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Toward Single-Cycle Pulse Generation
in Raman-Active Crystals
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Abstract—We study broadband sideband generation in Raman-
active crystals. The sidebands come out at different angles and
cover infrared, visible, and ultraviolet spectral regions. We com-
bine the sidebands into a collinear beam by using a prism. We use a
pulse shaper to control the relative phases of the sidebands aiming
to produce single-cycle pulses.

Index Terms—Raman crystal, ultrashort pulse generation.

I. INTRODUCTION

YNTHESIS of ultrashort single-cycle optical pulses re-
S quires an over-an-octave-wide coherent spectrum. In the
past, broadband collinear Raman generation in molecular gases
has been used to produce mutually coherent equidistant fre-
quency sidebands spanning several octaves of optical band-
widths [1]. It has been argued that these sidebands can be used to
synthesize optical pulses as short as a fraction of a femtosecond
(fs) [2]. The Raman technique relies on adiabatic preparation
of near-maximal molecular coherence by driving the molecular
transition slightly off resonance so that a single molecular super-
position state is excited. Molecular motion, in turn, modulates
the driving laser frequencies and a very broad spectrum is gen-
erated, hence the term for this process “molecular modulation.”
By phase locking, a pulse train with a time interval of the inverse
of the Raman shift frequency is generated. While at present iso-
lated attosecond X-ray pulses are obtained by high harmonic
generation [3], these pulses are difficult to control because of
intrinsic problems of x-ray optics. Besides, the conversion effi-
ciency into these pulses is very low (typically 10~°). On the other
hand, the Raman technique shows promise for highly efficient
production of such ultrashort pulses in the near-visible spectral
region, where such pulses inevitably express single-cycle nature
and may allow nonsinusoidal field synthesis [2].
Significant recent advances in gas-phase molecular modu-
lation include a demonstration of single-cycle pulse compres-
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sion [4], and generation of Raman combs with zero offset fre-
quency [5], thereby allowing absolute phase control [6]. In ad-
dition, combinations of ns and fs pulses for efficient excitation
and probing of molecular coherence in gasses has been ex-
plored [7], [8].

We extend the molecular modulation method to Raman-active
crystals. The high density of solids leads to high Raman gain.
Compared to gas, the higher peak Raman cross-sections in
crystals results in a lower stimulating Raman scattering (SRS)
threshold, higher Raman gain, and greater Raman conversion
efficiency [9]. In addition, there is no need for vacuum systems
when working with room temperature crystals, and therefore a
compact system can be designed.

Since coherence lifetime in a solid is typically shorter than in
a gas, using fs (or possibly ps) pulses is inevitable when work-
ing with room-temperature solids. We have studied broadband
sideband generation in a Raman-active crystal lead tungstate
(PbWOy) either with two 50 fs pulses or a pair of time-
delayed chirped pulses [10], [11]. Similar broadband genera-
tion is also observed in diamond [12]. Coherent high-order anti-
Stokes Raman scattering has also been observed in many other
types of crystals such as YFeOs3, KTaO3;, KNbO;3, and TiO,
when two-color femtosecond (fs) pulses are used [13]-[15].
Progress has been made recently toward synthesis of ultra-
short, even few-cycle pulses using Raman crystal. For ex-
ample, 13 fs pulse generation has been realized in a KTaOjg
crystal [16] .

In this paper, we first describe our experimental work on side-
band generation in lead tungstate and diamond driven by two-
or three-color ultrashort fs pulses or a pair of linearly chirped
pulses. We then summarize the characteristics of the sideband
generation process in Raman-active crystals. After that, we show
our preliminary results on controlling the phases of a subset of
the generated sidebands using a pulse shaper; this experiment
demonstrates the sidebands mutual coherence and illustrates
our capabilities for precise phase adjustments. This is an impor-
tant step toward single-cycle pulse generation and nonsinusoidal
field synthesis.

II. BROADBAND LIGHT GENERATION IN RAMAN CRYSTALS
WITH TWO- OR THREE-COLOR LASER FIELDS

A. Experimental Setup

The laser system that we use in this experiment is similar
to the one used for femtosecond coherent anti-Stokes Raman
scattering (CARS) [17]. The experimental setup is shown in
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Fig. 1. (a) Schematics of the experimental setup. TS: translation stage, SM:
spherical mirror with 10 cm focal length FM: flip mirror, VND: variable neutral
density filter. Inset: a beam profile of the combined sidebands which is measured
at 1 m after the combining prism.

Fig. 1. We use two computer-controlled optical parametric
amplifiers (OPerA, Coherent, with frequency-mixing options),
pumped by an amplified femtosecond laser (Mira + Legend,
Coherent). The pulses obtained from the two OPAs can be
frequency-doubled or mixed with the fundamental pulses to
produce up to 30 pJ per 50 fs Gaussian pulses at tunable wave-
lengths. The pump and Stokes beams are focused and crossed at
an angle into the crystal. (Here we use the CARS terminology
and call the short wavelength input field as pump beam while
the long wavelength one as Stokes beam.) The wavelengths are
tuned so that v, — Vsiokes 18 close to the Raman frequency
of the crystal. The angle is chosen such that the CARS phase
matching condition for the two peak frequencies of the pump
and Stokes beams is satisfied. We put a paper screen after the
crystal to take pictures of the sidebands. We combine the side-
bands in space and time by means of a spherical mirror and a
prism. The inset of Fig. 1 shows a beam profile of the combined
sidebands at 1 m after the combining prism.

B. Broadband Light Generation in PbWO, With
Fourier-Transform-Limited Pulses

We first choose lead tungstate (PbWOQO,), which is a popu-
lar crystal for building Raman lasers. It is cheap, nonhygro-
scopic, and exhibits good optical transparency (from 0.33 to
5 pm). Fig. 2 shows sideband generation in a I-mm-thick
PbWO, crystal, with two pulses (at 588 nm and 620 nm, with
parallel polarizations) applied at an angle of 4° (parts a, d, and
e), and three pulses applied for part (c). We observe up to 20
anti-Stokes (AS) and 2 Stokes (S) sidebands projected on a white
screen, as shown in Fig. 2(a), with the pump beams and the first
3 AS beams being attenuated by a neutral density filter. When
we measure the spectrum of the anti-Stokes sidebands, we ob-
serve several interesting features: the spectra of the lower-order
sidebands show a rich structure, possibly due to simultaneous
excitation of several Raman lines (in PbWQO,, there are strong
Raman transitions at 901 cm™! and 323 cm™!). The spectra
of the high-order sidebands are cleaner. The picture shows all
sidebands equally spaced on the screen (spatially separated by
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Fig. 2. Raman sidebands generated in PboWO, with two (a) and three (c)
pulses applied to the crystal. Part (b) shows improved generation when a pair
of chirped pulses is used. (d) Peak frequency of the generated sidebands [under
condition similar to those for (a)] plotted as a function of the output angle;
one input frequency is fixed, while the other is tuned; the fact that higher order
frequencies remain fixed confirms the Raman-resonant nature of the process.
Histogram (e), compared with a theoretical prediction (dotted line) gives a
confirmation of the mutual coherence of the generated sidebands. More details
can be found in [10].

equal angles), but with a (barely-noticeable) cusp (around AS 4)
in the line that can be drawn through the spots. In addition, we
demonstrate that we can use three input pulses to obtain a 2-D
array of beams of varying colors [Fig. 2(c)]. The three beams
are focused into the crystal with a typical BoxCARS geometry
(see [18]). For example, we use pulses at 804 nm, 730 nm, and
604 nm to generate up to 50 beams of different colors.

In contrast to the experiment in the molecular gas, where the
sidebands have equal frequency separations between adjacent
orders, the frequency separations of the sidebands which are
generated in the crystal are decreasing gradually from 900 cm ™!
down to 450 cm ™ as the sideband order goes higher. One may
wonder whether the sidebands are generated by a Raman process
and whether there is mutual coherence among the sidebands. To
prove the Raman-resonant nature of sideband generation, and to
separate the effect of instantaneous four wave mixing (FWM),
we tune the difference between the two applied laser frequen-
cies and measure the generated AS frequencies as a function of
the angle, as shown in Fig. 2(d). We find that the generated AS
1 beam splits into two slightly separated distinctively colored
beams: one corresponding to (nonresonant) FWM and the other
(which is much brighter) corresponding to Raman-resonant AS
generation. We observe that as we vary the frequency separation
between the two pump beams from 844 to 2002 cm ™! the Ra-
man sidebands are generated at approximately the same angle
and with roughly the same frequency shift from the previous
order.

Next, we investigate the mutual coherence among the gen-
erated sidebands. We first generate multiple AS sidebands by
focusing two beams (Red and IR) into the PbWO, crystal. Then
a third (yellow) beam is sent along the direction of the generated
AS 3 sideband with a matching wavelength to that of AS 3. We
measure the pulse energy of AS 5 on a shot-by-shot basis by us-
ing a fast photodiode once overlap in frequency, space, and time
is achieved. The statistics of the AS 5 pulse energy is shown in
Fig. 2(e). Solid black bars give the histogram (number of pulses
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Fig.3. Spectral sideband generation in CVD single-crystal diamond. Top: The

generated beams are projected onto white paper 30 cm away from the crystal.
A near-IR viewing card is used to show the AS 2 to AS 6. FWM 1 & 2 signals
have frequency of 2wpump + Wstokes and 2wstokes + Wpump» respectively.
(a) The spectra of the two pump beams and the generated sidebands. Reciprocal
scale is used for the x-axis. (b) The peak frequency of the pump, Stokes, and
the generated sidebands versus the external output angle. (¢) The power of the
sidebands. Log scale is used for the vertical axis. (d) The power dependence of
the AS 2 as a function of the pump beam power at two different levels of Stokes
power; for (d) the pump and Stokes wavelengths are 1055 nm and 1230 nm,
while for all other parts they are 1215 nm and 1440 nm.

versus AS 5 energy), with only Red and IR pulses applied at
the input. This histogram shows a typical normal distribution,
with about 10% average variations. However, with the addition
of the Yellow beam at the input, the histogram of the AS 5 pulse
energy (913 pulses total) transforms into a very different dis-
tribution (Fig. 3, white bars). We perform a simple calculation
which agrees well with the experimental result and confirms
that the sidebands are mutually coherent [10].

C. Broadband Light Generation in Synthetic Diamond

Coherent multiple-order sideband generation in the femtosec-
ond regime is not limited to PbWQO,, but can be obtained in
other solids. For example, diamond’s unique optical properties,
in particular the largest transparency range (from far infrared to
ultraviolet), and high damage threshold, combined with a strong
Raman activity (dominant mode at 1332 cm™!, with a linewidth
of 3.3 cm™!, corresponding to a 3.2 ps dephasing time) all make
diamond a unique candidate for experiments on broadband Ra-
man generation. Diamond’s other important properties include
the highest atom-number density and the highest thermal con-
ductivity of any solid. Recently, optical-quality synthetic dia-
mond plates [obtained by the chemical vapor deposition (CVD)
technique] have become available, for a reasonable price. We
note that a highly efficient Raman laser has been built using
diamond recently [19].

With diamond, we have obtained qualitatively similar results
(as with PbWOy,), with the main quantitative differences possi-
bly coming from the fact that the Raman spectrum of diamond
is less complicated and diamond is isotropic. The fact that dia-
mond has a broader transmission window and correspondingly
smaller dispersion may also have contributed to the differences.
Nonlinear frequency conversion in diamond is very efficient
(similar to PbWOQy); for example, in one experiment we have
measured 7% conversion efficiency into the first anti-Stokes
sideband and 1% into the second anti-Stokes and first Stokes.

Sideband generation in diamond are summarized in Fig. 3.
The center wavelengths of the pump and Stokes pulses are at
1215 and 1440 nm, respectively [except for part (d), where
the input wavelengths used were 1055 nm and 1230 nm]. The
diamond crystal is about 1.0 mm thick. We measure 15 AS side-
bands (Fig. 3 top). The Stokes beam appears blue because third
harmonic generation occurs in the crystal and superimposes
with the IR beam. The two blue-color beams in between the
pump and Stokes beams are two FWM signals from the pump
and Stokes beams. They have frequency of 2wpump + Wstokes
and 2wsokes + Wpump. respectively. The dotted circle shows
the position of the first Stokes beam, which can only be seen
through an IR viewer. The spectra of the sidebands are shown
in Fig. 3(a) while in (b) we show the peak frequency of the
sidebands as a function of angle. The power of each sideband
is given in Fig. 3(c). The power is decreasing approximately
exponentially. Fig. 3(d) shows how the AS 2 (less affected by
FWM) power varies with the pump beam power for two dif-
ferent Stokes beam power levels. We find that at low power it
is a higher-order power law. The dependence soon changes to
linear as we increase the power. We can see that high pump
beam power is desirable. However, limited by parasitic nonlin-
ear processes, such as self phase modulation (SPM) and white
light generation, only less than 5 mW pump power can be used
when we focus the beam with a 50 cm focal length lens. Next
we show that more pump power can be applied if chirped pulses
are used.

D. Broadband Generation in PbWO, With a Pair of
Linearly Chirped Pulses

To scale up the power and to improve the efficiency of this
experiment, we excited the PbWOQO, crystal with two linearly
chirped pulses. Temporal stretching of the excitation pulses al-
lows us to use large pulse energies per unit area (while still
avoiding parasitic nonlinear effects), and correspondingly in-
crease the Raman coherence. In order to optimize the genera-
tion process we study the effect of time delay (or the pulse chirp
rate), and the crossing angle between the two pump beams, on
the efficiency of sideband generation. We measure up to 40 AS
and 5 S sidebands generated when a Raman mode at 190 cm ™!
is resonantly excited. In this case, the conversion efficiency from
the two pump beams into the sidebands is high; for example,
we have measured as high as 41% conversion efficiency for the
pump beam and 21% for the Stokes beam. Compared to the fs
excitation, we observe more sidebands generated by the chirped
pulses (the AS sidebands cover a range of 12 000 cm~! wide).
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Although the FWM process still creates some multiple peaks in
the spectra of the low-order sidebands, the complications due to
simultaneous excitation of multiple Raman lines are eliminated.
Different Raman modes can be selectively excited by varying
the time delay and the angle between the two pump beams. Our
experiment confirms that phase matching plays an important
role in the Raman generation process.

III. CHARACTERISTICS OF BROADBAND LIGHT GENERATION IN
RAMAN CRYSTALS WITH TWO-COLOR FS LASER FIELDS

We find that the broadband light generation in Raman crystals

shares the following common features:

1) Phase matching is critical: In general, due to the large dis-
persion in solids, a noncollinear beam geometry is needed
for efficient excitation in a Raman crystal. In SRS and in
Raman lasers, high conversion efficiency is often achieved
by using a much thicker sample or an external cavity. For
example, when PbWQO, is used in a Raman laser, a typical
thickness is up to 70 mm [20]. As a comparison, the sample
we use is 1 mm thick. Therefore the linear dispersion and
competing nonlinear optical effects such as SPM are min-
imized. However, compared to the experiment with low
pressure gas, phase matching plays an important role. The
use of a nonzero angle is critical; for collinear beams we
observe week generation of only lowest-order sidebands.
When the beams cross at angles between 2 and 8 degrees,
we observe efficient nonlinear generation of many spa-
tially well-separated sidebands. Correspondingly, due to
the material dispersion, phasematching is optimized when
sidebands of different colors propagate at different an-
gles. We have seen a sideband come out at almost 80°
with respect to the pump beam. The intensity may not be
monotonously decreasing as the order goes higher due to
the large phase mismatch for certain sidebands [11].

2) Resonance requirement is relaxed: The requirement of the
frequency spacing between the two pump pulses to be
tuned to Raman frequency is greatly relaxed since we are
using fs pulses which have about 450 cm~! bandwidth
(FWHM). Moreover, the broad Raman spectral linewidth
(compared to gas medium) also eases the resonance re-
quirement. We have observed Raman generation in dia-
mond even when we tuned the v, — Vsiokes to double
the Raman frequency. One more proof is that we have
observed the simultaneous excitation of 325 cm~! and
901 cm ™!, which leads to quantum beating in signal [21].

3) SPM is suppressed when Raman sidebands are generated:
As mentioned earlier, large pump power leads to high
sidebands power. However, we are limited by the SPM, so
only a few mW power can be used. We normally start with
the beam energy right below the SPM threshold. After we
find the overlap and observe generation, we can increase
the two pump beams power further without causing SPM.
In a way, we can say that the Raman generation process
suppresses the SPM process. A similar situation has been
observed in the gas experiment using fs pulses [22].
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Fig. 4. The measured peak frequency of the pump, Stokes, and the gener-
ated sidebands versus the external output beam angle at three different pump
wavelengths (solid symbols: circle, square, and triangle). The open symbols
show sideband frequencies which are calculated by using the method described
in [23], where they assume a cascading FWM process.

4) Both processes—the (Raman nonresonant) instantaneous
FWM process and the Raman process—often coexist:
However, we believe the (higher-order) sidebands are
generated through the Raman process, as described in
Section II-B and shown in Fig. 2(d). The FWM signals
(fewer, typically 2 to 3 orders) superimpose on the Ra-
man sidebands or locate in between the sidebands. As a
result, the spectral shapes of these lower-order sidebands
sometimes show complex spectral shapes with multiple
peaks.

This can be further proved by the following: We have per-
formed a theoretical calculation assuming a nonresonant
cascading FWM process, following the method described
in detail by Liu et al., which works well for calculating
the cascading FWM signals generated in fused silica or
BBO [23]-[25]. The result is shown in Fig. 4. We can
see that as we tune the Stokes wavelength, the sidebands’
central frequency predicted by the theoretical calculation
changes dramatically, especially for higher orders. How-
ever, our experimental results show much less variation.

In addition, we notice that although the measured fre-
quency spacing of the sidebands decreases at higher AS
orders, it is linear as a function of the external output angle
[Fig. 3(b)]. This seems to be only true if the generation is
dominated by the Raman process, and not by the cascading
FWM process.

5) There are more AS sidebands produced than S sidebands:
In these experiments, we observe a larger number of AS
sidebands than Stokes ones. This asymmetry is typically
present since the Raman frequency is only one or two or-
ders of magnitude smaller than the laser frequency, and
hence the total generated bandwidth is comparable to the
pump laser frequency. At substantially lower frequencies
generation is intrinsically less efficient. In addition, in-
frared sidebands are harder to detect. Finally, in the present
experiment phase matching occurs at a considerably
larger output angle (and leads to a correspondingly worse
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spatial overlap with the pump beams) for a Stokes side-
band compared to the same order AS sideband.

6) There are differences between the sideband generation
processes due to excitation of large- and small-frequency
Raman modes: The sideband generation due to excita-
tion of large- and small-frequency Raman modes shows
few distinct differences. In the case of a large-frequency
Raman mode, a large angle is needed to fulfill the phase-
matching condition. As a result, the deviation of the fre-
quency spacing from the Raman frequency is getting large
as the sideband order goes higher. For broadband gener-
ation with 325 cm™! or even lower Raman frequency of
191 cm™!, almost constant frequency spacing can be main-
tained up to a very high order, and therefore, more than
40 sidebands can be generated.

7) The generated sidebands have good beam quality (Fig. 1
inset) and have similar pulse duration to those of the pump
pulses. This is similar to the sidebands generated through
cascading FWM process [25].

IV. SINGLE-CYCLE PULSE SYNTHESIS BY PULSE SHAPING

The dispersion in the solids not only requires noncollinear
pumping geometry, but also produces sidebands coming out at
almost regularly spaced angles. As mentioned earlier, although
the frequency spacing of the sidebands is different, it is linear
as a function of the external output angle. This linearity enable
us to combine the sidebands in space and time by using a spher-
ical mirror and a prism (as per Fig. 1; also see [16]). In this
experiment, we use a 1-mm-thick CVD single-crystal diamond.
The pump pulse is centered at 1030 nm while the Stokes pulse
is at 1200 nm. The center wavelength of AS 1, 2, 3 sidebands
is 910 nm, 830 nm, and 770 nm, respectively. We first measure
the slope of peak frequency of the sidebands versus angle. Then
we carefully adjust the distance from the crystal to the spherical
mirror, the distance from spherical mirror to the prism, and the
angle of the prism to match the spreading angle of the sidebands.
A single combined beam can be obtained this way. The distance
from the crystal to the spherical mirror is about 11 cm; the prism
is about 1.6 m away from the spherical mirror. We use the tip of
the prism to minimize the dispersion. The beam is incident on
the prism at the minimum deviation angle. The combined beam
is diagnosed with a beam profiler located 1 m after the prism.
After that, it is sent to an acousto-optic pulse shaper (Phazzler,
FastLite), which has the capability of both pulse measurement
and pulse shaping. Specifically, there is a thin BBO crystal af-
ter the Dazzler, the pulse shaping unit, which enables collinear
second harmonic generation (SHG) frequency resolved optical
gating (FROG) measurement of pulses with pulse duration down
to 20 fs [26].

Diagnostics and optimization of relative phases of sidebands
which have spectrally well-separated peaks are not trivial [27].
Retrieval of a directly measured SHG FROG trace may not
converge and, therefore, may not give reasonable pulse duration
and phase information. As has been pointed out by Hansch
more than 20 years ago, in order to compare the phases of
waves with different frequencies, a nonlinear process such as
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Fig. 5. (a) SHG spectra of the first three sidebands as we vary the AS 2 phase

from O to 27. (b) The peak intensity at the SHG of AS 2 peak [along the dotted
line in (a)] as a function of the AS 2 phase, with AS 1 and AS 3 phase fixed. (c)
SHG spectra of the three sidebands when they are not overlapped (dashed line)
and overlapped (solid line) in time. (d) The peak intensity of the SHG of AS 2
region as a function of the AS 1 phase, with AS 2 and AS 3 phases fixed.

sum frequency generation (SFG) must be employed [28]. Here
we use SFG between the sidebands to adjust the relative phase
of the sidebands in pairs, which is similar to the method used
by Kung et al. [29].

Preliminary data with three sidebands are shown in Fig. 5. The
SHG of the first three sidebands is shown in Fig. 5(c). The dashed
line shows the case when the three sidebands are not overlapped
in time. The solid line shows the result when the three pulses
overlapped in time after we adjust the timing between the pulses
by using the pulse shaper. Strong SFG between the sidebands is
seen. Also, SFG between AS 1 and AS 3 overlaps, both in time
and spectrum, with SHG of AS 2. When we vary the phase of
AS 2 [centered around 415 nm in Fig. 5(b)] from O to 27 and
record the peak intensity at the SHG of AS 2 region, we observe
a sinusoidal change of the intensity, as a result of the beating
between SHG of AS2 and SFG of AS 1 and AS 3. When we vary
the phase of AS 1 and again record the peak intensity of the same
signal peak [Fig. 5(d)], we observe a similar dependence, only
with half the period [Fig. 5(b)]. This is as expected since the peak
intensity of SHG of AS 2 is a function of cos(2ps — ¢1 — ©3),
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where @1, @2, and 3 are the spectral phases of each sideband,
respectively. We also record the peak intensity of the spectrum
at the SHG of AS 2 region as a function of AS 3 phase. The
result has a similar beating as the one when scanning AS 1
phase. These experiments demonstrate the mutual coherence of
the spectral sidebands, and show the pulse shaper’s capability
to control their phases in a precise and stable manner [30].

When the phases across the three sidebands’ spectra are ad-
justed to all be equal, the resultant pulse duration is expected to
be 11 fs (FWHM). If five sidebands are included, we expect to
generate pulses with 5.6 fs pulse duration. Our limitation so far
is set by the pulse shaper which operates at wavelengths range
from 530 nm to 930 nm, so at most six sidebands can be used for
pulse shaping; utilization of this full bandwidth will enable us to
produce pulses as short as 4.8 fs. Significant advances beyond
that point can be obtained when two (or more) pulse shapers
covering adjacent spectral ranges are used.

V. CONCLUSION AND FUTURE WORK

We realize broadband light generation in Raman-active crys-
tals using the molecular modulation method. We experimentally
study the characteristics of the generation process in two types
of crystals—Ilead tungstate and diamond. We show preliminary
result of controlling the relative phases of three sidebands.

In the future, we will extend this phase adjustment to more
sidebands. After that, we plan to not only adjust the phase, but
also the amplitude of the sidebands to produce arbitrary wave-
forms. We note that the broadband light generation in crystals
has substantial room for improvement by refining the setup and
applying the pulse shaping technique not only to the generated
sidebands but also to the two pump beams. We also want to
address whether it is possible to realize collinear generation of
sidebands in Raman crystals driven by a pair of linearly chirped
pulses. First of all, this setup would allow pulse shaping with-
out the combining optics; second, more power can be used, as
described in Section 2.4. Finally, we want to carry out a rigor-
ous numerical simulation of sideband generation, including the
production of the 2-D color arrays [Fig. 1(b)]. This simulation
may provide a better understanding of the generation process
and, thus, enable further optimization of the sideband generation
process.
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