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We demonstrated an improved optical Kerr gate with double gate pulses (D-OKG) to realize an ultrashort
switching time even with a slow-response optical Kerr medium. A theoretical model of D-OKG was established
and the dependence of the D-OKG performance on the relative intensity and the relative delay time of the two
gate pulses was investigated. An integrated optimal condition was predicted. The D-OKG was experimentally
built and optimized according to the simulation. The dependence of the D-OKG performance on the two gate

pulses was confirmed. In our experiment, the achieved values for transmittance and switching time were 45 %
and 150 fs, respectively. Compared to the conventional OKG, the D-OKG owns an integrated optimal perfor-
mance in the femtosecond regime, and has the potential for a wide range of ultrafast optical switch applications.

1. Introduction

The femtosecond optical switch has been widely used in many fields,
such as time-gated ballistic imaging [1-4], fuel spray dynamic di-
agnostics [5-7], time-resolved ultrafast fluorescence detection [8-11],
Raman spectroscopy measurement [12] and three-dimensional object
shape measurement [13,14]. As one of these femtosecond optical
switches, the optical Kerr gate (OKG), based on the optical Kerr effect, is
widely used to control the switching of light on an ultrafast timescale
[15-16]. Generally, the OKG is composed of a pair of crossed polarizers
around an isotropic Kerr medium. When the gate light is absent, the
analyzer blocks the signal light introduced into the OKG, and the OKG
closes. When the gate light is present, transient birefringence due to the
optical Kerr effect is induced in the optical Kerr material, and the po-
larization direction of the linearly polarized signal light rotates. Parts of
the signal light pass through the analyzer and the OKG opens. Compared
to other nonlinear ultrafast optical switches, the phase-matching con-
dition need not be satisfied with the OKG, which greatly improves the
ease of use [17,18].

For the femtosecond optical switch, both a high transmittance and
short switching time are necessary for a sufficient signal-to-noise ratio
and high temporal resolution in ultrafast time-resolved measurements.
However, in the femtosecond domain, most optical Kerr materials do not
possess both a large optical nonlinearity or ultrafast response time [19].
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For example, as two widely used optical Kerr materials, liquid carbon
disulfide exhibits a very large optical nonlinearity but suffers a slow
relaxation time, whereas solid fused quartz has an ultrafast response but
suffers a low optical nonlinearity. Developments of new techniques are
necessary to improve the OKG performance.

A double-stage OKG was proposed and applied to OKG ballistic
photon imaging in order to reduce the switching time of CSy [20,21]. In
the double-stage OKG, the signal light successively passes through the
first and second OKGs when the transmittance windows of the two OKGs
overlap. The double-stage OKG can limit light collection to an ultrashort
time window if the two OKGs have an appropriate delay time, but it also
unfortunately lowers the light transmittance. To obtain a higher signal
intensity, an amplifying OKG was proposed with a simultaneous three-
dimensional shape measurement method [22,23]. In the amplifying
OKG, a pyridine dye dissolved in acetonitrile was used as the optical Kerr
material. A fundamental femtosecond pulse was first introduced using
the frequency doubling of an LiB3Os crystal and was then transformed
into two perpendicularly polarized optical gating pulses with some op-
tical delays by a birefringent -BaB304 crystal. The first gating pulse was
used to introduce an excited-state population and a simultaneous
photoinduced birefringence in the dye solution, opening the OKG. The
second gating pulse perpendicularly polarized to the first one was used
to cancel the photoinduced anisotropy induced by the first gating pulse
and close the OKG. The transmittance of the amplifying OKG was
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increased because the excited-state optical Kerr material was used.
However, the restricted adjustable optical delay and light intensities and
the long excited-state lifetime of the dye solution limit the switching
time of the amplifying OKG to hundreds of femtoseconds. Recently, we
also proposed an improved femtosecond optical Kerr gate with double
gate pulses (D-OKG) using common carbon disulfide (CSs) as the optical
Kerr material. Our research indicated that this D-OKG retains a high
transmittance comparable to that of a conventional OKG using CS», and
simultaneously has an ultrashort switching time comparable to that of a
conventional OKG using fused silica [24]. However, our previous
experimental study did not fully reveal the comprehensive performance
of the D-OKG on the experimental parameters to guide its actual opti-
mization process.

In this study, we further developed the theoretical model of the D-
OKG and numerically investigated the dependence of the D-OKG per-
formance on the key experimental parameters. By evaluating the signal
transmittance, the switching time and the contrast of the D-OKG, a
theoretical D-OKG optimization strategy was suggested. We also
experimentally studied the dependence of the D-OKG performance on
some different conditions, which agreed well with the theoretical pre-
diction. The results provide a valid optimization strategy of the D-OKG
for its practical applications.

2. Theoretical model
For the Kerr effect, the polarization rotation of the signal light is
determined by An, the difference between the induced refractive indices

parallel and perpendicular to the optical electric field of the gate light.
Assuming the gate pulse obeys a Gaussian distribution in time, An can be

given by [25]
2
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where An® represents the ultrafast response of the Kerr medium, such as
instantaneous electronic cloud distortion, to the electric field, and An°
represents the relatively slow response of the Kerr medium, such as
molecular orientation. Ej represents the peak amplitude of the gate
pulse. 7; represents the time constant (half width at 1/e of intensity) of
the gate pulse, which relates to the commonly used pulse width at half
maximum as 271(In2)"/2. ny® and n,° represent the ultrafast and rela-
tively slow parts of the nonlinear optical refractive indices. 7, is the
relaxation time of the molecular reorientation and is an important
reason for the low temporal resolution. In the D-OKG, the transient
birefringence is induced by two perpendicularly polarized gate pulses,
which have the same frequency and propagation direction. Based on the
tensor properties of the polarizability and the spatial symmetry of
isotropic media, An can be given by:

An = Any (I, 1) — Any (Lo, t + 72) 3)

where 7 is the relative delay time between the two gate pulses and Iy
and Iy, are the peak light intensities of the two gate pulses. When a signal
pulse travels through the Kerr medium of thickness L, the phase shift is

2
Ap(t) = {-An(z).L @
Here, for simplicity, the signal pulse and gate pulses have the same
frequency (same group velocity) and direction of propagation. The
transmittance of the OKG is defined as the intensity ratio of the parts
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through the analyzer and all signal light induced to the optical Kerr
medium, and can be given by [2]

L2 L(1 — Ar)-sin’ <A<”T<’) ) sin?(2D)dt

r= I L(n)dt

5)

where I is the intensity of the signal pulse induced to the optical Kerr
medium, and ® and At denote the angle of polarization and the delay
time between the signal pulse and gate pulse, respectively.

3. Experimental setup

Fig. 1 shows a schematic of the D-OKG in our experiment. A Ti:
sapphire laser system, emitting 50-fs, 4-mJ and 800-nm linearly polar-
ized laser pulses at a repetition rate of 1 kHz, was used in our experi-
ments. A 50/50 beam splitter BS1 is used to split the laser beam into two
parts. The transmitted part is used as the signal pulse, while the reflected
part first passes through an optical delay line (ODL1) and then splits into
two gate pulses. The two gate pulses are adjusted to the same direction
of propagation by beam splitter BS3, and then introduced to the OKG.
The OKG consists of a pair of crossed Glan-Taylor polarizers and an
optical Kerr medium between them. The angle between the propagation
direction of the gate pulses and the signal pulse is about 8.5°.

In the experiment, ODL1 was used to adjust the temporal overlap
between the gate pulses and the signal pulse in the optical Kerr medium.
Two adjustable neutral optical attenuators (AA2, AA3) and an optical
delay line (ODL2) were used to separately adjust the intensity of the
double gate pulses and the relative delay time tg. Two half-wave plates
(HWP1, HWP2) were separately inserted in the gate pulse paths to
ensure their polarizations were perpendicular to each other. In order to
obtain the maximum transmission efficiency, the polarizations of the
two gate pulses were respectively rotated by n/4 and —n/4 with respect
to the polarizer in the experiment. The extinction ratio of the polarizers
used here was greater than 10°. CS, filled in a glass cuvette with a
geometric path length of 5 mm was used as the main optical Kerr me-
dium. The signal pulse and the gate pulses were all weakly focused to a
spot of hundreds of micrometers and overlapped in the optical Kerr
medium, and the gate pulses after the Kerr medium were blocked. The
energies of the first gate pulse and the signal pulse were set to 16 and 1
uJ/pulse, respectively. The light spot diameters of the gate pulses and
the signal pulse at the optical Kerr material surface were measured to be
about 280 and 150 um, respectively. When the OKG was opened by the
gate pulses, the OKG signals were detected by a biased silicon photo-
detector (ET-2020, Electro-Optics Technology Inc., USA). The rise and
fall time of the detector are both less than 1.5 ns.

4. Results and discussion

Compared to traditional OKGs, the D-OKG has two gate light beams
passing through the optical Kerr medium. The first gate light is used to
induce transient birefringence, while the second is used to suppress it.
The D-OKG signals at different I,;:I;> and 7z were simulated to determine
how the D-OKG changes with the second gate light.

The simulation parameters were as follows: Egg; = 2.2 X 108 V/m, ®
=1/4,)=800nm, 71 =100 fs, L = 5 mm, 7, = 2 ps, nz° = 2.0 x 1072°
m?2/V? and nt =21 x 10721 m?/v? [2]. A wider laser pulse was used in
the simulation because of the evident influence of the dispersion and
some geometric parameters of the light, such as the spatial distribution,
difference in propagation direction [26] and convergence of light in the
experiment.

Firstly, the dependence of D-OKG on 7y is investigated. We set Ig;:Igo
= 1:0.7 and 7y varying from 100 to 500 fs to some typical value and
compared the results by adjusting zg. Fig. 2(a) presents the simulated
transmittance of the D-OKG when Ig;:I;» = 1:0.7 and 7y varies from 100
to 500 fs. From Eq. (3), if zg is smaller than 300 fs, the peak
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Fig. 1. Schematic of the D-OKG and the polarization of the pump beams. M: mirror, L: lens, BS: beam splitter, ODL: optical delay line, HWP: half-wave plate, AA:
adjustable attenuator, P: polarizer, A: analyzer, OKM: optical Kerr medium, PD: photodiode, S: signal beam, G1 and G2: gate beam 1 and gate beam 2.
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Fig. 2. (a) Simulated transmittance of D-OKGs when Iy;:I;» = 1:0.7 at different zz. (b) Simulated transmittance of D-OKGs when 7z = 150 fs at different I;:Ig2. (c)
Schematic of the definition of contrast. S; is the symmetrical area; S is the asymmetrical area. The zero-delay time is fixed to the peak transmittance.

transmittance is influenced by the second gate pulse, and decreases
when 7R decreases. When 7y is larger than 300 fs, the peak transmittance
is only determined by An; and remains unchanged with the second gate
pulse.

Secondly, the dependence of D-OKG on Ig;:I> is investigated. We set
7R to some typical value and compared the results by adjusting I>. Fig. 2
(b) shows the simulated transmittance of the D-OKG when 7z = 150 fs
and Ig;:Igo varies from 1:0.6 to 1:1. It shows that the transmittance at
different I is almost the same at negative delay times, while is different
at positive delay times. When Iy increases, the peak transmittance de-
creases, and the switching time decreases. The excessive effect of the
second gate pulse sometimes leads to side lobes. This can be explained
using the theory of molecular reorientation. Molecular reorientation is
induced by the first gate pulse, and cancelled by the second gate pulse. If
the second gate pulse is too strong, new molecules reorientation will be
produced.

The simulation shows that D-OKG’s performance is influenced by Iy
and 7g. So we tried to find the optimal performance and predict the
optimal conditions of the D-OKG using multiple simulations. We used
the peak transmittance (Tp: maximum transmittance at different delay
times), the switching time (¢ full width at half maximum (FWHM)) and
the contrast (C) to describe the overall performance of the D-OKGs. The
peak transmittance and the switching time are usually used to describe
the intensity and temporal resolution of an optical switch. In addition,
we used the contrast to describe the symmetry of the D-OKG. As shown
in Fig. 2(c), the contrast is defined as the ratio of the symmetric part to
the whole, and the contrast of the gate is S1/(S; + S2). A symmetrical

switch usually performs better in applications because of weaker side
lobes or less signal leakage than an asymmetrical switch. From Fig. 2(b),
the gates have an almost equal switching time but their performance is
different because of different contrast.

We tried to determine how the three parameters varied with Ig> and
7g through simulation. Fig. 3 illustrates the relationship between peak
transmittance, switching time (FWHM), contrast and Ig»:Ig; and 7g. The
D-OKG signals change according to some rules. From Fig. 3(a), with the
decrease in I, the peak transmittance increases; when Iz = 0, the
switch is a traditional OKG and the peak transmittance reaches a
maximum. With the increase in 7, the peak transmittance increases and
reaches a maximum when 7y, is larger than about 300 fs because of the
weak intensity of the second gate pulse at zero delay time. From Fig. 3
(b), when 7y increases, the switching time first decreases and then in-
creases. When 7 is less than about 300 fs, the switching time first de-
creases and then increases with Iy>. When 7z is too short, not only the
relaxation process of the slow response is influenced by the second gate
pulse, but also the process of transient birefringence induction, so the
switching time is larger than when 1, is slightly larger. If I 5 is too large,
the effect on the second gate pulse also becomes excessive, increasing
the switching time. From Fig. 3(c), the contrast first increases and then
decreases with the increase in I2 or 7g. The contrast is often lower if the
switching time is larger at the same conditions. Side lobes or other kinds
of signal leakages also lead to a decrease in contrast.

D-OKG’s optimal conditions require a balance among the three pa-
rameters. For example, to reach the minimum switching time, the
transmittance must be sacrificed. We use the weighted switching time to
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Fig. 3. (a) Peak transmittance, (b) switching time, (c) contrast and (d) weighted switching time at different relative intensity ratios Ig:I;; and relative delay times zz.
S: and S; are the areas in [-671, 247,]. The weighted switching time is t/(T,*C).
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describe the overall performance of a switch based on the three pa-
rameters. The weighted switching time is determined by the require-
ment of the application. To achieve a higher transmittance, lower
switching time and higher contrast, the weighted switching time could
be defined as t;/(T,*C) or ts/(Z*TPZ*C), etc. Fig. 3(d) shows the weighted
switching time t;/(T},*C) at different Iz2:15; and 7g values. From Fig. 3(d),
the simulated optimal conditions are Ig):I; = 0.77 and 7z = 245 fs, and
the D-OKG has the shortest weighted switching time and optimal
performance.

It should be noted that the simulation shown the 7; = 100 fs was
selected as an example for the simulation to reveal the dependence of the
D-OKG performance on the experimental parameters in Fig. 3. To find
out the influence of using other pulse durations on the simulation, 7; =
64 fs, 90 fs, and 150 fs were also used to perform the simulation,
respectively. As the results shown in Fig. 4, for different input laser pulse
durations, the dependences of the D-OKG performance on the experi-
mental parameters shows similar trends. Of course, the relative intensity
and the relative delay time of the two gate pulses were different at a
fixed transmittance or switching time for different input laser pulse
duration. For example, the optimal conditions for the shortest weighted
switching time changed when 7; = 90 fs, the simulated optimal condi-
tions are Igp:I;1 = 0.77 and 7g = 230 fs.

. To ensure the validity of above simulations, three D-OKG signals
were then measured and compared with the simulations with Iy;:Igo =
1:0, 1:0.7, and 1:0.8 at 7g = 180 fs. The results were shown in Fig. 5.
From Fig. 5, we can see that the simulation results agree well with the
experimental D-OKG signals when Ig;:I;> = 1:0.7, and 1:0.8. Although
the intensities and corresponding time delay of the two side lobes in
simulations were different from the experimental results, the simulation
and the experimental results indeed show the similar dependence on the
time delay, which indicates the validity of our simulations shown above.
Of course, we can also see that there is some difference between the
simulated and the experimental result when I;:I;> = 1:0, namely, the
simulated and the experimental OKG signals were compared. We infer
that all the differences shown in Fig. 5 can be attribute to the noncol-
linear experimental arrangements and the collinear simulation model.
For example, the temporal resolution in femtosecond pump-probe
experiment will increase with increasing the intersection angle between
the pump and the probe beams [26]. To eliminate the deviations be-
tween the simulations and the experimental results, a more precise
noncollinear D-OKG simulation model is developing in our group.

Finally, according to the simulation results, a series of D-OKG and
OKG signals were measured experimentally. As the gate pulses duration

T T T T
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Fig. 5. Comparisons of the D-OKG signals and the simulations when Ig;:I;> =
1:0, 1:0.7, and 1:0.8 at g = 180 fs.
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after lens 2 was measured to be approximately 105 fs using a homebuilt
frequency-resolved optical gating setup, which relates to the time con-
stant (half width at 1/e of intensity) of the gate pulse 7; = 64 fs. We
adjusted Iy> and 7g and measured the D-OKG signals around the condi-
tions like Igp:I; = 0.74 and 7z = 155 fs according to Fig. 4. We also
adjusted Iy to zero and measured the conventional OKG signals with the
Kerr medium CS; and fused silica at the same experimental conditions.
Fig. 6 shows the comparison of the switching characteristics of the D-
OKG at different conditions and OKG with CS, and OKG with fused
silica. It shows the intensity, which has been normalized by their peak
transmittance, and the transmittance at different delay times. The peak
transmittance, switching time, contrast, and weighted switching time of
the gates in the experiment are listed in Table 1.

By comparison of the normalized intensity, the switching time of the
D-OKG is apparently less than that of the OKG with CS; (~400 fs) and
very close to the OKG with fused silica (~130 fs). The contrast of the D-
OKGs is apparently higher than that of the OKG with CS,. By comparison
of the transmittance, the peak transmittance of the D-OKGs is a bit lower
than that of the OKG with CS; (~70 %), and apparently higher than that
of the OKG with fused silica (~4 %). Fig. 6(a) shows the comparison of
the D-OKGs at 7g = 180 fs and Ig;:Ig> from 1:0.6 to 1:0.9. From Fig. 4(a)
and Table 1, both the switching time and peak transmittance decrease,
and the contrast first increases and then decreases with the increase of
Ig». Clear side lobes appear when Ig;:Igo is 1:0.8 or 1:0.9. Fig. 6(b) shows
the comparison of the D-OKGs at I;1:Ig> = 1:0.7 and 7g from 150 to 240
fs. From Fig. 6(b) and Table 1, the peak transmittance increases with 7g;
the switching time first decreases and then increases, the contrast first
increases and then decreases when g increases. The intensity of the side
lobes also changes with 7g and reaches a minimum when 7g = 180 fs. The
weighted switching time first decreases and then increases with the in-
crease of Iy or 7y, reaching a minimum when 7g = 180 fs and I;1:I2 =
1:0.7. From Table 1, the weighted switching time of D-OKGs are
apparently shorter than traditional OKGs. The change of D-OKG with the
second gate pulse in the experiment are consistent with that in the
simulation. The optimal condition in the experiment is Ig;:Iz> = 1:0.7
and g = 180 fs. At these conditions, the switching time is about 150 fs,
the peak transmittance is about 45% and the side lobe is well-restricted.

5. Conclusions

In summary, we proposed an improved optical Kerr gate with a
double gate pulse to realize an ultrashort switching time even with a
slow-response optical Kerr medium, of which the intensities and relative
optical delays of the two gate pulses were separately adjustable. We
established the theoretical model of D-OKG. Based on simulations, we
determined how the peak transmittance, switching time and contrast of
the D-OKG changed with the second gate pulse. The results indicated
that, when the relative intensity increases or the relative delay time
decreased, the transmittance decreases, and when the relative intensity
or the relative delay time increased, the switching time decreases first
and then increases, and the contrast increases first and then decreases.
We also proposed a strategy to predict the optimal conditions of D-OKG
using the weighted switching time. By adjusting the intensity of the
second gate pulse and the relative delay time, a high transmittance,
short switching time and high contrast were achieved. In this experi-
ment, the DOKG has the optimal performance when the intensity ratio of
the two gate pulses is 1:0.7 and the relative delay time is 180 fs. At these
conditions, the switching time was 150 fs, the peak transmittance was
45%, and the side lobes were well-restricted. As the intensity and the
relative delay time are easy to adjust, the performance of the D-OKG can
be conveniently changed according to different applications. Compared
to other techniques, the D-OKG is also adjustable and more convenient.
The D-OKG has the potential for a wide range of applications and per-
forms better than other traditional optical switches.
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Fig. 6. Normalized intensity and transmittance of D-OKGs at different (a) I5;:I> and (b) 7g values and the OKG with the Kerr medium CS; and fused silica at different

delay times. The zero-delay time has been set to the peak transmittance.

Table 1
D-OKG'’s performance in experiment and its comparison to traditional OKG.

Conditions Peak transmittance Switching time Contrast Weighted switching time
D-OKG (CS,) 1:0.6,180 fs 51.2% 174.3 fs 65.4% 520.4 fs
1:0.7,180 fs 44.8% 149.7 fs 73.9% 452.0 fs
1:0.8,180 fs 35.5% 151.8 fs 61.3% 698.4 fs
1:0.9,180 fs 36.6% 139.2 fs 60.7% 626.1 fs
1:0.7,150 fs 40.7% 165.6 fs 63.0% 645.7 fs
1:0.7,180 fs 44.8% 149.7 fs 73.9% 452.0 fs
1:0.7,210 fs 58.2% 189.7 fs 62.0% 525.7 fs
1:0.7,240 fs 68.0% 208.2 fs 56.9% 537.8 fs
OKG (CS2) 73.0% 412.9 fs 52.7% 1073.3 fs
OKG (fused silica) 4.2% 129.3 fs 90.6% 3398.0 fs
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