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ABSTRACT 

Novel ( )3χ -based nonlinear polarization interferometer is proposed. It allows cross polarized wave generation with 
enhanced efficiency and obtaining different beam shapes of the generated cross-polarized wave. The interferometer 
consists of two polarizers, two quarter-wave plates and a BaF2 crystal. The experiment with this interferometer confirms 
the predicted dependences.  
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1. INTRODUCTION 
Frequency conversion is one of the main areas of application of nonlinear optical devices. Another field of application is 
controllable modification of laser parameters. With the means of nonlinear optics one can induce chirp, do compression 
or stretching, change the polarization properties of the laser radiation, deflect the beam and etc. In this direction we 
recently demonstrated that with the ( )3χ -based cross-polarized wave (XPW) generation device the temporal contrast of 
femtosecond pulses can be greatly improved1. Here we propose a modification of the XPW generation device proposing 
on its base nonlinear polarization interferometer (NPI). We demonstrate both theoretically and in the experiment 
enhanced efficiency of the XPW generation and possibility to use this device to obtain different spatial shapes of the 
generated XPW beam. Beam shaping is very important in a number of applications2.  

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

The nonlinear polarization interferometer is shown on Fig. 1. It consists of a sandwiched structure made of a non linear 
cubic crystal (NLC) placed between two identical quarter wave plates (QWP1 and QWP2). The sandwiched structure is 
located between two crossed polarizer. This device, shown in Fig. 1, corresponds to an unfolded version of the nonlinear 
mirror3 previously investigated with the aim to demonstrate intensity dependent reflection. The genuine version that did 
not use any quarter-wave plate, enabled generation of a cross polarized wave and has been successfully used for 
improving femtosecond pulse contrast ratio1.  Another XPW generation device with two QWPs has been investigated in 
Ref. 4 where the second QWP is crossed to the first one i.e. at angle απ +2 . For the device we investigate here the 
second QWP is not crossed and is turned at the same angle as the first one. This has dramatic impact on the performance 
and this is the reason we investigate this version in details. 
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The device shown on Fig. 1 uses the Mach-Zehnder interferometer principle. The first quarter wave plate QWP1 that is 
rotated by a relatively small angle splits the linear polarized wave into two orthogonally polarized waves (pump and 
probe) with 2π  relative phase shift. In the nonlinear crystal the pump produces by ( )3χ -effect a XPW that is also 
shifted by 2π  with respect to the pump. The two waves, the probe and the generated XPW, interfere modifying the 
amplitude of the probe beam. After the second quarter-wave plate QWP2 pump and probe waves transform into a single 
linear polarized wave that comes out after Polarizer2 as a wave with polarization perpendicular to the input one. We 
predict that the output XPW beam compared to the input beam can have a different spatial shape depending on the input 
intensity. We predict also increased efficiency of XPW generation compared with the scheme without quarter wave 
plates. To demonstrate this let first consider simple analytical model that is valid at relatively low intensity when 
depletion of the fundamental wave in the nonlinear crystal can be neglected. 

2. THEORETICAL MODEL 

2.1.   Analytical approach in non-depleted regime 
After the QWP1 rotated at angle α  there are two waves with amplitudes at the input of the nonlinear crystal equal to: 

( ) ( ) αcos,, 00 trDtrA =  (along the fast axis of the QWP1) and ( ) ( ) αsin,, 00 triDtrB −=  (along the slow axis of the 
QWP1). The wave ( )trB ,0  is delayed by 2π  with respect to the wave ( )trA ,0  that we will call fundamental. The strong 
wave ( )trA ,0  causes generation of XPW ( )LtrB ,,  in the nonlinear crystal 

 ( ) ( ) ( ) αγ 3
0

2
0 cos,,,, trDtrDLiLtrB ⊥−= , (1) 

where ( ) βσγγ 4sin40−=⊥ , ( ) ( )3
xxxx0 86 χλπγ n= , and ( ) ( ) ( )( ) ( )3333 2 xxxxxxyyxyyxxxxx χχχχσ −−= . The two waves ( )LtrB ,,  and 

( )trB ,0  are in phase and they can interfere constructively or destructively depending on the sign of the product αγ sin⊥ . 
Resulted XPW ( )LtrE ,,  is  

 ( ) ( ) ( )[ ]ααγ sin,cos,,, 0
32

0 trDtrDLiLtrE +−= ⊥ . (2) 

After the second quarter wave plate QWP2. The two wave ( )LtrE ,,  and ( )trA ,0  will be in phase and will interfere on 
polarization plane of the output polarizer. Then the output field will be ( ) ( ) αα cos,,sin,0 LtrEitrAC −−= . The output 
intensity will be proportional to  

 ( ) ( )
2

42
0

2
0

2 cos,2sin, αγα trDLtrDC ⊥+= . (3) 

For XPW generator 0=α  the intensity will be  

 ( )[ ]23
0

2
0 , trDLC ⊥= γ . (4) 

For finding the energy we integrate (3) and (4) over r  and t  assuming Gaussian spatial and temporal shape 
( ) ( )22

0
2

0 22exp, trItrD −−= . Then the efficiency of XPW generation with NPI will be  

 [ ]αααααη 23622
NPI sin36sincos29cos3cos

9
1

++= ⊥⊥ SS . (5) 

This energy efficiency has to be compared to the energy efficiency of the standard XPW generator  

 93 2
0 ⊥= Sη , (6) 

where LIS 0⊥⊥ = γ  ( ( ) βσ 4sin4SS =⊥ ; LIS 00γ= ; 0I  is the intensity of the input beam at 0=r  and 0=t . Assuming 
2.1−=σ  for BaF2

5,6 we have SS 3.0=⊥  for 8πβ −= . 
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The comparison of the efficiency of the NPI and the standard XPW generator (dashed curve) according this analytical 
model (Eqs. 5-6) is shown on Fig. 2a for angles °= 6α  and °−= 6α . Important role plays the sign of the product 

αsin⊥S . When it is positive the XPW efficiency is increased and when 0sin <⊥ αS  the efficiency has minimum point 
which was explored in Ref. 3 for obtaining intensity dependent reflection. The branch A (solid curve on Fig. 2a) 
corresponds to 0sin >⊥ αS  and branch B (dotted curve) corresponds to 0sin <⊥ αS . In this communication we will 
investigate the branch B for obtaining different spatial shapes of XPW beam and branch A to demonstrate increased 
XPW efficiency. 

 
Fig. 2. a) efficiency of the NPI (see Eqns.5 and 6) and b) beam profiles (see Eqn.7), obtained using the analytical model. 

 

To demonstrate beam shaping that is result of the interference of the probe wave and the generated XPW wave we 
perform temporal integration of (3).Then the shape of the generated XPW is  

 ( ) ( )ααααπ 2sin32sincose6cosee
6

228422
XPW

4222

++= −
⊥

−
⊥

− rrr SSrB . (7) 

The shapes for °= 6α and different values of the parameter ⊥S  are shown on Fig. 2b. It is seen that different types of 
spatial shapes can be obtained with this NPI. 

2.2.   Numerical solution 
The analytical model allows fast estimation of the behavior of the NPI. At high input intensity when the depletion of the 
fundamental beam has to be taken into account it is not possible analytical solutions to be obtained and numerical 
solution of the differential equations describing the process of XPW generation followed by numerical integration of the 
obtained spatial and temporal shape of the XPW is needed. Other types of spatial and temporal shapes also not always 
allow analytical solution even within non-depleted regime. The differential equations that describe the XPW generation 
have been published in Ref. 4. In the experiment hat-top beam was focused with a lens (see Fig. 4) so the spatial shape of 
the input beam incident on the NLC was approximated in the numerical simulation with radial amplitude distribution of 
the form ( ) rrJ1  where ( )rJ1  is the first order Bessel function of first kind. The temporal shape used in the simulation 
was secant hyperbolic. The dependence of the efficiency obtained as a result of this numerical approach is shown on Fig. 
3a. On Fig. 3b we show several spatial shapes obtained with the same approach. 
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Fig. 3. a) NPI efficiency and b) beam shapes, obtained using the numerical approach. 

3. EXPERIMENTS AND DISCUSSIONS 

 
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. 

Experimental setup is shown in Fig. 4. A1 and A2 are neutral-density filters. A1 was used to tune the input energy INE  
while A2 allows adjusting 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 ( cm30=f ). The lens L2 with cm50=f  was used to image 

and magnify 12 dd -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 cm5.541 =d  and 

cm5282 =d  so the beam spot was magnified 9.7 times in the 
plane of the CCD. A “Hitachi” KP-M1EK CCD-camera with 
pixel pitch 11 µm x 11 µm was used to record the beam 
profile. There was no focusing optics mounted on the camera. 
The polarizers, 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 µJ. 
For absolute energy measurements an “OPHIR” energy meter 
was used. Measured conversion efficiency is shown in Fig. 5. 
Values shown on the figure are not corrected for the reflection 
losses at uncoated surfaces. As can be seen measured 
efficiencies are in good qualitative agreement with the 
theoretical predictions (see Figs. 2a and 3a). Beam shaping 
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Fig. 5. Experimental dependence of the 
NPI efficiency on the input energy. 
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(reshaping) properties were also investigated. Some beam profiles obtained at different input energies are shown in Fig. 
6. The experiments that we carried out with the proposed nonlinear polarization interferometer confirmed our 
theoretically predicted behavior of this device. 

 
Fig. 6. Experimentally obtained beam profiles at different input energies. Quarter-wave plates were at α = 6˚  

and NLC was at β = α+22.5˚. 

Due to the enhanced conversion efficiency the proposed nonlinear polarization interferometer can be used for contrast 
improvement of ultrashort optical pulses instead of the standard XPW-generator when high efficiency and not the 
contrast ratio is of prime importance. Potential applications of the beam-shaping capability of this device are: micro-
machining, laser ablation, medical applications, optical data processing, optical tweezers, etc.  
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