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Abstract A new method for efficient, broadband sum and
difference frequency generation of ultrafast pulses is demon-
strated. The principles of the method follow from an anal-
ogy between frequency conversion and coherent optical ex-
citation of a two-level system. For conversion of ultra-
fast pulses, the concepts of adiabatic conversion are devel-
oped further in order to account for dispersion and group
velocity mismatch. The scheme was implemented using
aperiodically poled nonlinear crystals and a single step
nonlinear mixing process, leading to conversion of near-
IR (~790 nm) ultrafast pulses into the blue (~450 nm)
and mid-IR (~3.15 um) spectral regions. Conversion band-
widths up to 15 THz FWHM and efficiencies up to 50% are
reported.

1 Introduction

Nonlinear frequency conversion can be used to generate
light in wavelength regions that are not easily accessible
with commonly available laser systems. However, in most
practical implementations, there is a trade-off between the
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bandwidth and efficiency of the conversion [1, 2]. In par-
ticular, for conversion of ultrafast light sources, most ap-
proaches address either the efficiency or bandwidth of the
process, but usually not both [3, 4]. Commonly used ul-
trafast lasers such as Ti:Sapphire (Ti:S) produce very wide
bandwidths but are limited in their tunability. Wavelength
conversion of ultrafast pulses is straightforwardly done via
frequency doubling [5, 6] or using an optical parametric am-
plifier (OPA) [7], but in order to preserve the wide band-
width of the pulses and avoid dispersive effects, one needs
to use relatively short nonlinear crystals. Thus, to retain the
large bandwidth and the spectral phase characteristics of the
pulse, one must settle for using shorter nonlinear crystals
and relatively low conversion efficiencies.

In most methods of frequency conversion, it is essential
to maintain small phase mismatch Ak between the interact-
ing beams. In these cases, the conversion efficiency often
remains high only for a narrow region of bandwidth. Adi-
abatic frequency conversion circumvents this trade-off and
achieves conversion of broad bandwidth pulses with very
high efficiency. The method was first realized for sum fre-
quency generation (SFG) of narrowband pulses from the
near-IR into the visible [8]. It was confirmed that the con-
version process is insensitive to small changes in parame-
ters that affect the phase mismatch such as temperature,
crystal length, acceptance angle, and input wavelength [9].
Here, we generalize the method toward broadband ultra-
fast pulses and demonstrate efficient sum frequency genera-
tion (SFG) and difference frequency generation (DFG). This
makes adiabatic frequency conversion an extremely flexible
method for generating intense ultrafast pulses over a wide
wavelength range covering the visible through to the mid-
infrared.

The paper is organized as follows. In Sect. 2, we re-
view the basic concepts of adiabatic frequency conversion.
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In Sect. 3, we develop the theoretical concepts that are
necessary for performing adiabatic conversion in the ultra-
fast regime. The design of the experiments is described in
Sect. 4, and we present the experimental results in Sect. 5.
A discussion of the results, including future prospects and
potential applications, is outlined in Sect. 6.

2 Principles of adiabatic conversion

The processes of SFG and DFG in the undepleted pump
approximation were shown to be analogous to a two level
atomic system induced by coherent light [8, 9]. Our under-
standing of these analogous systems can be used for for-
mulating new frequency conversion schemes. Here, we con-
sider the use of established adiabatic techniques for per-
forming efficient population transfer in multilevel atomic
and molecular systems [10, 11], and adapt them to the
context of frequency conversion using broadband, ultrafast
pulses. Adiabatic schemes in optics tend to be particularly
attractive because nonlinear optical phenomena can remain
robust to small changes in parameters that affect the phase
evolution of the process [12].

It follows from this analogy that in order to produce
an adiabatic passage of energy from the seed beam to the
frequency converted beam, the phase mismatch parameter
should vary slowly during the conversion process, from a
large negative phase mismatch value to a large positive one
(or vice versa). The phase mismatch Ak between the seed
(w1), pump (w2) and SFG (w3 = w1 + wy) or DFG (w3 =
] — wy) beams must be swept from Ak <0 to Ak >0
along the propagation axis in a nonlinear crystal. In the pres-
ence of a sufficiently strong pump field wy, energy is ef-
ficiently converted from frequency w; to w3, analogous to
adiabatic population transfer in two-level quantum systems.
Thus, our method relaxes the restriction of minimizing the
phase mismatch between the interacting beams, and instead
requires Ak to be varied slowly (i.e., adiabatically) during
the nonlinear interaction. The adiabaticity condition can be
written:

dAk  (AKE 4 k2)3/2
<
dz K

) ey

where Ak = k1 + k» — k3 is the phase mismatch, where ki,
ko, and k3 are the wavenumbers of the seed, pump and fre-
quency converted (either SFG or DFG) waves respectively;
z is the position along the propagation axis, and the coupling
coefficient k = % X @ A,, where w; and w3 are the fre-
quencies of the seed and frequency converted waves, ¢ is the
speed of light in vacuum, A is the pump amplitude and x ®
is the second-order susceptibility of the crystal.

With quasiphase matching (QPM), it is possible to tune
the spatial structure of the poling domains in a nonlinear
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crystal and to construct almost any desired function of the
phase mismatch parameter. A straightforward way to real-
ize the adiabatic condition of (1) experimentally is to use
a linear chirp poling, in which d Ak/dz is linear in z. This
simple type of aperoidic domain structure has been shown to
be practical in a number of applications in laser engineering
and ultrafast optics [13-16].

3 Frequency conversion of ultrafast pulses

For frequency conversion of quasi-monochromatic laser
beams, one can omit the influence of the waves’ group ve-
locities, however, for ultrafast pulses it is essential to ac-
count for the dispersion properties of the nonlinear mate-
rial. Material dispersion causes temporal spreading during
propagation. Group Velocity Mismatch (GVM) results in
temporal walk-off between the incoming seed pulse and the
generated sum frequency pulse, which propagate in the crys-
tal at group velocities vy, and vg,, respectively. The walk-
off limits the useful nonlinear interaction length between
the pulses, and is typically characterized by the quasista-
tic interaction length Lgs = ©/GVM, where 7 is the tem-
poral width of the seed pulse and GVM is the difference
between the inverse group velocities of the pulses, defined
as é — é . We also define the adiabatic effective length,
Ladiabatic = m, where « is the coupling coefficient be-
tween wi and w3, and dAk/dz is the sweep rate of the
phase mismatch along the propagation axis in the crystal.
The quantity Lagiabatic 1S the effective length over which the
adiabatic frequency conversion process takes place within
the nonlinear crystal, and its definition is an adaptation of
the adiabatic transition time of a general two level quantum
system [17, 18], applied to the context of frequency con-
version. To overcome the problem of GVM, we require that
Lqs > Ladiabatic, 0 that the temporal walk-off between the
pulses over the adiabatic interaction region is minimal. This
sets a limit for the minimum temporal width of the seed
pulse, which must be stretched to a duration ty,;; which we
define as:

K 1 1 @)
dAk/dz\vg, g /|

Calculated values of ty;, for several typical experi-
mental realizations are shown in Table 1. In each case,
the pump wavelength and intensity were chosen to be
1053 nm and 150 MW /cm?. Additionally, the sweep rate
dAk/dz was assumed to be linear in z, and was chosen
such that the average conversion efficiency was ~90% for
the given crystal parameters and laser wavelengths. The
maximum wavelength range supported by an aperiodically
poled nonlinear crystal is given by the approximate formula

Tmin >
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Table 1 Calculated values of Lgdiabatic, the maximum bandwidth of the w; seed beam, and Ty, for various typical experimental realizations. See

text for details

Nonlinear Seed (w1) central Output (w3) central Crystal Sweep rate Crystal L adiabatic Maximum seed Tmin
process wavelength (nm) wavelength (nm) type (1 /cm2) length (mm) (mm) bandwidth (nm)
SFG 790 450 KTP 350 30 0.7 70 0.61
790 450 SLT 250 30 0.8 55 0.72
1550 630 KTP 120 20 0.9 130 0.38
1550 630 SLT 90 20 1.2 80 0.57
DFG 790 3200 KTP 50 20 1.6 55 0.4
790 3200 SLT 40 20 1.8 35 0.43

(c¢/n1(w1))(dAk/dz)L, where c is the speed of light in vac-
uum, n1(w1) is the refractive index of the central frequency
of the seed inside the crystal, and L is the crystal length.
Since the crystal length L is much larger than Lggiabatic, the
bulk of the conversion takes place in a relatively small re-
gion of space in the center region of the crystal. Typically,
a stretched pulse of duration 1-10 ps, tending toward the
lower part of that range, is sufficient for conversion of fem-
tosecond pulses in the visible and near-to-mid infrared spec-
tral range.

Note that the converted pulse must then be
recompressed after exiting the nonlinear crystal in order to
recover the bandwidth-limited pulse duration. However, if
the seed pulses are produced by a chirped pulse amplifier
then it may be possible to bypass the compressor in that
system and use the uncompressed pulses for adiabatic fre-
quency conversion, provided that the uncompressed ampli-
fied pulses have pulse durations longer than the required
Tmin. Since typical outputs of chirped pulse amplifiers are
in the range of a few picoseconds to a few hundred picosec-
onds, this requirement can almost always be met quite easily.
Thus, one can avoid incurring added stretcher and compres-
sor losses on the seed pulses before performing the adia-
batic conversion, thereby increasing the effective optical-to-
optical efficiency of the conversion while at the same time
reducing the complexity of the setup.

4 Experimental methods

The implementation of the adiabatic frequency conversion
scheme is shown in Fig. 1. With the exception of the com-
pressor stage, which has not yet been built into the exper-
iment, we used the same setup for both the SFG and DFG
implementations. The pump pulses, with energy ~1 mJ and
duration 100 ns, were produced by a 1 kHz Q-switched
Nd:YLF laser at 1053 nm and electronically synchronized
in time to the output of a Ti:S multipass amplifier (Femto-
lasers GmbH) that was used as a source for the seed pulses.

The seed pulse spectrum was centered near 790 nm with ap-
proximately 30 nm FWHM bandwidth and a transform lim-
ited pulse duration of 30 fs. We typically used seed pulse
energies of 0.5-1.5 pJ, and either stretched these pulses in
glass to a duration of 1-3 ps or alternatively used the un-
compressed output of the Ti:S amplifier. This satisfies the
requirement set by (2) and reduces unwanted second har-
monic generation of the seed that would lower the efficiency
of the conversion process.

For SFG, we designed an aperiodically poled KTP crys-
tal in which the periodicity was linearly varied from 5.16 to
5.58 um along a crystal length of 3 cm. This design enables
conversion of 80 nm of total bandwidth from seed pulses
centered at 790 nm. For DFG, we designed an SLT crys-
tal in which the periodicity was linearly varied from 22.6
to 23.4 um along a crystal length of 2 cm, which enables
conversion of 20 nm of bandwidth from the near-IR seed
pulses into the mid-IR. Both aperiodically poled crystals
were uncoated. The seed and pump beams were focused to
beam diameters of 100 pm at the centers of the crystals us-
ing spherical lenses with focal lengths of f; = 70 cm and
f2 =50 cm, respectively. The pump intensity at the focus
was 50 MW /cm?. The beams are separated after the crys-
tal using dichroic filters and the spectra of the seed and
frequency converted beams were separately measured in a
spectrometer (Jobin Yvon Triax 320).

5 Results

The spectra of the frequency converted pulses and their cor-
responding efficiency curves are shown for SFG in Fig. 2,
and for DFG in Fig. 3. The efficiency curves depict the frac-
tion of seed energy that is converted as a function of seed
wavelength. Absorption losses in the crystals are negligi-
ble at the seed wavelength, so in calculating the efficiency
we can assume that all the depleted energy contributes to
frequency conversion. Although we have not yet performed
the post-compression and characterization of the pulses, we
have observed excellent conversion of the spectral shape and
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Fig. 1 Implementation of
ultrafast adiabatic frequency
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Fig. 2 Conversion efficiency of the seed pulse for ultrafast adiabatic
SFG. The efficiency curve is nearly flat over the bandwidth of the seed
pulse, indicative of the robustness of the adiabatic frequency conver-
sion method. Inset: normalized spectrum of the SFG pulse as a function
of wavelength in nm

bandwidth of the seed to both the visible and mid-IR wave-
length regions.

5.1 Sum frequency generation—conversion from near-IR
to visible

As shown in Fig. 2, the spectrum of the blue SFG pulse is
centered near 450 nm and its bandwidth is sufficient for pro-
ducing 30 fs pulses if compressed to the transform limit—a
pulse duration that would be equal to that of the fully com-
pressed seed beam. The efficiency curve is nearly flat across
the seed bandwidth (falling off only in the tails of the spec-
trum), indicating the robustness of the adiabatic frequency
conversion method. The dip in the efficiency curve near 765
nm is the result of a manufacturing defect in the crystal,
which resulted in reduced conversion efficiency in a small
portion of the seed spectrum.
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Fig. 3 Conversion efficiency of the seed pulse for ultrafast adiabatic
DFG. The peak efficiency reaches 50%, and remains high (>35-40%)
over 20 nm of seed bandwidth. Inset: normalized spectrum of the DFG
pulse as a function of wavelength in nm

5.2 Difference frequency generation—conversion from
near-IR to mid-IR

The mid-IR downconverted spectrum is shown in Fig. 3 and
is centered near 3150 nm, while the efficiency curve is flat
over the bluer wavelengths and peaks slightly near the cut-
off wavelengths further toward the red. Owing to the crystal
design, nearly two-thirds of the 30 nm FWHM seed band-
width was converted to the mid-IR, but the complete seed
bandwidth could be converted by designing a longer aperi-
odically poled crystal or by altering the spatial sweep rate of
the poling period.

5.3 Tunability of the frequency converted output pulses

The tunability of the center wavelength of the converted
beam is dependent on the bandwidth of the seed and the
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Fig. 4 Temperature tuning of adiabatic DFG. By tuning the temper-
ature of the adiabatic crystal over an 80°C range, the seed depletion
spectrum shifts by ~12 nm, corresponding to more than 200 nm of
central wavelength tunability in the mid-IR

tunability of the center wavelength of the pump. Since wave-
length tuning of the Q-switched pump tends to be difficult,
we chose to tune the converted DFG wavelength by chang-
ing the temperature of the adiabatic nonlinear crystal. The
temperature-dependent change in the refractive index of the
QPM crystal alters the magnitude of the phase mismatch
Ak in each poling period, which in turn affects the peak of
the seed beam depletion spectrum and the center wavelength
of the frequency converted beam. The observed shift of the
centroid of the seed depletion spectrum is shown in Fig. 4.
The data shows a clear linear dependence of the shift with
respect to the crystal temperature, and the observed shift of
0.16 0.02 nm/°C is in good agreement with the calculated
shift of 0.13 nm/°C according to the temperature-dependent
Sellmeier equations for SLT crystals [19]. Thus, over the
80°C range of temperatures used in these measurements, the
~12 nm shift of the center of the seed depletion spectrum is
equivalent to more than 200 nm of tunability in the mid-IR.

6 Discussion

The conversion efficiency reaches a peak of ~11% for SFG
and 50% for DFG. Both these numbers are in good agree-
ment with the expected efficiencies [9]. Losses due to possi-
ble fabrication errors in the crystal can therefore be assumed
to be minimal. The maximum measured efficiency was lim-
ited in large part by the available pump power. Much higher
efficiencies for both SFG and DFG, even approaching 100%
in principle, are achievable by a sufficient increase in the
pump intensity.

Adiabatic conversion using poled nonlinear materials of-
fers many advantages compares to frequency conversion us-

ing birefringently phase matched crystals. Because of GVM,
generation of sub-30 fs UV or visible pulses typically re-
quires very thin crystals that limit the conversion efficiency
[20, 21]. With birefringent crystals, the bandwidth is de-
termined by the phase matching conditions in the crystal,
which in turn is limited by its fundamental material proper-
ties. With adiabatic frequency conversion, the bandwidth is
controlled by the length of the crystal and the sweep rate of
Ak, both of which can be tailored. Provided that (2) for tyn
is satisfied, the conversion efficiency is determined solely by
the adiabatic condition of (1), and is not influenced by the
GVM in the crystal—in stark contrast to conversion using
birefringently phase matched crystals.

Additionally, most ultrafast mid-IR pulse generation
schemes involve visible or near-IR lasers that are converted
to the mid-IR using multiple nonlinear conversion steps. For
example, in a BBO-based OPA pumped by an 800 nm Ti:S
laser, direct conversion to wavelengths greater than 2.5 um
is not practical because of poor gain efficiency and high
GVM between the pump and signal or idler beams. Thus,
one typically generates mid-IR pulses with Ti:S via a cas-
caded scheme involving an OPA followed by DFG between
the signal and idler beams of the OPA [7]. With two non-
linear conversion steps, one pays a heavy cost in overall
efficiency. In contrast, our scheme enables scalable near-IR
to mid-IR ultrafast conversion with a single step.

Adiabatic frequency conversion appears especially
promising for conversion of weak, nJ-level ultrafast pulses
or broadband continuum pulses, where the intensity is too
low for conversion via processes such as SHG. Even in sit-
uations where some conversion efficiency is feasible, such
as cross-correlation upconversion between a nJ-level pulse
and a much stronger pulse, one normally cannot afford low
conversion efficiencies because of the already low signal
levels. Moreover, it is expected that our method can be
straightforwardly scaled to higher output powers, provided
that the pump intensity does not exceed the damage thresh-
old of the nonlinear crystal, and is strong enough to main-
tain the adiabaticity of the conversion. The fluence of the
seed beam (and thus, the frequency converted output) can
be increased as long as the pump remains undepleted. This
may require a corresponding increase in the pump power
as well as an increase in the spot sizes of both beams in
order to avoid crystal damage. Alternatively, one can im-
prove the damage threshold of the crystals by using shorter
pump pulses. For the ~100 ns pump pulses that were used in
the experiments presented here, the damage threshold is ap-
proximately 150 mW /cm? for the aperiodically poled KTP
crystal, and 300 mW /cm? for the SLT crystal. However, for
~1 ns pulses, the damage thresholds are expected to be one
order of magnitude higher.

Another important advantage with this method is that the
spectral phase of the ultrafast pulse is preserved in the fre-
quency converted field. This has important implications for
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generating shaped ultrafast pulses in wavelength regimes
where direct shaping is difficult or inaccessible using cur-
rently available pulse shaping technology.

To summarize, we have applied the adiabatic frequency
conversion method for the conversion of ultrafast pulses for
the first time. We show SFG and DFG conversion of near-
IR ultrafast pulses to the visible and mid-IR spectral ranges.
KTP and SLT nonlinear optical crystals with chirped pol-
ing periods were used to implement the conversion. We ob-
serve peak efficiencies of 50% for conversion of near-IR
pulses from a Ti:S laser directly into the mid-IR in a single
DFG conversion step. We predict much higher efficiencies
for both SFG and DFG using more powerful pump lasers.
The converted output can also be tuned by changing the tem-
perature of the poled nonlinear crystals. We expect that this
scheme can be scaled up in energy and can simplify ultrafast
pulse shaping over a wide range of wavelength regimes.
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