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Influence of pump wavelength and crystal length
on the phase matching of optical rectification
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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

OCIS codes: 190.7110, 300.6270.
o
t
h
l
t
l
d
i
r
m

2
F
T
r
w
s
g
u
t
e
T
b
�
f
t

c
T
t
t
s
c
o

. INTRODUCTION
ptical rectification is an important and frequently used
ethod to generate broadband terahertz radiation. In

his method, an ultrashort optical pulse is focused onto a
rystal and radiates a terahertz pulse. The generated
lectric field follows the second time derivative of the op-
ical pulse intensity. Phase matching plays an important
ole in the optical rectification process because the group
elocity of the optical pulse will, in general, differ from
he terahertz phase velocity. As a result, terahertz radia-
ion originating from different parts of the crystal will not
ecessarily add up constructively.
Many experimentalists tend to avoid phase-matching

ssues by use of a thin generation crystal.1,2 In a thinner
rystal, a difference between the optical group velocity
nd the terahertz phase velocity will cause a smaller
hase difference, thus limiting the amount of destructive
nterference. However, a thin crystal is not the best choice
or each application. First, decreasing the crystal thick-
ess results in a decrease of the emitted terahertz power.
econd, terahertz radiation emitted from thin crystals
ill suffer strongly from Fabry–Perot reflections at the

rystal interfaces. Finally, thin crystals can be very frag-
le, which can be a drawback in commercial applications.

For a designer of a broadband terahertz system based
n optical rectification it is important to understand how
he generated terahertz spectrum is affected by phase
atching. There have been previous reports on this issue

ocusing on both theory3,4 and experiments.5–7 However,
one of the reported experiments show how the phase-
atching effects depend on the terahertz frequency, the
avelength of the generating pulse, and the thickness of

he generation crystal.
We investigated the role of phase mismatch on the gen-

rated terahertz pulse shape by using generation crystals
0740-3224/05/081714-5/$15.00 © 2
f different thicknesses. We find that changing the crystal
hickness has a large effect on both the shape of the tera-
ertz pulse and of the spectrum, which contains an oscil-

atory structure. Varying the pump wavelength changes
he oscillation period in the spectrum, which is in excel-
ent agreement with a theoretical model that we use to
escribe our measurements. These results significantly
ncrease our understanding of the generation of terahertz
adiation by optical rectification and can be used to opti-
ize the generation process.

. MEASUREMENT SETUP
igure 1 shows a schematic of the measurement setup. A
i:sapphire oscillator produces optical pulses with a du-
ation of �100 fs, a repetition rate of 80 MHz, and a
avelength of 810 nm. The beam from this oscillator is

plit into two parts. The weaker part is used to detect the
enerated terahertz radiation, while the stronger part is
sed to pump an optical parametric oscillator (OPO). In
he OPO, which is built around a KTiOPO4 (KTP) nonlin-
ar crystal, a parametric process converts the 810 nm
i:sapphire pulses into pulses with a wavelength tunable
etween 1070 and 1240 nm and a pulse duration of
150 fs. The OPO also produces a second beam, often re-

erred to as the idler beam, but this beam is not used in
he experiments reported here.

The beam generated in the OPO goes through an opti-
al delay stage and is then focused onto a ZnTe crystal.
he focused pulses generate a polarization in the crystal

hat follows the envelope of the pulses (optical rectifica-
ion). This induced polarization radiates a terahertz tran-
ient according to ETHz��2P /�t2. The terahertz radiation
oming out of the crystal is collimated and then focused
nto a second ZnTe crystal together with the weaker split-
005 Optical Society of America
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ff beam from the Ti:sapphire oscillator. In this second
nTe crystal, which is 1 mm thick, the terahertz electric
eld induces a change in the polarization of the
i:sapphire beam. This change is measured in a conven-

ional electro-optic detection setup, leading to an elec-
ronic signal proportional to the terahertz electric field.8

With the above described setup, we performed two sets
f measurements. In the first set, the terahertz electric
eld was measured in three different generation crystals
ith thicknesses of 0.5, 1, and 4 mm. The wavelength of

he beam from the OPO is kept fixed at 1228 nm. In the
econd set of measurements, the thickness of the genera-
ion crystal was 1 mm, and terahertz pulses were gener-
ted with pump wavelengths of 1080, 1148, and 1228 nm.

. RESULTS
igures 2A–2C show the power spectra for three different

hicknesses of the ZnTe generation crystal, which were
alculated from the measured terahertz electric fields dis-
layed in Figs. 2D–2F. In the calculation of the spectra,
eros were added at the end of the time traces to smooth
he spectra somewhat.

The spectra show that for all three thicknesses the
ower is very low at low frequencies ��0.5 THz� and is
ero above approximately 2.5 THz. At intermediate fre-
uencies, the effect of phase matching becomes clearly
isible in Figs. 2A–2C. The spectra show oscillations with
period that decreases as the crystal thickness increases.

e traces. A and D show, respectively, the spectrum and the time
thick crystal; C and F are for a 4.0 mm thick crystal.
ig. 1. Schematic diagram of the measurement setup. A beam
plitter (BS) splits the Ti:sapphire beam (solid lines) into two
arts. The larger part is used to pump the OPO, while the
maller part is used to detect the terahertz radiation. The beam
rom the OPO (dashed lines) goes through an optical delay stage
nd is then focused onto a ZnTe generation crystal. The gener-
ted terahertz beam is first collimated and then focused by two
arabolic mirrors. In this focus the terahertz electric field is mea-
ured with a standard electro-optic detection setup, which con-
ists of a ZnTe detection crystal, a quarter-wave plate �� /4�, a
ollaston prism (WP), and a differential photodetector.
ig. 2. Measured terahertz power spectrum with the corresponding tim
race for a 0.5 mm thick generation crystal; B and E are for a 1.0 mm
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he oscillations are far less pronounced in the measure-
ent with the 4 mm thick generation crystal than in the
easurements with the other two crystals. In addition,

or the 4 mm crystal the oscillations strongly decrease in
mplitude above 1.5 THz.
Further insight in the origin of the oscillations shown

n Figs. 2A–2C is obtained by looking at Fig. 2F. Remark-
bly, this measurement shows that the terahertz signal
onsists of two pulses separated by �4.5 ps. These pulses
re not identically shaped; the second pulse is smaller
nd clearly contains fewer high-frequency components.
eflections in the generation crystal and the detection
rystal have a delay of 78 and 21 ps, respectively, and
hus cannot explain the pulses observed in Fig. 2F.

Figure 3 shows results from the second set of measure-
ents in which we measured the terahertz radiation gen-

rated in a 1 mm thick ZnTe crystal for three different
avelengths of the generation beam, 1080, 1148, and
228 nm. The measured electric fields were divided by the
ower delivered by the OPO at each wavelength to enable
quantitative comparison of the terahertz powers gener-

ted at different pump wavelengths. For all three wave-
engths, the spectra in Fig. 3 show strong oscillations. The
eriod of the oscillations increases as the wavelength of
he generating beam is decreased. We also observe that
he amplitude of the oscillations increases with decreas-
ng wavelength.

. MODEL
he results of Section 3 can be described with a simple
odel that includes phase-matching effects in both the

eneration crystal and the detection crystal and absorp-
ion of terahertz radiation in the generation crystal. We
isregard various, less important effects, such as absorp-
ion of terahertz radiation in the detection crystal, phase
atching in off-axis directions, reflections at the crystal

ig. 3. Measured power spectra of terahertz radiation gener-
ted and detected in two 1 mm thick ZnTe crystals. The three
pectra are generated with optical wavelengths of 1080, 1148,
nd 1228 nm, respectively.
urfaces, and dispersion acting on the generation beam,
s it can be shown that these only produce small correc-
ions.

From Shen9 we derive an expression for the spectrum
f the terahertz electric field radiated by optical rectifica-
ion:

ETrad��T� � �T
2

1 − exp�− �lg − i�kglg�

� + i�kg
, �1�

here lg is the thickness of the generation crystal, �T is
he terahertz radial frequency, and � is the terahertz ab-
orption coefficient. The phase mismatch in the genera-
ion crystal �kg is given by ��T��kg /���−kT�, where kT is
he wave number of the terahertz beam and kg is the
ave number of the generating beam. Expression (1) does
ot contain a term representing the limited range of �T
hat can be generated from the pump pulse. This is valid
s long as the terahertz wavelength is larger than the in-
erse pump pulse length.

The fraction in expression (1) can be viewed as the sum
f two terms that correspond to the contributions from the
ront and the back of the crystal. The term 1/ ��+ i�kg�
an be regarded as the contribution from a part of the
rystal near the back face with a length of the order of
�+ i�kg�−1. The second term corresponds to a contribution
rom a part with a similar length near the front of the
rystal. This contribution is subject to absorption in the
rystal �exp�−�lg�� and gets an additional phase due to
he phase mismatch �exp�−i�kglg��. The additional phase
kglg is, neglecting dispersion, linear with the terahertz

requency. A linearly increasing phase in the frequency
omain corresponds to a delay in the time domain. The
ontribution to the electric field of the second term will
hus give rise to a second pulse, delayed in time with re-
pect to the contribution of the first term. However, for
mall delays the two contributions will (partly) overlap in
ime, will interfere, and will form one pulse. Note that in
he limit of thin crystals ���lg+ i�kglg��1�, expression (1)
ecomes ETrad��T

2 lg.
As can be found in the literature,10–12 phase matching

n the detection crystal leads to multiplication of the inci-
ent field with sin� 1

2�kdld� / � 1
2�kdld�, where ld is the

ength of the detection crystal and �kd is the phase mis-
atch in the detection crystal. Using this factor and ex-

ression (1) we find that the detected terahertz electric
eld spectrum is proportional to

ETdet��T� � �T
2

1 − exp�− �lg − i�kglg�

� + i�kg

sin�1

2
�kdld	

1

2
�kdld

.

�2�

xpression (2) is a strong function of the frequency of the
mitted terahertz radiation since �, �kg, and �kd depend
n the terahertz frequency �T.

. DISCUSSION
n important aspect of the measurements is the oscilla-

ions visible in Figs. 2A–2C. These oscillations are due to
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hase matching in the generation crystal. The mismatch
etween the group velocity of the generating pulse and
he terahertz phase velocity determines the amount of de-
tructive interference between the terahertz electric fields
enerated on different positions of the crystal. This phase
ismatch is a strong function of the terahertz frequency,
hich in nondispersive media causes oscillations in the

pectrum with a fixed period. However, the ZnTe crystal is
ispersive, leading to variations in the period of the oscil-
ation, which are most clear in Fig. 2B.

For thick crystals, contributions to the terahertz elec-
ric field from the center region of the crystal cancel. The

mm generation crystal is so thick that the remaining
ontributions from the crystal regions near the front and
he back face are well separated in time, as can be seen in
ig. 2F. Hence, in this limit, the generated terahertz field
onsists of two well-separated peaks. This limiting shape
f the generated terahertz field has been observed before
n a study on optical rectification in LiNbO3 and LiTaO3
rystals.7 The velocity of the terahertz pulse is lower than
hat of the generating pulse, so that the contribution from
he back of the crystal arrives before the contribution
rom the front.

To explain the periodic feature in the measured spec-
ra, we point out that two equally shaped pulses in the
ime domain give rise to an oscillation in the frequency
omain. This remains true if the separation between the
wo pulses is such that the pulses (partly) overlap. In Fig.

this leads to clear oscillations in the spectra, even for
he 0.5 mm thick crystal, where the pulses are barely
eparated.

The two peaks in Fig. 2F are not equally shaped; the
ulse from the front of the crystal is smaller and contains
ewer high-frequency components. This decreases the
odulation depth of the oscillations that can be seen in
ig 2C. The main reason for the different shapes of the
wo pulses in Fig. 2F is that the pulse generated at the
ront of the crystal has to travel all the way through the

ig. 4. Terahertz intensity spectra calculated with expression
2). Three spectra are shown, corresponding to three different
avelengths for the optical beam used to generated the terahertz

adiation.
nTe crystal and is thus strongly subject to absorption
nd dispersion. The power absorption coefficient of ZnTe
ises from 2 cm−1 at 1 THz to 13 cm−1 at 1.6 THz,13 which
annot be neglected for a 4 mm thick crystal. In addition,
he focal length of the generating beam is smaller than
he length of the crystal, which implies, in this case, that
he diameter of the generating beam is larger at the front
f the crystal than it is at the back. This leads to a re-
uced radiation efficiency at the front, and thus to less
ronounced oscillations.
We now consider how the radiated terahertz spectrum

epends on the wavelength of the generation pulse. As
an be seen in Fig. 3, the period of the oscillations in the
pectrum increases as the wavelength of the generation
eam decreases. As this wavelength decreases, the phase
ismatch in the terahertz generation process becomes

maller, and the minima of the oscillations shift toward
igher terahertz frequencies.
Figure 4 shows the terahertz intensity spectrum for the

eneration beam wavelengths of 1080, 1148, and 1228 nm
sed in the experiments, calculated with expression (2).
or the refractive indices of ZnTe at optical and terahertz

requencies, we used, respectively, Refs. 14 and 15. The
erahertz absorption coefficient � is obtained from Ref. 13.
n the calculation, ld and lg are both 1 mm and the wave-
ength of the detection beam is 810 nm.

Comparing Fig. 4 with Fig. 3, we find that the model
ccurately predicts the minima of the oscillations in the
easured spectra. Closer examination shows that the

argest distance between the measured and the calculated
inima is 62 GHz. This is an excellent agreement, con-

idering the expected uncertainty in the values of the re-
ractive indices.

The values of the oscillation minima in Fig. 3 do not
each zero intensity around 2 THz, which contrasts with
he results around 1 THz. This feature of our measure-
ent is also in good agreement with the calculated re-

ults of Fig. 4. Absorption weakens the contributions from
he front of the crystal more than the contributions from
he back, since the contribution from the front region has
o travel longer through the crystal. This means that de-
tructive interference between the front and the back re-
ion cannot be complete.

We conclude the discussion of the spectrum of the emit-
ed terahertz radiation by considering the low- and high-
requency edges of the spectrum. From Figs. 2A–2C it can
e seen that at low frequencies the power decreases to
ero. This is due to the conversion from the nonlinearly
nduced polarization in the crystal to far-field radiation,
ince the radiated electric field of any polarization is pro-
ortional to the second time derivative of the polarization
ETHz��2P /�t2�. A second time derivative corresponds to a
actor −�T

2 in the frequency domain, where �T is the tera-
ertz radial frequency. The radiation efficiency at low fre-
uencies, where phase-matching effects are still negli-
ible, is thus proportional to �T

2 .
The lack of spectral content roughly above 2.5 THz in

igs. 2A–2C is partly due to phase matching in the detec-
ion crystal as is confirmed in our calculations in Fig. 4.
e emphasize that the detection process, which uses an

10 nm beam, is much better phase matched than the
eneration process. We calculated that the detection effi-
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iency should decrease with frequency due to phase
atching in the detection crystal, until the detection effi-

iency reaches zero at 2.8 THz. The detected signal suf-
ers from additional frequency-dependent decreases due
o absorption in the detection crystal and due to the non-
ero pulse length of both the detection and the generation
ptical pulses. These effects are not included in our
odel, which explains the difference between measure-
ent and calculation of the oscillation amplitudes at high

requencies.

. CONCLUSION
e have presented measurements and calculations that

how how the spectrum of a terahertz pulse generated by
ptical rectification depends on the thickness of the gen-
ration crystal and on the wavelength of the optical gen-
ration pulse. The measured spectra have strong oscilla-
ions, which are caused by constructive and destructive
nterference between contributions to the radiated field
rom different parts of the crystal. This phase-matching
ffect is strongly dependent on the thickness of the crys-
al. In the measurement with a 4 mm thick crystal, all
ontributions to the radiated field from the central region
f the crystal cancel out and only the contributions from
egions near the two faces of the crystal survive, leading
o the formation of two terahertz pulses, separated in
ime.

The measured spectra depend on the wavelength of the
eneration beam, because this wavelength determines the
hase mismatch. We present a model that is accurate
nough to describe the main features of the measured
pectra.
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