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Abstract

Novel v(3)-based nonlinear polarization interferometer is theoretically and experimentally investigated. It enables efficient spatial and
temporal filtering of femtosecond pulses via generation of cross-polarized wave. By changing the interferometer parameters different
beam shapes can be obtained.
� 2008 Elsevier B.V. All rights reserved.
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1. Introduction

Frequency conversion is one of the main application
areas of nonlinear optical devices. Nonlinear optical
devices are also useful for tuning of various laser beam
parameters. With the means of nonlinear optics, one can
induce chirp, stretch or compress the pulse, change the
polarization properties of the laser radiation, deflect the
beam, etc. [1,2]. In particular, it was recently demonstrated
that a v(3)-based cross-polarized wave (XPW) generation
device can significantly improve the temporal contrast of
femtosecond pulses up to 11 orders of magnitude [3,4].
Here we present an upgrade of the XPW generation setup:
a nonlinear polarization interferometer that can be effi-
ciently used for enhancing the XPW generation efficiency,
spatial filtering, and beam shaping.

The genuine XPW setup version – a nonlinear crystal
placed between crossed polarizers, has been successfully

used for femtosecond pulse contrast enhancement [3].
Another XPW generation device constructed by the same
elements plus two crossed quarter-wave plates (QWP) has
been investigated in [5] towards efficient cross-polarized
wave generation.

The proposed here new XPW setup is shown in Fig. 1. It
consists of a nonlinear cubic crystal (NLC) placed between
two identical quarter-wave plates (QWP1 and QWP2),
rotated by the same angle. The nonlinear crystal and the
quarter-wave plates are located between two crossed polar-
izers. This setup corresponds to an unfolded version of the
nonlinear mirror [6] previously investigated to demonstrate
intensity dependent reflection. The fast axis of the first
quarter-wave plate QWP1 is rotated by a relatively small
angle a (a few degrees) with respect to the incident polari-
zation direction. This plate splits the input linearly polar-
ized wave into two orthogonally polarized waves (pump
and probe) with p/2 relative phase shift. In the nonlinear
crystal the pump produces by v(3)-effect a XPW signal with
a phase-shift of p/2 with respect to the pump. Therefore,
the probe and the generated XPW waves are able to inter-
fere, modifying the amplitude of the probe beam. After the
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second quarter-wave plate QWP2, the pump and the mod-
ified probe waves give a single linearly polarized wave.
Then, Polarizer2 transmits a wave with polarization per-
pendicular to the input one, which is called output XPW
wave. Because the described device uses the Mach–Zehnder
interferometer principle we call it v(3) nonlinear polariza-
tion interferometer (NPI). The NPI operates in two
regimes. In the first one – constructive interference regime,
NPI allows improved XPW-efficiency and spatial filtering.
In the second – destructive interference regime, various
beam shapes can be obtained. We demonstrate both theo-
retically and experimentally enhanced efficiency of the
XPW generation in the NPI due to constructive interfer-
ence with the XPW-seeding produced by QWP1. We also
point out the possibility for spatial beam shaping when
using this device in destructive interference regime.

In this paper we show an increased efficiency of XPW
generation by comparison with the scheme without quar-
ter-wave plates. We also demonstrate that the transmitted
XPW beam can undergo strong spatial shaping depending
on the input intensity. The paper is organized as follows. In
Section 2, the description of NPI begins with a simple ana-
lytical model valid at relatively low intensity, when deple-
tion of the pump wave in the nonlinear crystal can be
neglected. The analytical model will provide a good under-
standing of the involved phenomena. For higher input
intensities, a numerical approach is proposed. In Section
3 we investigate beam-shaping properties of the proposed
NPI. Experimental results are discussed in Section 4.

2. Theoretical description

2.1. Analytical approach in non-depleted regime

After the QWP1 whose fast axis is rotated by an angle a,
the amplitudes of the two waves at the input of the nonlin-
ear crystal are: A0(r, t) = D0(r, t) cos a (along the fast axis of
QWP1) and B0(r, t) = �iD0(r, t) sin a (along the slow axis
of QWP1). D0(r, t) is the initial amplitude after the input
polarizer. The wave B0(r, t) is delayed by p/2 with respect
to the wave A0(r, t), called pump wave. The strong pump
wave A0(r, t) generates in the nonlinear crystal a perpendic-
ularly polarized wave B(r, t,L) [7,8]

Bðr; t; LÞ ¼ �ic?LjD0ðr; tÞj2D0ðr; tÞ cos3 a; ð1Þ

where c? ¼ �c0ðr=4Þ sin 4ðb� aÞ; c0 ¼ ð6p=8knÞvð3Þxxxx, and
r ¼ ðvð3Þxxxx � 2vð3Þxyyx � vð3ÞxxyyÞ=vð3Þxxxx. The two waves B(r, t,L)
and B0(r, t) are in phase and can interfere constructively
or destructively depending on the sign of the product
c? sin a. The amplitude of the resulting wave E(r, t,L)
polarized perpendicularly to the pump wave is

Eðr; t;LÞ ¼ �i c?LjD0ðr; tÞj2 cos3 aþ sin a
h i

D0ðr; tÞ: ð2Þ

After the second quarter-wave plate QWP2 the two
orthogonal waves E(r, t,L) and A0(r, t) will be in phase
and will interfere on the polarization plane of the output
polarizer (Polarizer2) giving an output field with amplitude
C(r, t) = �A0(r, t) sin a�iE(r, t,L) cos a. Then the output
intensity of the v(3) NPI will be proportional to

jCðr; tÞj2 ¼ ½jD0ðr; tÞj sin 2aþ c?LjD0ðr; tÞj3 cos4 a�2: ð3Þ
Expression (3) explains the physical background involved
in the NPI. The interference term in (3) consists of two
parts: a linear part that depends only on a through sin 2a
and an intensity dependent nonlinear part. They can
interfere constructively or destructively depending on the
relative signs of c? and sin 2a. If the signs are the same
we obtain enhanced XPW-efficiency, while if the signs are
opposite the destructive interference leads to beam shaping
as we will show below.

For an angle a = 0 the output intensity corresponds to
the intensity of the device without any quarter-wave plates
and contains only the nonlinear term of (3) [7,8]

jC0ðr; tÞj2 ¼ ½c?LjD0ðr; tÞj3�2: ð4Þ
For a 6¼ 0 the additional linear term |D0(r, t)| sin 2a in (3)
corresponds to the linear transmission of the NPI. This lin-
ear background prevents the NPI device from being used
for high temporal contrast improvement.

To calculate the energy conversion efficiency, we inte-
grate (3) over r and t assuming Gaussian spatial and tem-
poral shapes |D0(r, t)|2 = I0 exp (�2r2�2t2) where I0 is the
intensity of the input beam at r = 0 and t = 0. The energy
efficiency is defined as the energy ratio between the output
XPW pulses and the input pulses

gNPI ¼
Z 1

0

r
Z 1

�1
jCðr; tÞj2dtdr=

Z 1

0
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Fig. 1. Scheme of the XPW-based nonlinear polarization interferometer.

3376 S. Kourtev et al. / Optics Communications 281 (2008) 3375–3380



Author's personal copy

Then the efficiency of XPW generation with NPI becomes:

gNPI ¼
1

9
cos2 aðS2

?

ffiffiffi
3
p

cos6 aþ 9S?
ffiffiffi
2
p

cos3 a sin a

þ 36 sin2 aÞ; ð6Þ

where S? = c?I0L (S? = S(r/4) sin4(b�a);S = c0I0L).
Assuming that r = �1.2 for BaF2 [8,9] we obtain
S? = �0.3S for b = a + p/8. The energy efficiency (6) has
to be compared with the energy efficiency of the standard
(without any QWPs) XPW generator g0 ¼

ffiffiffi
3
p

S2
?=9 .

The comparison of the efficiency of the NPI and the
standard XPW generator according to this analytical
model is shown on Fig. 2a for angles a = 6� and a = �6�.
The conversion efficiency of the standard XPW generator
corresponds to the case with a = 0�.

2.2. Numerical solution

The analytical model provides a simple estimation of the
behavior of the v(3) NPI. However, this model does not
take into account the depletion of the pump beam. To
describe the high intensity regime, a numerical approach
should be used. Furthermore, the numerical calculations
allow to study various spatial and temporal input shapes.
The XPW generation process is described by the following
equations [5], derived in plane-wave approximation.

dA
dz
¼ ic1jAj

2A� ic?ðjBj
2B� A2B� � 2jAj2BÞ

þ ic3ð2jBj
2Aþ B2A�Þ; ð7aÞ

dB
dz
¼ ic1jBj

2Bþ ic?ðjAj
2A� B2A� � 2jBj2AÞ

þ ic3ð2jAj
2Bþ A2B�Þ; ð7bÞ

where c1 = c0[1�(r/2) sin22(b�a)], c3 = c0[(r/2)sin22(b� a) +
(1�r)/3]. A- and B-waves are defined in Section 2.1. Group
velocity dispersion and diffraction effects are not consi-
dered. After solving the Eq. (7) for a given initial spatial
and temporal profile A0(r, t) we find B(r, t,L). Then
A0(r, t) and B(r, t,L) are integrated according to (5) in order
to find the conversion efficiency. The input beam entering

the NLC is approximated in the numerical simulations
with radial amplitude distribution of the form J1(r)/r where
J1(r) is the first order Bessel function of first kind, which is
close to experimental conditions. The temporal shape used
in the simulation is secant hyperbolic. The efficiency behav-
ior resulting from the calculations is shown in Fig. 2b.

The general behavior is similar to the analytical case,
which points out the validity of the analytical model to
describe the involved phenomena. However, the numerical
model should yield more accurate results.

We can see that the sign of the product S\ sin a is cru-
cial. For positive S? sin a > 0 (case A on Fig. 2) the XPW
efficiency is increased by almost a factor of 4 compared to
the original case a = 0�. This characteristic could be very
useful for XPW applications where a high temporal con-
trast is not mandatory, as spatial beam filtering or pulse
duration reduction [10].

When S? sin a < 0 (case B on Fig. 2), the efficiency pre-
sents a minimum value, which was explored in [6] to obtain
intensity dependent reflection. In the next section we will
underline the ability of this case B to change the spatial
profile of the transmitted beam. Furthermore, if the values
of the nonlinear index and the anisotropy of the crystal are
known, the existence of minimum in curve B can be used
for fast estimation of the effective intensity of the beam,
which is difficult to measure with sufficient accuracy. On
the other hand, if the intensity is known, one can estimate
the product of v(3) nonlinearity and its anisotropy.

In what follows we focus on spatial beam shaping but
notice that similar behavior can be expected for the tempo-
ral shape of the pulses.

3. Beam shaping

In destructive interference regime where S? sin a < 0,
that corresponds to the case B of Fig. 2, the efficiency is
lower but the spatial shape of the transmitted beam exhib-
its a strong dependence with the input intensity.To demon-
strate beam shaping that results from the interference of
the probe wave and the generated XPW wave, we first
use the analytical model and perform temporal integration
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Fig. 2. Calculated efficiency of the NPI using: (a) analytical model (Eq. (6)), and (b) the numerical approach.
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of (3). The resulting spatial shape of the generated cross-
polarized beam is described by

BXPWðrÞ ¼
ffiffiffi
p
6

r
e�2r2ðS2

?e�4r2

cos8 aþ S?
ffiffiffi
6
p

e�2r2

� cos4 a sin 2aþ
ffiffiffi
3
p

sin2 2aÞ: ð8Þ

The shapes for a = 6� and different values of the parameter
S are shown on Fig. 3a. Beam shapes obtained for the same
a = 6� by using the above-described numerical model are
presented on Fig. 3b. Generally, the behavior is similar.
However the numerical model should give more realistic
S-values for each particular beam shape. Different types
of spatial shapes can be obtained with the v(3) NPI. This
beam shaping feature can be advantageous in numerous
applications [11,12]. In particular, a smooth top-hat spatial
profile is reachable with moderate input intensity value
(curves S = 0.4 in Fig. 3a and S = 0.2 in Fig. 3b), poten-
tially useful for micro-machining applications.

4. Experiments

Experimental setup is shown in Fig. 4. A1 and A2 are
neutral-density filters. A1 was used to tune the input energy
EIN and A2 to adjust the intensity of the beam within the
dynamic range of the CCD-camera. The NLC was a
2 mm thick z-cut BaF2 crystal placed in the focus of the
L1 lens (f = 30 cm). The lens L2 with f = 50 cm was used
to image and magnify d2/d1-times the spot of the beam
emerging from the BaF2 crystal onto the CCD sensing

area. In the experiment L2 and CCD were placed in such
a way that d1 = 54.5 cm and d2 = 528 cm so the beam spot
was magnified 9.7 times in the plane of the CCD. A ‘‘Hit-
achi” KP-M1EK CCD-camera with pixel pitch
11 lm � 11 lm was used to record the beam profile. There
was no focusing optics mounted on the camera. The polar-
izers, the lenses, and the NLC were uncoated.

The laser source was a CPM dye-laser with wavelength
620 nm, pulse duration 100 fs, and repetition rate 10 Hz.
In all experiments the maximum input energy was less than
5 lJ. For absolute energy measurements an energy meter
was used.

Measured XPW conversion efficiency is shown in Fig. 5.
Experimental data are corrected for the reflection losses at
uncoated surfaces. The correction factor is chosen so that
the averaged transmission of the NPI at very low input
intensity to correspond to the theoretical linear transmis-
sion due to the presence of the two quarter-wave plates
(4.3% transmission for a = ±6�). Comparison with theoret-
ical behavior calculated with the numerical model is also
presented in Fig. 5. Experimental behavior is in good
agreement with theoretical predictions. For input energies
higher than 1.3 lJ typical saturation of the efficiency was
observed. The saturation trend observed in experimental
results is due to effects neglected in our theoretical model.
At the moment the physical explanation of this early satu-
ration behavior is not known to us. The experimental
results confirm that v(3) NPI in constructive regime gives
higher conversion efficiency (a = �6� in Fig. 5) compared
to the standard XPW generator without any quarter-wave
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Fig. 3. Different beam profiles obtained using (a) analytical model (Eq. (8)), and (b) the numerical approach.
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Fig. 4. Experimental setup. A1, A2 – attenuation filters; L1, L2 – lenses; P1, P2 – Glan polarizers; QWP1, QWP2 – quarter-wave plates; NLC – BaF2 crystal;
EIN – energy of the input pulses.
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plates (a = 0�). This setup can consequently represent an
interesting more efficient alternative to the standard XPW
device.

Beam shaping properties of the device were also investi-
gated for negative product S? sin a (case B). Some beam
profiles obtained at different input energies are shown in
Fig. 6. For low initial intensity the central part of the beam
is mostly converted and for sufficiently high input intensity,
the efficiency for the conversion of central part of the beam
starts to decrease because of destructive interference. For
input energy EIN = 2.3 lJ quasi top-hat beam is generated.

However, beam profiles from Fig. 6 cannot be directly
compared with Fig. 3b profiles as XPW generation is extre-
mely sensitive to the input beam shape, so that any asym-
metry in the beam shape like remaining astigmatism is
breaking the circular symmetry of the profile.

5. Conclusion

We propose a new Mach–Zehnder type nonlinear
polarization interferometer based on v(3) cross-polarized
wave generation in cubic crystals. Theoretical analysis
shows enhanced efficiency of cross-polarized wave genera-
tion in constructive regime of the interferometer in com-
parison to standard schemes for cross-polarized wave
generation. In destructive regime various beam shapes
can be obtained by changing the input parameters of
the interferometer. In this regime the interferometer can
be used for rough estimation of incident light intensity
assuming only given beam and pulse shapes and without
the necessity of knowing the pulse duration and beam
size. Potential applications of the beam-shaping capability
of this device are: micro-machining, laser ablation, medi-
cal applications, optical tweezers, etc. The presented non-
linear polarization interferometer will be useful in
applications in which very high temporal contrast
improvement is not required but higher efficiency of
cross-polarized wave conversion is desired. The experi-
ments that were carried out with the proposed nonlinear
polarization interferometer confirmed the theoretically
predicted behavior of the device.
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