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trates the feasibility of extending FDISH band-
width at least 5-fold. Signal level, currently lim-
ited by strong WLC chirp, will be improved
~1000x by compressing the selected WLC. In ad-
dition, fringe contrast, currently limited by mis-
matched amplitudes of the two interfering signals
at some wavelengths, will be improved by shaping
the reference spectrum.
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As a result of the wide use of electronic and opto-
electronics devices, the need for efficient tool to
characterize integrated circuits (IC) is growing
up. Electron-beam-based test systems are widely
used but require heavy work and technical effort.
Thus it is beneficial to find out alternative easier
ways for mapping electric field. Pockels effect has
been used effectively to probe electric field in cir-
cuits.! Utilizing electric-field-induced-second-
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CThD5 Fig. 1. The integrated circuit like
sample. The width of the groove between the
electrodes is 10 um.

harmonic-generation (EFISHG) to probe electric
field intensity has been studied recently.’”
EFISHG measurement shows some advantages
over EO sampling technique. The detection of
EFISHG signal is easier than that of pockels ef-
fect. The dependence of the polarization in
EFISHG measurement is helpful in making a
mapping of the electric field vector. In addition,
EFISHG measurement has the characteristic of
background free and present no principle limita-
tion from 0 to the breakdown voltage. Here we
demonstrate a 3-dimensional electric-field visu-
alization utilizing EFISHG effect in nematic liq-
uid crystals. The visualization was easily achieved
with a second-harmonic-generation (SHG) con-
focal microscope with high spatial resolution on
the order of or less than 1 um.

Figure 1 shows an example of the test samples
we used. Two gold electrodes were plated on glass
slide with a 10 pm wide and 0.5 um deep gap be-
tween them. Liquid crystals filled the gap and
formed a thin layer between the sample and the
cover glass. We used a SHG microscope driven by
a femtosecond Cr:forsterite laser at 1230 nm. Its
spatial resolution, which is mainly dependent on
the objective we used, was better than 0.8 tm in
xy plane and 1.6 pm in z direction respectively.

Figure 2(a) shows a typical EFISHG response
versus applied voltage in nematic liquid crystal.
The slope of data fitting line is 1.98, showing the
square dependence as expected in EFISHG. Fig-
ure 2 (b) shows the dependence of EFISHG in-
tensity and the polarization of the pump. As
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CThD5 Fig. 2. (a) EFISHG response versus
applied voltage in nematic liquid crystal in log-
log scale. The dots are the experimental data. The
line is a linear approximation by least square
method. (b) EFISHG response versus pump po-
larization. The angle represent the rotation of the
half wave plate, the actuel rotation of the polari-
sation is twice. The origine is arbitrary. The max-
imum occurs when the pump field (symbolized
by the double arrow) is perpendicular to the elec-
tric field generated by the electrodes (symbolized
by the rectangles).
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CThD5 Fig. 3. EFISHG xy-images (a) at the
depth of the gold electrodes and (b) at the height
5um above (a) Dash lines: edge of electrode. Scale
bar: 10 um.

shown by the small drawings, the maximum is
reached when the polarization of the pump
(symbolized by the double array) is perpendicu-
lar to the static electric field (the two rectangles
symbolize the electrodes). The result is a cosine
response. Also, there was no SHG observed before
the static electric field was applied, which showed
the background free characteristic of this
method.

Figure 3 shows an example of the EFISHG xy-
images taken from a CCD in the scanning SHG
microscope on the test sample shown in Figure 1.
The incident direction of the laser was along the
z-axis in figure 1. The polarization of the laser was
along the gap that was perpendicular to the elec-
tric field. The two images with the same intensity
scales show the difference of electric field in dif-
ferent z positions. Figure 3 (a) was taken at the
plain of the electrodes, while figure 3 (b) was
taken at 5 um higher than (a). With the great sec-
tioning power in confocal microscope, 3D images
can be easily obtained combining different height
images. More data will be presented including 3D
images.
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Optical electric field and voltage sensors are of
considerable interest to the electric power indus-
try. Their advantages compared with those of tra-
ditional instrument transformers include immu-
nity to electromagnetic interference, response to
changes in electric field in the frequency range
from dc to GHz, and so on. Commonly, these sen-
sors utilizes the electro-optic effect (Pockels ef-
fect) in electro-optic crystals.!

Here, a novel approach of measuring the elec-
tric field is proposed by combining second-har-
monic generation (SHG) with the electro-optic
effect”® In SHG with an electro-optic crystal,
when the interacting pump and the SHG wave
satisfies the phase matching condition, the SHG
output can be obtained. However, when an exter-
nal electric field is applied, the refractive indices
alters due to electro-optic effect and the phase
matched condition changes resulting in the out-
put variation which can be used for the measure-
ment of the electric field. The advantages com-
pared with the Pockels sensors are: (1) direct
measurement of the SHG output results in higher
signal to noise ratio; (2) phase matching condi-
tions can easily be offset to monitor higher elec-
tric fields; (3) compact fiber coupled assemblies
without waveplates, analyzers are possible. In the
present work, a diode laser is used with a nonlin-
ear, electro-optic crystal and the feasibility of
SHG for the electric field measurement is studied.

Figure 1 shows the experimental setup. In the
experiment, the collimated output of the diode
laser (=1060 nm) was focused into a LINbO; crys-
tal (5 x 5 x 13 mm long) for the noncritical phase
matched (6 = 90°) SHG output. The phase
matching condition was adjusted by temperature
control (=63°C), such that a maximum SHG out-
put was attained when the external electric field
was zero.

Figure 2 shows the variation in the SHG out-
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CThDé6 Fig. 1. Experimental setup for SHG
with LiNbO; electro-optic crystal for electric field
measurements.
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CThD6 Fig. 2. SHG output with respect to
external electric field for different pump (<1060
nm) mode conditions.

put with respect to the external electric field. The
solid circles show the experimental values, when
a predominantly single-mode diode laser was
employed. The results were in close agreement
with the theoretical estimate (solid line). Higher
electric field value (>3 kV/cm) can also be mea-
sured by offsetting the initial phase matched con-
dition. The linearity range was calculated to be =1
kV/cm when the acceptable error was considered
to be within 3%. In Fig. 2, the solid squares show
the change in the output when a multi-mode
diode laser was used. The acceptance bandwidth
for the phase matching was considerably broad-
ened due to multi-mode pump laser. This
method can also be used for widening the dy-
namic range of the measurement.

In the experiment, the temperature control of
the LINbO, was critical and the acceptance band-
width was measured to be around 0.8°C FWHM
which was in agreement with the theoretical
value of 0.7°C. To maintain the stability of the
output within 3%, it was necessary to control the
temperature within 0.15°C. On the other hand, a
KTP (KTiOPO,) crystal can also be considered
for the application, even though the frequency
conversion efficiency is lower than the LINbO,. It
has relatively wide temperature acceptance band-
width (=20°C) and the temperature control
within 4°C is sufficient for the stable output. Fig-
ure 3 shows the estimated SHG output corre-
sponding to the external electric field. The mea-
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CThD6 Fig.3. Theoretical estimate of exter-
nal electrical field by using SHG combined with
KTP crystal. Pump wavelength = 1060 nm.

suring range and the linearity range (=2.5
kV/cm) are also wider.

The experimental measurements combined
with theoretical estimates show that even though
the temperature control is a critical requirement,
SHG with electro-optic crystals, such as either
LiNbO; or KTP, can be effectively used for elec-
trical field measurements.
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The propagation of intense femtosecond pulses
in air and their spatial filamentation has attracted
much interest in the past years."™ In order to un-
derstand how rotationally symmetric initial
beams change their azimuthal shape, we numeri-
cally perform a linear stability analysis.

Our model accounts for dispersive and dif-
fractive broadening as well as for the action of a
cubic nonlinearity and of the generated plasma.*
The equation for the slowly varying envelope of
the electric field E(x, ¥, z 7) in a reference frame
moving with the group velocity of the light is
given by

LA Ky 2
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where @y is the carrier frequency and ky = (@/c)n
the propagation constant.

2

K= ﬁ
dw’

accounts for the group velocity dispersion and

p(x, ¥ z, T) for the electron density.

_ O™t
kg (1 + 02td)

1, is the electron collision time and B the coef-
ficient of the K-photon absorption. #, |E|? is
the refractive index-change, which is induced by
the cubic nonlinearity of air. The evolution of the
plasma density, which is driven by the K-photon
absorption is described by

K
9p = IEI @
o
where we neglect cascade ionization and electron

recombination because of the short pulse dura-
tion (for relevant parameters see?).
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