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We present experimental data and the underlying physics of spatial-phase-modulation effects associat-

ed with the thermal nonlinearity of semiconductor-doped glasses.

Transient and steady-state self-

focusing, laser-induced birefringence, and spatial ringing of the thermal origin were studied in this class

of optical materials.

I. INTRODUCTION

Spatial phase modulation (SPM) of a laser beam has
been extensively studied in the past years.!”!” Among
the several phenomena related to SPM are self-trapping
and filamentation,"? self- and cross-bending of light,>*
generation of spatial solitons,’ and hexagonal pattern for-
mation.®

Theoretically, these phenomena may be described by
the wave equation which governs the propagation of a
laser beam inside a nonlinear medium. The effect of the
nonlinearity is included through an intensity-induced
change in the sample’s refractive index and intensity-
dependent absorption. Models to study these phenomena
have, for the most part, assumed a single-mode scalar
electromagnetic field interacting with isotropic media and
in general they have succeeded to give quantitative
descriptions of various aspects of SPM. In principle, all
kinds of media may exhibit SPM and a large amount of
results has been reported for different materials. Among
the nonlinear systems which exhibit large SPM, the
semiconductor-doped glasses (SDG) represent an impor-
tant class of optical materials for its potential applica-
tions in optical processing devices.

Studies related to SPM in the SDG have already been
published which exploits the fast-electronic nonlinearity
of this material.’ On the other hand, the SDG thermal
nonlinearity, which may be important under several ex-
perimental conditions,!” has not been the object of more
detailed studies.

It is the purpose of this paper to present a study of
various aspects related to thermal SPM in SDG including
effects of the laser field depolarization and temporal
behavior. Although SDG have been extensively investi-
gated in the past years, the kind of optical aberrations
studied here was not reported before.

II. EXPERIMENTAL DETAILS

The experimental setup used is shown in Fig. 1. The
excitation source was the second harmonic of a cw
mode-locked Nd:YAG laser which delivers pulses of
~100 ps at 100 MHz. The laser beam intensity was
monitored by the photodiode D, and the intensity at the
sample position was adjusted using a half-wave-plate.
The relative orientation of the two Glan prisms is adjust-
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ed in such a way that at low intensity no light is transmit-
ted through the second Glan prism. An extinction ratio
of 1000:1 was measured. Part of the beam with the same
polarization as the incident laser was deflected by the
Glan prism to the aperture and photodetector D,.

The transmitted light through the Glan prism was ana-
lyzed using a camera coupled to a computer-controlled
beam profile analyzer (Spiricon LBA 100). This system
allowed us to study changes in the transverse profile of
the transmitted beam which originates from the sample
nonlinearity. The laser beam was focused using a 16-cm
focal distance lens and the beam waist measured on the
sample position was 43 um.

In order to study the signal temporal behavior, an opti-
cal chopper was located before the beam splitter and the
laser beam was modulated at 230 Hz with duty cycle of
50%. A boxcar integrator (gate = 15 us) was used in
connection with a computer to record the signal. The
gate temporal position could be adjusted to study the sig-
nal at different times. For some experiments lock-in
detection techniques have also been used.

A semiconductor-doped glass (Corning CS 3-68) was
employed. This material is well known for its large elec-
tronic nonlinearity, x>, and has been well characterized
by several authors.'*!* The Cd(S, Se) crystallite size in CS
3-68 glass is of ~100 A and their mutual distance is
about 1000 A, with a volume fraction of <1%. For the
wavelength (532 nm) used in this work Rey'® is larger
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FIG. 1. Experimental arrangement used for the measure-
ments.
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than its imaginary part!®!® but one-photon absorption is
strong and causes a temperature increase in the focal re-
gion.

The transmission spectra of the sample (see Fig. 2) was
measured using a grating spectrometer equipped with a
tungsten lamp and the linear absorption coefficient at 532
nm is ;=26 cm~!. The sample was mounted in a
computer-controlled translation stage to allow direct
measurements of the nonlinearity using the Z-scan tech-
nique.!’

III. RESULTS AND DISCUSSIONS

As discussed by several authors'® the SDG nonlinear
response may be contributed by electron-hole pairs, trap-
ping states, and thermal effects. In the present experi-
ments, due to the laser frequency used and the high laser
pulse repetition rate, the sample behavior is dominated
by the thermal nonlinearity.

The temporal evolution of the transmitted signal, as
measured by the photodetector D, with the aperture in
the center of the laser spot, is illustrated in Fig. 3. The
laser beam intensity was modulated as described in Sec.
II. The z ordinate is measured along the beam direction
and z <0 corresponds to locations of the sample between
the lens and its focal plane (see Fig. 1). Note that the sig-
nal achieves its steady-state value in about 1.5 ms. Since
the electronic relaxation occurs in a time interval
<10 us, we conclude that the observed temporal
behavior is determined by the temperature distribution in
the sample.

Of course, the time for establishment of the stationary
temperature gradient, 7, depends not only on the
material’s properties but from the sample’s geometric
characteristics. In principle, the temperature effect can
be modeled using transport equations involving the beam
intensity, the temperature, and the electron-hole pair den-
sity.!® However, our samples have transverse dimensions
of 2-5 cm which are much larger than the laser beam
waist and thus our results will not be affected by the
shape of the samples. On the other hand, the carriers are
confined to the Cd(S, Se) crystallites and do not diffuse.

1.0 ¢
08 f
: CS 3-68

0.6

T

Transmission

0.4 f

0.2 F

oo L

Prrtrrrrrr T T T T T T T T T T T

500 52 540 56 580 600 620
Wavelength (nm)

FIG. 2. Transmission spectra. Sample CS 3-68 (thickness:
0.21 cm).
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FIG. 3. Temporal behavior of the transmitted beam for
different locations of the sample with respect to the focusing
lens.

Therefore, we may use only the parameters of the borosil-
icate glass to estimate the thermal relaxation time,”
which is given by 'r=pcpd,2/4K 1» where p is the mass
density, K is the thermal conductivity, ¢, is the specific
heat at constant pressure, and d, is the thermal diffusion
length. Hence, assuming d, equal to the spot size diame-
ter (43 pm), cp=2.5 J/cm*°C  and K,=0.01 W/
cm°C,'%%° we obtain 7~1 ms. This value is relatively
close to the transient time shown in Fig. 3 and supports
our interpretation for the observed temporal behavior as
due to the thermal effects.

Therefore, the sample’s nonlinear refractive index may
be written as

n(r,t)=n0+n2TI N (1
with
nar =T f(pycpptrt) @

where n is the linear refractive index, n,; is the thermal
nonlinear coefficient, and f (p,cp,a,r,t) is a function
which can be obtained from the transport equations men-
tioned above.

To determine n,; we have used the simple and direct
Z-scan technique,!” which is based on the transformation
of the laser wave front during beam propagation through
a nonlinear sample, to amplitude distortion of the beam
through an aperture in the far-field region. Information
regarding the sign and magnitude of n,; may be obtained
by analyzing the transmitted beam intensity as a function
of the sample distance from the focusing lens.

Signal detection was done using a boxcar with the gate
located 1.8 ms after the chopped laser beam is switched
on, in order to study the steady-state regime. The nor-
malized transmittances for the sample studied are
displayed in Figs. 4(a) and 4(b). The data were obtained
moving the sample through the beam focal region using
the computer-controlled stage. The peak-to-valley
configuration of the Z-scan trace in Fig. 4(b) indicates a
self-focusing nonlinearity (n,>0). The obtained values

of the peak-to-valley transmission change, AT, for mea-
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surements with an open aperture (S=1) and small aper-
ture (S=0.025) are so large that they cannot be de-
scribed by the usual expressions for weak nonlinearities.
[Here, S=1—exp(—2r2/W?) is the aperture transmit-
tance, r, is the aperture radius, and W, denotes the beam
radius at the aperture for very low incident power (linear
regime).]

Assuming that the effect of nonlinear absorption can be
described as a(I)=a,+pBI (where I is the irradiance of
the laser beam inside the sample and B is the nonlinear
absorption coefficient), we adjusted the experimental data
to theory for S =1, using the exact expression for nor-
malized energy transmittance:!’

T(z) ! f+°°1n[1+q0(z)e“2]dt , 3)

C Vrgz) -

where qo(z)=BI,Lg[(1+(2%/23)]7}, I, is the on-axis
intensity, Lg=(1—e *f)/a is the effective sample
length, L is the sample thickness, zo=kw3/2 is the
diffraction length of the beam, w, is the beam radius at
z=0, and k is the wave number. The best fit was ob-
tained for B=5X 1073 cm/W.

In principle, there are several contributions for the
intensity-dependent absorption change such as popula-
tion saturation, two-photon absorption, and thermal
band-gap shift. The large values obtained for 8 can be
explained by the reduction of the sample’s band gap. It is
possible to conclude from Fig. 2 that this red band-gap
shift induces an increase in the absorption coefficient of
the sample at 532 nm.

The expression for the on-axis normalized transmit-
tance corresponding to small aperture (S ~0) can be de-
rived from Ref. (17) and is given by

Ms

If

m =0 n=0

T(z)=
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FIG. 4. (a) Normalized transmittance of the laser beam
through the open aperture (S=1) vs the z position. Incident
average power: 260 mW. (b) Normalized transmittance of the
laser beam through the small aperture (S =0.025) vs the z posi-
tion. Incident average power: 260 mW. The solid lines show
the theoretical curves obtained as described in the text.

2

(Lidgl2)]™/m 1} TL[1+i(2n — 1)B/2knyp ){g (2)+ild /d,, ()]} "

where ¢o(z)=kn,rIoLg/[1+(2/29)*], g(z)=1+[d-z/
(z2+23)], d,,(2)=(k /2)[03/2m + 1) ][1+(z /24)*], and
d is the propagation distance from the sample to the
aperture plane. The best fit was obtained for
n,r=4X10"% cm?/W. This value is about three orders
of magnitude larger than the electronic contribution to
nonlinear effects.'®

The most interesting results from our experiments were
the spatial patterns observed through the Glan analyzer.
In this case the large value of n,, allows us to observe the
beams’s spatial pattern induced by the thermal nonlinear-
ity.

In order to discuss our results let us consider first the
material behavior observed when the analyzer axis is
crossed with respect to the incident laser polarization.
Figures 5(a) and 5(b) show the transverse intensity pat-
terns corresponding to different positions of the sample

2
{g(z)+i[d /dy(2)]} !

) (4)

[

along the beam direction. The numbers beside the pat-
terns indicate the corresponding positions marked in Fig.
4(b). These transverse patterns look similar to the con-
ventional patterns for a uniaxial calcite crystal cut per-
pendicular to the optical axis.”! To explain the beam pat-
terns we recall that in an isotropic medium, the nonzero
components of the third-order susceptibility are
X3 X0 X and  xh  with X=X
+x\ 3, +x35- It is known? that the induced nonlinear
polarization has the same polarization state as the incom-
ing beam, and therefore no change in the beam polariza-
tion is expected as a plane wave propagates in the medi-
um. However, for a focused beam, polarization changes
become possible. Indeed, let us consider two optical rays
associated with the focused beam. Choose the coordinate
axis z to be along the propagation direction and the x axis
to be along the polarization of one of these rays. The
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second ray propagates along a direction that has the an-
gle 60 in the plane zy, whereas the angle between the x
axis and the electric field of this ray is ¢. The amplitude
of the first ray is A4, and the second ray has amplitude
equal to B. These two rays will induce a nonlinear polar-
ization with the y component given by
(X1212F X1221) AB*cosgsin@sing. On the other hand, for
each pair of rays associated with the focused incident
beam with propagation directions corresponding to 6=0
or at the xy plane (¢=0), there are no generated rays
with orthogonal polarization. Hence, for any third-order
nonlinear isotropic medium, the picture observed after
the crossed polarizer should always have the dark cross
in the middle. In our case the self-focusing effect, due to
the thermal nonlinearity, is an additional and important

(b)

FIG. 5. (a) Transverse patterns measured through the Glan
analyzer for six positions of the sample along the z axis. The
numbers correspond to the positions indicated in Fig. 4(b). The
density of lines is proportional to the light intensity. (b) Three
dimensional intensity profile when the sample is located at posi-
tion (4). The vertical axis is proportional to the light intensity
and the (xy) plane is perpendicular to the beam propagation.
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FIG. 6. Temporal behavior of the light intensity measured by
a photodiode located at the region between the aberration ring
and the central spot as discussed in the text.

source of light depolarization.

When the analyzer axis is parallel to the incident laser
polarization a spatial ring with circular symmetry sur-
rounding the central spot is seen. A similar pattern has
been originally observed in experiments with liquids'!
and recently this subject is receiving increasing atten-
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FIG. 7. (a) Transverse intensity profile obtained when the
sample is placed at z=0 for two gate delays (solid line: 1.8 ms;
dashed line: 0.8 ms). The electric-field polarization of the
detected beam is parallel to the incident beam polarization. (b)
Same profiles as in (a) with enlarged scale to show the temporal
behavior of the aberration ring surrounding the central spot.
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tion.”>” 15 The ring structure may be explained as an in-
terference effect between rays originating at the center of
the beam and those far removed radially from the
axis.!>!6 This effect is analogous in space of the self-
induced spectral modulation instability,’ i.e., spatial fre-
quency sidebands are generated in the spatial beam
profile. According to previous authors'>' the intensities
of the rings, their diameter and their number depend
strongly on the input intensity, the material’s parameters,
and the Fresnel numbers.

In our experiments only one interference ring was ob-
served when the sample was located at z=0. However,
we expect that a larger number of rings would be ob-
served if larger laser intensities were available. On the
other hand, the effect could not be observed in our exper-
imental arrangement if an average power smaller than
~50 mW is focused on the sample.

Following the procedure of Refs. 13 and 14, we may es-
timate the refractive index change An in the beam center
using the expression An-L g=NA, where N is the num-
ber of rings. For the present case we have L 4=0.04 cm
and An=0.9X 1073, This change in the refractive index
has the same order of magnitude as obtained in the Z-
scan experiments.

In another experiment we have studied the buildup of
the self-focusing process leading to the optical aberra-
tions discussed above. First we have observed that the
temporal behavior of the signal from photodiode D, was
dependent on the position across the beam transverse
direction. In particular we show in Fig. 6 the oscillo-
scope trace observed when the photodiode was placed
somewhere between the ring and the main lobe. The os-
cilloscope trace indicates that before the steady-state re-
gime there is an important change in the transverse ener-
gy distribution. This indication was corroborated by two
other measurements using the boxcar and locating its
gate at 0.8 and 1.8 ms after the beginning of the light
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pulse. The results shown in Fig. 7 indicate a shift of the
ring towards the spot center. This effect may be ex-
plained in the following way. First we recall that An is
dependent on the sample temperature. Since a sufficient
amount of energy is carried by the light beam, a rapid in-
crease of An takes place at the beginning of the light
pulse and before transverse heat diffusion becomes impor-
tant. Later, when the steady-state regime is approached,
An assumes smaller values and the ring diameter is con-
tinuously reduced. For a gate delay of 1.8 ms the steady-
state regime was already established and the correspond-
ing transverse profile indicates the final-energy distribu-
tion of the transmitted beam corresponding to the An
value indicated above.?

IV. SUMMARY

In summary, we have demonstrated a number of
spatial-phase-modulation phenomena for semi-
conductor-doped glasses. The observed far-field trans-
verse patterns depend on the laser frequency, input beam
intensity, and symmetry of the experiment. The relevant
dynamical behavior of the studied effects occurs in the ms
range and is essentially governed by the thermal non-
linearity of the samples.
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FIG. 5. (a) Transverse patterns measured through the Glan
analyzer for six positions of the sample along the z axis. The
numbers correspond to the positions indicated in Fig. 4(b). The
density of lines is proportional to the light intensity. (b) Three
dimensional intensity profile when the sample is located at posi-
tion (4). The vertical axis is proportional to the light intensity
and the (xy) plane is perpendicular to the beam propagation.



