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Abstract An induced optical anisotropy is observed as a
result of interaction of a high-power CW Ar" laser beam,
with silver-ion-exchanged glasses. We have shown that the
absorption of the beam by the thin layer of Ag* produces a
temperature gradient resulting in a radial stress on the
surface of the sample. The induced anisotropy makes the
sample behave as a thin uniaxial optical medium with axis
along the direction of the beam propagation. For the
polarized light, the induced anisotropy restricts the appli-
cation of micro-lenses, which are made by this method.
The average refraction index of the interaction area is
measured.

Introduction

It is well-known that placing an anisotropic absorbing
crystal between two crossed polarizers and illuminating it
with a white light, results in the appearance of a charac-
teristic image with isogyres and isochromates, called the
conoscopic pattern [1].

Induced anisotropy as a thermal effect of the interaction
of light (laser beam, flash lamp,...) with crystals and some
other amorphous materials, leading to formation of cono-
scopic patterns, has already been observed and studied by
many researchers [2—14]. In all above-mentioned cases,
especially the laser materials, the light induced anisotropy
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causes the interacted medium to behave as an optically
uniaxial one, with the optical axis along the direction of the
beam propagation. It is possible to induce similar effects by
unpolarized light [15]. Interaction of Ag-containing thin
layers with polarized laser beam could make the material
anisotropic, leading to a dichroism [16—18], which is out of
the scope of the present article.

In laser materials such as Nd™: YAG rod, the tempera-
ture gradient created by the flash lamp generates a
mechanical stress in the material, which leads to a thermal
strain resulting in the appearance of a birefringence [6-38,
14]. Trradiating crystals such as Tb3GasO;, or semicon-
ductor-doped glasses by a laser beam also results in gen-
eration of stress birefringence (An) [4, 5, 10, 12, 13, 19],
due to the thermal gradient induced by the Gaussian laser
beam. In above-mentioned cases if one places the inter-
acting medium between two crossed polarizers and illu-
minate it with a white light, a characteristic conoscopic
pattern could be observed. This pattern means that a dis-
tinguished direction is induced (z-direction, along the
propagation of the laser beam), which coincides with the
dielectric principal axis €, i.e. & =&, #¢,. Thus, the
medium becomes optically uniaxial similar to the case of a
natural crystal [1]. The magnitude of An increases with the
radius, by quadratic law [5]. Therefore, a linearly polarized
light passing through the sample will experience a phase
difference between the two components along n, and ng
(the radial and tangential photoelastic changes in the index
of refraction, respectively). Thus, except for points located
along the directions of the polarizer and the analyzer (x and
y) for which the polarization remains linear, at each point
of the transverse section, a polarization change yields a
spatial elliptical polarization pattern.

We have observed the same phenomenon during the
interaction of a CW Ar" laser beam (P, = 8 W), working
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in the multiline regime with Ag*-doped glasses. Absorption
of the laser beam energy by the thin layer of the embedded
silverions in the glass matrix increases the temperature of the
incident point of the laser beam on the sample. The Gaussian
intensity distribution of the beam results in establishing a
temperature gradient across the incident point leading to the
appearance of a stress birefringence in the sample. We have
found that if one put the irradiated sample between two
crossed polarizers, using white light, then a characteristic
conoscopic pattern would be observed. That is, the irradiated
ion-exchanged glass behaves as uniaxial optical medium,
with axis along the beam propagation. This effect has not
been studied for silver-ion-exchanged glasses neither
reported for thin layer of silver ions in a glass matrix.

Doping a glass matrix with metal clusters produces a
nonlinear optical medium, which is promising for opto-
electronics applications like optical switches and slab
waveguides. One of the most investigated doped glasses is
the Na*—Ag* ion-exchanged one. Studying the interaction
of a high-power laser beam with Ag*-doped glass develops
our knowledge about the limits of the above-mentioned
optical material, and also the temporary and permanent
physical changes, which happen during and after the
interaction. Here we report one of the effects (the induced
optical anisotropy), which we have observed. There are
other effects, as the results of the interaction of a high-
power laser beam with Ag*-doped glass, which we have
reported elsewhere in detail [17, 20, 21].

Our experimental results show clearly that the micro-
lenses produced by irradiating the ion-exchanged glass
using a high-power laser beam [22, 23] are not suitable for
use with polarized white light, due to the induced optical
anisotropy in it. This important point should be considered
during the production of above-mentioned micro-lenses.
Local heating of doped glasses or polymers by a laser beam
could produce a micro-lense. The formation of the micro-
lens occurs, due to the local melting of subsurface layer of
the glass. The glass melting causes by an increase of the
light absorption with temperature. Thus, when laser radi-
ation heats the glass the light penetration depth decreases,
and in spite of the thermal diffusion the process of heat
deposition becomes increasingly localized at the surface of
the glass. This thermal runaway causes the host glass to
melt locally under laser radiation. Because of the lower
density of the molten glass compared with that of the solid
glass, the material wells out and solidifies forming a micro-
lense [22, 23]. Micro-lenses have many applications such
as microlense array for telescope application [24], micro-
lense-based projection displays [25] and etc.

The organization of the paper is as follows. In
Sect. “Experiment”, the experimental setup would be ex-
plained in detail the results of the experiments are reported
in this section. The Sect. “Discussion” includes a

@ Springer

preliminary explanation of the obtained results. The con-
clusion of report is given in the last section.

Experiment
Sample preparation

The samples are prepared using the well-known ion-
exchange method [26]. For this, slides of commercial soda-
lime glasses (20 x 30 x 0.8 mm) were placed in mixed
molten salts of NaNO3/AgNO; (96/4 wt.%) in a tempera-
ture of 400 °C for 4 h, in the atmospheric pressure. In the
ion-exchange process some of the sodium ions of the glass
matrix would be exchanged by some of the silver ions of
the molten mixed salt, due to the diffusion process. The
temperature and duration time of the ion-exchange process
determines the concentration, diffusion depth in the matrix,
and even the size of the formed silver ionic clusters in the
glass matrix. The composition of the glass also affects the
above-mentioned parameters. As a result, a thin layer of
ion-exchanged glass would be formed in the glass
substrate. In our experiments the average thickness of the
ion-exchanged layer was about 180 um, measured by a
microscope equipped with a micrometer. Then the prepared
samples were irradiated by a CW high-power Ar™ laser
beam (P.x = 8 W), working in multiline regime.

The ion-exchanged glass has a brownish color with a
continuous absorption spectra in visible region with a peak
in the UV region at about wavelength 4, =310 nm
(Fig. 1), which is related to very small ionic silver clusters
[27, 28]. The color of the incident point of the laser on the
sample becomes yellowish after the interaction, with an
orange colored periphery, which is made out of silver
neutral clusters.

Interaction with the laser beam

The setup shown in Fig. 2 was used for studying the
thermal effect of the laser beam on the optical properties of
the ion-exchanged glass in real time.

The sample was placed in front of the Ar* laser with a
little tilt to prevent back-reflection of the beam from the
sample towards the laser cavity. An expanded linearly
polarized He—Ne laser beam and a polaroid plate, placed
after the sample, were used as a probe (Pprope = 1 mW) to
study the induced-optical anisotropy and any optical path
changes during the interaction, in real time. The transmit-
ted probe beam was used to study the induced anisotropy,
and the reflected beams from both sides of the sample were
used to study the optical path changes (Fig.2).

Our experiments show that by increasing the power of
the Ar* laser beam, the temperature of the incident point of
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Fig. 1 The absorption spectra of an ion-exchanged glass: (1) before
the interaction; (2) after the interaction. The peak around the
wavelength 310 nm is related to existence of very small ionic silver
clusters. The peak around the wavelength 430 nm is related to the
surface palsmon resonance of the produced neutral silver clusters

the beam on the sample rises. Greater than a power
threshold (Py, =~ 4 W, for ion-exchanged samples at
400 °C for 4 h) a conoscopic pattern appears on the screen
behind the polaroid for the transmitted polarized probe
beam (Fig. 2, down-left), and at the same time the inter-
ference pattern of the reflected probe beam becomes
twisted at the place of the incident point (Fig. 2, down-
right). Simultaneously, the reflected argon laser beam
expands rapidly and at the end of the interaction forms
co-centered rings on the screen behind the laser (Fig. 2,
top-left). The same co-centered rings have been observed
by other researchers during the interaction of laser beams
with photorefractive crystals [29] and liquid crystals [30],
as a thermal effect of the interaction. This pattern means
that a thermal lens is formed. All the real-time observations
of this experiment (conoscopic pattern, twisted interference
pattern, and the co-centered rings pattern) indicate that, as
a result of the thermal effect due to the interaction of the
CW Ar*-laser beam with the thin layer of the silver-ion-
exchanged glass, a thermal lens and an optical anisotropy
are induced into the sample.

The same conoscopic patterns, as those obtained in the
real-time study, are observed when we put the sample
(after the interaction) between two crossed polarizers
which are illuminated with a white light (Figs. 3, 4a). The
conoscopic pattern is also observed, for the case, when the
polarizer and analyzer are parallel, but the dark and bright
parts are complementary relative to the case when the
polarizers were crossed (Fig. 4b). As it can be seen from
the Fig. 4b, the isochromates for the blue light is placed
closer to the center, relative to the isochromates for the red

light. An orange circle also is seen (Fig. 4b), which is
related to the silver nanoparticles on the surface of the
sample [17, 20]. The produced micro-lens can be seen in
Fig. 4b. From Fig. 4a, also it can be seen that, when the
polarizer and the analyzer are crossed the first and third
quadrants of the conoscopic pattern have a dominant blue
color and the second and forth quadrants of the conoscopic
pattern have a dominant yellow color. According to the
Refs. [1, 31] the above-mentioned blue and yellow quad-
rants in the characteristic pattern are observed for optically
positive uniaxial medium. Because of the remained thermal
stress, the produced micro-lenses by this method are very
unstable mechanically and would be cracked even with
very little pressure on the sample. Thus, one should be
careful with the samples after the interaction.

Measurement of average index of refraction of the
interaction area

It would be useful if we could have some idea about the
index of refraction of the interaction area. As the glass
matrix melts during the interaction, and at the same time
the silver ions reduce to the neutral ones, and also simul-
taneously the produced silver nanoparticles move toward
the periphery, so that the index of refraction of the inter-
action area changes. On the other hand, the thermal effect
of the beam changes the surface of the sample and pro-
duces a lens-like surface profile. Therefore, twisting of the
fringes of the interference pattern, shown in down-right of
Fig. 2, includes information about both the index changes
and also modification of the profile of the surface. In order
to measure the average index of refraction of the interac-
tion area we use Fig. 2 (down-right). A schematic draw is
shown in Fig. 5 to explain how the average index of
refraction is measured. From Figs. 2, 5 and knowing the
condition for constructive interference for the lights
(He—Ne laser: probe) which have reflected from both side
of the sample [32] we can write:

2n;x = /1 (constructive interference) (1)

where x is the thickness equivalent to a difference of height
for neighboring fringes, 4; = 632.8 nm is the wavelength
of the probe laser beam and 7; is the index of refraction of
the sample within the interacted area. From Fig. 5 if we
take the average slope of the surface of the interacted area
equal to f3, and the inter-fringes for neighboring fringes as
Al, then we can write:

X

tan f = Al (2)

for the small angle: tan  ~ f3, then from Eqgs. 1 and 2 we
have:
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Fig. 2 The real-time study
setup. After the interaction the
reflection of the Argon laser
beam from the interaction area
forms the co-centered circular
interference fringes (top-left).
The conoscopic pattern appears
on the screen for the transmitted
probe beam (down-left), and for
the reflected probe beam the
fringes of the interference
pattern would be twisted after
the interaction (down-right).
The conoscopic patterns are
shown for three cases when (a)
PLA; (b) £(P,A) = 45°; and
(¢) P||A, respectively

Screen 2

Screen 1

o

Art Laser

He-Ne Laser

3

Spacial Filter

X

Analyzer

Fig. 3 The setup for studying
the conoscopic patterns of the
irradiated sample with white
light

A

B:MAI (3)

Now if we rewrite the relation of Eq. 3 for p fringes,
which occupy length / on the sample, we obtain:

_ pA
B =2 (4)

On the other hand we can measure the height of the
produced microlens, using the interferometric methods. In
order to do this, we placed the curved surface of the sample
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White Ligth Source

1]

Ground Glass

&
Sample

Polarizer Digital Camera

Analyzer
on a test plate (roughness: 4/20), and illuminated it with a
standard sodium lamp (4, = 589.3 nm). The same twisted
interference pattern, as in Fig. 2, would be formed, but this
time for the air layer between the sample and the test plate.
In this case we have the same relation as Eq. 4, but with ¢
fringes in the length / for the wavelength Z,, and ny;, = 1:
q/2

172 5
p=2 (5)

Then from Eqgs. 4 and 5, the average index of refraction
of the interaction is given by:
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Fig. 4 The conoscopic patterns
of the irradiated sample, using
the setup shown in Fig. 3. (a)
The conoscopic pattern for the
case whenP LA, and (b) for the
case whenﬁ\ |X It is seen that
the isochromates for the blue
color have smaller radius in
comparison with the red one

Fig. 5 A schematic drawing for
showing the parameters, used to
measure the average index of
refraction of the interacted area
on the sample. f is the slope of
the modified surface, Al is the
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is the height difference between
two neighboring fringes

ph
ni = 22 (6)

In our measurements we obtained p = 13, ¢ = 9, with
A1 =632.8 nm, and /1, = 589.3 nm, respectively. Then
relation of Eq. 6 gives: n; = 1.551. Using the Brewster’s
angle measurement for He-Ne laser beam for
A = 632.8 nm the index of refraction of the non-interacted
area on the sample is: n, = 1.549. Thus, on=n; -
n, ~ 0.002. Our experimental results show that the average
index of refraction of the interaction area has a little
increase in its value relative to those parts which are not
irradiated. This increase should be related to the reduction
of silver ions to the neutral ones, and also to the concen-
tration of silver nanoparticles near the periphery of the
interaction area (orange ring in Fig. 4b) [20].

Using the interfrometric method the height of the gen-
erated thermal lens on the sample (4% AgNO;, 400 °C,
4 h) was measured equal to Ak ~ 6 um for P,x = 8 W.

Discussion

In this section we give a preliminary explanation for our
experimental observations, which are reported in this article.

As shown in Fig. 1, the Ag*-doped glass has an
absorption in whole visible spectrum, with a peak in
wavelength 4, = 310 nm, leading to the brownish color for
the ion-exchanged glass. This spectrum allows the sample
to absorb the Ar™ laser radiation, which results in heating
the sample, locally, at the incident point of the laser beam
and generation of neutral silver nanoparticles, with an
absorption band peak about 4, = 410 nm [17], resulting in
the yellowish color of the interaction area. At the same
time, because of the increase in the temperature, the
interaction area melts and a micro-lens forms. Simulta-
neously, the produced silver nanoparticles move toward the
periphery of the interaction area [17, 20, 22, 23]. The
pushed silver nanoparticles make an orange colored ring on
the sample (Fig. 4b). The melting of the glass matrix at the
incident point of the laser generates a radial thermal gra-
dient from center toward the periphery of the interaction
area, which results in inducing a stress birefringence.
Hence, in the interaction area both the index of refraction
and the thickness of the medium will be changed. The
whole thermal effect makes the irradiated sample act as a
thin uniaxial anisotropic optical medium, with optical axis
along the direction of beam propagation. Therefore, plac-
ing the interacted sample between two crossed polarizers
results in appearance of the conoscopic pattern.
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Let us have a brief review for propagation of light in an
optical anisotropic medium, which results in forming the
conoscopic patterns. When a light beam under an incident
angle 0, enters into an anisotropic medium with thickness
d, the beam is broken up into two beams with different
refractive indices n’, n”, where 2’ =4, " = 4; with 1 the
wavelength in the vacuum. Hence, they propagate in the
medium with different velocities, which results in retar-
dation between them. That is, the exiting beams from the
medium according to the Fig. 6a, have a phase difference
equal to (see the Appendix A):

2nd | n : sin 0, 2
_ 0 2 _qin2 0, — _
0= 7 \n \/ 12 —sin” 0 —nyy /1 ( n ) (7)

where n, and n, are the ordinary and extraordinary indices
of refraction, respectively.

Leaving the medium, the two light beams with the phase
difference A = 632.8 nm could interfere. Now, if one pla-
ces the anisotropic medium between a crossed polarizer
and an analyzer (P and A, respectively), with general angle
7 between them, the characteristic intensity distribution
could be observed. Let us take 50 for vibration direction of
the ordinary beam and DE for_’ vibration direction if, the
extraordinary beam, with D, 1 D, (Fig. 6b). Taking OF for
amplitude of the incident beam, from Fig. 6b:

— —
OB = OEcos ¢

8
WZO—E)sinqﬁ ®)

where ¢ is the angle between P and D,. The ﬂalyzer just
passes those components that are parallel to OA:

OF = a?}cos((;’) -7

OF = OB )
OG = OCsin(¢ — y)

The two output beams could interfere, resulting in the
intensity distribution:

=t

(@) (b) °

Fig. 6 (a) Refraction of a light beam entering into a birefringent
medium. 6, is the incident angle, d is the thickness of the medium. (b)
The diagram used to calculate the intensity distribution for the sample
placed between the polarizer and the analyzer. y is the angle between
the polarizer and the analyzer, ¢ is the angle between the polarizer
and the direction of D,
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N 2
where I = |OF | ,I, = |OG| . Using Egs. 8,9, and 10 the
intensity distribution right after the analyzer would be
equal to:

1 0

7= cos? y — sin2 ¢sin2(¢p — X)siHZE (11)
Y

where I, = |OE| .

For the case when PLA (x = %) we have:

1
7= sin22qbsin2§ (12)

o

and for the case when P||A ( = 0) we have:

I o, . 20
= 1 — sin“2¢sin 3 (13)

It is clear that, in the two above-mentioned cases the
patterns are complementary to each other. Thus, the rela-
tion of Eq. 11 gives the intensity distribution of the
conoscopic patterns for the case when the anisotropic
optical medium is placed between the polarizer and the
analyzer. In the Ref. [4], authors give a relation from
which, using the parameters of the conoscopic pattern and
the sample, one can estimate the induced birefringence An:

_ N)L
Legr

An (14)

where, 1 is the wavelength of the light, N is the number of
the fringes in the conoscopic pattern and L. is the thick-
ness of the anisotropic medium. In our
Legs = 180 um, A = 550 nm (average wavelength for the
white light) and N =1 (Fig. 4). Thus, from Eq. 14 we
obtain An = 0.003. It should be mentioned that the diffu-
sion of silver ions into the glass substrate produces a thin
layer, for which the concentration of silver ions and con-
sequently the refractive index follow, in general, an
exponential dependence [33, 34]. Thus, it is not easy to
specify a sharp boundary between the doped layer and the
substrate. Because of that, an effective thickness is intro-
duced.

On the basis of the relations between Eqs. 12 and 13,
using parameters of our samples we calculated the cono-
scopic patterns for both cases when PLA and P||A. The
results are shown in Fig. 7. It can be seen that the exper-
imental results (Fig. 4) and the calculation (Fig. 7) are
consistent.

From Eq. 11 one can see that there is a dependence of
intensity distribution of the conoscopic pattern on the
wavelength of the light. We have drawn the interference

case:
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Fig. 7 The simulated conoscopic patterns for an irradiated sample,
for two cases when the polarizer and the analyzer were perpendicular
and parallel to each other, respectively. For the calculations the
experimental results, measured in our samples, were used

Optical Axes

-
i s o

u""

Fig. 8 The calculated isochromates for our samples using the relation
of Eq. 11. The blue isochromate (bold circle) has smaller radius in
comparison to the red one (the dashed circle). Their values are
normalized to one, for simplicity. This calculation is in good
accordance to the experimental results (Fig. 4b)

isochromates for both blue and red lights (Fig. 8) using the
parameters of our samples. It can be seen that the iso-
chromates of blue light have smaller radius relative to the
isochromates of red light for the same order of interference.
Our experimental results (Fig. 4b) show the same result for
the irradiated Ag*-doped glass by the Ar* laser beam. As it
can be seen from Fig. 4b the blue fringes are closer to the
center compared to the red ones.

Conclusion

In this article, we have reported the observation of an
induced optical anisotropy in Ag*-doped glasses as a result

of interaction with a high-power Ar* laser beam. Our
experiments show that the thermal effect of the interaction
makes the glass matrix, with a thin layer of silver ions,
behave as an uniaxial optical medium, with axis along the
direction of beam propagation. The average index of
refraction of the interaction area was measured, and it is
shown that the index is increased. Our experimental results
show that the induced anisotropy restricts the application of
the microlenses, which are made by the interaction of
pulsed laser beams with the ion-exchanged glasses [22, 23],
for the polarized white light.
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Appendix A

According to the Fig. 6a the phase difference equals to:

2 2 2
5= /l—ffAB” + %B”C - )—7,IAB’ (a)
with  AB" = 4, AB =4, B’C = dsin0),
(tan 0’ — tan @) and using the Snell’s law with n; = 1 for
air, we have:

o= zilld (n" cos 0" —n' cos @) (b)

If we take the AB’ beam as the ordinary beam, then:

ni=n, 0:=0,

. . /
sin0, =n,sinf, = n'cost =n,

For the extraordinary beam we can write:
0" =0, = n'sin0, = sin 0, (d)

If the optical axis is normal to the surface, then the
relation between n” and n, can be obtained from the Fres-
nel’s formula:

non
I’l” — o'te (e)
\/ngsin2 0, + nZcos? 0,
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Therefore, using Egs. d, e and Fig. 6a we obtain:

2.2 2i 2
n‘n> — nsin” 0,
cot?, =—2e —o° ©

(f)

ngsin2 0,

After some simple trigonometric calculation and using
Egs. d, e, and f the relation for n” cos 0" could be written
as:

n) .
n"cos 0" =2 /n2 — sin® 0, (2)
n

e

Substituting Eqs. ¢ and g in b we end up with:

2nd [ n, .
5=L n—\/ng—smz()l—no
A\ n
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