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We present measurements on terahertz generation by optical rectification, in which both the thickness of the
generation crystal and the wavelength of the generating optical pulse are varied. The difference between the
group velocity at optical frequencies and the phase velocity at terahertz frequencies affects the time trace and
spectrum of the generated terahertz pulse. For the thickest crystal, we find that the phase mismatch gives rise
to the generation of two pulses, separated by 4.5 ps. The physical origin of the observed features is clarified
with a simple model that includes phase matching and absorption. © 2005 Optical Society of America
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1. INTRODUCTION

Optical rectification is an important and frequently used
method to generate broadband terahertz radiation. In
this method, an ultrashort optical pulse is focused onto a
crystal and radiates a terahertz pulse. The generated
electric field follows the second time derivative of the op-
tical pulse intensity. Phase matching plays an important
role in the optical rectification process because the group
velocity of the optical pulse will, in general, differ from
the terahertz phase velocity. As a result, terahertz radia-
tion originating from different parts of the crystal will not
necessarily add up constructively.

Many experimentalists tend to avoid phase-matching
issues by use of a thin generation crystal.l’2 In a thinner
crystal, a difference between the optical group velocity
and the terahertz phase velocity will cause a smaller
phase difference, thus limiting the amount of destructive
interference. However, a thin crystal is not the best choice
for each application. First, decreasing the crystal thick-
ness results in a decrease of the emitted terahertz power.
Second, terahertz radiation emitted from thin crystals
will suffer strongly from Fabry—Perot reflections at the
crystal interfaces. Finally, thin crystals can be very frag-
ile, which can be a drawback in commercial applications.

For a designer of a broadband terahertz system based
on optical rectification it is important to understand how
the generated terahertz spectrum is affected by phase
matching. There have been previous reports on this issue
focusing on both the0ry3’4 and experiments.5_7 However,
none of the reported experiments show how the phase-
matching effects depend on the terahertz frequency, the
wavelength of the generating pulse, and the thickness of
the generation crystal.

We investigated the role of phase mismatch on the gen-
erated terahertz pulse shape by using generation crystals
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of different thicknesses. We find that changing the crystal
thickness has a large effect on both the shape of the tera-
hertz pulse and of the spectrum, which contains an oscil-
latory structure. Varying the pump wavelength changes
the oscillation period in the spectrum, which is in excel-
lent agreement with a theoretical model that we use to
describe our measurements. These results significantly
increase our understanding of the generation of terahertz
radiation by optical rectification and can be used to opti-
mize the generation process.

2. MEASUREMENT SETUP

Figure 1 shows a schematic of the measurement setup. A
Ti:sapphire oscillator produces optical pulses with a du-
ration of =100 fs, a repetition rate of 80 MHz, and a
wavelength of 810 nm. The beam from this oscillator is
split into two parts. The weaker part is used to detect the
generated terahertz radiation, while the stronger part is
used to pump an optical parametric oscillator (OPO). In
the OPO, which is built around a KTiOPO4 (KTP) nonlin-
ear crystal, a parametric process converts the 810 nm
Ti:sapphire pulses into pulses with a wavelength tunable
between 1070 and 1240 nm and a pulse duration of
~150 fs. The OPO also produces a second beam, often re-
ferred to as the idler beam, but this beam is not used in
the experiments reported here.

The beam generated in the OPO goes through an opti-
cal delay stage and is then focused onto a ZnTe crystal.
The focused pulses generate a polarization in the crystal
that follows the envelope of the pulses (optical rectifica-
tion). This induced polarization radiates a terahertz tran-
sient according to Ery,~ 2P/ dt?. The terahertz radiation
coming out of the crystal is collimated and then focused
onto a second ZnTe crystal together with the weaker split-
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Fig. 1. Schematic diagram of the measurement setup. A beam
splitter (BS) splits the Ti:sapphire beam (solid lines) into two
parts. The larger part is used to pump the OPO, while the
smaller part is used to detect the terahertz radiation. The beam
from the OPO (dashed lines) goes through an optical delay stage
and is then focused onto a ZnTe generation crystal. The gener-
ated terahertz beam is first collimated and then focused by two
parabolic mirrors. In this focus the terahertz electric field is mea-
sured with a standard electro-optic detection setup, which con-
sists of a ZnTe detection crystal, a quarter-wave plate (\/4), a
Wollaston prism (WP), and a differential photodetector.
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off beam from the Ti:sapphire oscillator. In this second
ZnTe crystal, which is 1 mm thick, the terahertz electric
field induces a change in the polarization of the
Ti:sapphire beam. This change is measured in a conven-
tional electro-optic detection setup, leading to an elec-
tronic signal proportional to the terahertz electric field.
With the above described setup, we performed two sets
of measurements. In the first set, the terahertz electric
field was measured in three different generation crystals
with thicknesses of 0.5, 1, and 4 mm. The wavelength of
the beam from the OPO is kept fixed at 1228 nm. In the
second set of measurements, the thickness of the genera-
tion crystal was 1 mm, and terahertz pulses were gener-
ated with pump wavelengths of 1080, 1148, and 1228 nm.

3. RESULTS

Figures 2A—2C show the power spectra for three different
thicknesses of the ZnTe generation crystal, which were
calculated from the measured terahertz electric fields dis-
played in Figs. 2D-2F. In the calculation of the spectra,
zeros were added at the end of the time traces to smooth
the spectra somewhat.

The spectra show that for all three thicknesses the
power is very low at low frequencies (<0.5 THz) and is
zero above approximately 2.5 THz. At intermediate fre-
quencies, the effect of phase matching becomes clearly
visible in Figs. 2A-2C. The spectra show oscillations with
a period that decreases as the crystal thickness increases.
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Fig. 2. Measured terahertz power spectrum with the corresponding time traces. A and D show, respectively, the spectrum and the time
trace for a 0.5 mm thick generation crystal; B and E are for a 1.0 mm thick crystal; C and F are for a 4.0 mm thick crystal.
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Fig. 3. Measured power spectra of terahertz radiation gener-
ated and detected in two 1 mm thick ZnTe crystals. The three
spectra are generated with optical wavelengths of 1080, 1148,
and 1228 nm, respectively.

The oscillations are far less pronounced in the measure-
ment with the 4 mm thick generation crystal than in the
measurements with the other two crystals. In addition,
for the 4 mm crystal the oscillations strongly decrease in
amplitude above 1.5 THz.

Further insight in the origin of the oscillations shown
in Figs. 2A-2C is obtained by looking at Fig. 2F. Remark-
ably, this measurement shows that the terahertz signal
consists of two pulses separated by =4.5 ps. These pulses
are not identically shaped; the second pulse is smaller
and clearly contains fewer high-frequency components.
Reflections in the generation crystal and the detection
crystal have a delay of 78 and 21 ps, respectively, and
thus cannot explain the pulses observed in Fig. 2F.

Figure 3 shows results from the second set of measure-
ments in which we measured the terahertz radiation gen-
erated in a 1 mm thick ZnTe crystal for three different
wavelengths of the generation beam, 1080, 1148, and
1228 nm. The measured electric fields were divided by the
power delivered by the OPO at each wavelength to enable
a quantitative comparison of the terahertz powers gener-
ated at different pump wavelengths. For all three wave-
lengths, the spectra in Fig. 3 show strong oscillations. The
period of the oscillations increases as the wavelength of
the generating beam is decreased. We also observe that
the amplitude of the oscillations increases with decreas-
ing wavelength.

4. MODEL

The results of Section 3 can be described with a simple
model that includes phase-matching effects in both the
generation crystal and the detection crystal and absorp-
tion of terahertz radiation in the generation crystal. We
disregard various, less important effects, such as absorp-
tion of terahertz radiation in the detection crystal, phase
matching in off-axis directions, reflections at the crystal
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surfaces, and dispersion acting on the generation beam,
as it can be shown that these only produce small correc-
tions.

From Shen® we derive an expression for the spectrum
of the terahertz electric field radiated by optical rectifica-
tion:

) 1-exp(- al, —iAkgl,)

ETrad(wT) ~ W a+iAk > (1)
8

where [, is the thickness of the generation crystal, wy is
the terahertz radial frequency, and « is the terahertz ab-
sorption coefficient. The phase mismatch in the genera-
tion crystal Ak, is given by [wy(dk,/ dw)—kp], where kyp is
the wave number of the terahertz beam and k, is the
wave number of the generating beam. Expression (1) does
not contain a term representing the limited range of wp
that can be generated from the pump pulse. This is valid
as long as the terahertz wavelength is larger than the in-
verse pump pulse length.

The fraction in expression (1) can be viewed as the sum
of two terms that correspond to the contributions from the
front and the back of the crystal. The term 1/(a+iAk,)
can be regarded as the contribution from a part of the
crystal near the back face with a length of the order of
|a+iAkg|‘1. The second term corresponds to a contribution
from a part with a similar length near the front of the
crystal. This contribution is subject to absorption in the
crystal [exp(-al,)] and gets an additional phase due to
the phase mismatch [exp(-iAk,l,)]. The additional phase
Akgl, is, neglecting dispersion, linear with the terahertz
frequency. A linearly increasing phase in the frequency
domain corresponds to a delay in the time domain. The
contribution to the electric field of the second term will
thus give rise to a second pulse, delayed in time with re-
spect to the contribution of the first term. However, for
small delays the two contributions will (partly) overlap in
time, will interfere, and will form one pulse. Note that in
the limit of thin crystals (Jaly+iAk,l,|<1), expression (1)
becomes Eqpaq~ w%lg.

As can be found in the literature, phase matching
in the detection crystal leads to multiplication of the inci-
dent field with sin(3Akgly)/(2Akgl,), where I is the
length of the detection crystal and Ak, is the phase mis-
match in the detection crystal. Using this factor and ex-
pression (1) we find that the detected terahertz electric
field spectrum is proportional to

10-12

1
. sin(—Akdld)
Enelon) ) 1-exp(- al, —iAkGl,) 2
Tdet\@Wp) ~ W :

a+ilk, 1 b
—A
9 d'd
(2)

Expression (2) is a strong function of the frequency of the
emitted terahertz radiation since a, Ak,, and Ak, depend
on the terahertz frequency wy.

5. DISCUSSION

An important aspect of the measurements is the oscilla-
tions visible in Figs. 2A-2C. These oscillations are due to
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phase matching in the generation crystal. The mismatch
between the group velocity of the generating pulse and
the terahertz phase velocity determines the amount of de-
structive interference between the terahertz electric fields
generated on different positions of the crystal. This phase
mismatch is a strong function of the terahertz frequency,
which in nondispersive media causes oscillations in the
spectrum with a fixed period. However, the ZnTe crystal is
dispersive, leading to variations in the period of the oscil-
lation, which are most clear in Fig. 2B.

For thick crystals, contributions to the terahertz elec-
tric field from the center region of the crystal cancel. The
4 mm generation crystal is so thick that the remaining
contributions from the crystal regions near the front and
the back face are well separated in time, as can be seen in
Fig. 2F. Hence, in this limit, the generated terahertz field
consists of two well-separated peaks. This limiting shape
of the generated terahertz field has been observed before
in a study on optical rectification in LiNbO3; and LiTaO;
crystals.7 The velocity of the terahertz pulse is lower than
that of the generating pulse, so that the contribution from
the back of the crystal arrives before the contribution
from the front.

To explain the periodic feature in the measured spec-
tra, we point out that two equally shaped pulses in the
time domain give rise to an oscillation in the frequency
domain. This remains true if the separation between the
two pulses is such that the pulses (partly) overlap. In Fig.
2 this leads to clear oscillations in the spectra, even for
the 0.5 mm thick crystal, where the pulses are barely
separated.

The two peaks in Fig. 2F are not equally shaped; the
pulse from the front of the crystal is smaller and contains
fewer high-frequency components. This decreases the
modulation depth of the oscillations that can be seen in
Fig 2C. The main reason for the different shapes of the
two pulses in Fig. 2F is that the pulse generated at the
front of the crystal has to travel all the way through the
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Fig. 4. Terahertz intensity spectra calculated with expression
(2). Three spectra are shown, corresponding to three different
wavelengths for the optical beam used to generated the terahertz
radiation.
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ZnTe crystal and is thus strongly subject to absorption
and dispersion. The power absorption coefficient of ZnTe
rises from 2 em~! at 1 THz to 13 cm™! at 1.6 THz,13 which
cannot be neglected for a 4 mm thick crystal. In addition,
the focal length of the generating beam is smaller than
the length of the crystal, which implies, in this case, that
the diameter of the generating beam is larger at the front
of the crystal than it is at the back. This leads to a re-
duced radiation efficiency at the front, and thus to less
pronounced oscillations.

We now consider how the radiated terahertz spectrum
depends on the wavelength of the generation pulse. As
can be seen in Fig. 3, the period of the oscillations in the
spectrum increases as the wavelength of the generation
beam decreases. As this wavelength decreases, the phase
mismatch in the terahertz generation process becomes
smaller, and the minima of the oscillations shift toward
higher terahertz frequencies.

Figure 4 shows the terahertz intensity spectrum for the
generation beam wavelengths of 1080, 1148, and 1228 nm
used in the experiments, calculated with expression (2).
For the refractive indices of ZnTe at optical and terahertz
frequencies, we used, respectively, Refs. 14 and 15. The
terahertz absorption coefficient « is obtained from Ref. 13.
In the calculation, /; and /, are both 1 mm and the wave-
length of the detection beam is 810 nm.

Comparing Fig. 4 with Fig. 3, we find that the model
accurately predicts the minima of the oscillations in the
measured spectra. Closer examination shows that the
largest distance between the measured and the calculated
minima is 62 GHz. This is an excellent agreement, con-
sidering the expected uncertainty in the values of the re-
fractive indices.

The values of the oscillation minima in Fig. 3 do not
reach zero intensity around 2 THz, which contrasts with
the results around 1 THz. This feature of our measure-
ment is also in good agreement with the calculated re-
sults of Fig. 4. Absorption weakens the contributions from
the front of the crystal more than the contributions from
the back, since the contribution from the front region has
to travel longer through the crystal. This means that de-
structive interference between the front and the back re-
gion cannot be complete.

We conclude the discussion of the spectrum of the emit-
ted terahertz radiation by considering the low- and high-
frequency edges of the spectrum. From Figs. 2A-2C it can
be seen that at low frequencies the power decreases to
zero. This is due to the conversion from the nonlinearly
induced polarization in the crystal to far-field radiation,
since the radiated electric field of any polarization is pro-
portional to the second time derivative of the polarization
(Eqp,~ 2P/ t%). A second time derivative corresponds to a
factor —w% in the frequency domain, where wry is the tera-
hertz radial frequency. The radiation efficiency at low fre-
quencies, where phase-matching effects are still negli-
gible, is thus proportional to w%.

The lack of spectral content roughly above 2.5 THz in
Figs. 2A-2C is partly due to phase matching in the detec-
tion crystal as is confirmed in our calculations in Fig. 4.
We emphasize that the detection process, which uses an
810 nm beam, is much better phase matched than the
generation process. We calculated that the detection effi-
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ciency should decrease with frequency due to phase
matching in the detection crystal, until the detection effi-
ciency reaches zero at 2.8 THz. The detected signal suf-
fers from additional frequency-dependent decreases due
to absorption in the detection crystal and due to the non-
zero pulse length of both the detection and the generation
optical pulses. These effects are not included in our
model, which explains the difference between measure-
ment and calculation of the oscillation amplitudes at high
frequencies.

6. CONCLUSION

We have presented measurements and calculations that
show how the spectrum of a terahertz pulse generated by
optical rectification depends on the thickness of the gen-
eration crystal and on the wavelength of the optical gen-
eration pulse. The measured spectra have strong oscilla-
tions, which are caused by constructive and destructive
interference between contributions to the radiated field
from different parts of the crystal. This phase-matching
effect is strongly dependent on the thickness of the crys-
tal. In the measurement with a 4 mm thick crystal, all
contributions to the radiated field from the central region
of the crystal cancel out and only the contributions from
regions near the two faces of the crystal survive, leading
to the formation of two terahertz pulses, separated in
time.

The measured spectra depend on the wavelength of the
generation beam, because this wavelength determines the
phase mismatch. We present a model that is accurate
enough to describe the main features of the measured
spectra.
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