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Abstract: The wavelength of the probe laser can affect the bandwidth and the efficiency of terahertz electro-optic
sampling (EOS) detection method because of the relationship of velocity match between the terahertz phase veloci-
ty and the laser group velocity. An electro-optic (EO) crystal has different dispersion with different lasers, thus the
wavelength of the probe laser for a given EO crystals have different influence on the EOS detection. The response
functions of EOS systems based on two typical EO crystals, ZnTe and GaP, have been studied. The results show
that the probe laser with wavelengths of 800 nm and 1200 nm are more suitable for the ZnTe- and GaP-based EOS
system, respectively, than other selected wavelengths (600 nm, 800 nm, 1200 nm and 1600 nm). We also found
that for a given thickness of an EO crystal, there exists an optimal wavelength for the probe laser pulse to obtain the
broadest response function with high value.
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Introduction

Terahertz ( THz) free-space electro-optic sampling
(EOS) detection method has been widely used to obtain
the time waveform of THz waves because of its sensitive
detection of amplitude and phase since it was demonstra-
ted more than two decades ago''?’. With the develop-
ment of ultrafast lasers and THz technology, EOS method
has shown its extensive applications such as THz time-
domain spectroscopy, THz imaging, and optical pump-
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THz probe technology'*®'. The EOS is based on the opti-
cal Pockels effect, in which the THz field works as a bias
field to induce a birefringence in the electro-optic (EO)
crystal. By collinearly or noncollinearly transmitting
through the crystal with the THz pulse, an optical pulse
can synchronously probe the transient index change in-
duced by the birefringence in the crystal. A quarter-wave
plate is used to make the optical pulse polarization bal-
anceable, and a polarizer (usually a Wollaston polariz-
er) separates the two polarization components of the opti-
cal pulse into two beams that can be detected by two pho-
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todetectors. In this scheme, the phase change of the
probe optical beams induced by the THz field in the crys-
tal through Pockels effect is transformed to the intensity
variation of the probe pulse. This phase change of the
optical probe pulse is proportional to the strength of THz
field, thus the THz time waveform can be obtained by
changing the time delay between the THz pulse and the
optical probe pulse continuously'®’.

The EO crystal is a key factor in the EOS detection
technique. To realize the effective detection, a good
phase match between the THz pulse and the probe laser
pulse, and a large electro-optic coefficient for an EO
crystal are desirable. Zinc-blende crystals including zine
telluride (ZnTe) and gallium phosphide ( GaP) 781 are
the typical EO crystals used in EOS technique at pres-
ent. However, ZnTe and GaP show strong transverse-op-
tical resonances at 5.3 THz'®! and 11 THz'"' | respec-
tively. These resonances bring the detection limitations
around the resonance frequencies. As a result, they af-
fect the bandwidth of the EOS detection.

The development of ultrashort laser system now can
make access to high peak power femtosecond or picosec-
ond laser pulses at different wavelengths'"'', which in
turn improve their applications in the extreme nonlinear
optics and ultrafast optics. It is possible to generate and
detect the THz pulses with laser pulses at wavelength
from several hundred nm to several p‘mm’m. B. Prada-
rutti et al. have investigated the THz generation and de-
tection with femtosecond laser pulses at 1060 nm'"'. It
is necessary to know the detection efficiency, limitation
and influence of probe laser in THz EOS detection. Due
to the reason that both ZnTe and GaP crystals are widely
used in THz EOS detection systems, in this paper, we
focused on the study of the response function of these two
crystals by changing of the wavelength of the probe laser
from 600 nm to 1600 nm. We found that the probe laser
with wavelengths of 800 nm and 1200 nm are more suit-
able for the ZnTe- and GaP-based EOS system in the se-
lected four wavelengths 600 nm, 800 nm, 1200 nm, and
1600 nm, respectively. We also found that for a given
thickness of an EO crystal, there exists an optimal wave-
length for the probe laser pulse to obtain the broadest re-
sponse function with higher value. Our results would be
helpful in understanding deeply the response function of
EO crystal in the EOS detection, and in rational alloca-
tion between the EO crystal thickness and the wavelength
of the probe laser pulse applied in EOS detection system.

1 Theory

The index of refraction for visible and infrared light

in ZnTe and GaP can be given by Ref. [16]:

B+

W) = 1 B ()
in which A= 4.27, B=3.01 and C =0. 142 for ZnTe,
while A =2. 680, B =6.40 and C =0. 090 327 9 for
GaP, and Ain wm. The index calculated from Eq. (1) is
agreeable with measurement data'"’”"®’ | so it can describe
the index of light in the crystal. Figure 1 is the curves of
refractive index of ZnTe and GaP as a function of wave-
length. Although here we just give the calculated results

of refractive index of ZnTe and GaP, their experimental
data can be found in Refs. [17-18 ]. When the lasers
propagate in these crystals, the refractive index of them
affects the phase velocity of the lasers and the velocity
match between the laser pulses and the THz pulses.
From Eq. (1), the group velocity of the lasers in these
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Fig.1 Refractive index of ZnTe and GaP as a func-

tion of laser wavelength
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In the THz region, the complex dielectric function
for EO crystals is given by
Sufo

& e, t+57 > , (2
(N = oa v )
where the first term is from the distribution of bound e-
lectrons and the second term is from the sum to the low-
est transverse-optic (TO) lattice oscillation. The TO lat-
tice oscillation is the main lattice oscillation. The param-
eters g,, Sy, f,, and I'y are constants used to fit to the
experimental data. In calculation, ¢, =7.4, S, =2.7,
fo =5.3 THz, and I'y =0.09 THz for ZnTe, and ¢, =
8.7,5,=1.8, f, =10.98 THz, and T, =0.02 THz for

GaP'"®’ . After the £(f) is calculated from the Eq. (2),
the complex of refraction can be obtained by taking the
square root of it, n(f) +ik(f) =&(f)"”

When the laser pulse and the THz pulse collinearly
propagate in the EO crystal, the mismatch between the
phase velocity of THz pulse and the group velocity of la-
ser pulse determines the efficiency and the bandwidth of
the EOS decection. Generally, a response function is
used to describe the efficiency on frequency bandwidth of
EOS detection '*. The response function of the EOS de-
tection technique is given by Ref. [ 16]

d =
2 1 .
1 +n(f) +ix(f) d!_fwe"p{ LiCke -
2mft) 16(z = v,f) fexp( - az)didz ,(3)
which is also dependent on the thickness of the EO crys-
2
1 +n(f) +ic(f)
dependent transmission coefficient for the THz pulse from
the vacuum into the EO crystal, § function characterizes
the transient feature of Pockels effect of THz field on la-
27fk
c

G(f,d) =

tal d. Here, the term is the frequency-

ser pulse in the EO crystal, o = is the absorption

coefficient of the crystal. Equation (3) can be simplified
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as follows,

C(f,d) = 2

1 +n(f) + ik (f) d ph(f)
)]}CXP(—aZ)dZ , (4)
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where v (f) is the phase velocity of THz pulse at fre-
quency f,v,,.., , is the group velocity of the probe laser.
The EO coefficient r,, , which exhibits a

dependence, is also affected by the TO lattice oscillations
as the dielectric function. r,, is given by

Do
r =dy(1 + 77— —— , (5
where f, and T’ are the same parameters as used in Eq.
(2), and D=-0.07, d, =4.25 x10™ V/m for ZnTe,
while D=-0.53, d, =1 x 10" V/m for GaP'"®’. Thus,
the whole response function including the EO coefficient
Gyos(fs, d) =G(f, d) -1, (f).

The response function G5 (f,d) describes the re-
sponse of the EO crystal with different thickness and at
different frequency of the probe laser pulse. This fre-
quency also affects the bandwidth of EOS detection, thus
a proper thickness for the EO crystal need to be opti-
mized when using a probe laser at a given frequency.

strong frequency

2 Simulations and discussion

In order to understand how the frequency of the
probe laser affects the THz EOS detection, we calculated
and analyzed the response functions of typical two EO
crystals, ZnTe and GaP, using the equations mentioned
above. For the ultrashort laser pulses, their frequency
bandwidth is usually broad up to several tens nm around
a central wavelength. Here, for simplicity, the wave-
length of the probe lasers denotes their central wave-
lengths.

First, we studied the response function of the ZnTe
crystal. Figure 2 shows the curves of the response func-
tion of the ZnTe crystal at different thickness with 800
nm probe laser. One can see that when the thickness in-
creases from 0. 5 mm to 2mm, its bandwidth decreases
from 3.2 THz to 2.5 THz, consistent with the previous
works'"®’. Thus, a thinner EO crystal is desirable in or-
der to cover a more broadband THz radiation in the EOS
detection. On the other hand, when the frequency of
probe laser is changed, its group velocity changes be-
cause of the dispersion of the lasers in EO crystal. As a
result, the response function alters. Figure 3 shows the
response functions of ZnTe crystal with different thickness
used at typical four wavelengths (a) 600 nm, (b) 800
nm, (c¢) 1200 nm, and (d) 1600 nm of the probe la-
ser. The response function of 600 nm shows a flat curve
in the low frequency with a small peak at around 4.3
THz, as shown in Fig. 3(a). The peak at around 4.3
THz is also generated from the phase retardation of the
probe laser. When the ZnTe is very thin ( ~0.1 mm),
this phase retardation is obvious and thus the response
function here is not zero. When the ZnTe becomes thick,
the velocity mismatch of the probe laser pulse and the
THz pulse dominates the phase retardation, and induces

a cancellation for it. As a result, there is a large dip in
the response function. Among these two-dimensional fig-
ures, one may find that the optimal wavelength of the
probe laser is around 800 nm for the ZnTe crystal in EOS
detection due to its much broader response function than
other three lasers. Thus, these results mean that the
ZnTe crystal with the probe laser at around 800 nm is
more suitable for application in the ZnTe-based EOS de-
tection in these four probe lasers. From Figs. 2-3, one
can observe that the detection bandwidth of EOS sensor
tends to 4 THz if a thin ZnTe crystal with thickness less
than 0. 1mm is used. However, a very thin crystal will
result in a reduction of the detection sensitivity. In prac-
tice, we may compromise between these two factors to
obtain suitable detection sensitivity and bandwidth.

Frequency/THz

Fig.2 Response functions of EOS when the thickness
of the ZnTe crystal is 0.5 mm, 1 mm, and 2 mm, re-
spectively
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Fig.3 Response function of ZnTe as a function of the its
thickness probed by different lasers with wavelength of (a)
600 nm, (b) 800 nm, (c) 1200 nm, and (d) 1600 nm, re-
spectively. The right color bar denotes the value of the re-
sponse function
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Second, we investigated the response functions of
GaP with probe laser at different wavelengths. Here, the
same four wavelengths 600 nm, 800 nm, 1200 nm and
1600 nm of the probe laser are used. The results are
shown in Fig. 4. It can be seen that the response func-
tions of EOS at 600 nm and 800 nm probe lasers have
two sharp zones, one in the low frequency and the other
in 9.7 THz for 600 nm, 8.3 THz for 800 nm. These
sharp zones also means that the phase retardation of the
probe laser in the GaP is not flat, and the reason is the
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same as for ZnTe previous. These two response functions
mean that it will change the waveforms of broadband THz
pulses in EOS with a GaP sensor. Among these four
probe lasers, it is clear that a very large range of GaP
crystal thickness can be adopted if the wavelength of a
probe laser is about 1200 nm in the EOS technique. This
means that a laser with wavelength around 1200 nm is
more suitable for applying in the GaP-based EOS detec-
tion technique. From Fig. 4 (c¢), similar to the case of
ZnTe, if one expect broader detection bandwidth of the
GaP-based EOS system, a thinner crystal is desirable.
One can see that the detection bandwidth tends to 8 THz
if a thin GaP crystal with thickness less than 0. 1 mm is
applied. Although only four wavelengths were used in the
calculation, the response function of other lasers can be
obtained with the same method.

Fig.4 Response function of GaP as a function of its thickness
probed by different lasers with wavelength of (a) 600 nm,
(b) 800 nm, (c) 1200 nm, and (d) 1600 nm, respectively.
The right color bar denotes the value of the response function
4 ANIRIJEEBE BB AL B A LR AN ) (9 PRI I AT
AR N L, (a) 2 600 nm, (b) 247 800 nm(c) >4 1 200 nm,
(d) #1600 nm

As shown in Fig. 4, the response functions for these
four wavelengths are obvious different. It is necessary to
investigate the evolution of the response function of GaP
with the probe laser wavelength. To see how the response
function evolves with the wavelength of probe laser, we
set the thickness of GaP crystal at 0.5 mm and calculated
the response function at different wavelength of the probe
laser from 500 nm to 2000 nm. The results are shown in
Fig.5. One may find that, for a given thickness of 0.5
mm of the GaP-based EOS system, there is a best wave-
length around 1 000 nm for the probe laser to obtain high
value of response function and cover the broadest THz
frequency band (over 6.5 THz with the response function
value larger than 40). We changed the thickness of GaP
crystal and recalculated the response function at different
wavelengths of the probe laser. The results also show dif-
ferent best wavelengths. Theoretically, our results indi-
cate that one may optimize the probe laser wavelength for
the EOS system if an EO crystal style and its thickness
are given. In practice, this would be meaningful to the
option of the possible probe laser with the suitable wave-
length for the EOS detection system.

3 Conclusion

In conclusion, we studied the response functions of
two typical EO crystals, ZnTe and GaP, based THz EOS

Fig.5 The evolution of response function of 0.5 mm
thick GaP with the change of probe laser wavelength.
The right color bar denotes the value of the response
function
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detection method. The response function reflects the ca-
pability of the detection efficiency and the detection
bandwidth of the EOS system. Thus, the detail of calcu-
lation of response function is given. Our numerical re-
sults indicate that the probe laser with wavelengths of 800
nm and 1200 nm are more suitable for the ZnTe and GaP
-based THz EOS system, respectively, than other three
selected wavelengths. We also found that for a given
thickness of an EO crystal, there exists an optimal wave-
length for the probe laser pulse to obtain the broadest re-
sponse function with high value. For a given probe laser,
a thinner EO crystal is desirable for broader detection
bandwidth of the EOS system at the expense of the sensi-
tivity of the EO crystal.
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