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Abstract The pump power dependence of the spatial
gating properties of femtosecond optical Kerr gate (OKG)
was investigated using coaxial two-color optical Kerr
measurements in CS,. As the pump power increased, the
spatial pattern of the optical Kerr signals changed from a
Gaussian spot to a ring form, and then a spot surrounded by
a concentric ring, successively. By comparing the experi-
mental data with the calculation results and measuring the
pump power dependence of the OKG signal intensity, we
demonstrated that the spatial variation of OKG transmit-
tance could be attributed to the non-uniform spatially dis-
tributed phase change of the probe beam, due to the
transient birefringence effect induced by pump beam with
transverse mode of a Gaussian distribution.

1 Introduction

For the past few decades, femtosecond optical Kerr gating
(OKG) technique has been developed as a key tool to
measure the nonlinear response of all kinds of materials [1—
4]. This technique could provide an ultrafast measurement
of broad wavelength range, ultrafast switching time, and
high precision. Hence, it has been widely used in ultrafast
imaging and microscopy areas, such as ballistic optical
imaging [5-8], simultaneous three-dimensional (3-D)
imaging [9-11], etc. Recently, this method has been suc-
cessfully used to investigate the laser-produced plasma
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dynamics and propagation dynamics of laser pulses in a
medium [12, 13].

In the OKG measurements, an intense linearly polarized
pump beam passing through the nonlinear material will
cause the refractive index change of the sample. When the
probe pulse overlaps with the pump beam temporally, a
phase shift occurs between the probe field components
polarized parallel and perpendicular to the polarization
plane of the pump pulse. The OKG signal intensity is given
by [14, 15]:

IokG = Iprobe 5in*(20) sin*(A¢h/2). (1)

Here, Iyobe is the probe intensity. 0 is the polarization
angle between the pump and probe beams, which is fixed at
45° to optimize the OKG signal. And A¢ indicates the
phase shift caused by the light-induced birefringence
effect, which is proportional to the pump intensity.

In the previous reports, the OKG signals were consid-
ered quadratic dependening on pump power for the small
phase shift [14—16]. In the OKG measurements, however,
when a pump beam with a nonuniform intensity distribu-
tion, such as a Gaussian mode was used, it might induce
spatially nonuniform distribution of the phase change of
the probe beam. If the pump is of high intensity, the
transmittance of the OKG setup might vary sinusoidally as
a function of pump power, and the OKG signals would
present different spatial profiles depending on the pump
intensity distribution. Hence, it is important to research on
the spatial gating property of the OKG setup, especially
when it is used in ultrafast imaging and microscopy areas.

In this paper, we investigated the evolution of spatial
profiles of the femtosecond OKG signals as a function of
pump power in CS,. With the increase of pump power, the
spatial pattern of the OKG signals changed from a
Gaussian spot to a ring form, and then a spot surrounded by
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a concentric ring, successively. Furthermore, the OKG
signal intensity at fixed position showed different pump
power dependence with the spatially integrated OKG sig-
nal intensity. A series of numerical analysis was performed
to explain the experimental results. Both the experimental
and numerical results indicated that the spatial variation of
OKG transmittance was attributed to the non-uniform
spatially distributed refractive index change induced by
pump beam with transverse mode of a Gaussian
distribution.

2 Experimental methods

Figure 1 illustrates the experimental setup. The experiment
was performed using 65 fs, 800 nm pulses from a rege-
neratively amplified Ti: sapphire laser system (Libra-
USP-HE, Coherent Inc.) operating at 1 kHz repetition rate.
The laser beam with a Gaussian intensity profile was split

M1 ¢
Femtosecond Laser

Delay line

M2 DM L3 CSz2L4 P L5

Fig. 1 Scheme of the experimental setup. BS beam splitter, DM
dichroic mirror, HWP half-wave plate, P polarizer, F bandpass filter

Fig. 2 OKG signal profile
when the pump fluence was
fixed at a 1.63 mJ/cm?,

b 3.39 mJ/em?, ¢ 4.53 mJ/em?,
d 8.53 mJ/em?, and e 10.46 mJ/
cm?, respectively

(a) 100 i ..

into two. The first one passing through a time-delay device
was used as the pump beam. The other one which was
frequency doubled to 400 nm by a B-barium borate (BBO)
crystal was used as the probe beam. The two beams were
combined together by an unpolarized dichroic mirror (DM,
with high reflective coating at 800 nm on one side and
antireflective coating at 400 nm on the other side). Both of
them were focused by a plano—convex lens (LL.3) with a focal
length of 20 cm. A 2-mm thick quartz cell filled with CS,
was placed 5 mm behind the focal point of the 800-nm
pump beam. The pump beam radius in the sample was
determined to be 190 um at l/ez, and the probe beam radius
was enlarged about five times by the collimating lens (L2)
behind BBO crystal, so that the probe intensity could be
considered uniformly distributed compared with the pump.
To avoid the white-light continuum generation, the pump
energy was kept below 12 mW (about 0.01 J/cm?) [17]. A
polarizer in a cross-Nicol configuration was placed behind
the Kerr medium. To optimize the OKG signal intensity, the
temporal overlap was maximized at zero time-delay, and
the polarization plane of the pump pulse was rotated by 45°
with respect to that of the probe pulse using a half-wave
plate. The probe fluence distribution after the polarizer was
recorded by a CCD camera with a 4f system. To block the
800-nm pump light, a bandpass filter centered at 400 nm
was used in front of the CCD camera.

3 Results and discussion

In our work, 31 image data of the OKG signal profiles were
collected with the pump power varying from 1.85 to
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11.86 mW, and the corresponding pump fluence varying
from 1.63 to 10.46 mJ/cm”. Figure 2a—e shows five typical
recorded probe patterns of these OKG signals when the
pump fluence was adjusted to 1.63, 3.39, 4.53, 8.53, and
10.46 mJ/cm?, respectively. The color scales in all the
pictures were adjusted to the same range. When the pump
fluence was relatively low (Fig. 2a—c), the total intensity of
the OKG signal grew with the increase of the pump flu-
ence, and the pattern of each signal was a spot with
Gaussian distribution. As the pump fluence increases
higher, however, the OKG signal pattern changed to a ring
form and then a spot surrounded by a concentric ring, as
shown by Fig. 2d, e, respectively.

In our experiments, the pump beam with a Gaussian
intensity distribution can be expressed by

Tpurp(r) o< Fpumpe™>"/%. (2)

Here, Fpump is the pump fluence, and ry is the radius of
the Gaussian beam, which has been determined to be
190 pum. As the polarization angle between pump and
probe beams, 0, is set at 45°, the spatial intensity of probe
light with an uniform distribution passing through the
polarizer behind the Kerr medium can be written as

Ioxa(r) = Asin? (BFpumpe—Zrz/ré). (3)

Here, the term in the bracket denotes the phase shift
A¢(r)/2 caused by birefringence effect. A and B are
constants. The OKG signal intensity, Iokg(r), reaches the
peak value of A when the phase shift A¢(r)/2 = nn/2(n =
1,3,5,...) and reduces to the valley value of zero when

Ap(r)/2 =nn(n=0,1,2,...). Since the laser transverse
mode is of a Gaussian distribution, the phase shift of the
probe, which is proportional to the pump intensity,
decreases along the radial direction. Consequently, the
transmittance of the OKG setup might present a spatially
modulated intensity distribution when the pump fluence is
increased.

To present the evolution of the OKG profiles more
clearly, we acquired the one-dimensional exposure data
along the horizontal radial direction from the collected
images. The results corresponding to Fig. 2 are shown by
the discrete solid points in Fig. 3a—d. When the pump
fluence was adjusted to 1.63 and 3.39 mJ/cm?, the maxi-
mum value of phase shift A¢(r = 0)/2 was smaller than
n/2, and the OKG signals intensities were of Gaussian
distribution as shown by Fig. 3a. And the brightness of the
OKG profiles was shown by Fig. 2a-b. With increasing
pump fluence, the phase shift might be close to m/2 around
r =0, and the OKG signals showed a top-flat profile as
shown by Fig. 3b. In Fig. 3c, when the pump fluence was
increased to 8.53 mJ/cm®, the phase shift A¢(r)/2
increased to about © around r = 0, and decreased to m/2 at
r & +120 pm. Hence, the transmittance of the OKG setup
presented a peak—valley—peak profile, and the OKG signal
pattern showed a ring form as shown by Fig. 2d. As the
pump fluence increased to 10.46 mJ/cm?, the probe pulse
experiences phase shift A¢(r)/2 as large as m/2 at
r & £120 pum and © at r & 60 pm, while reaching to
larger than 1 at around r = 0. Therefore, the OKG pattern
presented a central spot surrounded by a concentric ring,
and the one-dimensional OKG signal distribution presented

Fig. 3 One-di sional OKG Y Ty v T v v T v T
silggnal intensity distributions 90 [— Calculatlonz = 163 mJiem’ | 90 [— Calculation " 453 mJfem’;
when the pump fluence was 75 = 3.93 mJicm @1 75t > (b) ]
fixed at a 1.63 mJ/cm?, - 1
b 3.39 mJ/em?, ¢ 4.53 m/em?, —~ 60T 1 90¢f )
d 8.53 mJ/cm?, and e 10.46 mJ/ S 45t 1 ast |
cm?, respectively. The discrete © k 1
solid points are experimental — 30T 1 30} 7
results. The red solid lines .d? 15 4 15} .
indicate the calculated curves g 0 i 0 1

:E -300 -150 0 150 300 =300 -150 0 150 300

© — . . r : : . : : :
5 90 r— Calculation = 8.53 mJfem®q 90 p—Calculation = 10.46 mJ!cm?
'('-_; 75| () | ]
X 60r - .
Q 45 E 4
30 \ 1 k
15 v A 4
| e I il O B D rerari B . .
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a multi-peak profile, as shown by Figs. 2e and 3d,
respectively.

Using Eq. (3), we fitted the one-dimensional OKG sig-
nal intensity distributions at different pump fluence, and the
parameters A, and B in Eq. (3) were calculated to be 75.00
and 0.394 cm?/mJ, respectively. The red solid lines in
Fig. 3 indicate the calculated curves using Eq. (3) and the
parameters obtained above. They accorded well with the
experimental results as shown by the solid points, indi-
cating that the spatial variation of the OKG transmittance
was attributed to the transient non-uniform birefringence
induced by pump beam with a Gaussian distribution.

The squares in Fig. 4a show the pump fluence depen-
dence of OKG signal intensity at the fixed position of
r = 0. The red solid line in the figure indicates the calcu-
lated results using Eq. (3), which can be simplified to a
sinusoidal function of the pump fluence when the value of
r is fixed. The squares in Fig. 4b indicate the spatially
integrated intensity of the OKG signal profiles as a function
of the pump fluence. By integrating Eq. (3), the spatially
integrated OKG signal intensity can be expressed by

+00

/ Iogs(r)ds = / Asin® [BFpumPe*”z/rS 2nrdr. (4)
0

The red solid line with circles in Fig. 4b shows the
calculated results using Eq. (4). Both the experimental
results shown in Fig. 4a and 4b accorded well with the
calculated results. The integrated OKG signal intensity,
however, showed different pump fluence dependence with
OKG signal intensity at the fixed position. It increased
sharply at low pump fluence and then slowly when the
pump fluence increased to be larger than 6 mJ/cm?. This
difference could be attributed to the spatial variation of the
OKG profiles due to the nonuniform spatially distributed
phase change induced by the pump beam.

In addition, we measured the dependence of the OKG
signal intensity on the polarization angle between the pump
and probe beams to better understand the origin of the
OKG signals. The squares and triangles in Fig. 5 show the
polarization dependence of the integral OKG signals, when
the pump fluence fixed at 3.22 and 10.30 mJ/cm?, respec-
tively. In the experiments, we found the spatial patterns of
the OKG signals remained the same at any polarization
angle under the fixed pump fluence. So the phase shift of
the probe is independent of the polarization angle. The
solid line in Fig. 5 shows the theoretical curve of the
polarization dependence of the OKG signals using Eq. (2).
The polarization dependence of the OKG signals showed a
period of n/2, with the maximum and minimum values
occurring at nn/2+=wn/4 and nn/2(n=0,1,2,...),
respectively. Hence, the OKG signals could be attributed to
light-induced birefringence effect.
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Fig. 5 Polarization dependence of OKG signals, when the pump
fluence was adjusted to 3.22 and 10.30 mJ/cm?, respectively. The
squares and triangles are experimental results. The red solid line
indicates the theoretical curve. The experimental results and the
theoretical curve were both normalized to 1
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Finally, the spectra of the OKG signals at different
pump fluence were measured, which showed the same
structure with that of the incident probe light. Because the
response time of CS, lasted more than 1 ps, which was
much slower than the probe pulse duration, the different
wavelength components of the probe light experienced the
uniform refractive index changes induced by the pump
pulse. Hence, the spectral structure of the probe light
passing through the OKG showed no obvious change.

4 Conclusions

In conclusion, we investigated the pump power dependence
of the spatial gating properties of femtosecond optical Kerr
effect measurements. When a pump beam with transverse
mode of a Gaussian distribution was used in the femto-
second OKG measurements, it will cause a non-uniform
spatially distributed refractive index change and the spatial
variation of OKG transmittance. With increasing pump
power, the OKG signal intensity distribution changed from
a Gaussian spot to a ring form and then to a spot sur-
rounded by a concentric ring, successively. Furthermore,
the OKG signal intensity at fixed position showed different
pump power dependence with the spatially integrated OKG
signal intensity, due to the non-uniform distributed
refractive index change induced by the pump beam with a
Gaussian mode.
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