Femtosecond pulse shaping in two dimensions:
Towards higher complexity optical waveforms.
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Abstract: We demonstrate a new Fourier pulse shaping apparatus capable
of achieving simultaneous high resolution and broad bandwidth operation
by dispersing frequency components in a two dimensional geometry
through simultaneous use of a high resolution and a broad bandwidth
spectral disperser.  We show experimental results which demonstrate
significant improvements in achievable waveform complexity (number of
controllable temporal/spectral features). We also demonstrate experiments
of line-by-line pulse shaping with optical frequency combs. In this regime
our configuration would alow significant enhancement of the number of
controllable spectral lines which may further enhance recently demonstrated
massively parallel approaches to spectroscopic sensing using freguency
combs.
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1. Introduction

Femtosecond pulse shaping is a technique which allows generation of user-specified optical
waveforms by parallel manipulation of the complex optical spectrum[1,2] and has been
widely adopted in applications ranging from optical communications to coherent control of
guantum processeq 3-9]. In a conventional Fourier pulse shaping apparatus, the spectrum of
an incident pulse is spread along one spatial dimension and focused onto a spatial light
modulator (SLM), which transfers spatial phase and amplitude information onto the complex
optical spectrum. This Fourier synthesis procedure results, after the optical frequencies are
recombined, in programmable user-defined ultrashort pulse waveforms. In order to generate
higher complexity optical waveforms, two qualities are desired: &) enhanced spectral
resolution, which corresponds to an increased temporal aperture for waveform control, and b)
broad operational bandwidth, which trandates into fine temporal features. Currently
employed spectral dispersers require a compromise between achievable resolution and
avallable bandwidth. This is a fundamental limitation in optical arbitrary waveform
generation which requires simultaneously both a broad operational bandwidth and high
spectral resolution.

To circumvent this problem, we introduce a new pulse shaping configuration that takes
advantage of both a broadband spectral disperser and a high resolution disperser. As the
broadband disperser we use a diffraction grating, which is the most common choice for 1D
pulse shapers. As the high resolution disperser, we choose a virtually-imaged phased array
(VIPA)[10] - a side entrance Fabry-Perot device that achieves spectral dispersion through
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multiple beam interference.  We have recently reported a programmable 1D pulse shaper
based on a VIPA spectral disperser that achieves ~700 MHz spectral resolution — a significant
enhancement compared to grating based shaperg4]. However, similar to a Fabry-Perot
cavity, the VIPA is characterized by a free spectra range (FSR), at most a few hundred GHz
for available VIPAs, which limits the bandwidth over which spectra may be independently
manipulated. Here, by using a VIPA and a grating together in a cross-dispersion
configuration which spreads light in 2D, we simultaneously achieve both high resolution and
broadband operation. This 2D spectral dispersion arrangement has been reported for
experiments in optical communications wavelength demultiplexing[11], wavelength-parallel
polarization sensing[12], and frequency-comb spectroscopy[13], but prior to now has not been
demonstrated for optical pulse shaping. An additional benefit of pulse shaping in a 2D
geometry is the potential to exploit modern SLM technologies, which aready can provide
more than two million control pixels in a 2D format[14], compared to 1D SLMs with
hundreds of pixels typically and at most afew thousand,

Although previous demonstrations of pulse shaping in a 2D geometry have been
reported[15-17] these have been performed with a single spectral disperser (a grating) and
have not been directed towards enhancing time-frequency complexity. For example, single
disperser 2D pulse shapers have been used for simultaneous generation of multiple spatially
separated waveforms for applications such as four-wave mixing spectroscopy[15] and
multiple-access ultrashort pulse communicationg16]. In another example, galvanometric
scanning between different rows of a 2D SLM has been used to achieve faster waveform
switching in pulse shaping[17]. In the current approach the entire two dimensional space is
used to disperse and control the frequency components corresponding to a single target
waveform, which tranglates into potentia for very high waveform complexity.

2. Experimental setup
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Fig. 1. The experimental setup - after undergoing dispersion by the VIPA (free spectral range
(FSR) of 200GHz) and the grating (940linessfmm) in perpendicular directions, and spatial
Fourier transforms by the respective lenses, the light forms a 2D pattern on the Fourier plane
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where a patterned mask shapes the input spectrum. An adjustable fraction of the light is
diverted to an imaging camera for aligning and monitoring the mask.

Figure 1 shows the experimental setup. Our experiments utilize either a S5OMHz repetition
rate mode-locked erbium fiber laser generating 150 fs bandwidth-limited pulses or a 10 GHz
repetition rate optical frequency comb consisting of more than 500 comb lines (within 30dB)
corresponding to bandwidth-limited 300 fs pulseq18]. The pulse shaper consists of a VIPA-
grating spectral disperser, cylindrical lens focusing elements, and a retroreflecting mirror,
with the output extracted through an optica circulator. In the absence of masking at the
Fourier plane, the setup has been aligned so that the output spectrum and temporal intensity
cross-correlation are identical to those measured at the input. The VIPA used is air spaced
and has a FSR of 200GHz. The transmission grating has a pitch of 940 linessmm. After the
VIPA and the grating, two cylindrical lenses are used, one for each of the dispersers. This
step is necessary because of the need to obtain a zero net temporal dispersion configuration
for either spectral disperser independently. Reflective grating based pulse shapers employ a
single lensin a 4-f configuration, where the grating-lens and lens-mirror distances are each set
equal to the focal length for zero net temporal dispersion. However, VIPA based pulse
shapers require a different distance to have zero tempora dispersion[19]. Hence, to achieve
net zero dispersion for both dispersers together, the degree of freedom offered by using two
lenses is necessary. The total loss of the pulse shaper including the circulator was ~15dB. To
better represent this number, VIPA only pulse shapers have a loss of ~12dB; the increase in
loss moving to a 2D setup is approximately 3dB.

For this current set of experiments, we implement pulse shaping using an amplitude mask
that is patterned in 2D using standard photolithographic techniques. In a two dimensional
configuration, there is an additional alignment degree of freedom necessary to put the mask in
correct orientation. Therefore, a continuous real-time monitoring tool is essential to properly
orient the mask. This monitoring was provided by the IR camera which imaged the Fourier
plane of the pulse shaper. A polarizing beam splitter followed by a quarter wave plate makes
it possible to control the amount of power going to the camera and minimizes losses for the
shaper. The 2D IR camera used in these experiments to obtain the images of the Fourier plane
acquires images in a grey scale format. Minor processing has been performed on the images
to be shown in the following figures which include reducing the ambient noise, increasing the
contrast, and changing the color scheme to improve readability of the images. Otherwise, the
images are exact representations of the Fourier plane in the experiment.

Figure 2(a) shows the Fourier plane image for the 50MHz repetition rate Erbium fiber
laser source without masking. Inthefigure, all the frequency components of the input source
are present and the image appears to be continuous streaks which are different VIPA FSRs
spatially separated by the grating. The laser repetition rate of 50MHz is significantly smaller
than the spectral resolution in our setup which is ~3GHz ;hence, though the spectrum consists
of discrete frequency components, the Fourier plane image appears as continuous streaks.
Fig. 2(b) shows the Fourier plane image with an amplitude mask designed to introduce both
coarse and fine features into the optical spectrum, while also suppressing all but the main
diffraction order of the VIPA. Idedly the mask can be made to simultaneously shape
identical frequency components from different orders, however thisis difficult to achievein a
fixed mask configuration (without programmable control) and so in our current set of
experiments we block all the VIPA orders except the dominant order.
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Fig. 2. (a) Image of the Fourier plane without a mask, (b), with a mask.
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Fig. 3. (a), the full spectrum of the shaped pulse. (b), magnified portion of the spectrum circled
inredin Fig. 3(8). The smallest features are 5GHz, and over a bandwidth of 8THz (> 64nm),
there are more than 1600 controllable spectral features. (c), time domain cross correlation trace.
Aninitially bandwidth limited pulse of 150fs is shaped over atime window exceeding 200ps.
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Figure 3(a) shows an OSA measurement of the shaped spectrum, and Fig. 3(a) shows a
magnified view of one FSR (circled in red in Fig. 3(a)) corresponding to the mask shown in
Fig. 2(a). The mask blocks out every aternate FSR of the VIPA (indicated in the image by a
doubling of the FSR-to-FSR spacing), introducing a coarse periodicity of 400 GHz. Within
each transmitted FSR the mask creates on-off sections with awidth of 5 GHz each (hence a 10
GHz fine periodicity). The magnified portion of the spectrum in Fig. 3(b) shows this on-off
operation within asingle FSR. Theinitia 10dB bandwidth covers more than 8 THz (>64nm).
With the 5 GHz minimum feature size, the spectrum contains more than 1600 potentially
controllable features, corresponding to substantially higher complexity than any previous
pulse shaping demonstration to the best of our knowledge. The intensity cross-correlation
trace shown in Fig. 3(c) demonstrates that the initial 150 fs pulse is now redistributed over a
total time aperture of more than 200ps. The inset in red shows the simulated output which is
in excellent agreement with the measurement. A small amount of 2™ and 3 order spectral
phase was added to the simulations of shaped waveforms to take into account the small
residual dispersion of the dispersion compensated fiber links. The same residual phase value
was maintained for al simulations and was initially obtained by comparing the calculated
cross-correlation assuming flat spectral phase with the cross-correlation of the pulse shaper
output without any applied mask. The second inset shows the fine tempora features near the
main pulse which arise due to the coarse periodicity in the mask. Even greater pulse shaping
complexity is possible using this apparatus, limited in the present experiments by the input
optical bandwidth.

Figure 4 shows an example of a pure spectral shaping experiment. Figure 4(b) shows
OSA spectra obtained with the two masks whose images are shown in Fig. 4(a). Complicated
structure is observed, with features as fine as 10 GHz spread over 4.5THz of bandwidth.
Figure 4(c) shows the same spectra, replotted in a row-column format, with one FSR
(200GH2) per row and three columns per spectrum. Now an image emerges from the OSA
spectra, spelling out the word "PURDUE.” This example illustrates the direct correspondence
between the applied spatial mask and the spectral transfer function and demonstrates the
ability to achieve nearly arbitrary intensity control of the optical spectrum.
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Fig . 4. (a), images of the Fourier plane for the two halves of the mask; the corresponding
spectra are shown in (b). The smallest spectral feature is 10GHz and the total number of
features in either spectra is around 450. To better represent the features determined by the
mask, both spectra are split into three sections, each consisting afew FSRs of the VIPA. Each
section is then plotted in segments of one FSR (200 GHz) lined vertically as shown in (). The
clear correspondence between the applied mask and the spectrum demonstrates enhanced
spectral control made possible by the ability to control fine spectral features over a large
bandwidth.
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Fig. 5. (a) a portion of the input frequency comb and the same section after application of a
pulse rate quadrupling mask. The line-to-line spectral spacing of the input is 10GHz, which is
the temporal repetition rate of the source. After application of the mask, the line-to-line
spacing is manipulated to be 40GHz. (b), the image of the Fourier plane with the quadrupling
mask and the corresponding time domain cross correlation trace. The pul se-to-pul se separation
is 25ps corresponding to the 40GHz repetition rate. (c), a pulse rate doubling experiment. The
image of the Fourier plane shows spot-to-spot separation equal to half of that shown in (b),
corresponding to a frequency comb of 20GHz separation. In the time domain the pulse-to-
pulse separation is 50ps as expected. In D, a mask is utilized which is a slight modification of
the pulse rate doubling mask. This is indicated by the spot-to-spot separation being similar to
C, but the pattern is staggered by inserted irregularities every 20 spectral lines. In the time
domain thisresultsin a significant change, where a double pulse structure is observed near zero
delay instead of a single pulse as in the pulse rate doubling case (c). Excellent agreement
between the simulated (red) and the experimental (blue) cross correlation tracesis observed.

An important application for the 2D shaper is in the regime of line-by-line pulse
shaping[20], in which discrete spectral lines from an optical frequency comb[21,22] are
individually manipulated.  Our pulse shaping configuration alows for significant
enhancement of the number of controllable frequency lines. This regime is particularly
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interesting because optical frequency combs, consisting of alarge number of discrete spectra
lines, are dready enabling massively paralel novel approaches to spectroscopic
sensing[23,24], approaches which potentially may be further enhanced by amplitude and
phase control of the individual comb lines.

To generate a frequency comb for these experiments, a single-frequency continuous-
wave (CW) laser is converted to a 40 line frequency comb by an integrated optic phase
modulator strongly driven by a 10GHz sinusoid[20,25-27]. However, the phases of the
frequency components are not the same, and the intensity remains constant in time. A
bandwidth-limited pulse is obtained by phase correcting individual frequency componentsin a
high resolution line-by-line pulse shaper by maximizing the second harmonic generation
signal from an autocorrelator set at zero delay as the phase of individual freguency
components is adjusted. After phase correction, the output pulse is found to be in excellent
agreement with the pulse simulated assuming flat spectral phase. The bandwidth-limited
pulses are passed through a dispersion decreasing fiber (DDF) adiabatic soliton compressor,
which broadens the 30dB bandwidth to 40 nm and increases the number of lines in the comb
to 500. The autocorrelation of the spectrally broadened pulses was again found to be in good
agreement with the autocorrelation simulated on the basis of aflat spectral phase assumption.

Figure 5(a) presents a small section of the spectrum both before and after applying a
pulse rate quadrupling mask. After applying the mask, the initial 10 GHz comb spacing is
increased to 40GHz. Figure 5(b) shows the image of the masked Fourier plane and the
corresponding time domain cross correlation trace. The discrete or comb-like nature of the
optical spectrum is evident as discrete spots at the Fourier plane. The central spots are
brighter due the shape of the source spectrum. In the time domain, the pulse-to-pulse
separation is 25ps corresponding to the 40GHz line spacing determined by the mask. Fig. 5(c)
shows the image of the Fourier plane with a pulse rate doubling mask and the corresponding
time domain trace. In the time domain, pulses repeating every 50ps are observed as expected.
In Fig. 5(d), aslight modification of the pulse rate doubling mask is implemented: at the edge
of every FSR, two successive lines are either selected or skipped. This modification
significantly reshapes the time domain output: instead of a single pulse at the midpoint of the
cross-correlation, a pulse doublet is now observed. The trace shown in red is the simulated
output, which isin excellent agreement with the experimental cross-correlation.

Figure 6 demonstrates a final interesting example which begins to exploit spectral phase.
Because the masking operation implemented currently is strictly amplitude-only, we follow a
design approach based on computer generated holography[28], where phase information is
encoded as a slow modulation in the periodicity of a nearly periodic amplitude pattern. I1n our
experiment the mask modulates the initial spectrum in an on-off fashion, with a period that
varies slowly over the optical bandwidth. This results in a mixture of quadratic and cubic
spectral phase, which may be discerned qualitatively from the curvature evident in the Fourier
plane image (inset). Readout of this spectral hologram[29] results in a time domain trace
consisting of an unshaped peak at t=0 with equal but time-reversed shaped signals at positive
and negative time offsets, respectively. These features correspond to the undiffracted zero-
order beam and to the real and conjugate images generated from 1%- and -1%-order diffraction
in the spatial holography analog. Here in our time domain experiment, the satellite pulses
exhibit a clear asymmetric tail as expected from the designed cubic spectral phase as well asa
small broadening associated with quadratic phase.
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Fig. 6. An experimental cross correlation trace (solid blue) and the simulated (dashed red) trace
are superimposed; excellent agreement between the two traces is observed. Both satellite
pulses have been broadened, indicating a quadratic spectral phase with the acquired tail
indicating a cubic spectral phase. The image on the inset shows the Fourier plane with the
mask in place.

4. Summary and future work

In closing, we have demonstrated a fundamentally new pulse shaping geometry which
disperses optical frequencies along a two-dimensional grid, resulting in a substantial increase
in achievable pulse shaping complexity. It should be possible to scale this scheme for high
spectral resolution shaping of octave spanning optical sources. For example, for a 10 GHz
repetition rate, octave spanning laser frequency comb centered a 1.55 pum wavelength,
independent control of the approximately twenty thousand spectral lines comprising the comb
should be possible. Our 2D pulse shaping geometry offers compatibility with 2D spatial light
modulators developed for display applications, which currently offer in excess of two million
control pixels. Although such SLMs typically offer direct access only to optical phase (for
example), the large surplus of available control pixels may be harnessed for diffractive
schemes allowing independent gray-level amplitude and phase control, as demonstrated
recently in a 1D pulse shaping experiment[30]. In future work we plan to integrate such 2D
SLMs into our apparatus, which should yield arbitrary and fully programmable manipulation
of complex optical spectra for generation of precisely tailored but enormously complex
ultrafast optical waveforms.
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