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Abstract

In this paper, we have presented a simple, stable, highly sensitive and timesaving method
based on a double-grating interferometer in conjunction with a pump—probe technique for
measuring the nonlinear refractive index. A pump laser beam is aligned collinearly with an
expanded plane parallel probe beam by a dichroic mirror. These beams pass through the
sample, while right behind the sample using a suitable bandpass filter the pump beam is
intercepted. The distorted probe beam then passes through a double-grating interferometer.
One of the lateral shearing interference patterns is recorded by use of a CCD camera and, after
digitization, has been stored in a computer. The interference pattern is analyzed by means of a
Fourier transform algorithm. The refractive index changes have been obtained from phase
distribution of the recorded fringe patterns. The implementation of the technique is
straightforward and the arrangement is very simple and stable yet its sensitivity is comparable
with other interferometry methods. It is also not a time consuming method. The method is
applied for measuring the thermal nonlinear refractive index n; of colloidal gold nanoparticles

in water solution.

Keywords: nonlinear optics, interferometry, gratings, phase retrieval, Fourier optics
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1. Introduction

The nonlinear refractive index is an important characteristic
parameter of materials. Therefore, numerous techniques
have been introduced for measuring nonlinear refraction in
materials. Nonlinear interferometry [1-3], degenerate four-
wave mixing [4], nearly degenerate three-wave mixing [5],
ellipse rotation [6], beam-distortion measurements [7], Z-scan
method [8, 9], the Z-scan based moiré deflectometry
methods [10-12] and the non-scanning moiré deflectometry
method in pump-probe configuration [13] are among the

2040-8978/12/035203+06$33.00

techniques frequently reported. The first three methods,
interferometry and wave mixing, are potentially sensitive
techniques but require a complex experimental apparatus.
Beam-distortion measurements, on the other hand, require
precise beam scans followed by detailed wave-propagation
analysis. The moiré-based methods are not very sensitive.
The Z-scan technique [8, 9] is one of the convenient methods
for the measurement of the nonlinear refractive index. But it
has the disadvantage of being sensitive to the beam pointing
instability and is sensitive to the power fluctuations. It is
also a time-consuming method. Based on the principles of a

© 2012 IOP Publishing Ltd Printed in the UK & the USA
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Figure 1. Schematic diagram of the experimental set-up. SF: spatial filter; L: collimating lens; DM: dichroic mirror; SDF: selective density
filter; G1, G2: first and second grating, respectively. D stands for the distance between the two gratings.

double-grating interferometer in pump—probe configuration,
however, we present a technique for measuring the refractive
nonlinearities that offers simplicity and stability as well as
high sensitivity. It is also not a time-consuming method. The
technique is based on the transformation of phase distortion
to deformation of the interference pattern of diffracted orders
of a collimated beam when a pump beam propagates through
the sample. Our arrangement is very stable. The method
is a potentially sensitive technique yet does not require a
complex experimental set-up. We demonstrate this technique
on several materials in measuring the thermal nonlinear
refractive index ny.

In this work a pump laser beam is aligned collinearly with
an expanded plane parallel probe beam by a dichroic mirror.
These beams pass through the sample, while right behind the
sample using a suitable bandpass filter or an another dichroic
mirror, the pump beam is intercepted. The distorted probe
beam then passes through a double-grating interferometer.
One of the lateral shearing interference patterns is recorded by
use of a CCD camera and, after digitization, has been stored
in a computer.

Fourier transform and phase-shifting methods are the
basic techniques for phase retrieval of the sinusoidal fringe
pattern in optical metrology [14—16]. In the traditional phase-
shifting method it is needed to have at least three phase-shifted
fringe patterns. The largest limitation of the phase-shifting
interferometry for optical metrology is the sensitivity to the
environment, both vibration and air turbulence. However,
some novel dynamic phase-shifting methods are introduced to
overcome these limitations [17, 18]. Implementation of these
dynamic phase-shifting methods is not straightforward. Mean-
while, for one- and two-dimensional sinusoidal interference
fringe patterns, the Fourier transform method is a well-known
and straightforward method. In this work, the interference
pattern is analyzed by means of a Fourier transform algorithm.

It should be mentioned that, while at first sight the
technique employed here looks like a variant of the moiré
method that we used previously, it is in fact an interferometric
approach. In this work, unlike other interferometry methods
for measuring phase distributions induced by a phase
object [19], instead of separating the reference path and the
probe path spatially we generate these two beam paths with
the same optical elements for both beams. This feature and the
small distance between the gratings provide a high stability
set-up.

2. Theory

The schematic diagram of the experimental set-up shown in
figure 1 is very simple. G1 and G2 are two identical gratings
that are illuminated perpendicularly with an expanded
monochromatic parallel beam, the probe beam. We define
two coordinate systems, one for the incoming beams and
the gratings (¥, y’, 7), and the other one for the interfering
diffraction orders and the interference pattern (x,y, 2),
figures 2(a) and (b). The gratings are set a distance D apart
and their ruling directions make small angles 6/2 and —6/2
by the x’ axis. The 7’ axis shows the optical axis of the set-up,
figure 2(a).

In order to avoid the overlapping of different diffraction
orders, the distance between grating G2 and the observation
plane should be larger than %l, where A is the wavelength, d
is the grating period and F' is the aperture of the collimated
beam. The incident plane probe wave before G1 will be
distorted in the area of the pump beam propagating through
the sample. Accordingly, the phase shift induced on the probe
by the pump occurs only along its central region, whereas the
outer region remains unaffected, figures 2(a) and (b).

The two laterally displaced interfering beams are the
result of two subsequent negative first-order and zero-order
(and vice versa) diffractions by the two gratings: one beam
through the sequence: zero order — negative first order,
u©,—1), and the other through the sequence: negative first
order — zero order, u(—1,0y. Thus the beams are almost
parallel together after passing through the two gratings and
contribute to the final image, figure 2(a). A diaphragm
behind the interferometer intercepts all other diffraction
combinations. We chose a lateral shear larger than the size
of the distorted area on the probe wavefront. In the distorted
interference pattern the two laterally displaced interfering
beams are overlapped in which one of them remains an
unaffected plane beam and another one is the distorted carrier
beam, figure 2(b).

In the theoretical considerations we assume that, before
the pump beam illumination, the interfering orders of the
probe beam are

u(-1,0)(x,y) = A1 exp(iki - 7), 0
u©,—1)(x,y) = Ay exp(ikz - 7),

where A is the amplitude, k is the propagation vector of
the corresponding waves (k = ZT”) and A is the probe beam
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Figure 2. Schematic representation of the double-grating shearing interferometer in the phase object study, (a). Details of the overlapped
diffracted orders, (b). Here the lateral shear is larger than the dimensions of the phase object. (c) The overlapped diffracted orders are

shown, where the view point is rotated by 90°.

wavelength. Phase distribution of the interference pattern can
be written as

&, = (k; — ka) - 7 = 2ksin® x, 2)

where 0 is the angle between the two beams is affected only
to a small extent by the orientation of the gratings rulings
and x is the direction perpendicular to the interference fringes,
figure 2(c).

After the pump illumination, its optical-field-induced
refractive index changes in the nonlinear sample. The role
of the electronic and thermal mechanisms in the process of
refraction index changes in the interaction of intense laser
light with matter has been studied in many papers [20-22].
Because the phase distribution of the distorted wavefront is
actually the phase projection, the interfering fields can be
written as

U_y1.)(x.y) = Ar exp(iki - 7), 3)
Uy, 1) (x,y) = Az exp(ikz - 7 + 9 (x, ),

where ¢(x,y) is the additional phase induced by the pump
beam in the medium. Because the lateral shear is larger than

the radius of the pump beam, u_1,0)(x, y) is not affected by
the pump beam in the selected area of the interference pattern,
figure 2(b). Now, in this case, the phase distribution of the
interference pattern is

@) = (ky — k) -7+ 9(p) = 2ksinf x + ¢(p). (&)
Now by subtracting equation (2) from (4) we have
AD(p) = Py — @1 = ¢(p). 5)

The refractive index of the sample, n, which depends on
the radiation intensity of the pump beam, may be expressed
in terms of the nonlinear refractive index, ny, through n(p) =
ng + na2l'(p) = ng + An(p), where ng is the linear refractive
index, I'(p) is the irradiance of the pump laser beam within
the sample, An(p) is the light-induced refractive index change

and p is the radial coordinate, p = (x> + yz)l/ 2. It should
be mentioned that, in the measurement, total change on
the refractive index of the test object (Au non-particles)
and the suspension (water) is measured. It seems that the
differences between the refractive index of the test object
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Figure 3. Typical shearing interferograms before (a) and after (b) the pump beam illumination. The corresponding unwrapped phase maps

of the interferograms are shown in (c) and (d), respectively.

and the suspension can be affected in different ways for the
thermal and electronic origins of the refractive index changes
in the measurements. For a Gaussian pump beam traveling
through the sample the radial dependence of the irradiance
gives rise to a radially dependent refractive index change near

the beam axis by

. 2P 2p?

n(p) =no+ml(p) =no+n——=exp|—— |, (6
W w

where P’ is the total power of the pump beam and w is the
pump beam radius. Now we can write the additional phase in
the following form:

@(p) = nokl + nakll' (p)

2P 202
= nokl + nokl — exp [—%} , @)
Tw w

where [ is the thickness of the nonlinear medium and  is the
propagation constant of the probe wave.
Finally, using equation (7) in equation (4), we have

2P 202
W2 exp [—v] . (8)

AD(p) = nokl + nykl
T
The phase of the interference patterns are analyzed by means

of a Fourier transform algorithm and using equation (8) n, is
determined.

3. Experimental details

We have examined the technique for measuring the thermal
nonlinear refractive index n> in Au nanoparticles and Fe;O3

nanoparticles. In this paper, we refer to the measurements
which were performed on 1 mM concentration of Au
nanoparticles in water solution, with nanoparticle sizes of
5-7 nm, in a 4 mm thickness cell. Light from an He-Ne
laser with wavelength A = 632.8 nm with power 5 mW was
first passed through a beam expander and a spatial filtering
unit. A collimating lens of focal length 300 mm and diameter
42 mm was used to collimate the laser beam. The second
harmonic of a 50 mW cw diode-pumped Nd:YAG laser beam
at 532 nm is aligned collinearly with the collimated probe
beam by a dichroic mirror. These beams pass through the
sample. Right behind the sample using a suitable bandpass
filter the pump beam is intercepted, and the probe beam
strikes G1. The distance between the planes of G1 and G2
is chosen as 50 mm. Gratings G1 and G2 with a period of
1/100 mm were installed on suitable mounts. The holders of
the gratings can be rotated around the optical axis to adjust the
angle between the gratings. The sheared interferogram was
recorded by a charge-coupled device CCD detector having
576 pixels x 768 pixels with each pixel sized 13 um x 13 pm.

For calibration of the sign, the sample was replaced by
a 100 pm thick glass slip and the fringe shift was recorded
as the glass slip was rotated. The rotation of the glass slip
introduced positive changes in phase and the corresponding
direction of the fringe shift was noted as the calibration of
the sign of phase change. The fringes for two different cases
are shown in figures 3(a) and (b), when the pump beam was
turned off and when it was turned on, respectively.

The recorded interferograms were processed using a fast
Fourier transform algorithm. In the described experiment,
a size of 269 pixels x 326 pixels of the interferograms
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Figure 4. (a) The phase shift induced on the probe by the pump and (b) the measured induced refractive index profile An(p) = nI’'(p)

along the dashed line of (a).

was used to recover the phase maps. In figures 3(c)
and (d) the corresponding unwrapped phase maps of the
interferograms are shown, respectively. The phase shift
induced on the probe by the pump is shown in figure 4(a).
Figure 4(b) shows the plot of a profile of the induced
refractive index along the dashed line of (a). The value
of deviation of the experimental data from the theoretical

model, [((Anexperimental - A”lthecvretical)2>]l/2 ~ 2.5 x 1076,
is obtained. For experimental values of P = 50 mW and
w = 0.93 mm, using equation (8), the mean value of n;
obtained from a series of independent experiments is — (4.8 +
1) x 107> cm?® W1, This systematic error takes into account
not only the fitting errors but also the reproducibility of the
experiment. We have measured this quantity by the parallel
moiré technique [12] and the results are compatible with each
other. Unfortunately, in this paper we did not measure n;
simultaneously by using the Z-scan technique®. But, there
are comparable results for the nonlinear refraction index of
Au nanoparticles which have been taken by using the Z-scan
technique [22], if the difference in the concentration and
filling factor of the composition of the colloidal particles
is considered. The sensitivity of the method is comparable
with other interferometry methods because it is, in fact, an
interferometric approach.

4. Conclusion

In this paper, we have presented a new double-grating
interferometer lay-out in conjunction with a pump-probe
technique for measuring the nonlinear refractive index in
materials. We have also used a Fourier transform algorithm
for analyzing the interference pattern. The proposed method
offers simplicity and stability as well as high sensitivity.
The implementation of the technique is straightforward. In

3 Experimental comparison of our technique with the prevailing techniques
such as Z-scan reported in the literature is the subject of future research at
IASBS.

practice, by increasing the number of CCD pixels which is
covered by a fringe spacing, one can increase the sensitivity of
the method. Compared to the conventional methods, like the
Z-scan method, this method is not a time-consuming method;
rather it is quite fast. Also, the measurement is relatively
insensitive to the alignment of the beams in the sensor
and laser beam power fluctuation during the measurement.
Finally, it seems that this method has an important practical
application in measuring high power laser beam profiles.
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