Applied Physics
Letters

\\
\
\\
"
1

Deflection switching of a laser beam by the Pockels ‘ect of water

Shunpei Yukita, Naoyuki Shiokawa, Hiroki Kanemaru, Hajime Namiki, Takayoshi Kobayashi et al.

Citation: Appl. Phys. Lett. 100, 171108 (2012); doi: 10.1063/1.4705154
View online: http://dx.doi.org/10.1063/1.4705154

View Table of Contents: http://apl.aip.org/resource/1/APPLAB/v100/i17
Published by the American Institute of Physics.

Related Articles

Infrared thermometry and interferential microscopy for analysis of crater formation at the surface of fused silica
under CO2 laser irradiation
J. Appl. Phys. 111, 063106 (2012)

The interaction of 193-nm excimer laser irradiation with single-crystal zinc oxide: Positive ion emission
J. Appl. Phys. 111, 063101 (2012)

Laser produced streams of Ge ions accelerated and optimized in the electric fields for implantation into SiO2
substrates
Rev. Sci. Instrum. 83, 02B305 (2012)

Formation of metallic colloids in CaF2 by intense ultraviolet light
Appl. Phys. Lett. 99, 261909 (2011)

Study on characteristic parameters influencing laser-induced damage threshold of KH2PO4 crystal surface
machined by single point diamond turning
J. Appl. Phys. 110, 113103 (2011)

Additional information on Appl. Phys. Lett.

Journal Homepage: http://apl.aip.org/

Journal Information: http://apl.aip.org/about/about_the journal
Top downloads: http://apl.aip.org/features/most_downloaded
Information for Authors: http://apl.aip.org/authors

INSTRUMENTS FOR ADVANCED SCIENCE
Gas Analysis Surface Science Plasma Diagnostics Vacuum Analysis
I DE N dynamic measurement of reaction UHV TPD plasma source characterisation partial pressure measurement and
gas streams SIMS efch and deposition process control of process gases
catalysis and thermal analysis end point detection in ion beam reaction kinetic studies reactive sputter process control
molecular beam studies etch analysis of neutral and radical vacuum diagnostics
A N A LYT | CA L dissolved species probes elemental imaging - surface species vacuum coating process monitoring
ion, envir and 102ppIng
ecological studies

contact Hiden Analytical for further details:
info@hiden.co.uk

www.HidenAnalytical.com

CLICK TO VIEW OUR PRODUCT CATALOGUE



http://apl.aip.org/?ver=pdfcov
http://oasc12039.247realmedia.com/RealMedia/ads/click_lx.ads/test.int.aip.org/adtest/L23/970417989/x01/AIP/Hiden_APLCovAd_728x90Banner_04_2012/1640x440-apps-advert_STATIC_with_CTA.jpg/774471577530397266546b41416f5654?x
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Shunpei Yukita&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Naoyuki Shiokawa&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Hiroki Kanemaru&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Hajime Namiki&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/search?sortby=newestdate&q=&searchzone=2&searchtype=searchin&faceted=faceted&key=AIP_ALL&possible1=Takayoshi Kobayashi&possible1zone=author&alias=&displayid=AIP&ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.4705154?ver=pdfcov
http://apl.aip.org/resource/1/APPLAB/v100/i17?ver=pdfcov
http://www.aip.org/?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3695375?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3691939?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3660819?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3673301?ver=pdfcov
http://link.aip.org/link/doi/10.1063/1.3664692?ver=pdfcov
http://apl.aip.org/?ver=pdfcov
http://apl.aip.org/about/about_the_journal?ver=pdfcov
http://apl.aip.org/features/most_downloaded?ver=pdfcov
http://apl.aip.org/authors?ver=pdfcov

APPLIED PHYSICS LETTERS 100, 171108 (2012)

Deflection switching of a laser beam by the Pockels effect of water

Shunpei Yukita,' Naoyuki Shiokawa,' Hiroki Kanemaru,! Hajime Namiki,

Takayoshi Kobayashi,? and Eiji Tokunaga'*?

'Department of Physics, Faculty of Science, Tokyo University of Science, 1-3 Kagurazaka, Shinjuku-ku,
Tokyo 162-8601, Japan

“Department of Applied Physics and Chemistry, and Institute for Laser Science,

University of Electro-Communications, 1-5-1 Chofugaoka, Chofu, Tokyo 182-8585, Japan

3JSTCCore Research for Evolutional Science and Technology (CREST), Japan Science and Technology
Agency, K's Gobancho, 7, Gobancho, Chiyoda-ku, Tokyo 102-0076, Japan

4Research Center for Green and Safety Sciences, Tokyo University of Science, 1-3 Kagurazaka, Shinjuku-ku,
Tokyo 162-8601, Japan

(Received 1 March 2012; accepted 5 April 2012; published online 24 April 2012)

Deflection of a laser beam in response to an electric field was detected with a Sagnac
interferometer. A laser beam was aligned to travel between two electrodes immersed in aqueous
electrolyte solution. When the alternating electric field was applied perpendicular to the beam axis,
the direction of the beam deflection was switched synchronously with the field alternation as
expected for the Pockels effect. Broken inversion symmetry is prerequisite to the linear
electrooptic effect, but surprisingly the effect was observed even when the laser beam travels
through the bulk water a few millimeters away from the electrode surface. © 2012 American

Institute of Physics. [http://dx.doi.org/10.1063/1.4705154]

The linear electrooptic (EO) effect, Pockels effect, exists
only in crystals that do not possess inversion symmetry.'
Therefore, it is usually ruled out to use bulk liquid, where
constituent molecules are randomly oriented to keep macro-
scopic centrosymmetry, as an EO device. However, the
Pockels effect of water within the electric double layer
(EDL) at the electrode-solution interface®® was reported,
and the Pockels constants were measured to be one order of
magnitude larger than that of typical electrooptic crystals
such as LiNbO;.""** The thickness of the EDL is given by
the Debye-Hiickel length’ and is estimated to be a
nanoscale-order. The response time of the effect is an order
of 0.001 s (RC time constant) because it is limited by the for-
mation time of the EDL.* A possible mechanism of the
Pockels effect of water is the initially induced broken centro-
symmetry due to the presence of the electrode surface even
before the electric field application. The electrode surface
can induce orientational order of water® or interaction of
water molecules with the oxygen atoms of the electrode sur-
face.>’® Orientational response frequency of liquid water
itself is as large as 10 GHz, which is comparable to that of
an electrooptic modulator using LiNbOj3, so that the Pockels
effect of water is potentially usable for nanoscale EO
devices.’

The Pockels constant of water in the EDL was previ-
ously determined as follows. When a voltage is applied to an
electrode in aqueous solution, two kinds of layers are formed
at the water-electrode interface. The one is the EDL on the
water side, and the other is the space-charge layer (SCL) on
the electrode side. The Pockels effect was detected with nor-
mally incident beam on the electrode surface, so that the sig-
nal contains the contribution not only from the EDL but also
from the SCL. The Pockels constant of the EDL was inde-
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pendently determined by post-processing the combined sig-
nals based on the multiple layer analysis. Judging from the
measurement and analyzing methods above, the magnitude
of the Pockels constants is reliably determined. However, it
was not experimentally proved whether the refractive index
change occurs completely within a few nanometer-thick
EDL because the probing light is normally incident on the
electrode surface, and also it is not clear whether a
nanoscale-order EDL is completely formed under the alter-
nating electric field.

In this letter, we detect the Pockels effect of water as a
function of the distance from the electrode. With the probe
light incident parallel to the electrode surface, electric-field
induced deflection of light beam is demonstrated, which is
directly applicable to EO switching of light. The phenom-
enon we observed is schematically depicted in Fig. 1. The
laser beam was deflected with its direction switched in
synchronized response to the alternating electric field. Since
the deflection angle was extremely small, a highly sensitive
Sagnac interferometer was utilized for observation of the
deflection. Surprisingly, the effect was observed even when
the laser beam travels through the bulk water at the distance
of a few millimeters from the electrode surface. This is an in-
triguing result from the textbook point of view of nonlinear
optics." The Pockels constant for “bulk water” estimated
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FIG. 1. Deflection switching of a laser beam under alternating electric field
in water.
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from the deflection angle is shown to be one order of magni-
tude smaller than that previously evaluated for the EDL.

Fig. 2 shows the schematic of the experimental setup.
The details of the experimental apparatus are described else-
where.'® A Sagnac interferometer was used for the refractive
index change measurement with a He-Ne Laser (Model
32734, Research Electro-Optics) at 633 nm with 3 mW out-
put power. The laser beam was divided into two with a beam
splitter which is the input port as well as the output port of
the interferometer. The two beams were delivered into clock-
wise and counterclockwise propagating arms, which make a
common path assuring the stability against fluctuation in the
path length difference in the two arms and suited to measure
a small imbalance between the two beams induced by a non-
linear effect.''"'* They were recombined at the beam splitter
to be detected with a photodiode (S1336-BQ8, Hamamatsu
Photonics) placed at the dark port. This is because if the two
beams are completely superposed in space, they destruc-
tively interfere to yield zero intensity due to m phase differ-
ence brought in by fixed end reflection at the beam splitter
for one of the beams. A measured sample, a glass cell filled
with 0.1 M-NaCl aqueous solution, was placed along the
common path. It was located at an asymmetrical position in
the path such that the light traveling distance from the sam-
ple to the photodetector is significantly different between the
two split beams. This difference introduced imbalance
between the two beams in the common path interferometer
to make sensitive signal detection possible as presented
below.

In the solution, two electrode plates, tin-doped indium
oxide (ITO, Geomatec) and Pt electrodes, were immersed in
such a way that they are positioned parallel to each other and
to the laser beam transmitted between them. An AC voltage
of 2 V,_, at frequency f= 125 Hz (Ref. 13) was applied with
a function generator to the ITO electrode with the Pt elec-
trode grounded. When a voltage is applied, the Pockels effect
of water induces a change in the refractive index of water,
which is proportional to the electric field. Note that the sign
of the refractive index change is inverted if the polarity of
the electric field changes. If the applied voltage is static, the
EDL, where the applied voltage is concentrated on, is formed
completely at the water-electrode interface. For 0.1 M elec-
trolyte solution, the thickness of the layer (Debye-Hiickel
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FIG. 2. Experimental setup with a Sagnac interferometer. AC voltage at fre-
quency fis applied between electrodes in aqueous electrolyte solution.
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length) is estimated to be 2 nm.>*> However, as the alternat-
ing voltage is applied, the EDL is expected to be only transi-
ently formed to make a less steep voltage gradient in the
vicinity of the electrode than in the static case. The resulting
electric field gradient induces the gradient in the refractive
index change to deflect the transmitted beam. Both counter-
propagating beams are deflected at the same deflection angle
because they travel the common path between the electrodes,
but the arm lengths from the sample to the photodetector are
different to induce a lateral displacement in the beam posi-
tions on the detector surface. As a result, the effect of de-
structive interference is partially reduced resulting in the
increase in the light intensity at the detector. To be precise,
the two beams are slightly displaced initially because the
light intensity change is larger for a displaced position than
in the completely overlapped position. The light intensity
change which is synchronous with the modulation frequency
f of the electric field is detected with a lock-in amplifier
(Model 7265, Signal Recovery). The beam diameter is about
1.4 mm at the detector, whose size is 5 mm square, and is
about 170 um at the electrodes in the cell, focused with a
f =300 mm focusing lens.

The experimental result is shown in Fig. 3, where the
deflection angle is plotted against the distance of the beams
from the ITO electrode surface. The distance was varied by
moving a micrometer-controlled translational stage holding
the cell. The light intensity change is transformed into the
deflection angle by using a numerical simulation which
defines the light intensity as a function of the displacement
of two beams. The deflection angle is estimated to be about
4 x 107 rad. The deflection occurs not only when the beam
passes through the close vicinity of the electrodes but also
when it passes a few millimeters away from the ITO elec-
trode. Furthermore, it should be noticed that the signal inten-
sity is nearly constant almost over the whole distance
between the electrodes, 4 mm. To check this signal is not
spurious but specific to the volume between the two electro-
des where the electric field is present, it is confirmed that
there is no signal either without the electric field or without
the laser beams (the beams are blocked). In addition, it is
also confirmed that there is no signal outside the electrodes.
With all these results taken into account, it is concluded that
the observed deflection was induced in bulk water between

6.0x107— . . :

o |

6.0x107° .
2.0x107°#.0x10™ 1

P.0x107°

0.0l =
0.0 o 2 .

3

Deflection [rad]

Dista1nce from ITO [mm]

FIG. 3. Dependence of the deflection angle on the spatial-position of the
laser beam, measured with lock-in detection at f. The inset shows that there
is no signal outside the electrodes.
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FIG. 4. Laser beam deflection under a gradient of the refractive index close
to the electrode.

the two electrodes when the voltage is applied. Because there
was no appreciable signal detected at 2 f, the signal is con-
firmed to be caused by the Pockels effect, not by the Kerr
effect. The constant signal intensity over the whole volume
between the electrodes, therefore, means the constant gradi-
ent of the electric field. In other words, the voltage is quad-
ratically dependent on the distance from the electrode
surface.

Since bulk water has macroscopic centrosymmetry, the
second-order optical nonlinearity or the first order optoelec-
tric effect (Pockels effect) is inactive.' Therefore, the result
is intriguing in view of the basics of nonlinear optics. One
possible reason presently conceivable is that nonequivalent
electrodes, the ITO and Pt electrodes, are used to inevitably
introduce some asymmetry into the bulk water volume.
Another possible mechanism is that one electrode is
grounded and the voltage relative to the ground is applied to
the other. That is, the absolute potential is asymmetric rela-
tive to the vacuum. For example, the redox potential of water
is defined as the absolute energy relative to the vacuum level
or to the standard electrode in electrochemistry. Although
there are asymmetric elements in the inter-electrode space as
described above, how they are responsible for the Pockels
effect of water is not trivial. As a preliminary experiment,
we obtained the result that the magnitude of the deflection
signal was much lower for Pt-Pt electrodes than for ITO-Pt
or ITO-ITO electrodes. This shows that the signal size
depends on the combination of the electrodes, but the rele-
vance to the symmetry breaking effect is presently not clear.

From the experimental deflection angle, the size of the
Pockels coefficient, r33, relevant to the present experimental
condition (the external electric field is parallel to the optical
electric field*”) can be estimated in the following way as
shown in Fig. 4. When the beam travels parallel to the elec-
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trode under the refractive index gradient, the optical path dif-
ference (OPD) arises within the beam cross section to distort
the wave front. The maximum OPD within the beam diame-
ter d caused by propagation through the electric field applied
volume over the distance L, which is the length of the elec-
trodes, is given by (§2d)L. Here it is assumed that 4" is con-
stant as inferred from the experimental observation. Since
the light beam is propagated in such a way that the propaga-
tion direction is orthogonal to the wavefront, this OPD
should be equivalent to the OPD caused by beam deflection,
ndsin @, with n and 6 being, respectively, the refractive
index of water and the deflection angle. With n=1.33,
0=4x10", and L=4 mm, we obtain An = 1.0 x 107 '°.
From the impedance analysis of the equivalent circuit of the
system, the voltage falls in bulk water is estimated to be 0.05
V. With the electrode separation of 4 mm, the average elec-
tric field between the electrodes is estimated to be 12 V/m.
The order of magnitude of r33 for “bulk water” is therefore
estimated to be 10 pm/V, which is one order of magnitude
smaller than that for the EDL but well comparable to that for
typical electrooptic crystals."
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