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Far-infrared second-harmonic generation and pulse
characterization with the organic salt DAST
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We generated the second harmonics of pulses in the far-infrared region s30 55 mmd, using the organic
salt dimethylamino-4-N-methylstilbazolium tosylate (DAST). We demonstrate that DAST can be used to
characterize ultrashort pulses in a spectral region where no other materials are available. To illustrate the
need for such characterizations, we show the effects of propagation through air on the shape of ultrashort
far-infrared pulses.  1998 Optical Society of America
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It is difficult to diagnose laser pulses in the far-
infrared with nonlinear optical techniques such
as second-harmonic autocorrelation measurements
because conventional types of nonlinear materials
possess strong absorption bands in this spectral re-
gion. This is not an issue for the characterization of
terahertz pulses, which are produced with femtosecond
near-IR pulses by optical rectification, because the elec-
tric f ield of these low-intensity pulses can be directly
measured by use of a split-off near-IR synchronized
pulse as a time gate. However, for far-IR free-electron
lasers (FEL’s), which are capable of generating pulse
energies more than 2 orders of magnitude higher than
those generated by optical rectification sources, time-
gated detection is not an option. This is so because
no near-IR laser can be synchronized with sufficient
time resolution to allow for time-gated detection of
(sub)picosecond FEL pulses. Hence there exists a
strong need for a nonlinear material that can be used
to characterize the FEL pulses by second-harmonic
autocorrelation techniques. In recent years, new non-
linear materials have been developed that often have
absorption properties that compare favorably with
those of conventional nonlinear materials such as CdTe
and AgGaSe2.1,2 One of these materials is the organic
salt dimethylamino-4-N -methylstilbazolium tosylate
(DAST). DAST is known for its large second-order
nonlinear optical susceptibility x s2d. It was previously
used to generate second harmonics in the near IR3,4

and to generate terahertz radiation in the far-IR by
use of visible pulses.5 Here we show how DAST can
be used to characterize intense far-IR pulses in the
wavelength region from 30 to 55 mm.

The FEL for infrared experiments (FELIX) at the
Institute ‘‘Rijnhuizen,’’ FOM, Nieuwegein, The Nether-
lands, emits ultrashort tunable pulses at wavelengths
between 5 and 100 mm and with energies of as much
as 75 mJ per pulse.6 In our setup, FELIX pulses
are f irst passed through a bandpass f ilter7 or a wire
mesh8 to remove the higher harmonics generated in the
FEL. Subsequently the pulses are split into two and
0146-9592/98/060466-03$15.00/0
are noncollinearly focused onto a DAST crystal.9 The
(non-phase-matched) second-harmonic radiation gen-
erated between the two transmitted beams is detected
with a HgCdTe detector as a function of time de-
lay between the two pulses. A filter in front of the
detector removes the scattered fundamental light of
FELIX.10 The whole experimental setup is enclosed in
a box that can be purged with dry-nitrogen gas.

DAST crystallizes in the acentric monoclinic
Cc space group, point group m (standard orienta-
tion).3 From this structure it is expected that the
nonlinear optical susceptibility x s2d is largest along
the a axis of the crystal.4 This was confirmed in
second-harmonic generation (SHG) experiments in
the near IR4 and in terahertz optical rectification
experiments.5 To demonstrate this orientational de-
pendence we mounted a DAST crystal upon a rotation
stage. The second-harmonic intensity was measured
as a function of the crystal orientation with respect
to the polarization of the optical electric field. The
results for a wavelength of 53 mm are shown in Fig. 1.
The figure demonstrates that the eff iciency of the SHG
is enhanced by almost 3 orders of magnitude when the
optical polarization is parallel to the crystal a axis
compared with the situation when the polarization is
orthogonal to the crystal a axis.

Figure 2 shows an autocorrelation trace of the
FELIX pulses at 53 mm. Fitting the trace in Fig. 2 to
the correlate of a Gaussian pulse, we obtained a pulse
width of 1.50 6 0.08 ps (FWHM). This pulse width
corresponds to 8.5 cycles of the electric field at this
wavelength, and the pulses are, therefore, comparable
with the 6-cycle FELIX pulses at 10.4 and 24.5 mm
reported earlier.1

We have measured autocorrelations at several fun-
damental wavelengths between 30 and 55 mm (not
shown here), obtaining pulse durations between 1
and 2 ps. Our ,200-mm-thick DAST crystal has as
much as 30% transmittance at the fundamental wave-
length as well as at the second-harmonic wavelength in
this wavelength range. The transmittance spectrum
 1998 Optical Society of America
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Fig. 1. Intensity (arbitrary units) of the second-harmonic
frequency generated in DAST as a function of the angle
between the a axis of the crystal and the polarization
of the optical electric field. Two beams, overlapping
in time, are crossed in the crystal, and the detector
is positioned between the two transmitted beams. Any
second-harmonic radiation still present in the FELIX beam
will not reach the detector, and only the second-harmonic
radiation generated in the DAST crystal is detected,
resulting in a background-free measurement.

contains a few dips where the transmittance drops to
10%. As long as the coherence length of the second-
harmonic process is significantly shorter than the ab-
sorption length, the dips have little effect on the SHG
efficiency. In principle, these dips could affect the
shape of the autocorrelation measurement. However,
we did not observe any effect of these absorption bands
on the shape of the autocorrelation trace, probably be-
cause the width of the absorption bands s20 30 cm21d
is comparable with, or slightly narrower, than the esti-
mated pulse bandwidth s25 35 cm21d and because the
absorption is generally weak. In addition, for the re-
sults shown in Figs. 2 and 3, the transmittance did not
vary by more than a few percent over the estimated
bandwidth of the pulses.

In Fig. 3(a) we show an autocorrelation measure-
ment of FELIX pulses at 33 mm after they have propa-
gated 3 m through air. Instead of a Gaussian-shaped
autocorrelation we observe a strong beating pattern,
which disappears when the setup is purged with dry
nitrogen [Fig. 3(b)]. We were able to model the beat-
ing of the pulse by considering the strong atmospheric-
water absorption lines in this spectral region. We
calculated the pulse shape of a Gaussian pulse propa-
gating through air, while considering the absorption
and the refractive index (shown in Fig. 4) for the dif-
ferent frequency components. The absorbance is de-
fined as Asvd  s2vkycdL, where v is the frequency
in wave numbers, k is the imaginary part of the in-
dex of refraction, c is the speed of light, and L is the
length of propagation (3 m). From Fig. 3 it can be
seen that we obtain good agreement between our ex-
perimental data and the calculations. We obtain the
best agreement with the measured curve by taking a
Gaussian pulse with a FWHM of 1.4 ps and a small
chirp of wstd  expf22 ln 2stytpd2g. This phase modu-
lation broadens the energy spectrum of the pulse by
only ,10% and considerably improves the fit. It af-
fects the pulse shape strongly, because the beats are
caused by the interference between a propagating f ield
and the free-induction decay.

Fig. 2. Autocorrelation measurement of FELIX pulses at
a fundamental wavelength of 53 mm in a crossed-beam
setup. The plot shows the intensity (arbitrary units) of
the second-harmonic frequency generated in DAST as a
function of the delay between the two beams. The solid
curve is a Gaussian f it through the data set. From this
fit we obtained a pulse width of 1.50 6 0.08 ps (FWHM),
corresponding to 8.5 electric-f ield cycles at 53 mm.

Fig. 3. Autocorrelation traces of FELIX pulses at a funda-
mental wavelength of 33 mm. (a) Dashed curve, measured
autocorrelation trace of a pulse that has propagated 3 m
through air; solid curve, calculated autocorrelation trace of
a Gaussian pulse including propagation effects. Inset, the
calculated pulse shape corresponding to the autocorrelation
trace. (b) Dashed curve, autocorrelation trace measured
in a dry-nitrogen atmosphere; solid curve, a Gaussian fit.
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Fig. 4. Absorption and change in refractive-index spectra
of water vapor in air used in modeling the propagation ef-
fects on a Gaussian pulse. (a) Seven absorption lines near
300 cm21 are used in the model. These lines are (relative
intensities are given in parentheses) 303.14 cm21 (0.723),
302.99 cm21 (1), 302.93 cm21 (0.332), 301.85 cm21 (0.240),
298.42 cm21 (0.046), 290.75 cm21 (0.04), and 289.43 cm21

(0.425).11 (b) Because of the strong absorption, the refrac-
tive index various wildly in this spectral region. The re-
fractive index’s deviation from 1 is plotted here.

We calculated that 74% of the light is absorbed,
which is in good agreement with the experimentally
observed value of 60 6 10%. The absorption as well
as the refractive-index variation had to be taken into
account to model the data. We found that the beating
is caused by both dispersive propagation (polariton
effects) and absorption around only one water-vapor
absorption line. Both effects are essential for the good
agreement with the data shown in Fig. 3. We can
understand the importance of dispersive propagation
because near this particular waterline the refractive
index varies wildly with frequency (Fig. 4). Therefore,
different frequency components of the pulse travel
at different speeds, giving rise to a propagation-
distance-dependent interference, which modif ies the
pulse shape.

In conclusion, we have shown that DAST can be
used to characterize far-IR ultrashort pulses between
33 and 50 mm. We observed that an initial Gauss-
ian pulse can be dramatically distorted in this wave-
length region. We explained this as being due to the
presence of atmospheric-water absorption lines reso-
nant with the laser spectrum, which gives rise to ab-
sorption and dispersive propagation effects, which are
essential to explain the beats in our autocorrelation
measurements.
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