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Abstract. Optically isotropic materials may become anisotropic when illuminated by a strong
laser beam. The induced anisotropy is proportional to the beam intensity, and it produces a
depolarization of the laser beam. If the material is placed near the beam focus, usually the induced
depolarization is strong due to the high beam intensity. We observed that in terbium gallium garnet,
however, the induced depolarization is reduced sharply near the focus. It presents a minimal dip
at this position. This phenomenon was not observed previously. In our analysis, we show that the
refractive index variations in both transverse and longitudinal directions contribute to the phase
shift responsible for the depolarization. As a result, the observed dip is closely related to the beam
divergence. The competition between these two contributions plays a key role in the polarization
changes near the focus.

1. Introduction

Laser-induced depolarization is one of the nonlinear optical effects which accompanies
the self-focusing effect [1]. When an isotropic absorbing crystal is placed between two
crossed polarizers and is illuminated with an intense light beam, one observes a characteristic
interference pattern. It is also called a conoscopic pattern [2]. Its origin is the thermal stress
birefringence. In most applications, this pattern has a disturbing harmful effect [3,4]. However,
recent works show that it may become useful [5]. For example, such patterns can be used
in material characterizations [6] and in vectorial sensing [7]. Although the self-focusing
phenomenon near the laser beam focus has been extensively studied, reports on the induced
depolarization behaviour near the focus are not numerous. In particular, only few data concern
materials other than laser materials. Our investigation on terbium gallium garnet, which is a
typical magneto-optical material, revealed an unusual polarization change. Our experimental
observation is interpreted through a new analytical description of the laser-induced conoscopic
pattern. We will show that the evolution of this pattern near the focus region provides useful
knowledge on the relative change of the refractive index components induced by laser.

2. Experiment

A naturally isotropic crystal T¥Ga0;> is illuminated with a cw argon-ion laser operated at

the crystal absorption resonance.at 488 nm as described in reference [8]. The beam waist
sizew is focused using a focusing lens ¢f= 50 mm. The beam powé€P) is varied with

a half-wave plate and a polarizer combination. Suppose that the beam propagates along the
z-axis. A parallel-plane cylindrical sample with raditgs= 5 mm and thicknesé = 5 mm is
mounted on a longitudinal (parallel to the beam propagation direction) translation stage, placed
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between crossed polarizers. We denote the first and second polarizer’s polarization.axes as
andy respectively. Behind the second polarizer, a digital camera captured the pattern intensity
I(r, »), wherer and¢ are the usual cylindrical coordinates. The digitized pixel intensities

of the images were stored and processed on a computer. To measure the total intensity of the
pattern, a photodiode replaced the camera. The signal collected by the photddipdis,
recorded on a digital oscilloscope. We denote the longitudinal distance between the sample
entrance face and the lensz;asWe observed that the image intensity is very weak when the
sample is placed at= 49.4 mm. Let us take* = z — 49.4 mm as a relative sample position.

The laser-induced intensity distributiohé-, ¢) near the focus, for (& = 0, (b)z* = 1 mm

and (c)z* = 4 mm are shown in figure 1. We observed that the intensity¢) increases

from (a) to (b), then decreases from (b) to (c). The intenkity measured by the photodiode

by scanning the sample near the focus is shown in figure 2, where the points (a), (b) and (c)
correspond to the three patterns in figure 1. The intensity presents a clear narrow minimum
atz* ~ 0. The width of this dip is about 1.6 mm. By fluorescence monitoring [9], one
can easily see that the dip occurs when the new focus inside the sample coincides with the
sample longitudinal centre. To determine #position of the dip quantitatively, Z-scan

Figure 1. The measured spatial intensity distributidir, ¢) for different sample positions.
(@)z" =0; (b)z* = 1 mm; (c)z* = 4 mm.
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Figure 2. The measured intensity,, obtained by scanning the sample near the focus, showing
adip. (a), (b) and (c) correspond to the positions used in figure 1 and figure 3. The solid line is a
guide to the eye.

technique [9] is used. We denote the front pointasit is the z-position where the focus
coincides with the entrance face, is the rear point; it is the-position where the focus
coincides with the exit face. Experimentally, tAescan shows that the dip occurs right at the
middle between these two points.

3. Analysis

Theoretically, the clearest and the most detailed analysis of laser-induced thermal stress
birefringence in cw operation is given in [2]. For a cylindrical sample under the assumption
of uniform internal heat generation per unit volu@eand strictly radial heat flow, the steady-

state heat equation leads to a parabolic temperature profile with the highest temperature at the
centre of the rod [10]:

T(r) = T(ro) + %(ré —r?) (1)

whereK is the thermal conductivity ancy is the sample radius. The temperature gradients
generate mechanical stresses. Inanisotropic rod, according to this temperature distribution, the
radial, tangential and axial stresses are parabolic functionsdfe stresses generate thermal
strains which in turn produce refractive index variations via the photoelastic effect. Since the
transverse stresses are in radial and tangential directions, the local indicatrix also orients its
axis in these direction§:, andn,). In the transverse direction, the induced birefringence is
then[2,11,12]

An, — Ang = %ngcgrz 2

whereCp is a material parameter, including the elasto-optical coefficientss the linear
refractive index and is the thermal expansion coefficient. Fora Gaussian-type heatgeneration,
the temperature and refractive index distributions near the beam axis are very similar [6, 13].
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Figure 3. The calculated spatial intensity distributioh@, ¢) for sample positions (a), (b) and (c).

A linearly polarized beam passing through the sample will experience a phase diffé(ence
between the two components along, andAny: §(r) = (2rL/))(An, — Angy). Hence a
polarization change at each point of the transverse section yields a spatial elliptical polarization
pattern, except for points located along thaxis (the polarizer’s axis) ang-axis, where the
polarization remains linear. If one places an analyser with its axis oriented perpendicularly to
the initial polarization, then the transmitted intensity becomes

I(¢,r) = Ioe " sir?(2¢) sir? % (3)
wherely is the incident intensity; is the absorption coefficient aidis the angle with respect
to that of the initial polarization. Usually this description is sufficient for interpreting the
experimental results. In our experiment, the changes of the beam size make the interpret-
ation more delicate. Since the heat generatiois proportional to the beam intensiy)/w?,
equation (2) implies that if the beam sizés reduced, the birefringenden, — Ang increases.
At the beam focus, as the beam size reduces to a minimum, one expects a maximal intensity
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I(¢,r),if An, — Angy is the unique contribution to the phase difference, while our observation
of a minimal dip rather than a maximal peak at the focus suggests an additional contribution to
the phase shift. According to our analysis, this additional contribution is due to the refractive
index change along theaxis. Indeed, such a change has been studied in [11]:

nz_ny=a+br2 (4)

wherea = §Spssandb = —25(p11— p12) (v +1) — Spaa($v +6), the p;; are the elasto-optical
coefficients of the material, is Poisson’s ratio and

_ nga Qrg

T 32K(1—v)’
As indicated in reference [11], locally the crystal becomes biaxialr) # n,(r) # n (r)).
This means that there exist two optical axes at any point in the sample (symmetric with each
other about the-axis). Let us consider an arbitrary point in the transverse plane of the sample
which is at a distance from the z-axis. We denote by the angle that each optical axis
makes with the-axis and by the angle made by a wave normglwith thez-axis. Fresnel's
equation of wave normals leads to two solutions. One of them has veldcitye otherv”.
The two speeds are related by the following relation [14]:

v? =" = (2 — v%) sindy sind, (5)

wheref; andé, are the angles betweénand each optical axis defined By = § — 8 and
6, = 6 + 8. This implies that

2 2
. . r L .
sind1 sinf, = (— cosﬂ) — (— sm,B) (6)
P P
wherep = vr2 + L2, and the anglg is related to the velocity components:

2 2

vy — Uy
taf g = ———. 7
b= (7)

Usingv = ¢/n, one has the result

1 1 1 1 1 1
— - = =sirf| = - =) —cofo| = — = ). 8
n'2  n’? St n% n? n? n§ ®)

Since the differences between the refractive indices are small compared with their values, the
transmitted intensity in equation (3) becomes

I(r, ¢) = Ioe Pl si?(2¢) sir? %[(nz —n,)sinf — (n, — n,) cos 6). (9)

Then, —n, term is nothing but the stress birefringence evaluated in the plane perpendicular to
thez-axis; it corresponds tan, — An, in a cylindrical coordinate system. The—n, termis

new compared with the usual theoretical considerations in laser-induced thermal birefringence.
Due to theQ-dependence, both, —n, andn, —n, are linear functions of w?. Equation (9)
appears now as the general equation describing the transmitted intensity. Let us consider its
different applications.

(1) Far from the focusUsing a Gaussian-type beam, if the sample is positioned outside the
Rayleigh range$ is nearly a constanty =~ 6,,,. = A/(wnowg) [15]. It is of the order
of 9 mrad in our experiment. Owing to the dependence n?lof bothn, — n, and
n, — ny, one finds naturally thak(r, ¢) decreases with increasing. This result is in
good agreement with figure 2.



7382 X Chen and H Berger

(2) Near the focusin the vicinity of the focus, i.e. in the Rayleigh range of a Gaussian-type
beam, the angle is evaluated from the derivative of the waist versu#t is smaller than
0nax @nd isz-dependent. Consequently, as one approaches the minimal waistypg)int (
the intensity! (r, ¢) may increase or decrease as a result of the competition between the
terms ing and in Yw?. In the following, we defineR = lny —nyl/In; —nyl, and we
discuss two cases.

(@ R = |n, —n,|/In, —n,| 2 tarf6. In this case the,, — n, term in the bracket
dominates. Due to the dependences on both&asid 1/w?, as one approaches the
focus,I (r, ¢) increases. Thus a peak is expected araupnd

(b) R = |ny —n,|/In, —n,| < tarfo. In this case, the, — n, term in the bracket
dominates. Comparing to the theory of the uniaxial crystal, we find the well-
known term(n, — n,) sin’ 6 in the phase difference between the ordinary wave
and the extraordinary wave in a uniaxial crystal [14], by identifying= n. and
ny &~ n, = n,. This means that the nonlinear medium behaves like a uniaxial
crystal [16]; the equivalent optical axis is along th@xis. Near the focus, the
terms in sif# and J/w? contribute destructively td(r, ¢). This explains why the
measured pattern intensity decreases when the sample appregdfresn (b) to (a)
in figure 1). In the case of an ideal uniaxial crysial,— n, = 0, whené reduces to
zero atwg (parallel beam)/ (r, ¢) = 0, yielding a minimal dip with null intensity.
However, ifn, — n, is small but not zero] (r, ¢) reduces to a finite minimum. This
is the case observed in our experiment. The numerical resulf fo13 x 10°° are
shown in figure 3.

(3) With a parallel beamThe angle reflects the name conoscopic, because ‘cono’ indicates
a cone-like character of the beam [17]. If the beam is parallef ke 0, only then, —n,
term contributes to the conoscopic pattern.

(4) The dip positionUsing theZ-scan technique in the self-focusing model developed in [9],
we found a minimum at = 49.4 mm. Asz; = 50.6 mm andz, = 48.1 mm (they are
separated by.(1 — 1/ng) [9, 18]), the expected dip lies at the middle between these two
points. This is in good agreement with the measurement shown in figure 2.

The above analysis can be used to determine an inequality between the relative changes
of the refractive index components induced by the laser. Qualitatively, if a maximal peak of
I(r, ¢) is observed atvg, one knows thatn, — n,| < |n, — ny|; otherwise, if a minimal
dip is observed instead, one knows that— ny| > |n, — n,|; finally, if one observes zero
intensity at the minimal dip, then one knows thain,| # |An,| = |An,|. It would be
interesting to develop further investigations in order to quantitatively evaluate the indicatrix
change. The knowledge of the latter should provide a method for making measurements of
material constants—for example, the elasto-optic coefficients.

4. Conclusions

A narrow dip in the laser-induced conoscopic pattern in terbium gallium garnet has been
observed. This observation implies that the beam depolarization is minimal when the sample
is placed close to the laser focus. The origin of this effect is found to be the conic character
of the beam, and has been interpreted by introducing a new term in the general formula which
has been neglected up to now. The actual conoscopic pattern intensity expression is extended
to the following formula:

1(¢, r) = Ioe L sir?(2¢) sir? %[(nz —n,)sin*é — (n, —n,) cos 6] (10)
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in which the index changes in the transverse directign— n, and in the longitudinal
directionn, — n, both contribute. Their relative importance can be described by a ratio
R (R = |ny —ny|/In, —ny|). If R > tar? 6, the depolarization will present a peak, i.e. the
beam polarization will be distorted maximally. In contrastRif< tar? 6, the depolarization

will present a dip, i.e. the beam initial polarization will have minimal distortion. Using this
formalism, we have been able to qualitatively account for our observations; it allows us to
establish an inequality between the induced refractive index components. For terbium gallium
garnet, we conclude tht, — ny| > |n, — ny|, i.e. the laser-induced anisotropy causes this
material to behave like a uniaxial crystal. Further investigations should lead to a quantitative
determination of the induced indicatrix.
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