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Generation of mid- to far-infrared ultrashort
pulses in 4-dimethylamino-N-methyl-4-
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Mid- to far-infrared (IR) ultrashort pulses were generated using the organic nonlinear optical crystal
4-dimethylamino-N-methyl-4-stilbazolium tosylate. Frequency downconversion was performed by difference
frequency generation (DFG) between the signal and idler pulses from an optical parametric amplifier. By the
use of a noncollinear configuration in DFG, the phase matching condition was satisfied for pulse generation in
the mid-IR and far-IR ranges. At a noncollinear angle of 0.7° between the signal and idler pulses, IR pulses
with spectra extending from 8 to 30 THz were generated. The pulse energy and the temporal duration were
estimated to be 300 nd and 250 fs, respectively, for a signal wavelength of 1540 nm and a noncollinear angle of

0.7°. © 2010 Optical Society of America
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1. INTRODUCTION

Infrared (IR) optical pulses are of particular importance
in studying the dynamics of molecular vibrations,
phonons, and carrier dynamics. In particular, the inter-
molecular modes of hydrogen-bonded systems (librational
modes of water, low-frequency modes of DNA and pro-
teins, etc.) and the phonon modes of solids fall in the mid-
to far-IR range below 30 THz. Thus, ultrashort pulses in
this region are in high demand for investigating the dy-
namics of low-energy excitations. Frequency downconver-
sion of femtosecond pulses to the mid-IR region has been
successfully achieved by nonlinear optical (NLO) differ-
ence frequency generation (DFG) in GaSe [1]. The au-
thors of [1] generated mid-IR pulses with center frequen-
cies of 15-100 THz, pulse widths of 50-150 fs, and pulse
energies of about 1 ud. In generating the pulses at lower
frequency, however, the inorganic NLO crystals of GaSe
and GaAs suffer from strong absorption due to phonon ex-
citation [2-5].

Organic salts are alternative NLO crystals for mid- to
far-IR pulse generation. Among them, the organic crystal
4-dimethylamino-N-methyl-4-stilbazolium tosylate
(DAST) [6,7] is known to possess large second-order non-
linear coefficient (d;1;=1010+110 pm/V at 1318 nm) [8]
and electro-optic coefficient (r1;;=77 pm/V at 800 nm) [9].
DAST’s high transparency in a wide band from near- to
far-IR (except for several vibrational bands) [10,11] and
its low dielectric constant of €=5.2 [9] allow efficient IR
pulse generation and detection [12-16]. Schneider et al.
generated ~10 ps pulses in the 1-6 THz range from an
optical parametric amplifier (OPA) pumped by regenera-
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tively amplified Ti:sapphire laser pulses [17]. The genera-
tion of these far-IR (or terahertz) pulses in DAST has so
far been achieved by intra-pulse optical rectification (OR).
In general, the frequency range of the OR pulse is limited
by the spectral bandwidth of the pumping pulse. It is true
that a sophisticated ultrashort source enables broadband
IR pulse generation via OR [18], but the OR bandwidth is
restricted to a few terahertz when a readily available 100
fs source is used. Furthermore, angle tuning does not
work for satisfying the phase matching condition for the
largest nonlinear susceptibility component dq11.

In this paper, we report mid- to far-IR pulse generation
by using DAST as an NLO crystal. By employing DFG of
signal and idler beams emitted from an OPA and by uti-
lizing a noncollinear phase matching configuration, we
were able to generate femtosecond pulses in a wide IR
spectral range. At a noncollinear angle of 0.7°, IR pulses
with spectra extending from 8 to 30 THz were generated.

2. NONCOLLINEAR DFG GEOMETRY IN
DAST

DAST crystallizes in the monoclinic space group Cc with
the crystallographic axes a, b, and ¢ and the dielectric
axes x1, X9, and x3. While the axes b and x9 are parallel,
the angle between the axes a and x; is 5.4°, and the angle
between the axes ¢ and x5 is 3.2° [9]. The largest NLO
susceptibility tensor component in a DAST crystal is dq1;
[8,9]. To make use of d;;; under the so-called “type 0”
phase matching, the polarizations of both the incident sig-
nal and idler beams should be parallel to the x;-axis. In a
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collinear geometry in which the wave vectors of the sig-
nal, idler, and DFG beams are all parallel to the x3-axis,
the type 0 phase matching condition is determined solely
by the refractive index dispersion. In fact, the phase
matching condition for collinear DFG between two
near-IR waves is satisfied only at a few terahertz.

In order to satisfy the phase matching condition at
even higher frequency, we employed a noncollinear geom-
etry. As illustrated in the inset of Fig. 1, the wave vectors
of the signal, idler, and DFG beams, &, (|&|=wsn./c), k;
(|ki| = wini/c), and kppe ([kprcl|=wpranpra/c), respectively,
form a closed triangle (%;+%kppg=Fs) in the xo-x3 plane.
Here w,, 0;, and wppg (=ws— w;) represent the center an-
gular frequencies of the signal, idler, and DFG pulses, re-
spectively. We assume that the signal and idler waves are
generated via the OPA pumped by 800 nm pulses (w,
=ws+ w;). Therefore, once we identify the DFG frequency,
the signal and idler frequencies are determined uniquely.
Figure 1 presents the calculated noncollinear angle 6 be-
tween the signal and idler beams for type 0 phase match-
ing as a function of the DFG frequency. Here the refrac-
tive index in the near-IR region is calculated by the
Sellmeier equation in [9], whereas the index in the mid-
to far-IR region is assumed to be nppg=2.26. The broken
lines in Fig. 1 indicate the tolerance of the phase match-
ing condition for a sample thickness of L=0.5 mm (|%;
+Eppg—Fks|L=m). Figure 1 indicates that the phase match-
ing is satisfied for 11-27 THz when the noncollinear angle
0 is 0.7°. Note that there are several vibrational reso-
nances in the DAST crystal, which induce dispersive
changes in the refractive index in the mid- to far-IR range
[19]. Such vibrational resonances are not taken into ac-
count in the calculation shown above. In the experiments
presented below, we aimed at satisfying the phase match-
ing condition for a certain spectral range on average,
based on the knowledge shown in Fig. 1.

3. EXPERIMENTAL SETUP

The experimental setup used for mid- to far-IR pulse gen-
eration is schematically illustrated in Fig. 2. Signal and
idler beams were emitted from an OPA pumped by regen-
eratively amplified Ti:sapphire laser pulses with a center
wavelength of 793 nm, a pulse width of 120 fs, and a rep-
etition rate of 1 kHz. The wavelength of the signal beam
was tuned between 1500 and 1590 nm, whereas that of
the idler beam was tuned between 1630 and 1710 nm.
The pulse widths of the signal and idler were about 100
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Fig. 1. Solid line: Phase-matched noncollinear angle between
signal and idler beams. Broken line: Tolerance of the phase
matching condition. Inset: Noncollinear geometry for wave vec-
tors of signal, idler, and DFG beams.
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Fig. 2. (Color online) Setup of DFG and custom-built FTIR spec-
trometer: OPA, optical parametric amplifier; HWP, half-wave
plate; PM, parabolic mirror; BS, beam splitter; C, compensator.

fs. Note that the center wavelength of the Ti:sapphire la-
ser was set to 793 nm so that the idler spectra with wave-
lengths below 1650 nm did not overlap an absorption
band at around 1650 nm due to an overtone of the C-H
stretching vibration in DAST [10]. The temporally over-
lapped signal and idler beams were incident on the DAST
in the noncollinear geometry for DFG. The DAST crystals
with the surfaces perpendicular to the c-axis were grown
by the isothermal evaporation method [15,20-22]. We
used DAST crystals which are free from micro-cleavage
defects and therefore have a high irradiation damage
threshold. The thicknesses of the crystals along the c-axis
were 0.2 and 0.5 mm. The polarizations of the signal and
idler beams were set to be parallel to the x;-axis of the
DAST crystal to make use of the d;1; NLO susceptibility
component. The incident pulse energies were 30 and
20 ud for the signal and idler beams, respectively. The
beam diameters on the sample were 1.8 mm for both the
signal and idler beams. The beams were not focused at
the crystal to avoid damage of the sample and self-phase
modulation.

In measuring the energy, power spectrum, and tempo-
ral duration of the DFG pulses, the DFG pulses were spa-
tially separated from the signal and idler beams. In the
case of the collinear geometry (6=0°), a black polyethyl-
ene film, working as a low-frequency pass filter, was in-
serted to block the signal and idler beams. The optical
system was purged with dry N, gas to avoid absorption by
water vapor.

For spectrum measurement, we employed a custom-
built Fourier transform infrared (FTIR) spectrometer.
The generated DFG beam was collimated by a parabolic
mirror before entering the FTIR system. A pyroelectric
deuterated L-alanine triglycine sulfate (DLATGS) detec-
tor (Shimadzu) was utilized to measure the interfero-
gram. For the beam splitter, compensator, and detector
windows, we chose tallium bromide iodide (KRS-5) crys-
tals. KRS-5 is transparent in the mid- to far-IR range
above 7.5 THz, which determines the low-frequency limit
of our FTIR system. In the noncollinear geometry, the di-
rection of the wave vector of each DFG component varies
with its frequency, which leads to an angular chirp of the
DFG beam. The angular chirp at the crystal is converted
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to a spatial chirp after the parabolic mirror. Then we se-
lected a portion of the beam with an iris placed at mirror
1 and measured the power spectrum of that portion. After
repeating this procedure for each portion of the whole
beam, we combined each spectrum to form the power
spectrum of the whole beam.

The temporal duration of the DFG pulse was measured
by intensity cross-correlation with a reference pulse hav-
ing a center wavelength of 793 nm and pulse energy of
3 ud. The DFG pulse was collimated by the first parabolic
mirror and was then focused by the second parabolic mir-
ror onto a 0.5 mm thick DAST crystal. By mixing the DFG
pulse with the reference pulse in the crystal, the sum-
frequency generation (SFG) was detected. Because the
spectra of the reference and SFG pulses partially over-
lapped with each other, the shorter wavelength part of the
reference pulse was cut by an ultrasharp long-wave pass
filter before entering the SFG crystal. This is why the
temporal duration of the reference pump pulse was
Toump=200 fs, slightly broader than that of the original
pulse (120 fs). The residual reference beam after the SFG
crystal was blocked by another ultrasharp short-wave
pass filter placed in front of the detector.

4. RESULTS AND DISCUSSION

Figures 3(a)-3(c) show normalized IR spectra for #=1.4°,
0.7°, and 0°, respectively. The thickness of the DAST crys-
tal was 0.5 mm. In Fig. 3, the center wavelengths of the
signal beams were (a) 1514, (b) 1537, and (c¢) 1548 nm.
Broad spectra covering the ranges 16-27, 9-27, and
7.5-27 THz were obtained with several spectral dips for
#=1.4°, 0.7°, and 0°, respectively. These results indicate
that the DFG spectrum shifts to lower frequency as 6 is
decreased. This tendency is consistent with the calculated
phase matching condition shown in Fig. 1.

Spectral Intensity (arb. units)

10 15 éb 25 30
Frequency (THz)

Fig. 3. Spectra of the DFG pulses for noncollinear angles be-
tween signal and idler of (a) =1.4°, (b) 6=0.7°, and (c) #=0°. The
dashed curve shows the spectrum of the pulse generated by OR.
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For comparison, we measured the IR spectrum of the
pulse generated by OR in the same DAST sample. The in-
cident beam was the signal pulse with a center wave-
length of 1480 nm and pulse energy of 30 wd. The dashed
curve in Fig. 3(c) shows the pulse spectrum at 9-12 THz
generated by OR. The peak spectral intensity at 11 THz of
the OR pulse was 14 times smaller than that produced by
collinear DFG with signal and idler pulse energies of 15
and 10 wd, respectively. This result suggests that DFG
has the advantage of being able to generate intense IR
pulses with a frequency higher than 8 THz, compared
with OR. Here we note that the full width at half-
maximum (FWHM) bandwidth for a Gaussian-shaped
100 fs pulse is 4.4 THz, which limits the frequency range
of the OR pulse.

Next, we discuss the spectral dip of the DFG pulse
shown in Fig. 3. For reference, a transmission spectrum
for the DAST crystal with a thickness of 0.5 mm, mea-
sured by a commercial FTIR spectrometer, is shown in
Fig. 4. The positions of the spectral dip in Fig. 3 and the
transmission dip (Fig. 4) coincide with each other. There-
fore, we ascribe the spectral dip of the DFG pulse to the
absorption of the DAST crystal. Moreover, index disper-
sion associated with the resonant absorption seriously
violates the phase matching condition and can induce a
spectral dip in the DFG pulse. In order to investigate the
absorption effect further, we measured the DFG spectrum
by using the 0.2 mm thick crystal. Over the whole spec-
tral range, the IR intensity for the 0.2 mm thick crystal
(not shown) was higher than that for the 0.5 mm thick
crystal. This suggests that the growth of the DFG inten-
sity with propagation is canceled out by the absorption at
the signal, idler, or DFG frequency. There should be an
optimum crystal thickness that gives the highest DFG in-
tensity.

Figures 5(a)-5(c) and Figs. 6(a)-6(c) are the DFG spec-
tra and the corresponding cross-correlation power for sig-
nal wavelengths of 1498, 1510, and 1540 nm, respectively.
These data were obtained for #=0.7° with the 0.2 mm
thick DAST crystal. Figure 5 indicates that the DFG spec-
trum shifted toward lower frequency as the signal fre-
quency was decreased. This tendency is consistent with
the prediction deduced from wppg=ws—w;. The FWHMs
width of a cross-correlation trace, 7., were measured to be
330, 290, and 320 fs, respectively, as shown in Fig. 6. The
pulse width of the DFG pulse, mrg, was evaluated from
the relation 72+ 7hpg= T, assuming that both the ref-
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ral intensity profiles and that the reference pump has a
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Fig. 4. Transmission spectrum for DAST crystal with a thick-
ness of 0.5 mm.
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Fig. 5. Spectra of the DFG pulses for signal wavelengths of (a)
1498, (b) 1510, and (c¢) 1540 nm.

pulse widths of 260, 270, and 250 fs, respectively. The in-
set of Fig. 6(c) shows the temporal intensity profile for
Fourier-transform-limited pulses calculated from the
DFG spectrum in Fig. 5(c). The pulse width mppg obtained
with the cross-correlation was 1.6—-3.1 times longer than
the Fourier transform limit. The reason for this temporal
broadening is not clear. A possible reason is the pulse
front tilting (or angular chirp) of the DFG pulse at the
SFG crystal, which can arise from the noncollinear phase
matching configuration. The pulse-front mismatch be-
tween the pump and the DFG pulses would increase the
cross-correlation widths.
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Fig. 6. Cross-correlation traces between DFG and the pump
pulses for signal wavelengths of (a) 1498, (b) 1510, and (c) 1540

nm. Inset: Fourier transform limit obtained by Fourier trans-
forming the DFG spectra in Fig. 5(c).
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In order to obtain more intense DFG pulses, the signal
and idler beams were focused on the DAST crystal. The
damage threshold was over 1 TW/cm? for a 100 fs signal
pulse. We found that focusing of the incident beams led to
self-phase modulation of the incident beams. Neverthe-
less, the shape of the IR spectrum did not change signifi-
cantly. We obtained DFG pulse energies of 540, 450, and
300 nJ for the same conditions of the signal and idler
wavelengths and the noncollinear angle as in Figs.
6(a)-6(c), respectively. In particular, the integrated pulse
energy was 135 nd in the spectral region below 17 THz,
which is difficult to obtain with inorganic crystals like
GaSe.

5. SUMMARY AND OUTLOOK

We generated ultrashort pulses in the mid- to far-IR spec-
tral region by the use of the organic nonlinear crystal
DAST. We theoretically showed that a noncollinear angle
of <1.3° between two input pulses for DFG enables the
phase matching for the DFG frequency up to 30 THz. By
utilizing the noncollinear DFG configuration and
frequency-tunable input pulses emitted from an OPA, we
generated femtosecond pulses in a wide IR spectral range.
In particular, pulses with spectra extending from 8 to 30
THz were generated at a noncollinear angle of 0.7°. The
pulse energy and the temporal duration were 300 nJ and
250 fs, respectively, for a signal wavelength of 1540 nm
and a noncollinear angle of 0.7°. The highest energy ob-
tained in our series of experiments was 540 nd. In order
to increase the generated pulse energy, it is essential to
choose the proper thickness of the DAST crystal. Deriva-
tives of DAST, such as 4-dimethylamino-N-methyl-4-
stilbazolium p-chlorobenzenesulfonate, which have differ-
ent vibrational resonances, may be promising
complementary candidates for generating mid- to far-IR
pulses.
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