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Abstract: Electro-optic sampling (EOS) detection technique has been widely used in the terahertz science and
technology, and it also can measure the field time waveform of the few-cycle laser pulse. Its frequency response
and band limitation are determined directly by the electro-optic crystal and duration of the probe laser pulse.
Here, we investigate the performance of the EOS with thin GaSe crystal in the measurement of the mid-infrared
few-cycle laser pulse. The shift of the central frequency and change of the bandwidth induced by the EOS detec-
tion are calculated, and then the pulse distortions induced in this detection process are discussed. It is found that
this technique produces a red-shift of the central frequency and narrowing of the bandwidth. These changings de-
crease when the laser wavelength increase from 2 pm to 10 pwm. This work can help to estimate the performance
of the EOS detection technique in the mid-infrared band and offer a reference for the related experiment as well.
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Introduction

Free-space electro-optic sampling (EOS) detection
technique has been widely used in terahertz science and

technology since it has been demonstrated in the experi-
ment in the last century'”. This method can measure the
time waveform of terahertz electric field by measuring the
changing of the polarization of the probe laser when both
copropagate through a thin electro-optic (EQ) crystal.
The crystal will appear birefringence in the biased of the
terahertz field due to the electro-optic effect (Pockels ef-
fect) "*. The probe laser has much higher frequency
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than the terahertz wave thus the latter can be treated as a
DC field. Then, the time waveform of the terahertz pulse
can be sampled by controlling the time delay between it-
self and the probe laser pulse”™. Nowadays, this meth-
od, due to its simple optical alignment and high sensitivi-
ty, has been a very common and nearly standard coher-
ent detection method in the terahertz science.

The performance of EOS is directly determined by
the properties and thickness of the EO crystal, and the
duration of the probe laser pulse. The EO crystal should
have a low absorption in the terahertz range, high EO co-
efficient, and easier for the velocity match between the
terahertz wave and the probe laser pulse, such as zinc tel-
luride (ZnTe) and gallium phosphide (GaP). Different
crystals make this detection technique different frequen-
cy response, and consequently different bandwidth limi-
tation. The EOS technique with ZnTe at 1 mm thick has
a detection bandwidth of 0. 1-3 THz, while with GaP at
0. 5 mm thick has a bandwidth up to 8 THz""".

The thin selenium gallium (GaSe) crystal also has
been used in the EOS detection as a sensor, which can
measure much broad terahertz radiation, up to several
tens of terahertz®*'. The distortions of the broadband
terahertz pulses induced by the EOS with thin GaSe are
also systematically investigated”. As a good coherent
detection, EOS with thin GaSe crystal even can work
well in the mid-infrared band, especially obtaining the
time waveform of the few-cycle laser pulse with high time
resolution with a short enough probe laser pulse'™. Liu
et al and Eisele et al have separately demonstrated that
well in experiment """, which open new applications of
EOS in the measurement of the few-cycle laser pulse.
However, the EOS detection has its band limitation and
frequency response depending on the EO crystal™.
These might produce some pulse distortions duration the
measurement and affect the accuracy of the experimental
measurement. Here, we calculate the frequency re-
sponse of the EOS with thin GaSe crystal in the mid-infra-
red band (the wavelength from 2 pm~10 wm, the fre-
quency from 30 THz~150 THz) , and investigate its per-
formance in the measurement of mid-infrared few-cycle
laser pulse. The pulse distortions of the few-cycle laser,
including the shift of the central frequency and change of
the bandwidth, are discussed based on the simulations as
well.

2 Frequency response of EOS with thin
GaSe crystal in the mid-infrared band

GaSe is a nonlinear crystal, which has been success-
fully employed to generate coherent radiation in the tera-
hertz and mid-infrared range““. Its refractive indexes,
including ordinary light and extraordinary light, in the
op[ti(]’,al band can be described by two fitted equations
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where n, is the refractive index of ordinary light, n, is the
that of extraordinary light, and A is the wavelength of the
light in micrometer. The absorption coefficient in the
mid-infrared and terahertz range be obtained from the ex-
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tinction coefficient by a(f) = %(f) The extinction

coefficient x (f) and the refractive index n (f) are the
imaginary and the real part of the complex dielectric in-
Je.(f)=n(f)+ix(f). The complex dielec-
tric index &, in this range is giver; bym]z:

o(f)os, s U1
fr =il f
where f is the frequency of the wave in terahertz range,
S, =5.76 THz is the amplitude of lattice vibration, f, =
7.11 THz is the transverse optical phonon vibration fre-
quency, f, = 7.36 THz is the longitudinal optical phonon
vibration frequency, andl’, = 0. 084 THz is the damping
constant. Figure 1(a) shows the ordinary and extraordi-
nary light refractive indexes of GaSe in the mid-infrared
band, and Fig. 1(b) shows its absorption coefficient.
This calculated absorption coefficient is agreed well with
the experimental result'’”’. It can be seen there is no mu-
tation in the curves higher than the phonon resonance
7.4 THz, which means it might work well in the mid-in-
frared band as a sensor.

When the probe laser pulse and the mid-infrared
few-cycle pulse (to be detected) collinearly propagate
along in the EO crystal, the mismatch between the phase
velocity of few-cycle pulse and the group velocity of the
probe laser determines the efficiency and bandwidth of
the EOS detection technique. Here, the probe pulse is
supposed to be short enough to be treated as a gate, such
as 15 fs or even shorter™. (The probe laser pulses
with duration of several femtoseconds are used in some
experiments, as shown in the Table 1 below). A re-
sponse function based on the propagation effect is de-
scribed the efficiency on the frequency bandwidth of EOS
detection as "

(2)
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which is dependent on the thickness of the EO crystal d
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is the frequency-dependent transmission coefficient of
the mid-infrared few-cycle pulse from the vacuum into
the EO crystal, 6 function characterizes the transient fea-
ture of Pockels effect of the electric field on the probe la-
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C

and the frequency f. Here, the term

ser pulse in the EO crystal, a(f) = is the absorp-

tion coefficient of the crystal in the mid-infrared range.
Equation (4) is simplified to
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Fig. 1 (a) The ordinary and extraordinary light refractive indexes and (b) the absorption of GaSe crystal in the mid-infrared range.
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where v, (f) is the phase velocity of mid-infrared few-cy-
cle pulse at frequency fin the crystal, v, is the group ve-
locity of the probe laser in the crystal. v, (f) = c/n(f),

— (1 n Adno)
while ¢ ng ng dA / , both can be calculated

through numerical method easily from Eqs. (1)-(2).
The EO coefficient r,, of the crystal in the mid-infrared is
treated with a constant, as there is no longer any trans-
verse phonon. Thus, the whole response function includ-
ing the EO coefficient is G, (f, d)=G(f, d)*r,,.

For two different probe laser pulse (the wavelengths
800 nm and 1030 nm) , the response functions with GaSe
at four different thicknesses (10 wm, 20 pm, 30 pum,

and 50 wm) are plotted in Figure 2. It shows that the
thickness of GaSe decides the curves of the frequency re-
sponse; the thinner the crystal is, the broader the fre-
quency response is; the probe laser with a wavelength of
1030 nm is much better than that of 800 nm since the lat-
ter has more dips in the curve. The dips in the frequency
response curve increase when the thickness of the crystal
increases. In the frequency domain, these dips mean
very low response for the corresponding frequency compo-
nents of pulses. These will make the detection generate
pulse distortions since the few-cycle laser pulse (includ-
ing broadband terahertz pulse) is broadband. Many solid
femtosecond laser systems (such as Ti: sapphire) offer
laser pulses with a central wavelength of 800 nm, while
Yb-based fiber laser systems offer the laser with a wave-
length of 1030 nm. The response curves of the other
wavelengths also can be obtained from the above equa-
tions.

Mid-infrared few-cycle laser pulse has huge applica-
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tions in the gaseous spectroscopy and high field physics,
and its generation and coherent detection are the basic of
its applications. It is known that the EOS technique with
thin GaSe crystal can measure the time waveform of tera-
hertz pulse, while it has been used to measure the time
waveform of the mid-infrared few-cycle laser pulse. Then
the frequency distribution of few-cycle laser can be ob-
tained by Fourier transform with phase together. This is
an obvious advantage comparing with the spectrometer.
Since the response function of the EOS detection with
GaSe is not a flat curve, as shown in the Fig. 2, this de-
tection method has different sensitivity for different fre-

quency components. The few-cycle laser pulse usually is
several femtoseconds long, and with a broad bandwidth
in the frequency domain. Therefore, this affects the ac-
curacy of the detection, even might induce some pulse
distortions in the detection process. The duration of the
probe laser is also important in the measurement, but a
probe pulse with 15 fs duration (or even shorter) has
much broadband frequency bandwidth covering the fre-

quency response limitation induced by the EO crystal.

3 Applications of EOS with GaSe crystal
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Fig. 2 The response function of the EOS with different GaSe thicknesses (10 pm, 20 um, 30 pm, and 50 pm) with two different probe la-

ser wavelengths, (a) is with 800 nm, and (b) is with 1030 nm.
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in the mid-infrared range

The mid-infrared few-cycle laser pulse to be detect-
ed has a standard Gaussian profile as

E(t) = Ayexp (—t*/T?)cos 27ft + ) (6)

where A, is the amplitude, T is connected to the pulse
full-width  at  half-maximum  (FWHM) 7 by

r=—2%t , f is the central frequency of the laser,

2./In(2)
f= % with A at several micrometer, and ¢, is the initial

pulse phase. The interactions of such pulse with the at-
oms and molecules are determined by its phase (the car-
rier-envelope-phase, CEP) directly®. Thus, the pre-
cise measurement of the time waveform of such pulse is
important.

In the measurement by the EOS detection, the few-
cycle laser pulse to be detected is treated as an input sig-
nal for the EOS detection system with a special frequency
response. The frequency spectrum of a few-cycle laser
pulse is calculated from the Fourier transform of its time
waveform:

E,.(f)=FIE,. (1)} (7)

Then, the signal in the frequency domain after the EOS
detection system is given by :

Eout]:ul(f) = Einput(f) . GE()S(f)- (8)

The signal in the time domain after the detection is ob-
tained from the inverse Fourier transform of its frequency
spectrum:

B (1) = FYE,.(f)}. 9)

Thus, the changing of a few-cycle laser pulse before and
after the EOS detection is obtained by comparing the sig-
nals above, including the time domain and the frequency
domain. The dispersion induced by the EO crystal can
be omitted if its thickness is very small.

We calculated the changing of a 2-jpm few-cycle la-
ser pulse by the EOS detection technique from Eqs. (5)-
(9). Here, the few-cycle laser pulse has 1.5 cycles in
the envelope, and the probe laser has a wavelength of
1030 nm. Figure 3 (a) shows the time waveforms before
and after the EOS detection with two thicknesses of GaSe
(10 wm and 20 pm) ; Fig. 3(b) shows their frequency
spectra, respectively. Although the probe laser pulse
will be extended longer because of the group velocity dis-
persion induced by the crystal, this value is small since
the crystal is very thin'®’. As shown in Fig. 3: (1) the
amplitude of the pulses after detection become small al-
though the waveforms don’t change; (2) the frequency
distributions are changed obviously, including a red-shift
of the central frequency and a changing of the band-
width; and (3) the thickness of the GaSe crystal affects
these changings directly. Thus, this detection method in
fact results in some pulse distortions, making the detect-
ed pulse red-shift of the central frequency and narrowing
of the bandwidth. These are similar to the terahertz pulse
distortions induced by the EOS detection™ and the air
coherent detection ' reported before.

Then, the central wavelength of the few-cycle laser
pulse is changed to 3 wm. The results are plotted with
time waveforms in Fig. 4 (a) and frequency spectra in
Fig. 4 (b). The similar phenomena are observed from
the Fig. 4 but with obvious changings of the spectra
when the thickness of the GaSe crystal is 20 wm (as the
red line shown in Fig. 4(b) ). This is because the cen-
tral frequency of the few-cycle laser pulse is changed
when its wavelength is changed. The frequency response
is not flat in the bandwidth of the few-cycle laser pulse,
therefore some frequency components are enlarged while
some are reduced. Consequently, this makes the detec-
tion accuracy is also a function of the laser wavelength.
Thus, it is necessary to carry out more calculations to
find the relationships between the shift of the central fre-
quency and the changing of the bandwidth depending on
the laser wavelength.

In order to ensure the accuracy of the measurement
of EOS technique with the GaSe crystal, the thickness of
the GaSe is kept at 10 pm. Change the wavelength of the
few-cycle laser pulse from 2 wm to 10 wm (the central
frequency 150 THz~30 THz) , and then calculate (a) the
shift of the central frequency and (b) the changing of the
bandwidth, as shown in Fig. 5. Tt is found that: (1)
when the lase wavelengths increase (its frequency de-
creases) , these changings decrease gradually since the
frequency response curve are flatter in the low frequency
region; (2) for the 2-pm laser pulse, its red-shift of the
central frequency is 25 THz, while for the 10-um lases
this shift can be neglected; and (3) the narrowing of the
bandwidth presents similar property. Thus, the EOS de-
tection technique with 10 pwm GaSe crystal as a sensor
can measure the waveform of the mid-infrared pulse with
some small pulse distortions.

When the GaSe crystal is changed to 20 wm thick
(or even thicker) , the EOS detection will generate more
dips in the frequency spectra and great changings in the
time waveforms because there are more dips in the fre-
quency response curves, as shown in the Fig. 2 (h).
Therefore, the thickness of GaSe crystal as a sensor in
the mid-infrared band should not be larger than 10 pm.

The calculations above mainly deal with the few-cy-
cle laser pulse with 1. 5 cycle in an envelope. It is found
similar results when the laser pulse has 2 and 3 cycles in
an envelope. Therefore, these studies have common con-
clusions for the mid-infrared few-cycle laser pulse detec-
tion by the EOS technique. Same method can be used to
investigate the pulse distortions when the wavelength of
the probe laser is changed. For example, the Er-doped
fiber laser system usually offers femtosecond laser pulses
with a wavelength of 1550 nm.

The mid-infrared few-cycle laser pulse has advantag-
es in many areas of the high field physics, and its precise
measurement will benefit these applications. The EOS
detection measures the time waveform the pulse field,
which is the most advantage comparing with the spectrom-
etry measurement. The EOS with a thin GaSe crystal can
work well in such bandwidth although with some small
pulse distortions, such as a red-shift of the central fre-
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Fig. 3 The pulse distortions of few-cycle laser pulse with a wavelength of 2 um induced by the EOS with different thickness. (a)
shows the time waveforms, and (b) shows their frequency spectra, respectively.
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quency and narrowing of the bandwidth.
4 Discussions

Several groups have reported the measurement of
time waveforms of the near- and mid-infrared few-cycle
laser pulses with EOS detection technology. The frequen-
cy spectra through Fourier transform of the time wave-
forms are compared with the measurement results from
the spectrometer, showing some differences in the cen-
tral frequency and bandwidth. Here, a summary of their
experimental parameters and measurement results are
listed in the Table 1. We can see that the GaSe crystal is
mainly used in the mid-infrared band while the BBO is in
the near-infrared band. Our calculations in the Fig. 5
give the details of the changings of central frequency and
bandwidth with a thin GaSe crystal.

Although the EOS detection technology has been
used in the terahertz science for more than a decade, its
applications in the few-cycle laser pulse measurement
will bring obvious advantage that the phase of the laser
pulse can be obtained directly. Thus, the EOS technolo-
gy might be a key one in the few-cycle laser pulse since it
has simple experimental schematic. The detection band-
width of this technology with different crystals and probe
laser pulses are different. These two parameters deter-
mine the frequency performance of the measurement.

Some different crystals (such as LiNbO,) might be used
as EO crystal in the near- and mid-infrared band with
good performance.

5 Conclusions

In conclusion, the performance of the EOS detec-
tion technology with the thin GaSe crystal in the measure-
ment of the mid-infrared few-cycle laser pulse are studied
with numerical calculations. The frequency response and
band limitation of the EOS with different thickness of
GaSe sensor are given in the paper. Then, the shift of
the central frequency and the changing of the bandwidth
of the few-cycle laser induced by the EOS detection are
investigated in detail. It is found this method induces a
red-shift of the central frequency and narrowing of the
bandwidth during the detection. These changings de-
crease when the laser wavelength increase from 2 pm to
10 wm with a 10-wm thick GaSe crystal. Especially the
pulse distortions can be neglected when the laser wave-
length is longer than 4 wm. Therefore, the EOS detec-
tion technique with such thin GaSe crystal can work well
in this bandwidth. This work offers a reference for the ap-
plication of the EOS technique in the mid-infrared band
and helps to estimate the accuracy of the experimental
measurement.
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Table 1 Summary of experimental parameters and results of EOS applications in the near— and mid—infrared band.

EO crystal Thickness Probe laser wavelength

Probe laser duration

Measurement wavelength

EO crystal Ref.
(pm) (nm) (FWHM, fs) (pm)
GaSe 37 790 10 ~20 (8]
>aSe 30 780 10 ~8. 88 [9]
>aSe 250, 500 1050 15 8-12 [11]
GaSe 180 1030 10 ~8.6 [12]
GaSe 100 1030 16 9 [13]
BBO 100 500-950 4 1.2 [26]
BBO 5 300-600 2.8+0.1 0.6-3 [27]
BBO 100 0.5-1 4 2 (28]
GaSe 250 1560 11 6.6-11 [29]
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