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Abstract: We report the first use of a double-layer liquid crystal modulator
array for spectral phase pulse shaping that operates independent of
polarization.  Such insensitivity to polarization is crucia for fiber
applications, e.g., dispersion compensation.
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1. Introduction

Fourier transform pulse shapers [1] are an important tool for controlling the waveforms of
ultrafast optical pulses and are now widely applied for applications ranging from coherent
guantum control [2] to dispersion compensation. With respect to dispersion compensation,
programmable pulse shaping has been used to demonstrate distortionless propagation of 400
fs pulses over 10 km dispersion-compensated fiber links via equalization of higher-order
spectral phase[3,4]. More recently, several groups are developing pulse shaping technologies
for dispersion dope compensation relevant to 40 Gh/s fiber transmission [5-7].
Programmable pulse shaping is also used with femtosecond laser systems, e.g., to compensate
higher-order chirp and consequently improve pulse quality in femtosecond chirped pulse
amplifiers[8,9]. In femtosecond laser applications, the input to the pulse shaper has a stable,
well-characterized linear polarization. However, in fiber optic applications the input
polarization is usually not known and may vary with time. Therefore, polarization-
independent pulse shaping operation is highly desirable for fiber applications. In this paper
for the first time to our knowledge, we report polarization-independent spectral phase pulse
shaping, which we demonstrate in the context of a simple fiber dispersion compensation
experiment.

Fourier transform pulse shaping is based on spatial masking of spatially dispersed optical
frequency spectra [1]. Various spatial light modulators have been used, including liquid
crystal modulator arrays (LCMs) [10,11], acousto-optics [12], and deformable mirrors [9].
The most widely applied of these technologies is the LCM, which provides a unique
combination of large pixel count (necessary to support high pulse shaping complexity) and
100% duty factor operation (necessary for compatibility with high-repetition-rate signal
sources characteristic of fiber optic communications). LCMs are available both in one-layer
and two-layer configurations. In the one-layer case [10], phase control of a specific linear
polarization can be achieved; however, the orthogonal polarization is not controllable. Two-
layer LCMs are usually constructed with one liquid crystal layer oriented at 45° and the other
oriented at -45° [11]. In normal pulse shaping operation, the retardances of the two layers are
voltage-controlled on a pixel-by-pixel basis to manipulate the phase and the output
polarization (converted to intensity via a polarizer) for fixed verticaly or horizontaly
polarized input light. Spectral phase and partial spectral polarization control have also been
demonstrated in a similar setup but omitting the output polarizer, leading to pulses with a
time-dependent polarization state [13]. These experiments required a factor of three
attenuation of one of the output polarizations to compensate for polarization dependent loss
(PDL) of the grating spectral disperser. In our experiments we achieve polarization-
independent spectral phase control by introducing a polarization-independent operating mode
of the LCM in conjunction with alow-PDL telecommunications grating.

2. Theory

The theory behind polarization-insensitive operation is best understood by Jones calculus.
The Jones matrix for any single pixel of atwo-layer LCM, J oy, in arotated coordinate frame
where the coordinate axes are along +45°, can be written as follows:

] {e"p(jvfzs) 0 }{eXp(j'/ﬁL(Vl)) 0 } O
LM 0 exp(jurp (V) 0 exp( jvys)

Here v (Vk) refers to the optical phase corresponding to propagation through the k™ liquid
crystal layer for light polarized along the long LC axis (k = 1:2). Application of a voltage
produces a longitudinal electric field which rotates the LC molecules toward the direction of
the applied field. Asaresult ¥y is afunction of the voltage Vk- Ys is the phase for light
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polarized along the short LC axis in the k™ liquid crystal layer and is independent of applied
voltage. Eq. (1) can be manipulated to yield:

Jem :exp(j L (V) ;WZL(VZ)jexp(j V’lS’;Wzsj
Ay(Vp)—A
exp[jwj 0 )
o

where Ay (\_/k) =V¥is Vi M) is the voltage-dependent retardance of the K" layer. Thekey
to polarization-insensitive operation is to choose the voltage for the two layers to produce the
same retardance, i.e., A1(V;) =A5(V,). Asaresult of such common-mode operation, Jicw

reducesto:
W (M) +ws (V) R4 10
eXp(J 1L\"1 . 2L\"2 exp| j 1S . 2S . (3)

where the 1st phase factor represents a voltage variable phase, the 2nd phase factor represents
a fixed phase resulting from the minimum optical thickness of the layers and the identity
matrix represents a polarization transformation of unity. The voltage-dependent factor allows
us to pick a phase that remains constant for arbitrary input polarization. Furthermore, the
input state of polarization is preserved. Thus for an array of N pixels, we have an N-pixel
programmabl e phase mask that is insensitive to input polarization.

Note that for the case of fixed linear horizontal or vertical input polarization, this
common-mode programming of the retardance is already known to yield a phase-only
response. Equation (3), which we report here for the first time to our knowledge, is a
significant generalization that shows that this phase-only response applies even in the case of
arbitrary input polarization state.

3. Setup
Reference
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Fig. 1. Complete setup.
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Figure 1 shows the schematic for the experiment. A reflection geometry Fourier transform
pulse shaper design is chosen because it offers ease of alignment and reduced component
count. The reflective shaper receives a 50Mhz train of 70-75fs pulses with bandwidth
centered at 1575nm from a mode-locked erbium fiber laser [14]. A polarization insensitive
fiber circulator separates the incoming pulses from the outgoing waveform. The pulses enter
and exit free space via a collimator with output beam diameter of 2.4mm. A low polarization
dependent loss (PDL) 600-line/mm diffraction grating at roughly 50° incidence angularly
disperses and recombines the beam. The residual PDL of the grating is 0.2-0.25dB per pass,
this could be further reduced by using the grating closer to its 34° incident angle design, but at
the cost of lower spectral dispersion. A 145mm achromatic lens Fourier transforms the light
for conversion to and from spatially separated frequency spots in the mirror plane. A standard
two layer, 128-element LCM is programmed in common-mode, as described above, to impart
a polarization-independent phase pattern onto the spectrum. Each pixel is 100um wide and
2mm tall; the entire pulse spectrum of 130nm is spread across the 12.8mm aperture with each
pixel independently controlling about 1nm of bandwidth. The reflective shaper fiber-to-fiber
insertion lossis only 2.9dB (5.1dB including circulator). To our knowledge this is the lowest
insertion loss yet reported for a fiber-coupled pulse shaper. Figure 2 shows a photograph of
the assembled pulse shaper.

Collimator

Fig. 2. Photograph of reflective pulse shaper.

4. Experiment

The output pulses are measured via second harmonic generation (SHG) intensity cross-
correlation with a reference pulse directly from the laser. Both the reference pulse and the
pulse from the pulse shaper are relayed to the cross-correlator using approximately dispersion-
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equalized links consisting of matched lengths of standard single-mode fiber and dispersion
compensating fiber. The initial measurement shows pulse broadening and distortion, arising

from residual cubic spectral phase (dispersion slope) in the fiber link connecting the pulse
shaper to the cross-correlator (Fig. 3(a)).
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Fig. 3. (a) Uncompensated pulse, note ringing tail. (b) LCM single-pass
cubic phase mask.

The LCM is programmed with a compensation mask (Fig. 3(b)) that cancels the cubic spectral
phase causing the distortion, resulting in a nearly dispersion free pulse with increased
amplitude and a deconvolved pulse width about 75 fs (Fig. 4). Sincethe LCM array isused in
double-pass, the single-pass phase mask plotted in Fig. 3(b) represents half the total spectral
phase applied to the pulse. The absolute time position of the pulses is arbitrarily set by the
position of the scanning delay stage in our cross-correlation setup and thus the slight shift in
the peak pulse position isan artifact of our measurement technique.
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Fig. 4. (af) Cross-correlations for the compensated pulse corresponding to the input
polarizations given in Table 1. Pulse width is as shown.

As atest for polarization insensitivity, several input polarizations are created, including
horizontal, vertical, elliptical states close to right- and left-circular, and two additional
elliptical states, asgivenin Table 1.
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Table 1. Six input polarization states

Measur ed Jones Vector Approximate Shape
[ 076
Right Circular
| —0.01+ j0.65
0.73
Left Circular
| -0.01- j0.68
(1.0
Linear Horizontal
| 0.0
(0.0
Linear Vertical
| 1.0
[ 060 : _
Elongated Ellipse
| -0.75+ j0.29
0.61
Rounded Ellipse
| -0.14-j0.78

#The handedness of this polarization was not specifically measured.

The input polarizations are formed by a fiber polarization controller at the input before the
circulator and are measured by a free space polarization analyzer (polarimeter) after the
collimator. The polarimeter consists of a quarter wave plate and polarizer that are rotated to
known angles in order to determine the polarization ellipse. The cross-correlations of the
compensated pulses are essentially indistinguishable for al input polarizations tested (Figs.
4(af)). In particular, the pulsewidths are identical to within 2 fs, which is within the accuracy
limits of our measurement. As a further test, we superimposed onto the compensation mask
(Fig. 3(b)) an additional spectral phase pattern, consisting of linear phase ramps with equal
but opposite slope in the short and long wavelength halves of the spectrum, respectively (Fig.
5).
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Fig. 5. Doublet phase mask. Spectral slope of +0.1x/pixel
for opposite halves of the spectrum.

This results in simultaneous compression and pulse doublet generation. The cross-correlations
show a doublet with 1.61 ps spacing, as expected. Again the waveform remains essentially
congtant for al the input polarizations (Figs. 6(a-f)).
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Fig. 6. (af) Cross-correlations for a pulse doublet shape corresponding to the input

polarizations given in Table 1. Spacing between pulse peaksis as shown.

These results clearly demonstrate spectral phase pulse shaping with functionality that is
independent of input polarization.

We also investigated the polarization-dependent loss of our pulse shaping results. Here
we note that the intensity cross correlator is itself polarization sensitive due to the tensor
properties of the LilO; nonlinear crystal. This measurement issue was addressed by using a
fiber polarization controller at the input to the correlator in order to maximize the peak second
harmonic signal for each setting of input polarization to the shaper. As evident from the data,
output pulses generated from different input polarizations have very similar intensities. To
compare the intensities quantitatively, we numerically integrate each of the cross-correlations
to find the total power and calculate PDL from the two extreme values according to:

P
Max
PDLdB =10 |Og (p—j
Min

(4)

For the dispersion compensation experiment, the PDL is 0.44dB; for the experiment
corresponding to Fig. 5, the PDL is 0.5 dB. These PDLs are fully consistent with the residual
PDL of the grating and are much lower than numbers that have previously been reported for
polarization pulse shaping [11,13]. Furthermore, our results provide evidence that the state of
polarization remains independent of frequency throughout the pulse shaping process;
otherwise the polarization selective nature of the SHG process would lead to strong, input-
polarization-dependent variations in the cross-correlation intensities, which are not observed.

5. Conclusion

In summary, our results clearly demonstrate polarization-independent spectral phase pulse
shaping, with low loss and low PDL. This work should facilitate practical applications in
fiber optics, where polarization insensitivity is an important requirement.
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