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The polarization characteristics of nonlinear absorption in a yAG:Cr4+ crystal at saturation 
under resonant excitation at 1.06 pm were investigated in the case when the duration 
of the pulse propagating in the crystal is significantly shorter than the lifetime of the excited 
state of the Cr4+ impurity centers. The experimental data are described by a 
phenomenological model in which resonant absorption in the crystal is characterized by three 
linear dipoles oriented along the crystallographic axes of the YAG. The theoretical 
calculations are in good agreement with the experimental data. 

1. INTRODUCTION 

Garnet-based crystals (GSGG, GSAG, and YAG) 
with chromium impurity ions are of great interest as prom- 
ising laser materials in the visible and near IR. Attention 
has been focused on crystals with so-called phototropic 
Cr4+ impurity centers.'+ These crystals are of interest if 
only because the nature of these centers has yet to be de- 
termined. Most authors now agree that these centers are 
chromium ions with valence 4, which in the garnet-based 
crystals replace A13+ or Ga3+ ions and participate in tet- 
rahedral and octahedral coordinations of 02- oxygen 
ligands.M It is believed that the Cr4,f, impurity centers are 
responsible for absorption by the crystal in the 8000- 
13 000 cm-' bands and luminescence in the 6000-9000 
cm-' range, while the Cr;: centers are responsible for 
absorption in the 15 000-30 000 cm-' range and do not 
l~minesce .~ ,~  

This concept must be treated with caution, however, 
since chromium ions with valence 4 have yet to be ob- 
served in natureS (information about the possibility of 
Cr4+ ions in the lattice of the mineral forsterite- 
M ~ , s ~ o ~  :Cr4+-has appeared only recently9). Moreover, 
as pointed out in Ref. 5 and 8, Cr4+ ions can appear in 
garnet-based crystals only if Mg or Ca impurities are added 
to chromium to the melt from which the crystals are grown 
and the appropriate heat treatment is camed out. No def- 
inite dependence of the Cr:& concentration on the chro- 
mium concentration in the melt is observed. For this rea- 
son, the Cr4+ centers being color centers similar to those in 
a number of alkali-halide crystals, for example, has not 
been ruled out. The Cr ions can then have their usual 
valence 3, and the specific properties of the impurity gar- 
nets which are under discussion could be determined by 
various unidentified defects. 

The foregoing information concerning the nature of 
Cr4+ impurity centers in garnets demonstrates the timeli- 
ness of investigating such media carefully. On the other 
hand, the progress made in applications of these crystals 
(GsGG:Cr4+, GsAG:Cr4+, and yAG:Cr4+) to the phys- 
ics of visible and near-IR lasers should be underscored. 
Thus, passive mode-locking1' and passive 
of neodymium lasers operating at A - 1.06 pm have been 

achieved with the help of these crystals. This was made 
possible by the fact that the Cr4+ centers have two effective 
lifetimes in the excited state: T(,) -500 psec (Ref. 10) and 
T(,) - 2 4  pse~.''"~ The possibility of developing efficient 
lasers with a yAG:cr4+ active element, which are tunable 
over the wavelength range 1.4-1.6 pm (the luminescence 
range of Cr:A centers), has been demonstrated in Refs. 14 
and 15 with laser pumping at A - 1.06 pm. 

In the present paper we examine the nonlinear effects 
that appear at the absorption-saturation stage and are 
caused by bleaching of the phototropic Cr4+ impurity cen- 
ters in a YAG crystal during the propagation of a short 
(pulse duration rp 4 T(2) ) resonant light pulse ( A  - 1.06 
pm). As shown in Ref. 16 for a similar problem in LiF 
alkali-halide crystals with FF color centers, when radia- 
tion propagates in a doped crystal, polarization and orien- 
tational absorption anisotropy appear at the saturation 
stage. Self-induced rotation of the polarization plane of the 
wave propagating in the crystal also appears.'6*'7 Since 
LiF:F, and yAG:Cr4+ crystals are similar from the 
standpoint of models, i.e., they are variants of a nonran- 
dom distribution of the possible orientations of resonantly 
absorbing dipoles relative to the crystal lattice, it is of in- 
terest to compare the manifestations of these effects in 
these two media. Moreover, information about the proper- 
ties of Cr4+ centers observed in experiments of the type 
performed in Ref. 16 can be used to develop a faithful 
model of these centers in garnets, the need for which was 
demonstrated above. 

Absorption anisotropy at the saturation stage in 
yAG:Cr4+ was observed experimentally in Ref. 18. There, 
however, the change in the polarization state of radiation 
traversing the crystal was not studied, and no theoretical 
description of the indicated phenomena was given. The 
present paper fills in these gaps. 

2. EXPERIMENTAL APPARATUS AND MEASUREMENT 
PROCEDURE 

Description of apparatus 

The pulses (7,- 100 nsec) generated by Q-switched 
neodymium lasers satisfy the condition In this 
connection, just as in Ref. 17, a neodymium phosphate 
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glass laser operating in the single-frequency regime in 
transverse TEI& mode (beam diameter 1.5 mm) was 
used in the experiment. The laser resonator was 
Q-switched with a LiF:Fc ~rystal . '~ The pulse energy was 
-2 mJ, the laser pulse duration was -25 nsec, and the 
pulse repetition frequency was 1-2 Hz. 

As follows from Fig. 1, an image of a diaphragm 2, 
separating a beam with a nearly rectangular distribution, is 
constructed with the help of a lens 3 at the center of the 
yAG:cr4+ crystal 6. Neutral-density filters 4 attenuate the 
beam, and the polarizer 5 produces highly polarized radi- 
ation ( - 1/4000). The beam energy at the entrance and 
exit of the crystal can be measured with the beamsplitter 8 
and photodiodes 9 and 10, whose load consists of integrat- 
ing circuits with T~,,- 10 msec. Photodiode 11 triggers the 
automatic measuring system. Electrical signals from pho- 
todiodes 9 and 10 are processed by the computer 12. A 
detailed description of the experimental apparatus is given 
in Ref. 16. 

In the course of the experiment the transmission coef- 
ficient T of the crystal and the self-induced rotation A0 of 
the polarization plane of the wave at the exit of the crystal 
were measured as a function of the position 8, of the po- 
larization plane at the crystal entrance. 

Measurement procedure 

To measure the function T(Oo), a yAG:cr4+ sample 
mounted in a frame was rotated about the optical axis of 
the apparatus. To avoid undesirable interference effects due 
to reflection from the faces, the crystal was turned with 
respect to the optical axis by a small angle ( - 1-2)". The 
sample was placed in the rotating frame in a manner so as 
to ensure minimum beam displacement in the crystal ap- 
erture as the crystal rotated. The function T(Oo) was de- 
termined by measuring the energies El and E2 recorded 
with photodiodes 9 and 10. Here T = E2/EI. 

The optical arrangement was altered to measure 
AO(OO). Specifically, an analyzer 7, similar to the polarizer, 
was installed at the exit of the yAG:cr4+ sample. The 
energy E2 as a function of the angle 8,  which characterizes 
the deviation from the position of completely crossed ana- 
lyzer and polarizer (see Fig. 2), was measured for each 
value of go. The angle P was varied near the minimum of 
the transmission function E2(P) of the polarizer-crystal- 

FIG. 1. Experimental arrangement: I-laser, 
24iaphragm, 3-lens, &attenuating filters, 5, 
7-e lan  prisms, bexperimental crystal, 
&beamsplitter (wedge), 9, 10-photodiode detec- 
ton, 11-trigger photodiode, 12--oscillograph, 13- 
personal computer. 

analyzer system. The value of Po corresponding to the min- 
imum of this function was calculated by fitting E2(P) with 
a parabolic function. The quantity Po= A0 [see Eq. (A9) 
in the Appendix], i.e., it is the desired angle of self-induced 
rotation of the polarization plane of the wave. Thus the 
required function can be obtained by calculating the value 
of Po for each value of 0,. 

The energy El of the wave incident on the crystal is a 
parameter in the functions T(OO) and A0(0,). A family of 
these functions can be obtained by varying the attenuation 
of the beam using the neutral-density filters 4. 

Object of investigation 

The experimental yAG:cr4+ crystal was a cylindrical 
plate 9.45 mm in diameter with a 4.65 mm generatrix. The 
crystal faces were AR coated (at A- 1 pm). Radiation 

FIG. 2. Schematic diagram of the interaction of the resonance radiation 
( A -  1.06 pm) with a YAG:c~~+ crystal. x, y, z-diiections of the crys- 
tallographic axes of YAG. The vectors ai indicate the position of the three 
groups of linear dipoles or three groups of circular dipoles characterizing 
the cr4+ impurity in YAG. The angle 0, fixes the position of the polar- 
ization plane of the radiation at the entrance of the crystal. The angle B 
fixes the position of minimum transmission of the polarizer at the exit of 
the crystal. The angle AO(t) is the rotation angle of the polarization at the 
exit from YAG:c~~+.  
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FIG. 3. Laue pattern of the Y A G : C ~ ~ +  
lographic axes correspond to Fig. 2 (the 
photograph). 

sample. The crystal- 
brightest cross in the 

incident in the normal direction on a crystal face propa- function of O0 is clearly 90", the maxima T,, of the trans- 
gated along one of the crystallographic axes of the YAG. mission coefficient correspond to Oo=O", A9O0, ... and the 
Figure 3 displays the Laue pattern of the experimental minima Tmi, correspond to 00= 45", 135", ... (Fig. 4a). 
sample. The arrows mark the directions of the two other As El increases, the transmission contrast 
crystallographic axes, which lie in the plane of the crystal 
faces (the brightest cross in the photograph). It should be D= ( ~rn,.x- ~,in>/T, 
noted that ii Fig. 2 the axes bf thd coordinate system 
(x,y,z) chosen for the calculation (see Sec. 4) are oriented 
along the [100], [OlO], and [001] crystallographic axes of 
the YAG (compare to Fig. 3). 

3. EXPERIMENTAL RESULTS AND DISCUSSION 

The transmission coefficient of a YAG:C~~+ crystal 
was determined first with a weak signal, for which 
Toz24.5% independent of the position O0 of the polariza- 
tion plane of the wave at the entrance of the crystal. The 
polarization state of the radiation at the exit from the crys- 
tal did not change. As expected, with respect to weak 
probe radiation, the Y A G : C ~ ~ +  crystal behaved as an op- 
tically isotropic medium. 

As the energy El of the incident pulse increased, the 
transmission coefficient of Y A G : C ~ ~ +  increased, approach- 
ing T = 80% in the completely bleached state of the crys- 
tal. Figure 4 displays a family of curves T(OO) (a) and 
AO(OO) (b). Curves 1-3 in both figures correspond to dif- 
ferent values of the incident energy E l .  The period as a 

where F = ( T,, + Tmin) /2 is the average transmission co- 
efficient of the crystal, first increases to the maximum 
value, corresponding to Fz45%, and then decreases, ap- 
proaching zero as F+ T f. 

From Fig. 4b, the maximum rotation angle 
he,= 5.5" is reached at Fz57%. Comparing the plots in 
Figs. 4a and b we find that the extrema of the transmission 
function T(OO) correspond to the zeros of the function 
A8(00)-for any incident energy, radiation propagates in 
the crystal without a change in polarization state only for 
these values of 8,. 

Another interesting property is the decrease in the 
widths of the maxima of the function T(OO) with increas- 
ing energy incident pulse. In the limit El + ( T + Tf), as 
will be shown below (see Sec. 4), their width must ap- 
proach zero. 

Figure 5a displays the nonlinear-transmission contrast 
D versus the average transmission F of the crystal. Figure 
5b displays the change he,, in the maximum rotation 
angle of the polarization plane of the wave at the exit from 

FIG. 4. (a) Experimental curves of the transmission 
coefficient T of a YAG:cr4+ crystal, and (b) the ro- 
tation angle A0 of the polarization plane at the exit of 
the crystal as functions of the position Oo of the po- 
larization plane of the wave at the entrance to the 
crystal. The curves were constructed for three differ- 
ent values of the incident radiation energy density 
corresponding to transmission T -- 27% ( 1 ), -- 50% 
(2),  and ~ 7 2 %  ( 3 ) .  
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the crystal as a function of F. The value Fz75% corre- 
sponds to the maximum possible energy El of the incident 
radiation in this experiment (this value of the transmission 
is reached without the attenuating filters in front of the 
crystal, the energy density of the wave at the location of the 
crystal being - 1 ~/cm'). 

The experimental curves in Figs. 4 and 5 make it pos- 
sible to construct a phenomenological model of the inter- 
action of a short resonant radiation pulse with a 
YAG:C~~+ crystal. First, we must make a number of re- 
marks. 

1. The existence of induced anisotropy of the transmis- 
sion coefficient and the presence of the corresponding self- 
induced rotation of the polarization plane of the wave in- 
dicate that the resonantly absorbing dipoles, which 
characterize the additional absorption of the crystal at 
A - 1.06 pm, are not randomly oriented with respect to the 
crystal lattice of the YAG. In other words, there exist 
groups of these dipoles with definite directions of orienta- 
tion (see Refs. 20 and 21). 

2. It is obvious from symmetry considerations that in a 
cubic crystal, resonant dipoles can be oriented along one of 
12/n possible n-fold axes (n=4, 3, 2) (see, for example, 
Ref. 22), i.e., on the basis of the remarks made above, the 
resonant dipoles characterizing the absorption of cr4+ im- 
purity centers at AN 1.06 pm can assume three, four, or six 
orientations. 

3. As one can see from Fig. 4, no additional maxima of 
the transmission function T(Bo) and no additional zeros of 
the function AO(OO) appear as the energy of the incident 
radiation increases. It is well known1' that additional max- 
ima appear in the case of an LiF:Fr crystal, in which the 
resonantly absorbing dipoles ( F r  color centers) can take 
on six  orientation^.^^ Thus, on the basis of what we have 
said above, the dipoles characterizing the cr4+ impurity 
centers can take on either three or four orientations. 

4. In accordance with Fig. 4, the maxima of the trans- 
mission function of Y A G : C ~ ~ +  occur for directions go of 
the electric vector of the wave that correspond to the crys- 
tallographic axes of the YAG crystal (Fig. 3). Taking into 
consideration the method by which the angles O0 were mea- 
sured in the experiment (see Fig. 2), we arrive at the un- 
equivocal conclusion that the YAG crystal contains three 
groups of resonant dipoles, characterizing absorption at 
A- 1.06 pm and oriented along the [100], [OlO], and [001] 
crystallographic axes of the crystal. 

FIG. 5. (a) Transmission contrast D, and (b) 
maximum rotation angle AB,,,,, of the polarizatio!! 
plane as functions of the average transmission T 
of the YAG:Cr4+ crystal. Dots--experiment; 
curves: I-theory, model of three linear dipoles; 
2-theory, model of three circular dipoles. 

There remains the question of which type of dipoles 
characterize the cr4+ impurity in a YAG crystal with res- 
onant interaction at 1.06 pm--circular, as assumed, for 
example, in Ref. 13, or linear, as proposed in Ref. 18. The 
answer to this question can be obtained only by comparing 
the experimental data to a theoretical model of the inter- 
action process. 

4. THEORY 

Let a linearly polarized plane wave with electric vector 
$(x,y,z,t) propagate in a YAG:C~~+ crystal. Assuming 
that the amplitude gO(~,~,z , t )  of the wave 
Z? = go exp[i(koz- wt)] varies slowly, the following equa- 
tion can be derived from Maxwell's equations for the field 
in a resonant medium (see, for example, Ref. 20): 

where ~ ' ( x , ~ , z , t )  is the slowly varying amplitude of 
the polarization of the resonant transition 9" 
= Ye,,[-i(k+-at)], e=el + je" is the dielectric con- 
stant of the medium neglecting the resonant transition, w 
and ko = w @/c are, respectively, the frequency and wave 
vector of the wave, and y=k&"'~' is the coefficient of 
linear (nonresonant) losses. The equation (1) is valid if 
(agO/az 1 4 kogO, and I ago/at 1 <@go. 

We have for the polarization amplitude Po 

where ai are unit vectors of the dipoles that characterize 
the resonance transition in YAG:c~~+, and Z is the com- 
plex polarizability of an individual dipole. For definiteness, 
the dipoles are assumed to be linear. The summation in Eq. 
(2) is performed, in accordance with the results of Sec. 3, 
for i= 1, 2, and 3. 

Since K= K' + i ~ "  and from general considerations 
K' =SK", where 6 is a proportionality factor, the following 
relation can be written down between the imaginary part 
K" of the susceptibility and the absorption coefficient a. of 
the crystal in the unbleached state: 
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and the quantity 

establishes the relation between the real and imaginary 
parts of the susceptibility K In (3), No is the concentration 
of cr4+ impurity centers in the YAG crystal and N d 3  is 
the concentration of these centers with ith orientation in 
the unexcited crystal in the lower level. 

In projections on the axes chosen in accordance with 
Fig. 2, Eq. ( 1) can be written, using (2)-(4), as 

where $ y ( i = ~ , ~ )  are the projections of the vector go on 
the x or y axis, and Ni(i=x,y) are the concentrations of the 
dipoles with the corresponding orientation in the lower 
level. 

Next, since go is a complex quantity 
( $y= $,exp(icpi), we obtain the following equations for 
the components of the real amplitude oi and the phase cpi: 

The concentration of dipoles with the ith orientation in 
the ground state is time-dependent, Ni=Ni(t). Obviously 
Ni(0) = N d 3 .  Setting 

we can therefore write for the total differential dni/dt 

since T ~ ~ T ( ~ ) .  Here Ii are the intensities of the x and y 
components of the wave propagating in the crystal. In Eq. 
(9), in accordance with the proposed dipole character of 
the interaction of the wave with cr4+ center, the quantity 
uo is the maximum absorption cross section (when %'Ollai), 
with 

and eo (see Fig. 2) is a unit vector in the direction of the 
electric vector go of the wave, $O=e,,$'. 

Taking Eqs. (8)-( 10) into consideration, we obtain 
from (6)-(7) the following system of equations for Ii: 

api a s -+----- a~ a t -  2a@i9 

In what follows we shall be interested only in the final 
(post-interaction) states of the wave and the YAG:C~~+ 
crystal. Accordingly, we define the parameter 

which characterizes the energy density of the light pulse. 
The energy densities of the pulses propagating in the x or 
y direction can be determined completely analogously: 

with A,+A,=A. 
It is shown in Ref. 16 that for a short light pulse 

( ~ ~ 4  T(2)) the rotation of the polarization plane in an im- 
purity crystal can be characterized by the quantity 

i.e., by the average rotation angle over the pulse interaction 
time. 

Next, by analogy, we define the "pulse average" phase 
runout Acp = I cpx - cp,, 1 between the x and y components of 
the wave to be 

Likewise, we take 

The system of equations ( 11 ) together with the defi- 
nitions ( 12)-( 16) completely describe the solution of the 
problem of a short light pulse traversing a YAG:cr4+ crys- 
tal in the dipole approximation of the interaction. 

The solution of the system ( 11 ) makes it possible to 
compare the theoretical results with the experimental data. 
In the course of the experiment, the nonlinear-transmission 
coefficient Tof the YAG:cr4+ crystal was measured as the 
ratio of the energies of the transmitted and incident radi- 
ation, i.e., T =A,, L/Az,o, where L is the length of the 
crystal. The pulse-averaged phase shift of the wave and the 
rotation of the major axis of the polarization ellipse after 
traversing the crystal are given by Acp=C,=L/Az=L and 
Ae= Bz= JAZZ,, respectively. 

Figure 6 displays T, Ae, and Acp as functions of the 
position e0 of the polarization plane of the radiation at the 
entrance into the crystal. They were obtained by numeri- 
cally integrating the system of equations (11) by the 
Runge-Kutta method for a Y A G : C ~ ~ +  crystal of length 
L=0.5 cm with initial transmission T0=24.5% and final 
transmission Tf=80.0%. The values of L, To, and Tf 
were chosen in accordance with the characteristics of the 
experimental sample (see Sec. 3). The calculation was per- 
formed for AZ,o=7.5, which corresponds to the average 
transmission of the crystal T z  60%. Figure 6 also displays 
the experimental curves of T and A0 versus the angle go 
(similar to those shown in Fig. 4) as well as Acp(eO) (see 
Sec. 5). 

772 JETP 78 (5), May 1994 Il'ichev et a/. 772 



I . .  . . .  

-50' -3CP -1q 10' 30- 8, 

The computational results obtained for the system 
( 11) for different values of the incident energy density 
incident on the crystal (i.e., different values of A,,o) are 
presented in Fig. 5 together with the experimental data 
(curves I)-the theoretical curves of the transmission con- 
trast D and the angle Ae,,, as a function of the average 
transmission in the model of three linear dipoles are 
displayed. 

We now present a system of equations that describes 
the interaction of resonant radiation with a system of three 
circular dipoles. A number of authors have taken up the 
model of three orthogonal circular dipoles (see, for exam- 
ple, Ref. 13) to describe the interaction of radiation with a 
YAG:C~~+ crystal at A- 1 pm. By a circular dipole ori- 
ented, for example, along the X axis we mean a dipole 
absorbing radiation whose electric field vector lies in the 
( y j )  plane. Circular dipoles for the other two types of 
possible orientations are defined similarly. It is easy to 
show that the system of equations describing the interac- 
tion in this case has the form 

ary @ ary -+--=- a~ c at y + ~ n , - - n ,  I,, ( "O " 2 

Solving the system of equations numerically we can obtain, 
in particular, the functions presented in Fig. 5 (curves 2). 

Comparing the experimental and theoretical curves 
shown in Fig. 5 (constructed for both models), we arrive 
at the following basic conclusion. The experimental results 
are described best by the phenomenological model of pho- 
totropic cr4+ impurity centers in YAG as three linear 
dipoles, oriented along the crystallographic axes of YAG 
and absorbing resonantly at a wavelength of A- 1.06 pm. 
The model of three circular dipoles, presupposing that the 

FIG. 6. (a) Transmission coefficient T of a Y A G : C ~ ~ +  
crystal and (b) difference between the phase increments 
Aq, of the x and y components of the wave and the rota- 
tion angle A6 of the major axis of the polarization ellipse 
versus the position O0 of the polarization plane of the 
wave at the entrance to the crystal. Dots-experiment; 
solid lines-theory (model of three liyear dipoles). The 
average transmission of the crystal is T=60%. 

cr4+ ions are described as ions (not color centers) in a 
distorted tetrahedral environment of oxygen ligands, is not 
consistent with the experimental data. This conclusion is 
drawn on the basis of the fact that the experimental data 
agree quantitatively with the computational results ob- 
tained with the model of three linear dipoles ( 1 1 ) for all 
parameters investigated ( T, AB, Acp) . 

At the same time, the model in which, for a different 
section of the spectrum of resonant absorption of a 
YAG:C~~+ crystal in the near IR (extending from 0.8 to 
1.2 pm), the cr4+ impurity can also be described by a 
model of three circular dipoles, has not been ruled out (just 
as, by the way, the intermediate case between the models of 
three linear and three circular dipoles can also be ob- 
served). However, this question is not considered here. 

In conclusion we turn to Fig. 7, which displays the 
theoretical curves (for both models) of the width of the 
maxima of the transmission function T(BO) versus the av- 
erage transmission 5: The figure also shows the experimen- 
tal values of Y ( T )  obtained by analyzing the functions 
T =  T(OO) (see Figs. 4 and 6). Better agreement between 
the theoretical and experimental curves is observed, as is 
evident from Fig. 7, for the model of three linear dipoles. 

FIG. 7. Width \i, of the maxima of the t_ransmission function T(6,) 
versus the average transmission coefficient T. Dots-experiment; curves: 
I-theory, model of three linear dipoles; 2-theory, model of three cir- 
cular dipoles. 
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5. EXPERIMENTAL DETERMINATION OF THE PHASE 
RUNOUT IN yAG:Cr4+ WITH ABSORPTION SATURATION 

The possibility of investigating experimentally the non- 
linear phase runout between the x and y components of a 
wave that interacts with a YAG:cr4+ crystal is certainly of 
interest. In this case the experiment is conducted under the 
same conditions as the measurement of the rotation of the 
polarization plane (see Sec. 3). 

We now consider the energy E2 of the radiation pass- 
ing through the p o l a r i z e r - ~ ~ ~ : ~ r 4 +  crystal-analyzer sys- 
tem as a function of the angle Bo. With that system it is 
possible to measure not only the rotation angle A9 of the 
polarization plane but also the average phase difference Ag, 
arising between the x and y components of the electric 
vector during the pulse. Once the minimum Po of the func- 
tion E2(B) [see Eq. (A911 and thereby A9 have been de- 
termined, it is possible to estimate the phase difference Ag, 
arising with the passage through the crystal [see Eq. 
(A10)I. 

Figure 6b displays, in particular, the results of mea- 
surements of Ag, as a function of 9, performed by this 
method. The measurements were performed with average 
transmission of the crystal T z 60%. 

It was found that the best agreement between the ex- 
perimental results and the theoretical calculations is ob- 
tained with 6 ~ 0 . 2 .  This demonstrates the possibility of 
estimating, in experiments of this type, the ratio of the 
imaginary and real parts of the susceptibility of a doped 
crystal with quasiresonant excitation. 

Figure 8 displays the angles A9 and Ag, as functions of 
the transmission T. The angles were measured for certain 
positions go of the polarization plane at the entrance to the 
YAG:cr4+ crystal. We call attention to the fact that, as 
follows from Fig. 8, the larger the angle go, the higher the 
transmission T of the crystal at the maxima of AO(T) and 
AqJ(T). 

The data in Figs. 6 and 8 demonstrate the possibility of 
estimating simply the nonlinear phase mismatch that arises 
between the x and y components of a wave (and which is 
very small in absolute magnitude) in a doped cubic crystal 
at the absorption saturation stage. 

6. CONCLUSIONS 

FIG. 8. Experimental curves of the angles 
lA9l (a) and Aq, (b) as functions of the 
transmission coefficient T of a YAG:Cr4+ 
crystal for certain values of the position 9, of 
the polarization plane of the wave at the en- 
trance to the crystal: 0,= 12.V (I) ,  22.5" (2), 
and 33.V (3). 

Our experimental and theoretical investigation of the 
interaction of a short light pulse (A- 1.06 pm) with a 
YAG:C~~+ crystal showed the following: 

1) Absorption saturation in YAG:cr4+ is accompa- 
nied by the onset of anisotropy of the transmission coeffi- 
cient. The maximum transmission contrast is DZ 30%. 

2) The transmission coefficient anisotropy induced by 
intense radiation propagating in YAG:cr4+ is accompa- 
nied by a self-induced change in the polarization state of 
the radiation. This is characterized by a)  the phase mis- 
match Ag, between the x and y components of the wave 
(the wave is converted into an elliptically polarized wave) 
and b) the rotation of the major axis of the polarization 
ellipse by an angle A9. In YAG:Cr4+, both A9 and Ag, 
reach z 5" in absolute magnitude. 

3) The proposed phenomenological description of the 
interaction of a short (7p<T(2)) light pulse with a 
YAG:C~~+ crystal near a resonant transition is completely 
consistent with the experimental data. The quantitative 
agreement between the theoretical and experimental results 
indicates that the phototropic impurity centers are faith- 
fully described by the theoretical model of three linear di- 
poles and, conversely, that significant discrepancies arise 
when such centers are considered to be Cr ions with va- 
lence 4 in a YAG lattice and thus described by a model of 
three circular dipoles. 

4) The angular dependences T(9,) and A9(O0) (Figs. 
4 and 6) as well as the transmission contrast D, the max- 
imum rotation angle AO,, of the major axis of the polar- 
ization ellipse, and the width \y of the maximum as a func- 
tion of the average transmission coefficient T at the 
absorption saturation stage (Figs. 5 and 7) yield informa- 
tion about the properties of an impurity crystal, including 
general information about the distribution of impurities in 
the lattice, the type of interaction, the characteristics of the 
impurities, the presence of absorption from the excited 
state, and so on. 
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APPENDIX 

In experiments on determining the self-induced rota- 
tion AO of the polarization plane and the runout Ae, in the 
phase difference between the x and y components of a wave 
propagating in an impurity crystal, the transmission func- 
tion of the polarizer-crystal-analyzer system (see Fig. 1) 
is measured when the polarizer and analyzer are in a nearly 
crossed state. We describe below the measurement proce- 
dure in these experiments. 

In accordance with Fig. 2, the components of the elec- 
tric field vector of the wave at the entrance to the crystal 
are 

sin O0 
g ~ = g ' ~ l c o s  Ool. 

and at the exit from the crystal 

where tY = @@. 
The direction of the unit vector nB that corresponds to 

minimum transmission of the analyzer is given by 

The energy E2 of a pulse passing through the 
polarizer-crystal-analyzer system is determined by the re- 
lation 

E m 2 d  (A4) 

Using Eqs. (A2) and (A3), we obtain for the intensity 
Ig(t) measured in the ng direction 

Ae,(t) + sin2 sin2(2e0+ AB(?) +@) I. (AS) 

Next we assume that p, Ae(t) and Ae,(t) ( 1 (which 
corresponds to the experimental data). Expanding the 
function in Eq. (A5) in a Taylor series and retaining terms 
up to [hO(t)12 and [he,(t)12, we obtain for the energy 
E2(P) 

where the expansion coefficients are 

and A is determined by (14). 
Neglecting the quadratic terms in the expansion in Eq. 

(A7), we obtain for the position of the transmission min- 
imum of the system 

In measuring the self-induced rotation of the polariza- 
tion plane of the radiation, the average rotation A 8  is mea- 
sured in accordance with Eq. (A9). This approximation 
corresponds best to the purely resonant case (Ae,=O) of 
the interaction of a light pulse with the medium. 

There can arise the question of how legitimate such a 
measurement is for radiation at 11- 1.06 pm interacting 
with a Y A G : C ~ ~ +  crystal. Here it is the magnitude of the 
difference of the phase increments between the x and y 
components of the wave due to the detuning of the radia- 
tion from exact resonance of the transition that is actually 
of concern. 

Since the angles 8,  AB(t), and Ae,(t) are small, even in 
this case Eq. (A9) can be used to calculate, to a good 
degree of accuracy, the average rotation angle A0 of the 
polarization. In other words, the contribution of the dif- 
ference of the phase increments to the value of A0 mea- 
sured by the indicated method is small. 

The quantity he,, however, must be determined by 
starting with the second or third expression in Eq. (A7), 
using now the measured value of AO. Setting ( ~ 0 ) ~  
= the average value of the difference he, between 
the phase increments is 

In conclusion, it should be noted that the experimental 
accuracy with which he, can be determined from Eq. 
(A10) should decrease as O0 approaches the values O", 
*90",... . 
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