Li* ion from the lattice site.

In the following section the theoretical model of the op-
tical reorientation of the centers, which takes into account
their off-axis angle, is briefly sketched. The experimental
apparatus is described in Sec. III, and the discussion of
the experimental results reported is in Sec. IV. The con-
clusions in Sec. V will stress the point that, besides sup-
plying a new technique for studying the properties of the
off-axis centers, the orientational behavior of the defects
may be used to improve the performances of the F,(II)
color-center lasers.

II. THEORETICAL MODEL

The F,4 center model is shown in Fig. 1. In KCLLi*
the F, center exhibits two absorption bands. The F,,
band, peaking at about 630 nm, is due to the dipole transi-
tion parallel to the center axis, arrow 1 in Fig. 1, and the
twofold degenerate F 4, band, peaking at about 550 nm, is
due to the dipole transitions perpendicular to the center
axis, arrow 2 in Fig. 1. The F4(Li) emission in KCI con-
sists of one band centered at about 2.7 um.? As is well
known, a reorientation process takes place after the opti-
cal excitation of the F,(II) center. This is caused by the
possible jumping of the vacancy around the Li* ion dur-
ing the relaxation process. As a consequence, optical
pumping within the F,; band with light polarized along
one of the three (100) directions leads to the alignment
of the centers along the other two perpendicular direc-
tions, where they can no longer be excited [Fig. 2(a)]. On
the other hand, if the same pumping beam is polarized at
45° with respect to the crystal x and y directions, then all
centers will be aligned preferentially along the z direction
[Fig. 2(b)]. Such a reorientation process is temperature in-
dependent for F,(II) centers, with a reorientation quan-
tum efficiency 7=0.5.
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FIG. 1. Ionic configuration of the F, center in alkali halides
with absorption transition vectors.

If the centers are not exactly aligned along the direc-
tions of the crystallographic axes, because of the off-
center displacement of the Li* ions, then both alignment
processes described above cannot be fully achieved.
Indeed, in this case all the reoriented centers can still be
excited, although with a smaller probability, proportional
to the square of the component of the electric field of the
incident light along the direction of the center dipoles. As
a consequence, a dynamical equilibrium is established, in
which none of the initial center directions are completely
depopulated.

Let us now calculate the time evolution under polarized
optical pumping of intensity I, of the number of centers,
N;, lying along the four directions forming the angle 6
with the crystallographic axis i (i =x,y,z). Indicating by
o; the relative absorption cross sections of the centers, we
have

1 dN, o,N, o.N,
—_ =—o N +2LL 22
wlo dr ot
1 dN, o.N, o,N,
— 2 XX _oN, , 1
nly dt 2 Nt M
1 dNn, _ oxN, oyN, —oN
7]1() dt 2 2 e

where the numerical factor + stems from the fact that the
centers leaving one direction can reorient themselves on
the other two directions with equal probability. Of
course, the total number of centers in the crystal is con-
stant, i.e.,

N=N,+N,+N, . )

The absorption cross section of the various centers is pro-
portional to |€-r|? where € is a unit vector showing the
direction of the polarization of the incident light beam
and r is the transition dipole moment, whose direction for
the F 4, transition is parallel to the center axis. Assuming
that the pumping F,, light propagates along the z axis,



33 EFFECTS OF THE OFF-CENTER POSITION OF THE Li* . .. 4275

CENTERS f Fa T;"

Random

distribution

Excitation
with polarized
Fy light

Final @ @ @

distribution

a)

CENTERS it ol

Random ﬁ, @ a@’
distribution f
Excitation _ —
with polarized ’@, @ /,@b\
F, light S, v W
’ w .:\_
. | iEs
- X N\t
Enus =
K
Y
Final ;%L é&’ .@
distribution @ % %

¢b»

FIG. 2. F-center reorientation under optical excitation: (a) polarization parallel to one of the crystal axes; (b) polarization at 45°

with respect to two crystal axes.

and indicating by £ the angle between € and the x axis
and by 0 the off-axis angle of the F,(Li) center (see Fig.
3), the absorption cross section o; can be obtained by
averaging the amount |€-r |2 over the four possible orien-
tations of the centers around the i/ axis. We obtain

0 = 0o(cos?0 cos’€ + 5 sin’@sin’¢) ,

0, =0(cos’0sin%€ + 5 sin*@ cos?¢) , (3)

1 .
0,=500sin’f ,

No,o og,—0x+A
N,(t)= S —c,——= exp | —
0x0y+0,0,+0,0, o, —0y
No,o o,—0,+A
Ny(t)= == +C,——= exp | —
0x0y+0x0,+0,0, 0, —0y
No,o -
N,(t)= - +Ciexp |— 4 Anlot
0,0y +050,+0,0, 2

where o is the absorption cross section of an on-axis
center. Equations (3) have been obtained under the hy-
pothesis of even distribution of centers among the four
equivalent positions around the symmetry axis (Fig. 3).
This approximation is fully justified, because the tunnel-
ing processes among these four equivalent configurations
have a typical frequency of the order of 10® s~','* much
larger than the optical pumping rate used in our experi-
ments.
The general solutions of Egs. (1) can be written as

— g, —0,—A
A=8 1t |-, exp | — A8 rge |,
y Y 2
— o,—0,—A A+A
ot |+C; exp | — ot |, )
2 Oy —0x 2
+C,exp |— 4 ;-A nlot | ,
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FIG. 3. Model showing the orientations of the transition di-
pole moments of the F, centers, r, with respect to the electric
field E of the incoming em radiation.

where

A=0,+0,+0,,

A=[o,(0x—0y)+0,(0,—0,)+0,(0,—0,)]'"?,

and C, and C, are determined by the initial conditions.
Equations (4) allow us to evaluate the absorption and
emission of the crystal under various pumping schemes
and in both dynamic and static regimes. Indeed, the ab-
sorption coefficient is given by

a=N,0,+N,0,+N,0,, (5)

and the emission intensity is obviously proportional to the
absorption coefficient and to the intensity of the pumping
radiation.

Information about the off-axis angle 6, which appears
in the expressions of the cross section in Egs. (3), can be
obtained from measurements of absorption and emission.
In particular, we have found that three schemes of mea-
surement are well suited to be performed experimentally.

A. Steady-state effects

In the case of stationary pumping with em radiation
having constant intensity and polarization, the steady-
state populations along the three axes are given by

0x0y+0x0,+0,0,

Oz

X

UXUZ
N,= N, (6)
Ox0y+0,0,+0,0,

0x0,

0x0,+050,+0,0,

z
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and the steady-state absorption a; is easily calculated:

B 3N
T Vox+1/0,+1/0,

a (7)
It can be shown by using the relations (3) in Eq. (7) that
the absorption is a periodic function of §&, i.e,
a,(&§)=a,(§+m/2), and it is strongly dependent on the
value of the angle 6. Therefore from accurate static mea-
surements of absorption or luminescence it is possible to
derive such a value.

B. Transient effects

A second method for the measurement of 6 derives
from the temporary changes of the absorption coefficient
following a sudden change of the pumping conditions.

The sample is irradiated with light polarized at £=0".
When the angle £ is switched abruptly from 0° to 7/2, the
initial population remains that established by the previous
pumping at £=0°. The expression for this initial transient
absorption a,(0) is given by

sin*0/2 + 2 cos*0 + sin® 6 cos?0

«(0)=Noo 1+3cos’0

(8)

When the center orientation reaches the final equilibrium,
the absorption a,( « ) is given by

12 2
(o0 )=Noy S0 0c0s 8 ©
143 cos“0

Keeping in mind that 8 is quite small, one obtains, from
the ratio of the two expressions,

3sin%0
a,(0) ~ 14cos?@

a‘(w) -

(10)

Therefore the measurements of the initial and final values
of this transient absorption (or emission) allows a direct
measure of the off-axis angle. Let us note that the value
a,( o) coincides with the steady-state absorption a,(£) for
£=0°.

C. Kinetics measurements

As a last case we consider the time variation of the ab-
sorption and emission in a crystal prepared as in Figs. 2(a)
and 2(b).

The centers are first oriented along the z direction by
pumping with a polarized beam at £==/4, as in Fig. 2(b).
Subsequently, the polarization is rotated abruptly at
§=m/2 and the increase of the population along the x
axis is monitored independently. From Egs. (4) it is easily
calculated with the appropriate initial conditions that the
process exhibits an exponential behavior of the type

No _
a(t)m—2(1—e"Ts) (11)
2
where
T 2 4 (12)

- nly(4 —A) - 3nlyo,sin0

is the time constant of this “slow” process. In deriving
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Eq. (11) we have neglected in Egs. (4) and (5) the terms in
sinf of order higher than 2 and, likewise, the other ex-
ponential terms of Eqgs. (4) that have a negligible coeffi-
cient. Secondly, the centers are oriented along the y and z
axes, by pumping with a polarized beam at £=0°, as in
Fig. 2(a). If the angle of polarization is switched suddenly
to £=m/2, the population of the centers along the y axis
decreases exponentially and the absorption is given by

Noo _yr,

a(t):—Te , (13)

where

2

Tr=——"—— 14)
P nlo(4 +8) (

= (7]1 00 0)' !
is the time constant of this “fast” process. In conclusion,
the ratio of the two time constants gives

Tp/Ts=7sin’6 , (15)
and again the kinetics of absorption or emission gives
direct information on the off-axis angle.

Let us point out that in all three previous cases we have
supposed the incident radiation to be of constant intensity
in space (inside the crystal) and in time. This condition is
not always fulfilled in our experiments, so that various
corrections will be introduced later in the paper. Howev-
er, these corrections do not alter the validity of Egs. (7),
(10), and (15).

III. EXPERIMENTAL APPARATUS

The standard experimental setup used for the absorp-
tion and emission measurements is shown in Fig. 4. The
crystal thickness used in all optical measurements was
1.0£0.1 mm. The samples were home-grown single crys-
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tals of KCl:Li* additively colored in potassium vapor.
The formation of the F, centers was obtained by irradiat-
ing the sample at —20°C with green light absorbed by the
F centers. The crystals containing F, centers were cooled
in a liquid-helium immersion cryostat and most of the
measurements were performed at ~2 K. The crystals
were mounted with the (100) axis vertical and the front
face perpendicular to the incident light. Dichroic absorp-
tion spectra were obtained with a scanning monochroma-
tor Spex Minimate 2 using a plastic linear polarizer.
When the time dependence of the absorption was mea-
sured at a single wavelength, the light source and mono-
chromator were replaced by a He-Ne laser of approxi-
mately 10 mW. The polarization, selected by a calcite
prism, was rotated either by a Fresnel rhomb or by a
Pockel cell when a fast switching time was needed. In the
emission measurements, as sketched in the lower part of
Fig. 4, we used a collinear excitation and detection
geometry, with an InSb ir detector of the 2.7-um lumines-
cence and proper filtering out of the exciting radiation. In
a few experiments, a Kr*-ion laser was used for the exci-
tation.

IV. RESULTS AND DISCUSSION

The measurement of the dichroic absorption spectrum
of the F,(II) centers in KCL:Li™ is a direct way of study-
ing the reorientation processes, and it has been extensively
used in previous measurements.” Figure 5 shows the di-
chroic spectra measured at 2 K with light polarized along
the y and the x axes of the crystal, after a thorough irra-
diation of the sample with x-polarized F, light directed
along the z axis. The centers are aligned as shown in Fig.
2(a). Analogously, Figure 6 shows the dichroic spectra
measured at 2 K with light polarized along the y and x

r
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FIG. 4. Experimental setup used to measure the stationary absorption spectra (upper panel) and the kinetic processes (lower panel).
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Dichroic absorption spectra of F, centers in
KCLLi* at 2 K after irradiation with F,; light linearly polar-
ized along the x axis: , observed with x-polarized light;
— — —, observed with y-polarized light.

axes after a thorough irradiation of the sample with light
polarized at £==7/4. The centers are aligned as shown in
Fig. 2(b). Figures 5 and 6 clearly show how difficult it is
to evaluate from absorption measurements the residual ab-
sorption of the F,, band after alignment, because of ef-
fects due to the absorption background. Therefore, while
absorption measurements are indicated whenever a rela-
tive measure is necessary, or when a low excitation is re-
quested to avoid perturbation of the system by the probe
beam, emission measurements are preferred in all other
cases.

We made three different experimental investigations in
order both to test the correctness of the rate equations (1)
and to obtain reliable values for the off-axis angle 6. The
three investigations correspond to the three schemes
evaluated in the theoretical section. They will be called
steady-state emission, transient emission, and kinetic ab-

sorption methods, based on the way they have been car-
ried out.

A. Steady-state emission experiment

In the first case considered in Sec. II the absorption or
the emission must be measured in the stationary state
while pumping with radiation polarized at a variable an-
gle £&. In this case the crystal will always be bleached by
the exciting light so that the absorption will be small and
not easily measurable. As a consequence, luminescence
measurements have been preferred. Also, because of the
small absorption of the crystal, after the equilibrium is
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FIG. 6. Dichroic absorption spectra of F, centers in
KCLLit* at 2 K after irradiation with F, light polarized at 45°
in the x-y plane, observed with x- and y-polarized light: the
two curves are completely superimposed.

reached, the intensity of the pumping light is almost con-
stant along the crystal, so that no corrections are needed
on expression (7).

Experiments have been made by using a He-Ne laser
(A=632.8 nm). The exciting wavelength is in the F
band and well outside the F,, band, at least at low tem-
peratures, as we will show below. Figure 7 shows the

Emission intensity (arbitrary units)

| | | | |
0 15° 30° 45° 60° 75’ 90°

N

FIG. 7. Angular dependence of the stationary emission inten-
sity under polarized excitation: the solid curve is the theoretical
fitting of the experimental points.
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luminescence of a sample as a function of the angle &.
The experimental points are in good agreement with the
theoretical curve, Eq. (7), calculated for a value of 6=28".
An analogous experiment has been performed with a
krypton laser (A=649 nm). In this case the polarization
was rotated continuously at a fixed frequency and the
luminescence signal was analyzed by a computer, which at
the same time performs a best-fitting procedure with for-
mula (7). Preliminary results obtained in this way are in
substantial agreement with those just described.

B. Transient effects

Emission measurements have been also performed in
the second experimental scheme, where the initial and fi-
nal values of a reorientation process have to be measured
at §=m/2 after a steady preparation of the sample at
£=0°. Figure 8 gives an example of experimental results
of luminescence as a function of time for different in-
cident powers. From such measurements it is possible to
extract the values of the luminescence at the beginning of
the process, L(0), and at the end, L (o). The ratio be-
tween them, identical to that of the absorption coeffi-
cients, is a function of the off-axis angle, given by Eq.
(10). However, in this case the intensity of the incident
radiation is not constant throughout the sample, and we
have to take into account its absorption @. The lumines-
cence emitted by an infinitesimal element of thickness dz

1250 mW/cm?

L
Y Y T S -
=
£ 800 mW/cm?
=
g
E
8
E 0 1 1 1 i i L L L
600 mW/ em?
G 1 1 1 1 i 1 1 1
20 40 60 t(ms)

FIG. 8. Reorientation time of F, centers for various powers
of the incident F,, light: see text for details.

of the crystal is given by
dL =clje ~%adz , (16)

where ¢ is the quantum efficiency of the phenomenon.
The total luminescence is easily obtained by integrating
the previous expression [Eq. (16)] over the thickness d of
the crystal:

d
L= [ dL=clo(1—e=). (17

Thus, if ,(0) and a,(« ) are the absorption coefficients at
the beginning and at the end of the reorientation process,
we have

L(oo) 1-e—a‘(w)d

Lol = | e (18)

Taking into account that, in all the experiments per-
formed, a,( « )d << 1, one obtains

a,(0)d
~a,(0)d °
e

L(w) =at(°°) a,(0)d __3sin%
L) ~ a/0) 1—e~*®  {4cos?9 1_

(19)

where we have used Eq. (10) for the absorption ratio at
constant intensity. This result differs from Eq. (10) by a
correction factor, easily measurable at the beginning of
the experiment. Experimental results using various
sources and various pumping intensities give the average
value 6=9.5".

C. Kinetic measurements

Using the two previous methods, we have measured
values of the emission intensity and absorption coefficient,
completely neglecting the time dependence of the reorien-
tation processes. However, we have shown in Sec. II that
the time constants in Egs. (4) have a strong dependence on
6. If we start from a situation with almost all the centers
aligned along the z axis, Fig. 2(b), we can reorient them
along the x axis by pumping the system with light polar-
ized along the y axis. The population along the x axis in-
creases in an exponential way, Eq. (11), and can be moni-
tored by absorption measurements with very weak light.
In practice, the same light source (lamp or He-Ne laser)
was used to pump and to monitor. For this latter pur-
pose, the polarization is rotated by 7/2 and the intensity
strongly attenuated. Typical experimental results ob-
tained with a He-Ne laser are reported in Fig. 9 for three
different temperatures. Fittings of the experimental
points with formula (11) show satisfactory agreement. In
this way it is possible to extract the value of the “slow”
time constant T. In these measurements the intensity of
the pumping light is almost constant along the sample, be-
cause the centers cannot be reoriented along the y axis. In
contrast, a correction is necessary for the measure of the
“fast” time constant. Indeed, in this case the centers ini-
tially oriented along the y and x axes, Fig. 2(a), are
pumped out of the y axis, by the same beam used in the
measurement of the slow process. At this time, however,
one observes a large variation of the light transmitted
through the crystal, due to the change of the absorption
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FIG. 9. Realignment of F, centers along the x axis under y-
polarized pumping of the crystal prepared as shown in Fig. 2(b):
the solid curves are theoretical fittings of the experimental
points.

coefficient during the center’s reorientation. The change
of the beam intensity through an infinitesimal element of
thickness dz of the crystal is given by

dl (z,t)= —alz,t)] (z,t)dz . (20)
From Eq. (13) we know that

Noy, _
a(z,t):_z_g_e nl(z,004t i 21)

so that

0.6F 2K
04
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o
[=2])

o
>
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FIG. 10. Decrease of F, centers aligned along the y axis
under y-polarized pumping of the crystal prepared as shown in
Fig. 2(a): the solid curves are theoretical fittings of the experi-
mental points.
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> I(z,t)e dz . (22)

Integration of Eq. (22) along the thickness d of the sam-
ple, performed by a computer, facilitates comparison of
the theoretical values to the experimental data of I(d,t)
and, from them, evaluation of the “fast” time constant
Tr. In Fig. 10 we report some fast reorientational pro-
cesses obtained with a He-Ne laser. Fittings made using
Eq. (22) are also shown. It is evident that the behavior is
not exponential as expected, because I is not constant
along the crystal. As we have shown before, from the ra-
tio of the slow and fast time constants, Eq. (15), it is pos-
sible to obtain the off-axis angle 6=8".

Using this method we investigated the influence of the
long-wavelength tail of the F,, band (see Fig. 5) on the
present measurements. In writing the rate equations (1)
we have supposed that the two bands F,; and F,, are
well separated in energy and we completely neglected the
possible contribution of the F,, band to the total absorp-
tion at the pumping wavelength. However, it is not possi-
ble to exclude a priori the possible influence of the F,,
band when a source pump like the He-Ne laser is used.
Thus we measured the ratio Tr/Ts at various tempera-
tures, since the increase of the width of the absorption
band with temperature should produce a strong variation
of that ratio in the case of overlapping of the two bands.
The experimental results, Fig. 11, show that the ratio

dl(z,t)= —

TABLE 1. Off-axis angle of the F,(II) center in KCLLi*
measured by different optical methods.

Methods 6 (deg)
Steady-state emission 8.0+1.0
Transient emission 9.5+2.0
Kinetics of absorption 8.0t£1.0
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Tr/Ts is constant up to 80 K and increases markedly
only above that temperature. We conclude that at low
temperature the F,, and F,, bands are well separated
and that their overlap is negligible at the wavelength of
the pumping light. Only above 80 K is the pumping light
absorbed by both F,, and F 4, bands, completely chang-
ing the kinetics of the reorientation process.

Up to now we have assumed that the crystal plane (001)
is normal to the incident light so that the reference frame
of Fig. 3 can be used. However, we have investigated the
magnitude of a possible geometrical error by using the
dynamic absorption method. More exactly, we have mea-
sured the ratio Tr/Ts as a function of the angle ¢ be-
tween the direction of propagation of the pumping beam
light and the z axis in the plane y-z. By using the same
procedure as that used to obtain the previous cross sec-
tions, given by formulas (3), we have, in this case,

sin’6 cos’¢ + sin’0 sin’

x =00 2 ,
g2
g,=09 cos6 cos’p + S—HLG—ZSM , (23)

g;=0p

c 2 2
sin'gcos’d 2C 8P | cos?OsinZp

By calculating 4 and A as functions of the new cross sec-
tions (23) and by assuming a small angle of incident ¢, we
obtain

Ty /Ts~3(sin’0+sin’p cos’¢) ,

which reduces to Eq. (15) for ¢ =0°.

(24)

EFFECTS OF THE OFF-CENTER POSITION OF THE Li* . ..

4281

In Fig. 12 we have reported the experimental ratio
Tr/Ts for several values of the angle ¢. A fitting of Eq.
(24) shows that there is a mismatch of 1.5° between the
measured angle of incidence and the direction normal to
the crystal. This experiment shows that the ratio Tr/Ty
is not strongly dependent on the angle ¢. It gives a
minimum value of Tr/Tg similar to those obtained previ-
ously, and the best agreement is obtained for 6=8".

The values of the off-axis angle 8 of the F,(II) center
in KCl:Li* measured with the different methods are re-
ported in Table 1. These values are in substantial agree-
ment with those published in our preliminary reports'’!8
and only somewhat larger than the value 6=2.5° quoted
by Liity.!”” The spread among the different measurements
can be probably reduced by a tighter control of the
geometry of the setup.

V. CONCLUSIONS

The optical experiments we have reported completely
confirm the symmetry properties of the F,(II) center in
KCLLi% and indicate that the most probable value of the
off-axis angle is 6=28, obtained through measurements of
the static and transient emission and of the kinetics of the
absorption changes during the reorientation processes.
We have shown that photostimulated reorientation can
provide useful information on the off-axis properties of
the F, center and, we believe, of other systems as well.

The importance of the alignment of the dipolar centers
and of the residual absorption or luminescence can be of
great importance in the color-center lasers. We have al-
ready shown that by maximizing with proper polarization

0.03—

0.02—

0.01—

| | | | |

-8 s YL _3¢ 90

FIG. 12. Dependence of the reorientation time constants on the angle of incidence ¢ of the pumping beam on the crystal. The
three curves have been calculated from Eq. (24) for different values of the off-axis angle 6.
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the number of absorbing centers without alignment losses,
the output of an F,(Li) laser can increase by nearly an or-
der of magnitude with a parallel reduction of the pump
threshold.?® A thorough understanding of the physics of
the centers used in the color-center laser will undoubtedly
lead to a marked improvement of the performance of this
class of lasers.
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