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PREFACE

In order to realize the ultimate status of light and matter,
M. Ohtsu aims at the following three research subjects:

(1) Laser frequency control.
(2) Application of highly coherent semiconductor lasers.
(3) Photon scanning tunneling microscope.

The papers related to the subject (1) cover several pro-
gresses in the study on one Peta-Hertz hyper-coherent optical
frequency sweep generator, optical frequency comb generator for
~highly accurate optical frequency counting, nonlinear optical
frequency conversion, high-Tc oxide super-conducting film for an
ultrafast photo-detector, and frequency stabilization of a LD-
pumped YAG laser for gravitational wave detection. The subject
(2) is for developing commercial products of a passive ring
resonator-type fiber gyroscope and a LD-pumped rubidium atomic
clock, which are supported by Research Development Corporation of
Japan ( JRDC ) with the cooperation of industries. The subject
(3) is for developing a chemical etching technology of optical
fiber probes, study on local photo-induced chemical reaction and
its application to high density optical storage, and proposal of
virtual photon model for analyzing primary process of a photon
STM. The final goal of the subject (3) is the manipulation of a
single neutral atom by using an optical fiber probe as an optical
tweezer. The results of its preliminary experiment will be
reviewed in the forthcoming volume.

A "PHOTON CONTROL" project, directed by M. Ohtsu, started at
April, 1993 as an five-year research project of the Kanagawa
Academy of Science and Technology(*). The research subjects of
this project covers (1) and (3) described above. The main mission
of this project is not only the basic research but also the
technical transfer of the result of the basic research to the

industry. Six research staff members including three visiting



scientists form industry are engaged in these subjects in cooper-

ation with M. Ohtsu's coworkers of Tokyo Institute of Technology.
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Motoichi OHTSU

(#) Address: Kanagawa Academy of Science and Technology
3-2-1 Sakado, Takatsu-ku, Kawasaki-shi, Kanagawa
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(#+%) Back numbers of the collectéd papers are still available on
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1.5 um diode laser-based nonlinear frequency conversions

by using potassium titanyl phosphate

Weizhi Wang, Ken'ichi Nakagawa, Yasunori Toda, and Motoichi Ohtsu
Graduate School at Nagatsuta, Tokyo Institute of Technology, 4259, Nagatsuta-cho, Midori-ku,

Yokohama 227, Japan

(Received 20 April 1992; accepted for publication 4 August 1992)

Both second harmonic and sum-frequency generations by using 1.5 um diode lasers in a type 11
phase matched potassium titanyl phosphate are demonstrated for the first time. A maximum
second harmonic output power of 1.0 uW is obtained with the use of an external builtup cavity,
and a 0.23 uW sum-frequency output power at 0.54 um is obtained by using 1.5 and 0.82 um

diode lasers.

For many fields such as high resolution laser spectros-
copy and precision optical measurements, a coherent opti-
cal frequency sweep generator (OFSG) with the frequency
coverage from ultraviolet to infrared is required as a co-
herent light source. A diode laser-based OFSG with a Peta-
Hz frequency sweep range, which involves multiple diode
lasers and nonlinear frequency conversions by means of
organic and nonorganic nonlinear crystals, has been pro-
posed for its wide tunable range and hyper-coherent prop-
erty.? In the OFSG system, various frequency conversions
and frequency links between diode lasers and frequency
standards are indispensable. The second harmonic (SH)
generation of a 1.5 um diode laser provides a link between
the 1.5 pm region and the 0.78 um region for which a Rb
atomic absorption line has been widely utilized to serve as
the frequency standard to lock the diode laser frequency.
The internal SH generation of a 1.5 um diode laser can be
used for this purpose,’ however, the weak SH power hin-
dered the performance.

Because the present available power of the diode laser
at 1.5 um is low, the 1.5 um diode laser-based nonlinear
frequency conversions, as we have known, have been rarely
investigated. On the other hand, diode laser sources for
generating green lights through direct SH generation are
unavailable, and the green output from the all diode laser-
based nonlinear frequency conversion has not yet been ob-
tained.

In this letter, we report two experiments on the non-
linear frequency conversions of the 1.5 um diode lasers by
using potassium titanyl phosphate (KTiOPO,KTP). One
is the SH generation of a 1.5 um diode laser with the use of
an external builtup cavity. The other one is the sum-
frequency (SF) generation of a 1.5 and a 0.82 um diode
lasers for generating a green light.

The KTP crystal is chosen for its large nonlinear co-
efficients, large acceptance angle, low loss in both visible
and infrared region and large temperature tolerance. We
used the same crystal for our two experiments at room
temperature. The crystal, sized 33X 10 mm?, is cut with
faces 54° to the crystallographic z axis, and in the xz plane
(¢=0°,6=54°), and is coated with AR films at both 1.5
and 0.8 um on both end faces.

The experimental setup for the SH generation is shown
in Fig. 1. The laser source for the fundamental wave is a
multielectrodes corrugation-pitch-modulated MQW-DFB
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laser diode with a wavelength of 1.54 um and a 350 kHz
free-running linewidth.* The y axis of the KTP crystal was
in the vertical direction and the incident angle of the laser
beam was changed in the @ direction as shown in Fig. 1.
The output polarization from the laser lies in the xz plane
or perpendicular to the y axis. A Faraday rotator was used
to rotate 45° of the incident polarization for satisfying the
type II phase matching condition. The angular phase
matching is obtained at =53°. The polarization of the SH
output is along the y direction. Several nanowatts of the
single-pass SH wave was measured as the incident power of
the fundamental wave was 8 mW. For enhancement of the
generated SH wave, an external builtup ring cavity was
employed. The laser beam was collimated with a collimat-
ing lens CL and was then focused into the ring cavity using
a lens ML with a focusing length of 4060 mm for the cavity
mode matching while the laser beam waist was adjusted to
near the midst of the crystal with the size of about 100 um.
The enhancement factor of the fundamental wave by the
cavity was estimated as 12 from the transmission and re-
flection resonance curves, which is limited by the imper-
fection of the mode matching. The maximum SH output
power was 1.0 uW as the input laser power was 8 mW.
Figure 2(a) shows the measured SH output by an optical
spectrum analyzer (Anritsu, MS9030A).

Although the axis of the cavity is not coincident with

E(w)
A
optic axis
1.5ym LD ‘ﬁ EQCw)
- CL KTP ~,
M1 KTP M2
N .z —
U —J
. e
ML FR
M3\ / M4

FIG. 1. Experimental setup for the SH generation with an external
builtup ring cavity. CL, collimating lens; M, reflecting mirror; ML, mode-
matching lens; FR, Faraday rotator; The four mirrors, M1-M4, for the
ring cavity have the same curvature radii of 80 mm, M1 and M2 have the
reflectivities of 97% at 1.5 um and transmission of 80% at 0.78 um, M3
and M4 have the reflectivities of 99.9% at 1.5 um. The round-trip length
of the ring cavity is about 520 mm.
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FIG. 2. (a) Measured spectral profile of the SH output. (b) Transmission
resonance curve of the builtup ring cavity. FSR, the free-spectral range of
the cavity. .

the normal of the crystal end facet, there is still a weak
optical feed back to the laser cavity resulting from the
backward scattering on the cavity mirrors, which can be
used to lock the frequency of the semiconductor laser to
the resonant frequency of the cavity as described by Hem-
merich

et al.’ This is confirmed, in our case, from the resonance
characteristics of the cavity by modulating the frequency of
the diode laser as shown in Fig. 2(b). It was seen from this
figure that the locking range of this optical feedback was
about 100 MHz. Therefore a short-term stable SH output
was obtained due to the optically locking of the diode laser.
The further FM noise reduction of the sub-MHz linewidth
1.5 um diode laser was achieved by this feedback and its
linewidth was estimated to be several tens kHz. The line-
width of the generated SH wave was increased by a factor
of 2 as has been pointed out in Ref. 6 and estimated to be
less than 100 kHz, although such a linewidth cannot be
resolved in the spectrum profile of Fig. 2(a) which was
limited by the instrument resolution.

The KTP crystal used in the experiment above is also
suitable for the SF generation of 1.5 and 0.8 um lasers in
the case of the type II phase matching. Figure 3 shows our
experimental setup for generating the green SF wave. A 1.5
pm diode laser (OKI Optoelectronic Device OL503A-65)
with the maximum output power of 50 mW and a 0.82 um
AlGaAs laser (Spectra Diode Labs, SDL-5311-G1) with
the maximum single mode output power of 100 mW were
employed as the laser sources. The KTP was fixed with the

1887 Appl. Phys. Lett., Vol. 61, No. 16, 19 October 1992

FL KTP
| —

CL1

ws -]

HP 1.5ym LD

CL2 BS

[ H

0.8um LD

FIG. 3. Experimental setup for the SF generation. CL1, CL2, collimating
lenses; M, reflecting mirror; BS, beam splitter; FL, focusing lens; P,
prism. The half-wave wavelength plate, HP, was used to rotate 90° of the
output polarization from the 1.5 um laser for satisfying the type II phase
matching condition.

y axis in the vertical direction. The two laser beams were
focused into the crystal by the FL lens with a focusing
length of 100 mm and the angular phase matching was
obtained at 6=47° which is in accordance with the calcu-
lated result using the Sellmeier equation given by Bierlein,’
while the 1.5 and 0.82 um laser beams correspond to the
ordinary and extraordinary waves inside the crystal. The
used beam splitter has a transmission of 98% at 0.8 um for
p-polarization and a transmission of 46% at 1.5 um for
s-polarization so as to permit us to use fully the high power
from the 0.82 pm. The SF output has a wave length of 0.54
um with the polarization along the y axis.

The output power of the generated SF wave can be
expressed as P,,=1.1X107*P,PJ[W], by using the
method developed by Boyd and Kleinman,® where P, and
P, represent the input powers of the two lasers in units of
watt. The reduction factor due to the walkoff effect, which
was included in the coefficient of the expression, was esti-
mated as 0.07 when the beam walkoff angle was 1.5° and
the beams waists were about 20 and 40 um for 0.82 and 1.5
pm diode lasers, respectively. The relation between the SF
output power and the input power of the 0.82 um diode
laser is shown in Fig. 4 by fixing the input power of the 1.5
pm diode laser at 8 mW. The solid line gives the theoret-

g 100

e

a;-, 80|

g °
5 60f

2 °

(-]

> 40 L

g

3 [ ]

g 20+ A

g 0 1 1 1 1 1
@ 0O 20 40 60 80 100 120

Input power at 0.8ym (mW)

FIG. 4. Relation between the input power of the 0.82 um diode laser and
the SF output power at 0.54 um as the input power of the 1.5 um diode
laser was 8 mW. The solid line is the calculated result, and the filled
circles are measured values. i

Wang et al. 1887



ically calculated result and the filled circles in the figure
represent the measured values. The green light output
power varies linearly with the input power of. one of the
lasers as expected. The slight deviation of the experimental
values from the calculated values was attributed to the
imperfect overlap of the two beams in the crystal. The
maximum output power of 0.23 uW was obtained as the
1.5 pum laser was operated in its maximum output power.
As the KTP crystal has a large acceptance angle for
phase matching, a tuning range of the sum frequency out-
put about 15 nm can be expected with a tuning angle of 1°.
Because the optical heterodyne signal by measuring the
beat note has been obtained successfully for the optical
phase locking (OPL) while both participants having sub-
MHz linewidths and an average power of uW order or
even lower,*° our experimental result in the SH generation
has demonstrated the possibility of obtaining enough
power to establish a frequency link even for a mW order
laser source so as to enable an OPL between 1.5 and 0.78
pm diode lasers. It is also seen from Fig. 4 that a highly
coherent SF wave with a sub-uW order output power, by
replacing the high power multimode diode laser in the SF
generation with the MQW-DFB laser used in the SH gen-
eration, can be realized to be ready for an OPL, in which
the linewidth of the generated light would be increased by
a factor of \/5 resulted from the two uncorrelated lasers
assuming that the two lasers have the same linewidth.®
At present, a semiconductor laser with a hertz-order
linewidth has been achieved by using both optical and elec-
trical feedback,'® therefore, the nonlinear frequency con-

1888 Appl. Phys. Lett., Vol. 61, No. 16, 19 October 1992

versions can be realized to generate the highly coherent
light in our diode laser-based optical frequency sweep gen-
erator by using efficient nonlinear crystals.

In conclusion, we have performed both SH and SF
generations by using 1.5 um diode lasers in one KTP crys-
tal. A maximum SH output power of 1.0 uW at 0.77 um
with a linewidth less than 100 kHz and a SF output power
of 0.23 uW at 0.54 um have been obtained. The green SF
output by using two diode lasers is reported, to or knowl-
edge, for the first time.

The authors would like to thank Dr. M. Okai of Hita-
chi Corp. and Dr. Y. Kawai of Oki Electric Corp. for
providing diode lasers, and Dr. C-H. Shin of National
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discussions.
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Frequency stabilization, linewidth reduction, and fine detuning of a
semiconductor laser by using velocity-selective optical pumping
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A novel optical feedback technique for a semiconductor laser has been used successfully in
stabilizing the laser frequency to a hyperfine transition frequency of the Rb®’-D, line (F=2-3)
and simultaneously reducing the laser field spectral linewidth 20-times that of the free-running
laser. The locking range of this feedback was 200 MHz. The possibility of continuous detuning
of the stabilized frequency as large as +y/2 (half of the natural linewidth of the atomic

resonance) was demonstrated.

Frequency-stabilized semiconductor lasers have been
used as indispensable light sources for a variety of quantum
optical experiments and coherent optical sensing systems,
such as laser cooling of neutral atoms,' optical pumping of
atomic clocks,” and a passive resonator-type fiber gyro-
scope.’ In the case of laser cooling experiments, the semi-
conductor laser has to meet at least the following three
requirements: (1) The laser frequency must be stable and
reproducible, (2) the field spectral linewidth Av must be
narrower than the natural linewidth ¥ of the atomic reso-
nance line, and (3) the stabilized laser frequency must be
detuned from the atomic resonance frequency v, with a
magnitude of about *y/2, ie., v~v,£y/2.

Narrow-band optical feedback, using the reflected
beam from a reference Fabry—Perot cavity,* has been used
as an effective method to decrease Av, by which require-
ment (2) can be met. However, since v is locked to one of
the resonance frequencies of the Fabry-Perot cavity, high
reproducibility of v is not expected even though it is sta-
bilized. Therefore, in order to meet requirement (1), this
cavity-locked laser frequency has to be stabilized to v, by
an additional electrical feedback loop. Furthermore, to
meet requirement (3), additional frequency-offset locking
techniques should be used. However, these optical and
electrical feedback control systems could make the system
complicated.

In order to overcome this difficulty, we proposed a
novel optical feedback method to control a semiconductor
laser frequency by utilizing a velocity-selective optical
pumping (VSOP)’ and polarization spectroscopy® of a ru-
bidium (Rb®’) atomic vapor to meet the three require-
ments presented above. In this method, the light possessing
the information of the Doppler-free atomic resonance spec-
tral profile is injected into the laser. As compared with the
method using a Fabry-Perot cavity and the methods pre-
viously reported,”® the present method has several advan-
tages. They are: (1) The three requirements presented
above are easily met, and the setup is simple and compact.
(2) An optically thick atomic vapor cell is not required to
obtain high signal-to-noise ratios in the Doppler-free sig-
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nal. (3) For frequency detuning, a strong magnetic field is
not required.

Figure 1 shows the experimental setup. The total
length of this system was as short as 300 mm. The ®’Rb cell
was 35 mm long and was used at room temperature. The
output beam of the semiconductor laser (HITACHI
HL7802, 0.78 um wavelength) was divided into two beams
by a beam splitter (BS1). One beam (4.0 mW) was used
for pumping and the other (0.8 mW) was for probing the
Rb® vapor. The angle between pump and probe beams was
so small that the residual Doppler broadening was negligi-
ble.

The VSOP and its detection are realized by the follow-
ing processes. The polarization of the probe beam was con-
verted from linear to elliptic by passing through the Rb%’
cell due to the circular dichroism induced in the Rb*’ va-
por by a nonlinear interaction with the strong pump beam.
Furthermore, the circularly polarized strong pump beam
produces velocity-selective polarization in the Rb vapor
and induces velocity-selective circular dichroism and bire-
fringence in the probe beam reflected by a mirror M3. In
order to inject the spectral selective probe beam to the
laser, a Faraday rotator with a rotation angle of 45° was
used. For the optical feedback the polarizer also serves as
an analyzer.

Figure 2(a) shows the Doppler-free Rb®’-D, spectral
profile line due to hyperfine transitions from the F=2 level
in the ground state. It was measured by a photodiode
(PD) by sweeping the laser injection current. In this case,
the reflected probe beam was not injected into the laser,
i.e., the laser was in the free-running condition.

The labels for the various peaks in Fig. 2(a) were de-
termined as follows. By a nonlinear interaction with the
pump beam, the strongest orientation of the atomic spin is
induced at the transition from F=2 to F=3 in the Rb*’-D,
line. It is because the hyperfine pumping was not caused in
this transition. For this reason the strongest VSOP signal
was obtained at the transition frequency from F=2 to
F=3. We estimated the frequencies of the other peaks by
comparing with this signal.

Since this spectral profile exhibited a peak at v,, stable
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FIG. 1. Experimental setup of optical feedback laser. LD: semiconductor
laser. CL: collimating lens. BS1, BS2: beam splitters. M1, M2, M3: mir-
rors. FR: Faraday rotator. PD: photodiode.

resonant optical feedback was achieved by injecting the
reflected probe beam into the laser. As a result, the laser
frequency v was locked to v,. Figure 2(b) shows the de-
formed Doppler-free spectral profile measured as a result
of this injection, i.e., the laser was in the optical feedback
condition. The plateau at the center of the profile suggests
that the v was locked to v, (the transition between F=2 to
F=3). The locking range was as wide as 200 MHz as the
laser frequency would change by about 200 MHz by
changing the injection current by the magnitude of 80 uA.

Because the high reproducible atomic resonance line
was utilized for a frequency reference, the reproducibility
of the laser cavity frequency is expected to be high in prin-
ciple. The estimation of the laser frequency stability of the
present method can be carried out by comparing with an-
other independent frequency reference.

Although the control of the optical path length be-
tween the laser and the mirror M3 is required for stable
optical feedback by a slow electrical feedback to the PZT
on which M3 was mounted, our optical feedback was
maintained stable without controlling the PZT for longer
than several minutes because of a compact and rigid ex-
perimental setup.

Frequency Frequency
800MHz 200MHz
>

Injection Current Injection Current
(a) (b)

FIG. 2. Doppler-free spectral profile of Rb®’ vapor measured as a func-
tion of the laser injection current. (a) Measured circular dichroic spectral
profile by using a free-running laser. Spectral lines 4, B, C correspond to
the transitions F=2-1, 2-2, 2-3, respectively. Spectral lines D and E
correspond to the crossover resonances. (b) The profile measured by
injecting the reflected probe beam into the laser.
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FIG. 3. The laser spectral profiles resulting from the delayed self-
homodyne method with 4-km-long single-mode fiber. The ordinate rep-
resents the amplitude of the self-homodyne beat signal measured by linear
scale. The peaks which extend well above the border of the graph repre-
sent the spectral line of the local oscillator in the spectrum analyzer. They
are not from the laser FM noise. Av: The field spectral linewidth of the
optically stabilized laser was determined by fitting the spectral profile to
the Lorentzian and measuring the half-linewidth at the (1/2)"? of the
maximum. (a) Free-running condition. Av=20 MHz. (b) Optical feed-
back condition. Av=1 MHz.

The electrical feedback experiment and the estimation
of the influence of optical path length on the frequency
stability, which have been performed, will be published
elsewhere.’

Figures 3(a) and 3(b) show the field spectral profiles
of the laser under free-running and optical feedback con-
ditions, respectively, obtained using the delayed self-
homodyne method!® with a 4-km-long single-mode fiber.
The half-linewidth Av was reduced to 1 MHz by the opti-
cal feedback, which was 20 times narrower than that of the
free-running laser. By these experimental results, it was
confirmed that the present method could meet require-
ments (1) and (2).

The advantage of the present optical feedback is that
the stabilized laser frequency can be detuned continuously
from v, with a magnitude of about /2, i.e., v/y/2<v
<v,+vy/2.

By changing the Faraday rotation angle from 45 deg,
the spectral profile of the reflected probe beam was de-
formed from absorptive to dispersive due to the circular
birefringence of the Rb vapor as is depicted by Figs. 4(a)
and 4(b). And the peak of the dispersive profile appears
approximately at v, to y/2, depending on the Faraday ro-
tation angle.

Figure 4(c) shows the spectral profile of the Rb®’ va-
pors, measured while injecting the reflected probe beam to
the laser. The laser frequency v was locked at the plateau
of this profile, which suggests that the stabilized laser fre-
quency v was detuned from v,, i.e., v~v,+%/2 by chang-
ing the Faraday rotation angle from 45° to 22.5°.

By this result, it was confirmed that requirement (3)
was met. The Faraday rotator can be replaced by a polar-
izer whose optical axis is fixed to be 45° with respect to the
analyzer, which can make the system simpler.

In summary, we have succeeded, by using a novel op-
tical feedback technique for a semiconductor laser, in sta-
bilizing the laser frequency to a resonance frequency of a
hyperfine transition of the Rb®’-D, line (F=2-3) and si-
multaneously reducing the laser field spectral linewidth 20-
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FIG. 4. Typical absorptive and dispersive profiles, and experimental re-
sults obtained to demonstrate the possibility of detuning the stabilized
laser frequency. (a) A typical absorptive profile. (b) A typical dispersive
profile. (c) Measured dispersive spectral profile while injecting the re-
flected probe beam into the laser. The Faraday rotation angle was
changed to about 22.5°.

times that of the free-running laser. The locking range of
this feedback was 200 MHz. The possibility of continuous
detuning of the stabilized frequency as large as y/2+y
(half of the natural linewidth of the atomic resonance) was
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demonstrated. It can be expected that this optically stabi-
lized laser is used as a stable light source for laser cooling
experiments.
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Coherent addition of injection-locked high-power
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Coherent addition with the use of injection-locked AlGaAs high-power diode lasers has been performed. The
linewidths of the master and slave lasers were narrowed to less than 30 kHz by using the optical feedback from an
off-axis confocal Fabry—Perot resonator. The coherently added output power of two diode lasers was increased
up to 110 mW, which corresponds to an addition efficiency of 0.85. The residual phase fluctuation of the system
was controlled within 0.25 rad. Addition of three high-power diode lasers has been also demonstrated for the
first time to our knowledge, and a total output power of 150 mW with an addition efficiency of 0.68 was obtained.

A highly coherent and high-power laser source is
indispensable for optical nonlinear frequency con-
versions such as pumping of an optical parametric
oscillator and detection of gravitational wave. Since
there is a limit in power or coherence for a single laser
device, pioneering research to obtain high output
power by adding multiple laser outputs coherently
of various laser devices has been carried out,!® and
monolithic arrays with an output coherent power
of as much as 1 W have been achieved.® However,
there remain problems of low addition efficiency as
in the case of the utilization of a spatial filter and an
external cavity,! the complexity of a system as in the
case of the addition of phase-locked gas lasers,? and
unsatisfactory output beams with multilobe spatial
pattern as in the case of the phase-locked diode-laser
arrays of antiguides.® On the other hand, diode
lasers of the single-stripe type can be considered
as a promising candidate for this aim because of
their convenience in electrical and optical feedback
control, wide frequency tuning range, and availability
of direct modulation.

The injection locking of the 1.5-um diode lasers
and the coherent addition between master and slave
lasers have been reported by us.* In this Letter we
report the experimental results of coherent addition
by using injection-locked high-power AlGaAs dicde
lasers with much improved results in both coherence
and addition efficiency and also demonstrate multiple
laser addition by using three diode lasers.

The experimental setup is shown in Fig. 1; all
three diode lasers were Spectra Diode Laboratories
SDL-5311 AlGaAs single-mode lasers with a 0.82-
um wavelength and a maximum output power of
100 mW. The lasers were installed on copper blocks
whose temperature fluctuations were controlled
within 1 mK. All diode lasers were operated with
drive currents in the range of 5.8—-7.0 times the
threshold value. An optical isolator (isolation ratio
>30 dB) was used to prevent the master laser from
being injected by slave lasers and the reflections of
optical components. The principle of the coherent
addition of injection-locked lasers involves two steps.

0146-9592/92/221593-03$5.00/0

The first is to use the master laser to inject a part
of its output power into the slave laser, by which the
laser frequency of the slave laser is locked to that
of the master laser. The second is to use a beam
splitter to add the incident powers from the two lasers
at which the in-phase interference condition between
the two laser beams is maintained by control.

In the experiment, laser beams were collimated
with the same type of collimating lenses to match
the wave fronts. Wedge plates were used as beam
splitters to keep sufficiently high power of the mas-
ter laser for coherent addition after its beam was
injected into the slave laser and an off-axis confocal
Fabry—Perot (CFP) resonator. The off-axis CFP res-
onator with a finesse of 75 and a free spectral range
of 1.5 GHz was used as an optical feedback resonator
to reduce the laser frequency noise. This optical
feedback scheme is the same as the one proposed by

Lo
re==q
CFP master [jslave 1{ j slave 2
CL < CL ;P CL
M WP

Isolator

Fig. 1. Experimental setup of the coherent addition
by using injection-locked diode lasers. WP’s, wedge
plates; M’s, reflecting mirrors; BS’s, beam splitters; PZT’s,
piezoelectric transducers; CL’s, collimating lenses; CFP,
confocal Fabry—Perot resonator; HP, half-wave plate for
keeping the polarization of the master laser the same
as that of the slave laser; ML, mode-matching lens; A’s,
amplifiers for driving the PZT’s; D’s, photodetectors; LO,
local oscillator.
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Fig. 2. Field spectral profiles of the master laser under

free-running conditions (curve A) and with optical feed-

back from the CFP resonator (curve B). RBW, resolution

bandwidth.

Dahmani et al.® Figure 2 gives the measured field
spectral profiles by the delayed self-homodyne method
with a 4-km optical fiber. The 3-dB linewidth of
the free-running master laser was ~2 MHz, and the
linewidth was reduced to below the resolution limit
of the 4-km optical fiber delay line when the laser fre-
quency was locked to the CFP resonator and was es-
timated to be less than 30 kHz. The locking range of
300-500 MHz was observed with an optical feedback
power ratio of 1075, When the slave laser was injec-
tion locked by the master laser, the linewidth of the
locked slave laser was also measured by the delayed
self-homodyne method and the field spectral profile
was observed to be the same as that of the master
laser, which means that the highly coherent proper-
ties of the master laser were transferred to the slave
laser. The injection-locking range was measured as
8.4 * 0.3 GHz by using an optical wavelength meter
and tuning the drive current of the slave laser when
the injection power was estimated to be 0.7 mW.
This locking range, corresponding to a current range
of 3.8 mA, can be easily confirmed as the interfer-
ence fringes at the output port of the beam splitter
disappeared when the drive current was tuned out of
the locking range. The output intensities at the two
output ports of the beam splitter can be expressed
as I, = r2l, + t2I, + 2rt(I,,I,)"? cos 8 and I, = I, +
r’l, — 2rt(I,,I,)" cos 8, where I,, and I, represent the
optical intensities of the master and slave lasers, r
and ¢ represent the amplitude reflection and trans-
mission coefficients, respectively, and § represents
the phase difference between master and slave laser
beams. The coherent addition was realized as § was
controlled to be kept at zero. The addition efficiency
can be defined as the ratio of the obtained output
power to the ideal output power and is expressed as
n = I/, + I,), where I,, represents the experi-
mentally available output power.

Since the phase difference between the two lasers
was also locked to a certain value by the injection
locking, the stability of the output power was limited
by the phase fluctuations involving the fluctuation of
the optical path length of the laser beams and the
residual phase fluctuation in the injection locking.
Because the contrast of the interference fringes can

be considered as the representation of the phase
correlation between master and slave lasers, two
methods, which gave the same result, were used to
measure the fringe contrast. One method was to
put a pinhole in front of the photodetector, and the
another method was to couple the two beams into a
single-mode fiber so as to obtain the complete match-
ing of the two wave fronts, while the phase difference
between the two beams was varied by changing the
voltage applied to piezoelectric transducer PZT 1 in
Fig. 1. The maximum measured contrast was 0.94,
which corresponds to a theoretical value of 0.97 for
the currently used beam splitter ratio of r/t = (6/4)'?.
Such a result implies that the residual phase noise in
this case was reduced to a nearly ideal level by the
injection locking.

Figure 3 shows the interference pattern from both
output ports of the beam splitter. It can be seen
clearly that the powers from the two lasers were
canceled at one port and were added at the other
port. For obtaining a maximum stable output power,
the locked slave laser was modulated by sweeping
the drive current within the locking range so as to
modulate the phase difference between the two laser
beams. The phase difference thus was locked by us-
ing the phase-sensitive detection technique through
a lock-in amplifier to feedback a voltage to PZT 1,
i.e., the output at port 2 was locked to the dark
fringe. The modulation frequency was 5 kHz, and
the error signal from the output of the lock-in ampli-
fier was recorded as is shown in Fig. 4. This figure
shows that the external influences, mainly from the
mechanical vibration, on the phase difference were
reduced to less than 0.25 rad or A/25 (where A is
the laser wavelength). An output power of 110 mW
was obtained as the two laser powers incident upon
the beam splitter were 67 and 68 mW, respectively.
This corresponded to an addition efficiency n = 0.85,
which is much improved compared with the previ-
ously reported values.*

To demonstrate experimentally the feasibility of
the coherent addition of multiple injection-locked
lasers, we also carried out coherent addition of two

Fig. 3. Interference patterns between the master laser
and the injection-locked slave laser. The bright fringe on
the right side is from port 1 in Fig. 1, and the left image
is the dark fringe from port 2.
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Fig. 4. Error signals from the output of the lock-in am-
plifier. The inset gives the phase fluctuation of the sys-

tem in the uncontrolled state.

injection-locked slave lasers and the master laser.
The experimental setup was changed by adding the
part depicted by the dashed lines in Fig. 1. An
output power of 150 mW was obtained, corresponding
to a total addition efficiency of 0.68. The degradation
of the addition efficiency was attributed to the
difficulty of the spatial mode matching and also to
the practical experimental situation in which the
third laser hardly oscillated with the sufficiently high
longitudinal-mode stability. More careful selection
of the laser device could be expected to improve
the result.

Because the laser beams in our method are added
coherently, both spatially and temporally, the present
experiment has shown that coherent addition can be
used as an efficient technique for obtaining high out-
put power while maintaining the diffraction-limited
single spatial mode beam of each diode laser and the
low FM noise determined by the optically fed back
master laser. It can also be advantageous over the
scheme of the conventional laser amplifier because
of the absence of the excess noise that is due to the
spontaneous emission. Moreover such a method is
compatible with construction of an injection chain to
add coherently multiple diode lasers directly, rather
than the diode-pumped solid-state lasers,’ to realize
an all-diode-laser-based coherence source for making
full use of the merits of diode lasers in applications.

In the case of multiple diode lasers with identical
intensities, namely, I, assuming that all the additions
are with the same efficiency 7, we can add 2" diode
lasers by using beam splitters with r/¢ = 1 and ob-
tain I, = (27)"I, whereas for addition of arbitrary n
diode lasers we obtain I, = [(y + "' — 29")/(1 —
1)} by using the beam splitters with /¢t = (1/n)"* at
which the outputs from the reflecting ports are locked
to the dark fringes. As an example, for = 0.85,
n = 8, the output powers of these two schemes will
be 4.91 and 4.2], respectively. The latter has a lower
output power, however, it can be used for any number
of diode lasers.

In conclusion, we have carried out coherent ad-
dition by using injection-locked high-power AlGaAs
lasers. An addition efficiency as high as 0.85 in the
addition of two lasers with a total output power of
110 mW was obtained. The linewidths of the master
and slave lasers were reduced to less than 30 kHz
by using optical feedback from an off-axis CFP reso-
nator. Such a result, in both addition efficiency and
coherence, is to our knowledge the best that has
been reported in experiments using various lasers.
We have also demonstrated the addition of three
high-power diode lasers for the first time to our
knowledge, and the total output power and the ad-
dition efficiency were 150 mW and 0.68, respectively.
The residual phase fluctuations of the system were
controlled within 0.25 rad.

This research is supported by a Grant-in-Aid
(no. 04234204) for science research from the Ministry
of Education, Science and Culture of Japan.
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Homodyne Optical Phase Locking of Resonant Cavity
Coupled Semiconductor Lasers

Chul-Ho Shin and Motoichi Ohtsu, Senior Member, IEEE

Abstract—Two confocal Fabry-Perot cavity coupled semicon-
ductor laser diodes (CFP-LD) have been constructed for the use
in optical phase-locking experiments. Their FM noise suppres-
sion characteristics are precisely evaluated by measurements of
FM noise by using an optical resonator as the optical frequency
discriminator (FM noise suppression ratio 39 dB), spectral
linewidth by heterodying of two CFP-LD’s (6.5 kHz) and fre-
quency drift of a heterodyne signal in the time domain (20
kHz /s) and calculations by using a proposed simple linearized
model of optical feedback system. Using two CFP-LD’s, we
carried out homodyne optical phase-locking experiments. Per-
formance of the optical phase-locked loop (OPLL) was evalu-
ated with measured phase error variance and the calculated
one considering the actual power spectral density of FM noise

of the lasers employed in the OPLL. Phase error variance of -

the OPLL considering infinite bandwidth was 2.26 x 10~2 rad?.
Total phase-locked power concentration ratio of the slave laser
in the OPLL was 97.7%. In other words, 97.7% of temporal
coherence of the master laser was transferred to the slave laser
by this OPLL.

I. INTRODUCTION

PTICAL phase locking is an important basic tech-
nology for the following applications.

1) Coherent optical communication systems employ-
ing coherent homodyne/heterodyne detection of
PSK (phase shift keying) and ASK (amplitude shift
keying) modulation format. [Homodyne and hetero-
dyne optical phase-locked loops (OPLL’s).]
Precise optical measurements such as high resolu-
tion spectroscopy, frequency chain for frequency
measurement [1], interference pattern measurement
[2] and so on. [Heterodyne and homodyne OPLL’s.]
Optical frequency sweep generator (optical fre-
quency synthesizer) with very precise frequency
tracking performance. [Heterodyne OPLL.]
Frequency stabilization of a laser by locking to a
stable master laser. [Homodyne and heterodyne
OPLL’s.]

2)

3)

4)

Manuscript received January 31, 1992; revised August 4, 1992. This
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5) Coherent pulse generation by multiple frequency
offset locking [3]-[5]. [Heterodyne OPLL.]

6) Timing stabilization of mode-locked laser [6].
[Pulsed OPLL.]

The pioneering optical phase lockings by He-Ne lasers
have been demonstrated in the 1960’s [7] (and listed in
[4] of [8]). In the 1980°s, extensive studies on homodyne
and heterodyne optical phase-locking experiments have
been started for applications to coherent optical commu-
nications and applications to high resolution spectroscopy
and optical frequency measurement.

Experiments of heterodyne OPLL have been carried out
by using optically or electrically frequency stabilized
semiconductor laser diodes (LD’s) [9]-[13], free running
LD’s [14]-[17], Nd: YAG lasers [18], He-Ne lasers [8],
a dye laser, and a He-Ne laser [19]. Experiments of
homodyne OPLL have been carried out by using He-Ne
lasers [7], CO, lasers [20], free running LD’s [21], [22],
LD-pumped Nd:YAG lasers [23], [24], optically fre-
quency stabilized LD’s [25], He-Ne laser and optically
stabilized LD [26], and electrically stabilized LD’s [22].
Except for [21] and [22], optical phase locking could be
achieved by a loop natural frequency smaller than 100 kHz
because of the low magnitude of FM noise of the lasers
used in the experiments. In the case of free running LD’s,
the loop natural frequency employed was more than 10
MHz. The maximum loop bandwidth was 134 MHz [22],
and even in this case the phase error variance was consid-
erable because of the large wideband FM noise in free
running LD’s. Frequency stabilized semiconductor lasers
must be therefore employed for achieving an OPLL with
a small phase error.

In this connection, we have constructed resonant cavity
coupled semiconductor lasers as the frequency stabilized
lasers by optical feedback. In optical feedback methods,
there are several kinds of external reflectors, e.g., one
mirror [11], [27]-[29], two mirrors (LD is located be-
tween them) [30], an optical grating [31]-[33], a fiber
cavity [34]-[36], a tilted high finesse resonant cavity [37]-
[40], a photorefractive phase conjugate mirror [41], and
so on. In the case of one mirror, the reflection coefficient
of the mirror must be carefully selected and feedback
phase matching is very important for stable operation un-
der optical feedback condition. In this type of external
reflector, the optical feedback system is very sensitive to
tilting angle, tolerance of which is the order of 10 urad
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[42]. The optical feedback by using an optical grating re-
quires an antireflection (AR) coating on the coupling facet
of the semiconductor laser for sufficient optical feedback
because of low reflectivity of the optical grating and to
avoid multicavity operation. Then, one or more etalons
for external mode selection is required to avoid the mode
hopping between external cavity modes, because there are
many external cavity modes with a strong magnitude due
to strong optical coupling between the laser and the ex-
ternal cavity. For this method, commercially available
semiconductor lasers are not directly used without apply-
ing AR coating on a facet. In case of the optical feedback
method by using a fiber cavity, the mode matching be-
tween the laser cavity and the fiber cavity is difficult, be-
cause the reflection mode of the fiber cavity is used for
optical feedback. It is therefore difficult to use a high fi-
nesse fiber cavity.

On the other hand, optically frequency-stabilized semi-
conductor laser diodes by using a tilted external resonant
cavity shows high spectral purity with relatively long-term
frequency stability by using a high finesse and frequency-
stable CFP cavity, and frequency modulation (FM) ca-
pability without any AR coating on a facet of the LD’s.
Any commercially available semiconductor lasers can thus
be directly used for this method without any structural
change of laser device itself. Frequency noise character-
istics of semiconductor lasers coupled to a resonant ex-
ternal cavity have been theoretically analyzed [38], [43]
and experimentally evaluated [38], [39]. FM noise reduc-
tion and the frequency modulation characteristics of a
semiconductor laser diode coupled to a tilted CFP cavity
(CFP-LD) has also been evaluated precisely [40].

In this paper, we propose a simple linearized model of
the optical feedback system for FM noise reduction. Us-
ing this model, FM noise reduction characteristics is cal-
culated and compared with the measured results. Further-
more, frequency drift in the time domain was precisely
measured, and the spectral line shape of the LD with op-
tical feedback was also measured and evaluated.

Using these CFP-LD’s as low FM noise lasers, we car-
ried out experiments of the homodyne OPLL, which con-
firmed their excellent frequency and phase tracking ca-
pability between two CFP-LD’s. This is the first
homodyne optical phase-locking experiment by CFP-
LD’s. Previously, we have reported a heterodyne OPLL
by CFP-LD’s with a very low frequency tracking error of
0.4 mHz between two lasers [9].

The line shapes of semiconductor lasers frequency sta-
bilized by optical or electrical feedback are non-Lo-
rentzian due to a limited stabilization bandwidth and a
noise peak at the relaxation oscillation frequency of the
free running LD. For the precise evaluation of the loop
performance of an OPLL, by semiconductor lasers in par-
ticular, actual FM noises of the slave and the master las-
ers have to be taken into account. The phase error perfor-
mances of OPLL’s in experiments reported so far, have
however been discussed with an assumption that the FM
noise of the lasers is white, i.e., the line shape of the
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lasers is perfectly Lorentzian. For a relatively narrow band
system, narrower than those of the stabilization band-
width of the optical or negative electrical feedback and of
the relaxation oscillation frequency of the semiconductor
laser, such an approximation can be acceptable. How-
ever, in the case that an OPLL is applied for phase noise
rejection, i.e., frequency stabilization of the slave laser
by locking to a stable master laser, precisely measured
phase error variance can be utilized as a measure of the
total stabilized power of the slave laser. For this purpose
or a system with a wider bandwidth, precise determina-
tion of the phase error variance is indispensable. In this
paper, performance of the loop was evaluated with the
measured phase error variance and the calculated one con-
sidering the actual power spectral density of FM noise of
the lasers employed in the OPLL.

II. REsONANT CAVITY-COUPLED SEMICONDUCTOR
LASERS

A. Principles of CFP-LD

Fig. 1 shows the schematic diagram of a CFP-LD. The
tilted CFP cavity acts as an optical band pass filter for the
laser light field which is spectrally purified in the cavity.
A part of the cleaned light field built within the cavity
returns to the laser through the cavity input mirror at res-
onance. The oscillation frequency of the laser is then
locked to the resonance of this CFP cavity, i.e., optical
self-locking takes place. By this process, the spectral line-
width becomes very narrow, and the center frequency is
also stabilized substantially. The free spectral range (FSR)
and the finesse of the CFP cavity were 1.5 GHz and 50,
respectively, which means that the linewidth of the CFP
cavity Avcrp was 30 MHz. The LD’s used in this exper-
iment were commercially available CSP-type AlGaAs
lasers (Hitachi 8314E). The longitudinal side mode
suppression ratio of the LD without optical feedback was
about 30 dB. In this paper, we have neglected longitudi-
nal side modes in discussions as a matter of convenience.

The center frequency of the laser oscillation can be
swept by changing the length of the cavity since laser fre-
quency is locked to the resonance frequency of the CFP
cavity. For this purpose, the PZT-C (ceramic actuator,
capacitance 497 nF, length 2.6 mm, inner diameter 12
mme¢, outer diameter 18 mm¢) of Fig. 1 was used. The
displacement coefficient was 1.7 um /150 V under un-
loaded condition. The change of the resonance frequency
dy of the tilted CFP cavity by the change of the length dl
is given by

_ 2FSR(2dl)
A

where A is the wavelength of the laser. Note that the fac-
tor 2 of 2dl in (1) means two times change of the cavity
spacing because of the tilted CFP cavity as shown by Fig.
1. Using this equation and the displacement coefficient of
the PZT-C, the frequency tuning coefficient of the laser
is calculated as 82.5 MHz/V. The measured frequency

dv = M
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Fig. 1. Schematic diagram of the confocal Fabry-Perot cavity coupled
semiconductor laser diode (CFP-LD). BS and APD are a beam splitter and
avalanche photo diode, respectively. PZT-$ and PZT-C are piezoelectric
transducers used for optimizing the phase of the feedback light and the fine
control of the laser oscillating frequency under optical feedback condition,
respectively. The lens located in front of the CFP cavity is used for the
mode matching of the cavity.

tuning coefficient was 79 MHz /V at the bias voltage to
the PZT-C of about 70 V. These measured and calculated
values show a good agreement with each other.

We observed the resonance spectral profiles of the CFP
cavity, which was detected by the APD shown in Fig. 1,
by sweeping the injection current, of which the frequency
tuning coefficiency was about —3.0 GHz/mA. Fig. 2
shows such profiles with little feedback (a) and moderate
feedback (b) conditions. The resonance profile of the CFP
cavity shows a conventional one under little feedback
condition. By increasing the feedback power, the range of
laser frequency locked to the peak of the resonance fre-
quency of the CFP cavity is increased as can be seen by
Fig. 2(b). This frequency locking range of the CFP-LD
was in the range of 500 MHz ~ 1.5 GHz, which depends
on feedback power. The system could, therefore, endure
fluctuations of the injection current and the temperature
variation of the laser mount, which was suppressed within
1 mK with the temperature control circuit consisting of
Peltier coolers and thermistor sensors. Stable locking was
maintained upto about 1 hour without any other additional
stabilizing circuits. This period could be extended by us-
ing a simple electrical feedback loop to control the feed-
back phase by using PZT-® of Fig. 1 [44], or by minia-
ture packaging [40]. As can be seen by comparing (a) with
(b) in Fig. 2, the resonance peak is not located in the
center of the locking range because of « parameter. Using
this asymmetry, the value of o parameter has been mea-
sured to be 3.1 [45].

To confirm magnitude of the external cavity mode, the
spectral line shape was observed with 2.2 GHz span as
shown by Fig. 3. If there is any external cavity mode, it

‘must be shown in this span because the external cavity

mode spacing, i.e., the FSR of the CFP cavity was 1.5
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Fig. 2. Resonance profiles of the CFP cavity with little feedback power
(a) and moderate feedback power (b). The laser frequency was swept by
injection current with the rate of —3 GHz/mA.
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Fig. 3. Spectral profile of the heterodyne signal between two CFP-LD’s
measured to confirm magnitude of the external cavity mode. The FSR is
the free spectral range of the CFP cavity of Fig. 1.

GHz. However, no side mode could be observed. From
this measurement, it was confirmed that the side mode
suppression ratio of this external cavity semiconductor
laser was at least 50 dB, which proves a reliable single
external cavity mode oscillation. The longitudinal side
mode suppression ratio of the laser itself was, at least, not
affected by this optical feedback. This was confirmed by
monitoring the spectrum of an optical spectrum analyzer.

There are many stable locking points for this type of
optical feedback. When the separation between the LD
and the CFP cavity Lg is an odd number times the length



SHIN AND OHTSU: HOMODYNE OPTICAL PHASF LOCKING

of cavity Lcgp, the stable locking takes place on every
mode of the CFP cavity, while on every other mode in
case of an even number [38]. In our laser, the separation
and the length of cavity were about 25 and 5 cm, respec-
tively. Therefore, the frequency of the laser can be stably
locked to an every resonance peak of the CFP.cavity.

To get a flat resonance profile such as in Fig. 2(b), op-
tical feedback phase must be properly selected by adjust-
ing Lg and Lcpp s0 as to satisfy

2chp = n\ (2)

and
2Ls + 8L = n\ ?3)

simultaneously, where 6L corresponds to the phase change
in the process of coupling between the internal light of
the LD and the external feedback light, due to the « pa-
rameter [46], [47]. Note that 6L can not be experimentally
adjusted, while Lorp and Lg can be adjusted by using
PZT-C and PZT-®, respectively.

B. FM Noise Reduction Characteristics

The FM noise reduction and spectral behavior of semi-
conductor laser with an external cavity have been inves-
tigated with the complex electric field equation of the
laser, adding an external feedback term, and the rate
equation for the carrier density [34], [38], [43], [46]-[49].
A linearized model of the optical feedback system can be
depicted as shown by the Fig. 4. By this model, the re-
lation between the FM noise under free running condition
Ngr (s) and under feedback condition Ngg(s) can be simply
expressed. The transfer function of the optical feedback
system Hpgg(s) is given by

Neg(s)

Hopg(s) = Nre(S)

1
"1+ Kol — Herp(s) exp (—=7ps)]

where Kpp is total optical feedback gain, which is pro-
portional to the feedback power, Hcrp(s) is the transfer
function of transmission mode of the CFP cavity, 7p is
the feedback time delay due to the round trip of Lg, and
is given by

4)

)

where c is the speed of light.
If the amplitude reflection coefficients of the two mir-
rors comprising the CFP cavity are the same, Hcpp(s) is
given by
r(l = r?)
~ r* exp (=7¢ppS)

Hepp(s) = 1 (6)

where r is the amplitude reflection coefficient of the cavity
mirrors, and 7¢gp is the time delay in the cavity, which is
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Fig. 4. A linearized model of the optical feedback system. For details, see
text.

given by
ALepp _ 1
c FSR

where Lcgp is the CFP cavity length.
Introducing some approximations and using experi-
mental parameters, (4) can be expressed by

Nrg(s)
Ner(s)

)

Tcrp =

Hoypg(s) =

) P
TxS

exp (—7ps)

F
1+ - {1 — exp (—7crpS)}

®

where Xj and F are experimentally obtained dc gain for
FM noise suppression and the finesse of the CFP cavity,
respectively and 7y is a normalized parameter for intro-
ducing the experimental parameters, and given by

Tx = Tp + = Tcrp. €))

T

If Hepp(s) = 1, (4) is just for the optical feedback system
of an LD with a mirror or an optical grating as the external

reflector. Removing the terms relating CFP cavity, (8) is
then reduced to

Nes(s) _ 1
Ner(s) Xo

TpS

Hopp(s) = (10)

1+ [1 — exp (—7ps)]

The power spectral density (PSD) of FM noise under
optical feedback condition Sygp is given by

Sors(f) = |Hors(j27f)|* Ser(f) (11)

where Sgr(f) is the PSD of FM noise under free running
condition. The PSD Sg; including relaxation oscillation
resonance effect and 1/f noise component can have an
approximated form given by

£ | Avgr o2vhr ]
P [1 T Ok — I T (20
(12)

Ser(f) =

[Hz?/Hz]

13
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where £, vgr, o [50], v, [51]-[53], and Avs; are magni-
tude of 1/f FM noise at the Fourier frequency of 1 Hz,
the relaxation oscillation frequency, the linewidth en-
hancement factor, the damping constant of the laser and
the linewidth of the laser given by the Schawlow-Townes’
formula, respectively.

The frequency responses of the open loop transfer func-
tion of the optical feedback system of Fig. 4 is shown by
Fig. 5. These frequency responses are same as those of
the reflection mode of the FP interferometer [54] except
contribution of the time delay component due to the sep-
aration between LD and the CFP cavity. As can be seen
by this figure, 3 dB bandswidth of this optical feedback
system is a half linewidth of the CFP cavity, and the phase
change over the 3 dB bandwidth approaches to 90° except
for Fourier frequencies near every integer multiples of the
FSR of the CFP cavity. FM noise magnitudes under op-
tical feedback conditions for these areas are larger than
that under a free-running condition with peaks at every
integer multiple of the FSR of the CFP cavity. This is
because positive feedback is made by drastic phase
changes at these areas. Magnitudes of these peaks depend
on the finesse of the CFP cavity as is described below.

Curve A of Fig. 6 shows the PSD of FM noise nor-
malized to that under free running condition which was
measured by using the reflection mode of an another FP
cavity as a frequency discriminator. The result calculated
by using (4) corresponding to the experiment is also shown
by curve B in Fig. 6. This shows good agreement. The
measured FM noise suppression ratio within the control
bandwidth of the optical feedback system was 39 dB. In
the calculation, this suppression ratio was used as the
feedback gain for the comparison with the experimental
results.

Fig. 7 shows FM noise reduction depending on the fi-
nesse of the CFP cavity. As can be seen by this figure,
lower finesse CFP cavity is better for wideband FM noise
suppression if the same feedback gain can be secured.
However, it must be noted that optical feedback from a
higher finesse gives higher dc gain if the same power from
the cavity is fed back to the laser [38]. By decreasing the
value of the finesse, the oscillation peak by the positive
feedback at the Fourier frequency corresponding to the
resonance frequency of the CFP cavity is increased,
thereby decreasing the merit of this type of optical feed-
back with respect to single external cavity mode opera-
tion.

Fig. 8 shows the FM noise reduction characteristics of
a miniature packaged hemispherical microoptic cavity
coupled LD (HMC-LD) [40], which has been developed
by the authors as an application of the CFP-LD for the
use in an experiment with an optical fiber gyroscope. In
this calculation, the finesse and the FSR were 10 and 10
GHz, respectively, the FM noise suppression ratio in the
lower Fourier frequency region was 30, and the separa-
tion between LD and HMC was 5 cm. There were mea-
sured values. Comparing this result with that of curve C
in Fig. 7, wideband noise suppression characteristics of

14

20 AL ) B R e A e R e e

A 2
’6°l' vere/ n
T R BT, l N T A R A
10

10! 10° 10°
Frequency [Hz]

[deg.)

Phase

———

-180

0

Fig. 5. Frequency responses of the open loop transfer function of optical
feedback system of a CFP-LD with the finesse of 50 and the FSR of 1.5
GHz. Curves A and B represent the amplitude and the phase responses,
respectively. Avcgp is the linewidth of the CFP cavity.
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Fig. 6. Measured (curve A) and calculated (curve B) power spectral den-
sities (PSD’s) of FM noise under optical feedback condition normalized by
that under free running condition.
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Fig. 7. FM noise suppression characteristics of the CFP-LD. Finesses of
the CFP cavity used in this calculation were 500 (B), 50 (C) and 5 (D).
Curve A represents FM noise PSD of the free-running condition. Curve C
corresponds to that of the actual system used in the experiment.

102

this practical HMC-LD module is superior to that of a
CFP-LD with a higher finesse cavity. Because the noise
suppression bandwidth of the HMC-LD is wider than the
relaxation oscillation frequency of the LD, the FM noise
peak at this frequency is also considerably suppressed as
can be seen by Fig. 8. From Figs. 7 and 8, we find that
the finesse and the FSR are important factors for the FM
noise suppression bandwidth and magnitude of FM noise
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Fig. 8. FM noise suppression characteristics of a hemispherical micro-op-

tic cavity coupled semiconductor laser (HMC-LD). Curves A and B are
FM noise PSD’s for a free-running LD and the HMC-LD, respectively.

peaks at integer multiple Fourier frequencies of the FSR
of the CFP cavity. So, the finesse and the FSR of the
cavity must be selected by considering the system band-
width.

C. Linewidth and Frequency Stability

To measure the linewidth under optical feedback con-
dition, a heterodyne spectrum between two CFP-LD’s was
observed with the frequency span of 2 MHz as shown by
Fig. 9. The spectral linewidths at 3 dB down and 30 dB
down are almost the same because of center frequency
drifts due to acoustics, temperature variation, and 1/f
characteristics of FM noise at lower Fourier frequencies.

To confirm the long term frequency stability, the fre-
quency drift of the heterodyne signal of two CFP-LD’s in
the time domain has been measured by using a commer-
cial time interval analyzer. A measured result is shown in
Fig. 10. The heterodyne frequency drift was about 40
kHz /s, which means that the center frequency drift of a
CFP-LD was about 20 kHz /s. The CFP-LD was operated
in a normally air-conditioned room. The frequency drift
direction in Fig. 10 was changed by the long term varia-
tion of the room temperature. This is because temperature
of the laser mount was well controlled as was described
in Section II. However optical paths of the optical feed-
back loop and the CFP cavity were opened to the air.

The spectral linewidth reduction ratio is roughly equal
to the FM noise suppression ratio. If there is no 1 /fnoise
and the FM noise spectrum is white, they are exactly the
same because the spectral linewidth with the Lorentzian
line shape is proportional to the PSD of the FM noise. As
can be seen by curve A of Fig. 7, the short-term linewidth
under free running condition is not affected by 1/f noise
since a normally measured short term linewidth is mainly
determined by the FM noise magnitude of Fourier fre-
quency corresponding to the linewidth, which was about
15 MHz. The FM noise suppression ratio within the con-
trol bandwidth was 39 dB as can be seen by Fig. 6 and
the curve C of Fig. 7. The linewidth under optical feed-
back condition would be about 1.9 kHz. However, FM
noise magnitude at Fourier frequency of 1.9 kHz was
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Fig. 9. Field spectrum of a heterodyne signal between two CFP-LD’s. The
frequency span and the total sweep time were 20 MHz and 100 s, respec-
tively.

Heterodyne frequency

Fig. 10. Measured trequency anm or te neteroayne signal of two
CFP-LD’s in the time domain.

about 1.3 X 10* [Hz2 /Hz], which corresponds to the level
of 41 kHz Lorentzian linewidth, because Ay; = =S, where
Av; and S are the linewidth and the PSD of FM noise,
respectively. This means that the linewidth under optical
feedback condition is strongly affected by 1 /f component
of FM noise. To suppress this component, negative elec-
trical feedback using a stable optical frequency reference
could be a best solution. By using a negative electrical
feedback method with a MHz order bandwidth, the line-
width of a CFP-LD could be reduced to 7 Hz, and the
PSD of the FM noise was suppressed to lower than 1
Hz?/Hz in the Fourier frequency range from 10 Hz to
about 1 MHz [55].

To observe the short term spectral line shape by sup-
pressing this frequency drift, a heterodyne signal between
two CFP-LD’s has been locked to a 150 MHz microwave
signal from an RF synthesizer by using the heterodyne
OPLL technique [9]. The control bandwidth for this loop
was about 1 kHz. The result is shown by Fig. 11. The
half linewidth, which corresponds to the linewidth of a
CFP-LD, at 40 dB down was 650 kHz. If this spectrum
is a Lorentzian, the full width at half maximum of a
CFP-LD is estimated to be 6.5 kHz. It is expected that
the actual linewidth is broader than this value due to 1/f
FM noise component, because the suppressed FM noise
is non-white as can be seen from Fig. 7.

15
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Fig. 11. Spectrum of the heterodyne signal between two CFP-LD’s. Two
CFP-LD’s was frequency offset-locked with a 150 MHz microwave signal
from an RF synthesizer by using the heterodyne optical phase-locked loop
(OPLL) technique. The locking bandwidth was about 1 kHz.

III. OpticaL PHASE-LOCKED Loop

A. Experiments

The experimental arrangement of the homodyne OPLL
is shown by Fig. 12. In this experiment, two CFP-LD’s
with performances as was described in Section II were
used as the master and the slave lasers. The phase error
between the master and the slave lasers is detected by the
optical phase detector which consisted of a beam splitter,
two mirrors, an optical power attenuator, and two pin
photodiodes as shown in Fig. 12. This is a balanced de-
tector [56]-[60] to reject IM noise component of the slave
laser, IM noise power of which is much larger than that
of the master laser which can thus be neglected. This is
because a small portion of power from the master laser
(tens nW to tens uW) was used in the optical phase de-
tection, while the slave laser was the order of a mW. Op-
tical path lengths and electrical path lengths of the two
mixed beam at the beam splitter were adjusted to be the
same. The balance of powers of the two beams was ad-
justed by using the optical power attenuator. The IM noise
suppression ratio was measured by an RF network ana-
lyzer and by direct intensity modulation of the slave laser.
The result is shown by Fig. 13, from which it was con-
firmed that the intensity noise suppression ratio of the bal-
anced phase detector was 30 to 40 dB up to the frequency
of 3 MHz. However, dc drift was still observed, which
may be due to the optical path length drift induced by the
ambient temperature variation and acoustics. It can be im-
proved by using a monolithically fabricated balanced de-
tector or compactly and rigidly packaged balanced dual-
detector modules [25], [61]. In this figure, IM noise
suppression ratio is decreased in the frequency range of
f < 1 kHz because the lower frequency cutoff of the
bias-T, to which the intensity modulation signal was ap-
plied, was about 1 kHz. IM noise suppression ratio is also
decreased in the frequency range of f > 3 MHz, because
the laser mount and the optical phase detector used in this
experiment were not designed for wide bandwidth oper-
ation. However, their bandwidths were wide enough for
optical phase-locking control.

The detected phase error signal was fed back to the
slave laser after low-pass filtering by a standard first-order
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Fig. 12. Schematic diagram of the experimental setup of the homodyne
OPLL. LD module: confocal Fabry-Perot cavity coupled semiconductor
laser diode (CFP-LD). BS: beam splitter. M: 100% reflection mirror. Att.:
optical power attenuator.
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Fig. 13. IM noise suppression characteristics of the optical phase

"detector.

active loop filter consisted of an operational amplifier, re-
sistors, and a capacitor. In this feedback, two control
routes were employed for securing a wide control band-
width. One is the external cavity length control for slower
components of the phase error signal with a 1 kHz band-
width and the other is the injection current control for
faster error signal. The frequency tuning coefficients of
the laser were 79 MHz /V by applied voltage to PZT-C
for the CFP cavity length control as described in Section
IT and 31 MHz/mA by the injection current control.

The natural frequency of the loop was selected from
several tens kHz to 2 MHz by adjusting the power of the
master laser using an optical power attenuator, and resis-
tors and a capacitor of the loop filter shown in Fig. 12.
By this adjustment, the loop gain is changed and thereby
varying the natural frequency and the damping factor of
the OPLL (For details, see Appendix A).

The phase error was measured at the output of the op-
tical phase detector by an oscilloscope to measure the rms
phase error and an RF spectrum analyzer for the mea-
surement of power spectral density (PSD) of phase error.

B. Results and Discussions

We measured the phase error comparing the rms volt-
age value in a phase-locked state with the peak-to-peak
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amplitude of the beat signal under unlocked state. Fig. 14
(a) and (b) shows output signals from the optical phase
detector measured by an oscilloscope with a 150 MHz
bandwidth. In this figure, (a) and (b) are those under un-
locked and phase-locked conditions, respectively. In the
unlocked state, there are a frequency difference between
two lasers, so a beat waveform can be found in the output
from the optical phase detector. When two optical signals
from the master and the slave lasers are homodyne phase-
locked together, the frequency difference became zero and
then only the phase errors appeared in the output as shown
by Fig. 14(b). The peak-to-peak value of (a) corresponds
to 2 rad phase error. Then, the rms phase error 6 ,,,,s [rad]
(square root of phase error variance af,,) can easily be de-
termined by measuring the rms voltage of (b) and dividing
it by [peak-to-peak value of (a)] /2. The measured rms
phase error by this method under the locking condition of
the Fig. 14(b), the rms phase error was 4.54 X 1072 rad
(03 = 2.06 x 1073 rad?).

However, the ¢3 was calculated to be 1.11 X 1072 rad®
by using the loop parameters, i.e., the natural frequency
of 1.5 MHz and the damping factor 0.3, and the estimated
beat linewidth of 20 kHz with an assumption that the line
shape of the lasers are Lorentzian. The fact that the megs-
ured values of phase errors were smaller than the calcu-
lated values, suggests that the estimated linewidth con-
tained not only Lorentzian phase noise components but
also 1/f components of FM noise within the FM noise
suppression bandwidths of the optical feedback. How-
ever, these noise components within the loop bandwidth
can be negligible. Furthermore, the measured bandwidth
was 150 MHz, whereas the calculated value takes infinite
bandwidth. Therefore, the actual FM noise spectrum has
to be used to evaluate the phase error of an OPLL.

Fig. 15(a) shows the PSD of phase error of the homo-
dyne OPLL under the same phase locked condition as Fig.
14(b). The break point of the PSD is about 1.5 MHz,
which corresponds to the natural frequency of the loop.
The PSD’s of phase error under phase-locked condition
Spe(f), phase noises of the master laser Spy, »(f), and
the slave laser Spy s( f) are related as

Spe(f) = [Spum(f) + Spus(HIL — H(j2xf)|?
(13)

where H(j2xf) is the transfer function of the OPLL,
which is given in Appendix A. Fig. 15(b) is the calculated
PSD’s Spe(f) (curve B) and [Spy,m(f) + Spa,s(f)]
(curve A). The measured and the calculated results show
good agreement as can be seen by comparing Fig. 15(a)
with the curve B of Fig. 15(b). The phase error of the
OPLL is mainly determined by the shot noise as well as
phase noises of the lasers. As can be seen from the (19),
the phase error by the phase noise is decreased by increas-
ing the bandwidth of the loop, while that by the shot noise
is increased. The optimal natural frequency of the loop is
therefore the point where these two components are equal
to each other. Since the natural frequency of the OPLL in
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(b)

Fig. 14. Output of the optical phase detector under unlocked (a)
phase-locked condition (b) measured by a 150 MHz bandwidth RF oscil-
loscope.

this experiment was far lower than the optimal natural fre-
quency, i.e., over 10 MHz depending on the power of the
master laser used in phase error detection, the phase error
component due to the shot noise was negligibly small
compared with that due to the laser phase noises. So, the
shot noise component was not used in this calculation.

Fig. 16 shows calculated power spectral densities of
phase error under phase-locked condition (curve B) and
the sum of PSD’s of phase noises of the master and the
slave lasers (curve A). For comparison, the sum of PSD’s
of phase noises of two free running LD’s (curve C) are
also shown. The calculation procedure of curves A and C
were described in Section II. The curves A and B of this
figure are the same ones of curves A and B in Fig. 15(b).
Experimentally measured parameters were used in these
calculations. The broken curve D in this figure represents
the phase noise corresponding to a 20 kHz linewidth,
which is the estimated linewidth sum of the master and
the slave lasers. As can be seen by comparing this with
curve A, the actual phase noise spectrum must be used to
evaluate the loop performance.

The phase error variance o3 with a measurement band-
width By, of the phase error is calculated by

By
05 = 0% ms = | See(f) df. (14)
0

17



382

18

10-8 T T T T T T T 1

10-10

Spe(f)  [rad?/Hz)

1071
0.0 2.5 5.0
¢ [MHz]
(a)
— 1078 T T T T T T T 1
jas]
o
T Lo i
s
ur‘;:* 10-10_ B -
10-12 [T N NN NN SR N NN B
0.0 2.5 5.0
¢ [MHz)
(b)

Fig. 15. Power spectral densities of phase error under phase-locked con-
dition. (a) Measured result. (b) Calculated result (curve B). Curve A in (b)
is the sum of PSD’s of phase noises of the master and the slave lasers. The
natural frequency of the loop was 1.5 MHz, which corresponds to a break
point found in the spectra under phase-locked condition.
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To compare with the measured phase error by an oscil-
loscope, phase error variance with a 150 MHz bandwidth
was calculated bzy this equation. The calculated o3 was
2.98 X 1072 rad®, while the measured result was 2.06 X
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1072 rad’>. The difference between them is negligibly
small. As can be seen by the curve B of Fig. 16, a large
amount of phase noise power are remained in the range
of f > 150 MHz. The phase error variance due to phase
noises within that range was calculated as 2.05 X 1072
rad?. Then, the phase error variance considering a infinite
bandwidth is 2.26 X 1072 rad?. Using this value and (30)
or (31) in Appendix B, the total phase locked power con-
centration ratio of the slave laser is estimated to be 97.7%.
This means that 97.7% of the temporal coherence of the
master laser was transferred to the slave laser by this
OPLL. Therefore, the OPLL can be used to frequency
stabilization of slave lasers with a highly stable master
laser.

V. SUMMARY

Optical phase-locking experiments have been carried
out using two confocal Fabry-Perot cavity coupled semi-
conductor laser diodes (CFP-LD’s). Their spectral and
FM noise suppression characteristics have been precisely
evaluated by measurements and calculations.

For the evaluation of the frequency stabilization exper-
iment of semiconductor lasers by optical feedback from
the resonant cavity, a simple transfer function of the fre-
quency stabilization scheme with an optical feedback was
proposed. FM noise reduction characteristics were cal-
culated by using the proposed model and compared with
the measured results. A good agreement between them
was confirmed. FM noise suppression ratio within the
control bandwidth was 39 dB. Spectral characteristics and
the frequency drift in the time domain were evaluated by
precise measurements. The short term spectral linewidth
and the frequency drift were 6.5 kHz and 20 kHz /s, re-
spectively.

Using two CFP-LD’s a homodyne OPLL was con-
structed. The power spectral density of phase error of the
OPLL was measured and compared with the calculated
one. They showed a good agreement with each other. The
phase error variance with the infinite bandwidth was es-
timated as 2.26 X 1072 rad’ using measured and calcu-
lated results. The total phase-locked power concentration
ratio of the slave laser was 97.7%. The phase error of the
OPLL was low enough for highly coherent application
systems listed in Section I.

APPENDIX A
THEORETICAL CONSIDERATIONS OF OPLL

The transfer function of the OPLL H(s) is given by
[44], [62], [63]

Korp Ko F (s)
s + KOPDKOF(S)
where Kopp, Ko, and F(s) are the gain of the optical phase
detector, i.e, a photodetector or a balanced detector con-

sisted of two photo detectors, the loop gain and the trans-
fer function of a loop filter. We choose a standard first

H(s) =

15)
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order active loop filter as shown in Fig. 12 with the trans-
fer function

1+ T8
B

F(s) = (16)
where 7,(= R, C) and 7,(= R, C) are time constants of
the loop filter. The natural angular frequency wy and the
damping factor { of the homodyne OPLL are then defined

as
oy = ‘/’5"”:1’& [rad /] a7
and
_ WNT2
g 18)

The phase error variance ai of the homodyne OPLL is
given by

oh = So {11 — HGj2af) | [Spa.u(f) + Sea,s(f)]

+ [H(27f)*Ssw(£)} df,  [rad?] (19)

where Spy 4 (f), Spr,s(f), and Sgy(f)are the PSD’s of
the phase noise of the master and the slave lasers, and
phase noise translated shot noise, respectively.

APPENDIX B
Power CONCENTRATION RATIOS

Power concentration ratio of a laser within a certain
bandwidth B is a useful information for users. As an ex-
ample, we consider a laser with the Lorentzian spectral
profile. The line shape function g (») of a Lorentzian spec-
trum is given by

= A 1
gl = v) = 21 (v — vo)* + (Av/2)

where Av is the spectral linewidth, v, is the center fre-
quency of oscillation, and g (v) is normalized by

20

S gv — vy)dv = 1. 21

Then the power concentration ratio Rpc within vy + B can

be obtained as
2
<A_u B) (22)

which is graphically shown by the broken line of Fig. 17.

Since the signal with the Lorentzian spectral profile can
be regarded as the superposition of a zero-linewidth signal
and modulated side frequency components by phase noise,
the power concentration ratio Rpc of the main spectrum
of the phase modulated signal is given by

Rec = |Jo(B)I?

vo+B

Rpc = S gv — vy)dv = 2 arctan
B T

vy —

(23)
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Fig. 17. Power concentration ratio Rpc of the laser with the Lorentzian
spectral line shape for the considered bandwidth B normalized to the line-
width Av. The broken line shows the result obtained by an exact calcula-
tion. The solid line is obtained by an approximated calculation.
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Fig. 18. Total phase-locked power concentration ratio Rp, of the slave laser
for the phase error variance ¢2. The solid and broken lines are the total
phase-locked power and unlocked power, respectively.
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where J, () and 8 are the Bessel function of the first order
and the modulation index, respectively, and the value of
B is given by

=2 Bi 4)
=B
where
By = N2Spyu(k) 25)

which is the zero-to-peak value of the phase fluctuation
component at the Fourier frequency k. 8 can also be ex-
pressed as

B=v2-043 26)
where -
(-] [--] S
i = |, smpa= | 2Ly wmea @

where Sgy(f) is the power spectral density of the FM
noise. For the signal with a Lorentzian line shape, (27)

19
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can be simply expressed as
Ay
7B’
To satisfy preceding discussions, the following equation
must be valid:

oils = [rad’]. (28)

L= DM@ = 2 {1 - DB}

= (29)
The calculated Rp¢ by using (23) and (26) of the laser with
the Lorentzian spectral line shape for the considered
bandwidth B normalized to the linewidth Ay is shown by
the solid line of Fig. 17. Comparing the solid line with
the broken line, we found that the relation given by (23)
can be an acceptable approximation under the condition
of B/Av; > 0.5, i.e., B < 1.13.

By following above discussions, the total phase-locked
power Rp; of the slave laser can be given by

Rp, = |Jo(V2 * ap)|? (30)

for o, < 0.8 rad. Fig. 18 shows the calculated results by
using (30). From Fig. 18 further approximation can be
obtained as

(€29

for 5 < 0.1 rad’. A simple relation between the total
phase-locked power concentration ratio and the phase er-
ror variance was derived. This consideration is important
for applications such as noise reduction of the slave laser
by phase locking to an highly stable master laser and so
on. Furthermore, the phase-locked power concentration
ratio of the slave laser can be considered as a comprehen-
sive measure representing the degree of temporal coher-
ence transfer from the master laser to the slave laser, i.e.,
the frequency stabilization by optical phase locking.

2
RpLzl—O'd,
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This paper presents the first quantitatively measured results of detuning and spatial characteristics of the phase
conjugate wave which is emitted from a Fabry-Perot cavity-type InGaAlP laser. Bandwidth of a nearly-degenerate
four-wave mixing was confirmed to be due to the relaxation oscillation frequency of the laser. The reflectivity of
the phase conjugate mirror and the amplification gain were larger than 10 and 100, respectively. By the off-axial in-
jectioh of the probe beam to a broad stripe laser, the emitted phase conjugate wave was separated spatially from
the pump beam. Non-degenerate four-wave mixing characteristics of an AlGaAs laser were also measured for the
first time. Its 3-dB cutoff frequency was as large as 0.1 THz, which was determined by the reciprocal of the half-

cycle time of the intracavity light-wave.

KEYWORDS: phase conjugate wave, semiconductor laser, InGaAlP laser, four-wave mixing, waveguide

1. Introduction

Phase conjugate wave (PCW) generation from semi-
conductor lasers has been intensively studied. This is
not only due to scientific interest but also to technical
requirements, e.g., to reduce channel-crosstalk when
these devices are used as optical amplifiers in a fre-
quency-division multiplexing coherent optical transmis-
sion system.? It has been known that the semiconduc-
tor laser, as a four-wave mixing (FWM) material for
generating a PCW, has several notable characteristics
as compared with those of conventional photorefrac-
tive materials. They are:?

1. the third-order nonlinear optical coefficient takes a
large value due to the saturation of the carrier density
in the active waveguide;

2. refractive index-induced diffraction grating is
generated simultaneously with the gain-induced diffrac-
tion grating.

3. FWM bandwidth is wide due to a short interband
relaxation time of the carrier;

4. FWM efficiency is large because of the high power
density of the intracavity lasing light, which is used as
a pump beam for the FWM.

These characteristics can be advantageous when one
uses semiconductor lasers as efficient phase conjugate
mirrors (PCM). However, spatial characteristics of the
PCW, emitted from the narrow-stripe laser cavity, are
degraded due to the diffraction because the active
waveguide of this laser has sub-wavelength cross-sec-
tional dimensions. This could be disadvantageous to op-
tical measurements, optical information processing,
and so on in which the spatial characteristics of the
PCW from the narrow-stripe laser are utilized. On the
other hand, since the frequency characteristics of the
PCW are preserved in the free space even after it is
emitted from the narrow-stripe laser, two of the
authors (M.O. and Y.T.) have proposed utilizing the
semiconductor laser as an external PCM of optical feed-
back system to reduce the wideband FM noise from
another semiconductor laser.” Furthermore, it has
been pointed out that these characteristics can be used

to realize an optically controlled lightwave frequency
shifter.”

Although Fabry-Perot cavity-type visible InGaAlP
lasers with 0.67 pm wavelength have already been used
for several optical measurement systems, characteris-
tics of the PCW emitted from these lasers, especially
its detuning characteristics, have not yet been quantita-
tively evaluated. This paper presents for the first time
the results of three kinds of quantitative evaluation
utilizing the experimental techniques for the prelimina-
ry evaluations of the PCW characteristics of the 0.83
pm AlGaAs lasers.? They are: (1) dependence of the
PCW characteristics on detuning; (2) spatial character-
istics of the PCW emitted from a broad-stripe InGaAlP
laser; and (3) PCW characteristics of a 0.83 pm
wavelength AlGaAs laser being used as a reference
laser device in this work, especially its nondegenerate
FWM characteristics. This is the first report, as far as
we know, about quantitative and systematic measure-
ment of nondegenerate FMW. According to preceding
research,? it has been predicted that the bandwidth of
nondegenerate FMW is restricted by intraband relaxa-
tion time of carrier; however, we discovered that the
cycle time within the intracavity exerts more influence
on the band width. The results of (1) and (2) will be de-
scribed in §3.1 and 3.2, respectively, and (3) will be de-
scribed in the Appendix.

2. Experimental

Figure 1 shows an experimental setup which is
almost the same as that used in the preliminary study.?
PL and IL represent 0.67 yum-wavelength Fabry-Perot
cavity-type InGaAlP lasers used as a FWM medium for
PCW generation and as a light source for the probe
beam, respectively. They were used under the condi-
tion of single longitudinal mode oscillation. Here, the
single longitudinal mode oscillation was defined as the
state in which the power of the main longitudinal mode
was more than 10 dB larger than those of other un-
wanted longitudinal modes when they were measured
by a grating monochromator with 0.1 nm resolution.

For the PL, injection current I was fixed to be larger
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Fig. 1. (a) Experimental setup. PL: laser for generating PCW. IL:

laser for emitting the probe beam which is injected into the PL.
CL,, CL;: collimating lenses. I: optical isolator. OA: variable optical
attenuator. FP: Fabry-Perot interferometer. (b) The position corre-
sponding to P, P, and P, in the observed spectrum. The vertical
axis represents arbitrary intensity. The center peak is pump beam
P, and the left peak is P;, which is incident beam P,, amplified in ac-
tive region of semiconductor laser. Phase conjugation beam P, ap-
pears symmetrically with P,.

than its threshold value I such that the CW lasing
beams could work as high-power density pump beams
for the FWM. Narrow- and broad-stripe lasers were
used, and are denoted as PL1 and PL2, respectively in
this paper. A Toshiba TOLD9215 laser with 5 um
stripe width was used as the PL1. The PL2 had almost
the same structure as that of the PL1, except that the
stripe width was as large as 30 ym. Although the PL2
usually exhibited the multilongitudinal mode oscilla-
tion, it oscillated with a single longitudinal mode when
its heat sink temperature was 17°C and the injection
current was fixed within the range of 88 mA <I<105
mA. Experiments were carried out under these condi-
tions. The threshold injection current I was 88 mA at
this temperature, and the lasing output power was 20
mW at /=105 mA.

A Toshiba TD9215 laser was also used as the IL.
The value of the probe beam power incident into the
PL was adjusted by a variable optical attenuator. A
Fabry-Perot interferometer was used to separately
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measure the powers of the signal beam P, (i.e., the
probe beam P;; amplified in the active waveguide of the
PL), pump beam P, of the PL, and the PCW P, emit-
ted from the PL. Figure 1(b) shows the dependence of
P,, P,. and P, on frequency, as observed by a Fabry-
Perot interferometer. Both P; and Py appear symmetri-
cally around P,. These measured powers were calibrat-
ed by using the measured value of the pump beam
power that emittied P;, from the PL as a reference.

3. Results and Discussions

3.1 Characteristics under the normal injection of the
probe beam

Curves A and B of Figs. 2(a) and 2(b) represent the
experimental results for the PL1 and PL2, respec-
tively, obtained by injecting the probe beam under a
normal incidence to the waveguide facet. Curve C will
be explained later. The horizontal axis represents the
detuning Af between the probe and pump beams. Verti-
cal axes represent the PCM reflectivity R (=Pp/Pi)
and the gain G (=P,/Py) of the signal power amplifica-
tion. Here, Py=3 uW and 7 uW, and I/[;,—1=0.30 and
0.34 for the PL1 and PL2, respectively. Since the
pump beam was found to be injection-locked to the
probe beam at Af<80 MHz, no measurement was car-
ried out in this detuning range.

It is found that the curves in this figure have the
profiles with peaks at several GHz of Af. The value of
Af at this peak was found to be equal to the relaxation
oscillation frequency f; of the PL by several experimen-
tal results, e.g., this value was measured to be propor-
tional to (I/Iu—1)"2. This fact means that the depen-
dency of the nearly-degenerate FWM efficiency on the
detuning has a bandwidth which is determined by f..”
However, since such a bandwidth is much larger than
that of conventional dielectric photorefractive materi-
als,? these wide bandwidth characteristics could lead
to a wide variety of applications of the nearly-degener-
ate FWM phenomenon. The curves in this figure are
nonsymmetric with respect to Af=0, and the values of
R and G for Af<0 are always larger than those for
Af>0. This is due to the nonsymmetric gain which is
characterized by the value of the a-parameter, as has
been described in ref. 3, i.e., this feature corresponds
to the second semiconductor laser characteristics listed
in §1. The values of R and G of PL1 and PL2 are larger
than 10 and 100, respectively, for Af <f;. Furthermore,
comparison between curves A and B confirmed that
there are no significant differences in the values of R
and G between the narrow- and broad-stripe lasers.

Curves A and B of Fig. 3 represent the measured
results of the dependencies of R and G on I/Iy—1 of the
PL1 and PL2, respectively. The values of Py and Af
were fixed to be equal to those in Fig. 2 and to f;, respec-
tively. It can be seen from this figure that the values of
R for the PL1 and PL2 increased with increasing
I/I.,—1 while values of G decreased. Since the values of
R and G in Fig. 2 had similar dependencies on Af, the
reason why R and G have opposite dependencies on
I/I4—1 cannot be stated directly. However, there can
be several plausible reasons for the increase or
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Fig. 2. Dependencies of the PCM reflectivity R (a) and the gain G
of the probe beam amplification (b) on the detuning Af between
probe and pump beams. Curves A and B represent the measured
results for a narrow-stripe laser (PL1) and a broad-stripe laser
(PL2), respectively. Curve C is the measured result for a narrow-
stripe AlGaAs laser with 0.83 um wavelength, used as a reference.

decrease of these values, and all of these reasons could
contribute to the results shown by Fig. 3. Plausible rea-
sons for the increase are: (1) power density of the pump
beam is increased by increasing I/I,—1, and (2) corru-
gation depth of the diffraction grating induced by in-
tracavity lights is increased by the increase of the
pump beam power, and thus, spatial modulation index
of the carrier density is increased. A plausible reason
for the decrease is the carrier density is increased and
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Fig. 3. Dependence of the reflectivity R and the gain G on the nor-
malized bias level I/I,,—1. Curves A, B and C represent the results
for PL1 and PL2, and a narrow-stripe AlGaAs laser, respectively.

asymptotically approaches its threshold value, by
which the spatial modulation index of the carrier den-
sity is decreased.

For comparison, the same measurements as those of
Figs. 2 and 3 were carried out by using two narrow-
stripe Fabry-Perot cavity-type AlGaAs lasers as the IL
and PL (0.83 pm-wavelength, Hitachi 8312E, 5 um-
stripe width). The results are summarized by curves C
of Figs. 2 and 3, where P,,=1 uW and I/I,—1=0.25, in
Fig. 2, which were almost equal to those for curves A
and B. The measured values of R and G, and further-
more, the dependencies of R and G on the normalized
bias level were similar to those of curves A and B.
Thus, similarity of the nearly-degenerate FWM charac-
teristics between the InGaAlP and AlGaAs lasers was
confirmed.

3.2 Characteristics under the off-axial injection of
the probe beam ‘

It is usually difficult to spatially separate the PCW
from the probe beam because of the small numerical
aperture of the active waveguide facet of the narrow-
stripe PL. In order to overcome this difficulty, the
broad-stripe laser PL2 was employed and its character-
istics of the PCM reflectivity were studied under the
condition of the off-axial injection of the probe beam.
That is, the value of R was measured by realizing the
spatial separation when the probe beam was injected
off-axially to the active waveguide of the PL2.

As is shown by Fig. 4(a), the value of the injection an-
gle 0 was adjusted by the off-axis incidence of the probe
beam to the collimation lens CLp (Pentax VS303, 5
mm focal length, 0.35 numerical aperture) in the plane
of the planar active waveguide of the PL2. It was
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confirmed by geometrical calculations and preliminary
measurements that the incident angle was expressed as
6 [degree] =tan™' (z/15), where = (mm) is the displace-
ment of the incident probe beam from the active
waveguide axis of the PL2. The adjustable range of 0
was limited by the geometrical configuration of the
CLp, which was §<11°. Furthermore, the measurable
value of R was limited by the measurement sensitivity
of the present experimental setup, which was R>3.7.
Figure 4(b) shows the relationship between 6 and R
measured by fixing I/I,—1=0.30 (i.e., P,=13.5 mW)
and Af=f;. Monotonous decrease in R is seen from this
figure by increasing 6. Even though the coupling
efficiency of the incident probe beam to the active
waveguide of the PL2 was not calibrated, this figure
shows that R took values larger than unity, which
means that the present broad-stripe laser can be used

f = 5(mm)
>

CLp
(a)

1° \ l 1
00 2 4 6 8

0 (Degree)
(b)

Fig. 4. Dependence of the reflectivity R of PL2 on the incidence an-
gle 6. (a) Schematic explanation of § determined by off-axial dis-
placement z. (b) Measured results.
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as an efficient FWM medium. Especially, it was clearly
observed at §=5° that the pump beam and the PCW
emitted from the PL2 were separated spatially, and the
emitted PCW propagated counter-linearly to the probe
beam in the free space.

In the previous report of experiment on the measure-
ment of the relationship between 6 and R for a broad-
stripe AlGaAs laser (Fig. 3 of ref. 9), the bias level of
the PL was fixed below the threshold in order to avoid
clamping the carrier density to its threshold value.
However, in the present study, it was demonstrated for
the first time that a broad-stripe visible semiconductor
laser can generate the PCW even though it was biased
above the threshold. As were confirmed by these mea-
surements, it can be claimed that the broad-stripe visi-
ble semiconductor laser is used as a highly efficient
PCM for several applications, e.g., optical measure-
ments and optical information processing. In addition,
the wide bandwidth of the nearly-degenerate FWM
makes it possible to utilize this laser as a fast external
optical-feedback reflector for reducing the wideband
FM noise of another semiconductor laser, as has been
pointed out by the authors.?

4. Conclusions

This work evaluated the characteristics of the phase
conjugate wave generated from Fabry-Perot cavity-
type visible semiconductor lasers. It was found that the
bandwidth of the nearly-degenerate four-wave mixing
was determined by the relaxation oscillation frequency.
The value of the phase conjugate mirror reflectivity
and the gain of the probe beam amplification took
values larger than 10 and 100, respectively, within this
bandwidth. The phase conjugate wave and emitted
pump beam were spatially separated in the free space
when the probe beam was incident at some angle to the
axis.

The appendix of this paper describes for the first
time the characteristics of the nondegenerate four-
wave mixing of the 0.83 um-wavelength AlGaAs laser
quantitatively and systematically. It was found that the
bandwidth was determined by the inverse of the half
cycle time of the intracavity light where the measured
3-dB cutoff frequency was 0.1 THz. It was confirmed
by these evaluations that semiconductor lasers can be
used as high-reflectivity and wide-bandwidth phase con-
jugate mirrors, which have not been realized by using
conventional dielectric photorefractive materials.
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Appendix: Characteristics of Nondegenerate Four-
Wave Mixing in an AlGaAs Laser

This appendix is devoted to the description of the
FWM characteristics of an AlGaAs laser in the detun-
ing range of Af >f;, which can be called the nondegener-

- ate FWM. The laser used is exactly the same as that

used for a reference laser in §3.1. The experimental
setup was the same as that in Fig. 1 except that the
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Fabry-Perot interferometer was replaced by a type of
monochromator called an optical spectrum analyzer
(Anritsu MS9030A/9702B). The probe beam fre-
quency was tuned to one of the longitudinal mode fre-
quency of the PL for resonance amplification of the
powers of the signal beam and the PCW, because the
PCW power generated by the nondegenerate FWM
was expected to be very small.

Figures A-1(a) and A-1(b) show the experimental
results for 0.5 mW<P,<1.5mW and I/I;—1=1.0.
Figure A-1(a) is the spectral profiles of the pump
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Fig. A-1. Measured characteristics of the nondegenerate four-
wave mixing of the AlGaAs laser used for the experiments and
shown in of Figs. 2 and 3. Horizontal and vertical axes are the same
as in Fig. 2(a). Af, represents the 3-dB cutoff detuning frequency.
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beam, signal beam and PCW, which are denoted by A,
B and C, respectively. It can be seen from this figure
that the probe beam and, thus, the signal beam, are
resonant to one longitudinal mode of the PL and that
the probe beam and the PCW are located symmetrical-
ly on the frequency axis with respect to the pump
beam. Figure A -1(b) shows the measured relationship
between Af and the PCM reflectivity R. Reproducible
measurements were carried out for a wide detuning
range of Af<1.2 THz. This figure shows that the non-
degenerate FWM has the bandwidth in its detuning
characteristics and its 3-dB cutoff frequency Af. is 0.1
THz. This high-frequency cutoff could be explained as
the deviation from the phase matching condition for
the FWM, which has been investigated for 1.5 um
wavelength InGaAlP lasers.'® The measure of this devi-
ation can be represented as |AkL|=1, where Ak is the
difference in the wavevectors between the probe and
pump beams, and L is the active waveguide length of
the PL. This expression can be transformed by using
detuning Af as |AfT|=1, where T is half of the cycle
time of the probe beam in the active waveguide of the
PL. The value of Af, can be derived from this expres-
sion as Af,=0.1 THz (=1/T) by using T=3.5(ps) of
the PL employed for the measurements. This value
agrees with the value shown by Fig. A-1(b). It can be
concluded that the bandwidth of the nondegenerate
FWM is determined by T because this time constant
takes a larger value than other time constants such as
the intraband relaxation time of the carrier (=0.1 (ps)).

Although ref. 9 claimed that the nondegenerate
FWM characteristics were measured for the AlGaAs
laser, the bandwidth determined by T has not yet been
evaluated. The present study gives, for the first time,
the evaluation of the nondegenerate FWM characteris-
tics in AlGaAs laser discussed in ref. 10 and the quan-
titative measurement of R for the range of Af up to 1.2
THz.
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Continuous-wave optical parametric amplification by using a 1.5-um diode laser and a Ti:sapphire laser has been
performed for the first time to our knowledge to generate highly coherent tunable infrared light in a KTP crystal.
Tunable output from 1.38 to 1.67 um with microwatt power was obtained. We also propose a scheme for a
precision frequency-tunable light source in the 1.5-um region with an expected frequency tuning range of 4 THz

by using an optical frequency comb generator and the phase-locking technique.

Highly coherent tunable light sources are essential
tools in applications from basic physical investigation
to precision measurements. In many cases in
which highly coherent lasers are used, such as
precision spectroscopy and multichannel coherent
optical communication, an accurate frequency is
required. To realize a tunable light source that can
cover a wide frequency range, nonlinear frequency
conversions have been popularly utilized for various
lasers. We have proposed a diode-laser-based optical
frequency sweep generator (OFSG) to cover the
tunable frequency range of approximately 1 PHz
from the ultraviolet to the near-infrared regions!
and reported some experimental results toward the
realization of the OFSG.}? Among various fre-
quency conversions, optical parametric amplification
(OPA) is important for generating tunable output
in the near-infrared region for the OFSG. In this
Letter we demonstrate, for the first time to our
knowledge, the experimental result of cw OPA by
using a 1.5-um multiple-quantum-well distributed-
feedback diode laser and an argon-ion-laser-pumped
Ti:sapphire laser in a KTP crystal. The highly
coherent light source in the 1.5-um region that we
have focused on is important not only for optical
fiber communication but also for the application of
high-resolution spectroscopy. On the other hand, a
detailed understanding of the OPA process in this
region is useful for the design of an optical parametric
oscillator (OPO) by which the frequency link between
the promising candidate of rubidium absorption
lines (0.78 um) for the frequency reference and the
output in the 1.5-um region can be established.
Furthermore, establishing links to some absolute
frequency references by using the atomic or molecular
absorption lines and high-resolution spectroscopy
techniques is one of the essential tasks of the OFSG
system. We also propose here a scheme for a pre-
cision frequency-tunable light source in the 1.5-um
region based on our previous experiments.!~3

Figure 1(a) shows the experimental setup for OPA
of a diode laser by using a Ti:sapphire laser as a

0146-9592/93/110876-03$6.00/0

pump source, and Fig. 1(b) shows the relation be-
tween the pump power of A; and the output power
of A3 (A37! = A7t — Ag7!, where the subscripts 1,
2, and 3 denote the pump, the input signal, and
the output idler waves, respectively) at A; = 2A; =
1.54 pm, while the input power from the 1.5-um
diode laser was fixed at 5 mW. The KTP crystal
(3 mm X 3 mm X 10 mm, cut with ¢ = 0°, § = 54°)
was used for its relatively large nonlinear coeffi-
cient and availability of room-temperature operation.
The KTP crystal was mounted in the 4 plane, and the
incident angle of the laser beam was changed in the

From Ti-sapphire
laser

(a)
2.0 "
g |
3
,g |
2 10} at
3 I AA
S A
5 [
o 1 1 " i A
0 100 200

Pump power (mW)

(b)

Fig. 1. (a) Experimental setup. PBS, polarized beam
splitter; HW, half-wave plate; LD, laser diode. (b) Mea-
sured relation between the output power of OPA and the
pump power at A; = 2A; while the signal power was fixed
at 5 mW. The solid line shows the calculated value.
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Fig. 2. Measured dependence of the phase-matched crys-
tal angle on the wavelength and the relation between out-
put power and the wavelength. Pump power, 100 mW;
diode laser power, 5 mW. The solid and dashed curves
are used only for distinguishing the two sets of data.

0 direction for tuning. The polarizations of the two
lasers lay orthogonally so as to satisfy the type II
phase matching. Since the polarization of the output
light was orthogonal to that of the diode laser, we
can separate the two infrared light beams by using a
polarized beam splitter. From Fig. 1(b) we can see
that the output power at the difference frequency
between the pump laser and the diode laser was pro-
portional to the pump power. The degenerate optical
parametric gain was estimated to be 5 X 10~* when
the pump power was 200 mW and the beam waist
was 15 um by using the small gain formula! g =
811'2deff2l2P1h/eoc)t2/\3n1n2n3A, with deﬂ‘ = d24 sin @ =
6 pm/V and ! = 10 mm, where % is the reduction
factor that is due to the double refraction of the
crystal, in the theory of Boyd and Kleinman,’ [ is
the crystal length, n is the refractive index, P is the
power, and A is the pump beam cross section. The
reduction factor of KTP in our case was estimated to
be 1/10 to 1/15, which was subject to deviation from
the ideal collimation of the diode laser beam. The
output power, P; = gP,, was calculated to be 2.5 uW.
The obtained value was lower than the calculated
one because of the imperfect mode matching of the
experimental condition and also because the practical
nonlinear coefficient of the KTP was not known pre-
cisely. Although some recent measurements have
shown that the nonlinear coefficients of the KTP seem
to be smaller than the values reported many years
ago,® the dispersion in the crystal growth brings us
both optimistic and pessimistic cases.

The tuning of the OPA output was carried out
by tuning the input lasers and the angle of the
crystal simultaneously. Although the wavelength of
the pump source is fixed while the signal is tuned
to obtain a tunable output in the conventional case
of OPA, we used the tunability of the pump laser to
extend the tuning range of the output while the fine
tuning was performed by the diode laser. Figure 2
shows the measured output power and the phase-
matched angle # as functions of the pump wave-
length. The obtained tunable range was from 1.38
to 1.67 um (i.e., 38 THz), which corresponded to a
pump wavelength from 0.73 to 0.80 um. The output
power in Fig. 2 was calibrated with a pump power
of 100 mW, while the power from the Ti:sapphire
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laser could not be kept constant during the tuning.
The obtained phase-matched angle agreed with the
calculation using the dispersion relation in Ref. 7,
except for the wavelength near 0.8 um. The rea-
son for this discrepancy is unclear and is under
investigation. The maximum available tuning range
can be as wide as 600 nm near 1.54 um (65 THz),
which is limited only by the present crystal size
when the Ti:sapphire laser was used. Since both
lasers used in this frequency conversion are highly
coherent (their linewidths were measured to be less
than 500 kHz), the linewidth of the output at the
difference frequency was estimated to be less than
1 MHz. From this experimental result, we can con-
clude that OPA by using two diode lasers with an
output power higher than 1 uW is also feasible when
the Ti:sapphire laser is replaced by a high-power,
highly coherent AlGaAs laser diode that has been
realized by using a coherent addition technique.®
Further improvement of the output power can be
realized by using an external built-up cavity for OPA.

The parametric gain obtained in our experiment
also provided us the practical information for de-
signing the resonator of the OPO in this wavelength
region. In the case of a doubly resonant OPO, the
relation a;a, < g should be satisfied, where «; and «,
represent the single-trip cavity losses of the idler and

ed to Rb
Lo 0.78um
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—{orca) 1L kim
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Fig. 3. (a) Proposed scheme of an OPA-based precision
frequency-tunable source in the 1.5-um wavelength re-
gion that uses an OFCG and the phase-locking tech-
nique: LD’s, laser diodes; SHG, second-harmonic gen-
eration; PBS, polarized beam splitter; f,,, modulation
frequency of the OFCG; k, order of the sideband; fi,
frequency of the local oscillator. (b) Explanation of the
frequency tuning of the system. £k represents the side-
band order to be used for heterodyne phase locking as the
beat frequency is smaller than the sideband interval f,,.
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the signal waves, respectively, including absorption,
scattering of both cavity mirrors and the crystal, and
the output transmission. Hence the finesses of the
OPO resonator should be F; ~ F, = wg~! ~ 150 for
200 mW of pump power. Because of the relatively
large walk-off in the crystal in the 1.5-um wavelength
region, it is crucial that the above relation be satisfied
in order to obtain an OPO cavity with high finesses
for both idler and signal waves whose polarizations
are orthogonal, especially when only a low pump
power is available.

To realize precision frequency tuning, a frequency
link to a reference frequency, such as an atomic
absorption line, is necessary. We propose here
a scheme for continuous precision tuning of the
frequency, as shown in Fig. 3, by using an optical
frequency comb generator (OFCG) and the phase-
locking technique.? The system is constructed ba-
sically by the OPA arrangement used above [see
Fig. 3(a)]. A high-power 0.78-um AlGaAs diode
laser is used to pump the first KTP crystal (KTP1).
This frequency can be locked to the atomic resonance
frequency »; of rubidium to be used as a precision
frequency reference. Compared with the method
of frequency locking through the second-harmonic
wave of the 1.5-um laser, because sufficiently high
power is available, the saturation absorption reso-
nance of rubidium can be employed to improve the
performance. The frequency accuracy and stability
can be as high as 1 part in 10'.° The amplified
output of the 1.5-um diode laser () is incident
upon the second KTP crystal (KTP2) to generate the
second-harmonic wave.? A portion of the 0.78-um
laser power passes through an OFCG in which
the light wave is modulated by an electro-optic
modulator to generate sidebands with frequencies
v1 * kfn, where k is the sideband order and f, is
the modulation frequency of the OFCG. The beat
signal between the doubled frequency 2v, of the
1.5-um laser and one of the sidebands v, * kf,, from
the OFCG is used for heterodyne phase locking of
the 1.5-um laser. Thus the OPA output [output 1 in
Fig. 3(a)] at the difference frequency », — v; between
the two lasers and the output 2 in Fig. 3(a) from
the 1.5-um laser itself of frequency », construct two
outputs with precision frequency tunability. When
vy deviates from »,/2 by d, ie., vs = /2 + d,
the output 1 at the difference frequency will be
v1/2 — d. If the 1.5-um laser is tuned with a
range from 0 to d, the two outputs will cover
a tuning range of 2d, which is limited by the
maximum difference frequency of the heterodyne
phase locking with a beat frequency of kf, — 2d
and the sideband order k. The continuous tuning
of the outputs and the simultaneous heterodyne
phase locking are accomplished by tuning the 1.5-um
laser through the injection current and the local
oscillator frequency [see Fig. 3(b)]. It is necessary
that the tuning range of the local oscillator be as

wide as f,./2 to cover the span between the adjacent
sideband modes of the OFCG. In comparison with
the system that uses an OPO to construct an optical
synthesizer,'* the advantage of the present scheme
is that the continuous tuning range can be realized
by employing a diode laser through OPA rather
than the doubly resonant OPO to circumvent the
discrete oscillation that is due to the cluster effect in
doubly resonant OPO and the inherent low stability.
Because the sidebands of the OFCG can span more
than 4 THz,® a precision frequency tuning range
of 4 THz is reasonable, which is useful for the
precision optical frequency measurements, e.g., in a
multichannel coherent optical fiber communication
system.

In summary, cw OPA has been performed by us-
ing a 1.5-um diode laser and a Ti:sapphire laser
in a KTP crystal to generate near-infrared light for
our proposed OFSG. It is the first report, to our
knowledge, of cw OPA by use of a diode laser. The
highly coherent tunable output with microwatt power
was obtained from 1.38 to 1.67 um. The experiment
demonstrated the feasibility of a diode-laser-based
OPA and provided useful information for designing
an OPO in this wavelength region. We have also
proposed a scheme for a precision frequency-tunable
light source based on OPA, using an OFCG and
the phase-locking technique. A precision frequency-
tunable range of 4 THz in the 1.5-um wavelength
region is expected.

The authors acknowledge useful discussions with
K. Nakagawa of the Tokyo Institute of Technology
and A. Akulshin of the P. N. Lebedev Physics Insti-
tute, Moscow, Russia.
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Frequency control of semiconductor lasers
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This article reviews our recent works on frequency control of semiconductor lasers. The
magnitudes of quantum noise limited frequency modulation (FM) noise, realized by the
negative electrical feedback, are given for four methods of using an external Fabry—Perot cavity
as a frequency demodulator. It is shown that the theoretical expression for the quantum
noise-limited FM noise of the feedback laser contains a factor of 1/8 as compared with that of
the free running laser, which is due to the different ways of injecting the vacuum fluctuations to
the laser cavity and to the external Fabry—Perot cavity for negative electrical feedback. The FM
sideband technique is shown to be an effective method to reject the contribution of laser power
fluctuations to the FM noise detection for the negative electrical feedback system. As a
candidate for a high reflectivity and frequency selective external reflector for the optical
feedback, characteristics of the semiconductor laser as a phase conjugate mirror, i.e., the
characteristics of the nearly degenerate four-wave mixing and the nondegenerate four-wave
mixing in a semiconductor laser, are shown. Optical feedback by using a velocity selective
optical pumping and polarization spectroscopy of an atomic vapor is proposed as an effective
method to realize simultaneously the center frequency stabilization and linewidth reduction of
the field spectrum of the laser, and also the fine detuning of the stabilized center frequency. For
the heterodyne frequency locking between two lasers, a spectroscopic method of using a
Doppler-free spectrum of the three-level atomic vapor, obtained by using the phenomenon of
coherent population trapping, is shown. In order to realize a highly efficient nonlinear optical
frequency conversion for wideband frequency sweep of semiconductor lasers, a method of
adding the output powers of several lasers, i.e., the coherent addition, is presented. After
emphasizing that the wideband frequency sweep (covering from the near-infrared to the visible
region) can be realized by using the techniques of nonlinear optical frequency conversions and
the optical phase locking, relevant experimental results of nonlinear optical frequency
conversions are presented which are the second harmonics generation, sum and difference
frequency conversions. A highly accurate optical frequency measurement system is proposed
using an optical frequency comb generator with a modulation sidebands up to several THz.
Performances of the optical frequency comb generator used for this system are presented. As a
candidate for an ultrafast and wavelength insensitive photodetector for optical frequency
counting, nonbolometric optical response characteristics of a high transition temperature (7,)
oxide superconducting film are demonstrated.
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I. INTRODUCTION

In recent years, the techniques of molecular beam ep-
itaxy, chemical beam epitaxy, and metalorganic chemical
vapor deposition have been used to deposit homogeneous
and reproducible thin films on a substrate for semiconduc-
tor laser devices, and the technique of large-scale laser fab-
rication and integration has been developed.! By these
techniques, a structure of strained quantum wells has been
employed to realize high-quality laser devices which cover
a wide lasing wavelength region.? Although the semicon-
ductor laser is inherently multilongitudinal mode lasers
due to its wide gain spectral linewidth and strong coupling
between longitudinal modes originated from fast intraband
relaxation of carriers, an advanced laser device being con-
sidered approximately as a single mode laser’ has been
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successfully fabricated by utilizing the quarter-wavelength
shifted distributed feedback (DFB) structure to suppress
the unwanted vestigial modes.* In addition to these ad-
vanced devices, development of high-quality optical isola-
tors enables laser devices to lase stably without suffering
from the injection effects of external lightwaves. Further-
more, the frequency of a semiconductor laser can be swept
by sweeping the injection current. The range of frequency
sweep can be further extended if the technique of nonlinear
optical frequency conversion is utilized by injecting the
light of semiconductor lasers into the nonlinear optical
crystals. With the progress of the performances of these
active and passive devices, semiconductor lasers and the
semiconductor laser-based coherent light sources have re-
cently been widely used not only for the field of photonics
but also for the study of basic physics such as atomic phys-
ics, verification of quantum mechanics, and quantum op-
tics.

However, the magnitude of quantum frequency fluctu-
ation [i.e., quantum frequency modulation (FM) noise] of
the semiconductor laser device and its noise bandwidth are
still large, which is due to a large cavity loss, and this FM
noise must be reduced when the laser is used for the ap-
plications described above. For this purpose, it is advanta-
geous to utilize a high efficiency and wide bandwidth of the
direct FM characteristics, which is due to the modulation
of refractive index of the active layer induced by plasma
oscillation of carriers. That is, FM noise can be efficiently
reduced by controlling the injection current of the laser.
Moreover, control of carrier density by injecting the exter-
nal light into the laser active waveguide has also been used
as a convenient optical feedback technique to reduce the
FM noise so as to control the laser frequency.

Studies on frequency control of semiconductor lasers
have been actively carried out recently, and the resultant
low noise semiconductor lasers have been used as the light
sources for some advanced application systems. Based on
this technical background, this review describes the recent
progress on frequency control of semiconductor lasers.
Since the related topics documented before 1991 have been
reviewed in the monograph published by one of the authors
(Ohtsu),’ this article is focused on reviewing the recent
works since 1991.

As has been pointed out in Ref. 6, at least five require-
ments listed below should be met in order to realize a low
noise and wideband tunable semiconductor laser system:

(1) Center frequency stabilization of the field spec-
trum of the laser.

(2) Linewidth reduction of the field spectrum.

(3) Stable and wideband frequency sweep.

If the nonlinear optical frequency conversion technique is
employed for meeting requirement (3), the following re-
quirement should be met to increase the conversion effi-
ciency:

(4) Increase of the laser output power.

If the high-quality light source meeting these require-
ments is realized, the following requirement should also be
met to utilize fully the low FM noise properties:

(5) Accurate measurement of the optical frequency.
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FIG. 1. Schematic explanation of the negative electrical feedback control
of the semiconductor laser frequency.

We review recent progress in works for these five require-
ments by this article, in which authors’ works will be
mainly presented.

Il. PRINCIPLE OF FREQUENCY CONTROL

This section briefly describes the principle of frequency
control by negative electrical feedback, the quantum limit
of the residual FM noise, and the principle of optical feed-
back.

A. Negative electrical feedback

For negative electrical feedback control of the semi-
conductor laser frequency, the injection current of the laser
is controlled by the demodulated signal after the magni-
tude of FM noise is detected by an optical frequency de-
modulator composed of frequency discriminator and fre-
quency reference, as shown by Fig. 1. The magnitude of
FM noise 8v(z) is expressed as’

Sv(t)=(1+a*)T,(2) + T, (2)— f: h(r)[6v(t—T)

+TI',(t—7)]dT. (n

In this equation, I'y(¢) is the magnitude of quantum FM
noise generated in the laser cavity corresponding to the
quantum frequency fluctuations of the coherent state,
which is due to the spontaneous emission fluctuations (i.e.,
vacuum fluctuations) and has been called as the
Schawlow—-Townes’ limit.® I, (z) and T,(2) are the fluc-
tuations originating from the fluctuations of current or am-
bient temperature and from the feedback loop, respec-
tively. The quantity a represents the linewidth
enhancement factor.’ A(z) is the impulse response function
of the control loop. The Fourier transform of this equation
gives

1+a2 Hex(f)
F(f)=m HS(f)-’--l-l-H—(f)
H(f)
“1TH) IL,(f), (2)
Ohtsu et al. R2
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TABLE 1. The value of |II,(f )| obtained by using several kinds of
external Fabry-Perot cavities (EFP cavities) as frequency demodulators.
Schematic explanations of the EFP cavities A-C, and D are given by Figs.
2 and 6, respectively. The quantity A is defined by Eq. (4). MZ/FP
mode: An EFP cavity is installed in a Mach-Zehnder interferometer.

[T, ()]
A: Transmission mode (64/9) A
B: Reflection mode (64/27) A

C: MZ/FP mode A
D: FM sideband technique 21A

where F(f ), IL(f ), H,(f), I,(f), and H(f ) repre-
sent the Fourier transform of év(z), I'y(¢), T (2), T,(2),
and A(t), respectively. Here,

ITL(f)|*= (3)

hv
(277,)°P, ’
where 4 is the Planck’s constant, v is the laser frequency, 7,
is the photon lifetime of the laser cavity, and P, is the
output power from the laser cavity. This equation also
shows that the value of |F(f )| approaches the value of
|TL,(f )| if the feedback gain H(f ) is sufficiently large.
Furthermore, the magnitude of the residual FM noise un-
der feedback can be smaller than that of the coherent state
of the solitary laser if |II,(f )| <|II,(f)|. Thus, such a
state of the light with very low FM noise below the
Schawlow-Townes’ limit has been called as “hyper-
coherent” state.’

The fundamental fluctuations generated in the feed-
back loop is the shot noise from the photodetector which
corresponds to the vacuum fluctuations injected into the
feedback loop. Table I summarize the values of |II,(f )],
where it was assumed that several kinds of external Fabry—
Perot (EFP) cavities are used as the frequency demodula-
tors. Schematic explanations of the EFP cavities A-C and
D in this table are given by Figs. 2 and 6(a), respectively.
In this table, the quantity A is expressed as

A) B)
-_,._4__-_>g->.). -->- A -<-E—<——->
"EFP cavity § EFP cavity
Y
C) EFP cavity
sA<f <N
\\4 u,’

FIG. 2. Schematic explanations of external Fabry—Perot cavities A—C
appeared in Table I. (A) Transmission mode of an external Fabry-Perot
cavity. (B) reflection mode of an external Fabry-Perot cavity, (C) an
external Fabry-Perot cavity is installed in a Mach-Zehnder inter-
ferometer. .
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FIG. 3. Comparison of injecting the vacuum fluctuations into the free-
running laser cavity (a) and the feedback laser system (b). fy1, fi2 f:
magnitudes of vacuum fluctuations expressed as the Langevin forces in
Langevin’s equation for the photon annihilation operator. They are in-
jected to the laser cavity through the cavity mirrors and through the gain
medium, respectively. P,, P,: output powers. 7,, Tgp : photon lifetimes of
a laser cavity and an external Fabry—Perot cavity, respectively.

hv

A=3Grre) P’
where Tgp is the photon lifetime of the EFP cavity, P is the
laser power incident into the EFP cavity, and 7 is the
quantum efficiency of the photodetector used for detecting
the FM noise. It is assumed here that the efficiency of the
EFP cavity, i.e., the ratio between the laser power incident
into the EFP cavity and the transmitted or reflected light
power, is unity to simplify the analysis, which means that
the P also corresponds to the output power from the neg-
ative electrical feedback laser system (see Fig. 3).

Comparison between Egs. (3) and (4) shows that the
mathematically expressed form of the value of quantity A
given by Eq. (4) has the same mathematical form as the
Schawlow-Townes’ limit given by Eq. (3) (i.e., the for-
mula of vacuum fluctuations generated in the cavity of the
solitary free-running laser), if 7gp is replaced by 7,. How-
ever, the difference between these expressions is that the
factor of 1/8 appeared in Eq. (4), which is due to the
difference in the way that the vacuum fluctuations, i.e., the
spontaneous emission fluctuations, are injected into the la-
ser cavity and into the EFP cavity. This difference can be
explained as follows by referring to Figs. 3(a) and 3(b):!°
These figures represent how the vacuum fluctuations are
injected into the free-running laser cavity and the feedback
laser system, where f2,, f,5, and f ¢ are the magnitudes of
vacuum fluctuations expressed as the Langevin forces in
Langevin’s equation for the photon annihilation operator.
For both cases of Figs. 3(a) and 3(b), the vacuum fluctu-
ations mixed into- the light in the cavity could induce the
FM noise. For the free-running laser cavity [Fig. 3(a)], the
vacuum fluctuations f, injected into the gain medium
could also induce the FM noise in addition to those in-

(4)
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duced by the f,; and f; injected into the cavity through
the two cavity mirrors. Here, f% = f2, for the symmetric
cavity configuration, and f% + f%,= f; for the sufficiently
highly biased laser. On the other hand, for the laser under
negative electrical feedback [see Fig. 3(b)], the power fluc-
tuations of the reflected light from the EFP cavity, i.e., the
signal from the reflection-mode EFP cavity, is used as a
frequency demodulation signal. Since the EFP cavity does
not contain any gain medium (i.e., f,=0) and the feed-
back loop can eliminate the FM noise induced by the vac-
uum fluctuations f,;, only the vacuum fluctuations f,
being injected from the EFP cavity mirror #2, gives the
residual FM noise under feedback. Thus, the residual FM
noise magnitude originated from the vacuum fluctuations
is 1/4 times that of Fig. 3(a). Furthermore, since the half
of output power P, transmitted through the laser cavity
mirror #2 in Fig. 3(a) corresponds to the output power P,
from the EFP cavity mirror #2 in Fig. 3(b), the intrac-
avity laser power of Fig. 3(a) is 1/2 of the laser power in
the EFP cavity of Fig. 3(b). The factor of 1/8 is thus given
by the product of the two factors 1/4 and 1/2 derived
above.

The factor of 64/27 can be seen in the value of
|IL,(f )| for the reflection-mode EFP cavity given in Ta-
ble I, which represents the result of the optimum tuning of
the laser frequency in order to obtain the highest frequency
demodulating gain of the EFP cavity. The values of this
factor |II,(f )| in Table I are different between each de-
modulation mode of the EFP cavity, which is due to the
difference in the frequency demodulating gains for each
demodulation mode of the EFP cavity. The main cause of
this difference is that the laser power in the demodulator is
different between each other even though the incident
power P is equal. Among the different factors, the factor
for a Mach-Zehnder/Fabry—Perot (MZ/FP) mode is the
smallest, which is explained as follows: The MZ/FP mode
in Table I demodulates the FM noise by interfering the
transmitted and reflected lights from the EFP cavity.!!
Since the laser beam does not have to be divided to realize
an interference in the MZ/FP mode, being different from
other interferometers, the laser power in the EFP cavity is
higher than those in other demodulation modes in Table I.

Absorption or emission spectral lines in atomic vapors
can be used as the frequency demodulator as well as for the
EFP cavity, for which the value of |IL,(f )| can be de-
rived in similar ways for the EFP cavity because the re-
sponse of the electrons in atoms can be approximated as a
delay system of the first order. One of the main differences
between the atoms and the EFP cavity is that the light
absorbed by the atoms is incoherently dissipated by the
atomic relaxation processes and cannot be utilized for fre-
quency control.

The lasers with homogeneous frequency dependence of
the direct FM efficiency are advantageous for increasing
the control gain |H(f )| and for extending the control
bandwidth, for which the DFB lasers with segmented elec-
trodes have been employed.'”!® For designing the high
gain and wideband feedback control loop with the opti-
mized phase-compensating circuit, the reliable and precise
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FIG. 4. Optical feedback scheme by utilizing an external reflector to
induce the self-injection locking.

technique of the network analysis for analog electronic cir-
cuit design can be applied so as to realize a feedback laser
with higher gain and lower drift,'* as compared with the
optical fedback laser.

B. Optical feedback

The carrier density in the laser active waveguide can be
modulated by the injected light. The laser frequency is,
thus, modulated through the refractive index modulation
which is due to the change of plasma oscillation induced by
the optically induced carrier density modulation. This phe-
nomenon, called injection locking,'> has been popularly
used to control the slave laser by injecting the light of the
master laser. Modulation of the laser frequency by injec-
tion locking is alsc possible by self-injection of the laser
light after reflected from an external surface. By utilizing
this self-injection locking phenomenon, an external cavity
type laser is constructed to control its frequency which is
shown in Fig. 4. Since the photon lifetime is increased by
this external cavity configuration, the value of the
Schawlow-Townes’ limit of Eq. (3) is decreased. The op-
tical feedback has a wider bandwidth as compared with the
bandwidth of negative electrical feedback because the pho-
ton lifetime of the external cavity is usually shorter than
the response time of the negative electrical feedback loop.
However, the control gain is usually lower than that of the
negative electrical feedback. Furthermore, the oscillation
instability, and even chaotic instabilities, can be induced
depending on the value of the phase of the injected light,
which means that precise control of the phase of the in-
jected light is required to maintain the feedback stable.
Thus, it could be advantageous to use optical feedback as
an auxiliary feedback to extend the bandwidth of the feed-
back loop.®

It is more effective to use an EFP cavity as an external
reflector for the optical feedback than to use a conventional
mirror because the EFP cavity works simultaneously as a
frequency reference.!” That is, the laser frequency is pulled
into the reference frequency, i.e., the resonance frequency
of the EFP cavity, because the injected light power is the
highest when the laser frequency is tuned to the resonance
frequency. Similar frequency selective optical feedback is
also possible by injecting the transmitted light through an
atomic vapor to the laser, which will be explained in the
next section.

The injection of a phase conjugate wave can be also
used to stabilize the phase of the reflected light. Since the
response of conventional photorefractive materials is
slow,'® it is more advantageous to use a semiconductor
laser device as a phase conjugate mirror for its fast re-
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FIG. 5. (a) The frequency characteristics of nearly degenerate four-wave
mixing, i.e., the values of reflectivities R of semiconductor lasers used as
the phase conjugate mirrors. The horizontal axis represents the detuning
A f between the pump and incident beams. Curves A, B, and C represent
the results for a narrow stripe InGaAlP laser, a broad stripe InGaAsP
laser, and a narrow stripe AlGaAs laser, respectively. Their stripe widths
are 5, 30, and 5 pum, respectively. The lasing intracavity lights are used as
the pump beams by biasing the laser above the threshold. For |Af| <1
GHz, data are unavailable because the pump beams are injection locked
to the incident beam in this range. (from Ref. 20). (b) The detuning
characteristics of nondegenerate four-wave mixing, i.e., the phase conju-
gate reflectivity R of an AlGaAs laser when the detuning Af is larger
than the relaxation oscillation frequency. The 3 dB high frequency cut-off
Af,is 100 GHz (from Ref. 20).

sponse, in which the intracavity two counterpropagating
traveling lasing lights in the device, biased slightly above
the threshold, can work as high power density pump beams
for four-wave mixing.!® Figure 5(a) shows the frequency
characteristics of nearly degenerate four-wave mixing, i.e.,
the values of the reflectivities of the narrow and broad
stripe InGaAlP lasers (0.67 um wavelength) and the nar-
row stripe AlGaAs laser (0.83 um wavelength) used as the
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phase conjugate mirrors, where the horizontal axis repre-
sents detuning between the pump and incident beams.?’
This figure shows that the reflectivities are larger than 10
for the detuning frequency up to the relaxation oscillation
frequency of the laser device. One of the experimental
problems is the difficulty of separation between the pump
beam and the phase conjugate light emitted from the nar-
row stripe laser cavity, which hinders the construction of a
stable external cavity by using the semiconductor laser as
the phase conjugate mirror. However, it was confirmed
recently that the phase conjugate light and the pump beam
were separated spatially and the phase conjugate light
propagated counter-collinearly to the incident light when
the incident light was injected to the broad stripe InGaAIP
laser (30 pum stripe width) with the incidence angle of 5°
while maintaining the phase conjugate reflectivity as high
as 3.3. This spatial separation and high reflectivity could
make the optical alignment easier to construct the external
cavity laser. '

Figure 5(b) shows the detuning characteristics of non-
degenerate four-wave mixing, i.e., the phase conjugate re-
flectivity of an AlGaAs laser when the detuning was larger
than the relaxation oscillation frequency. Although the re-
flectivity is lower than that of the nearly degenerate four-
wave mixing, generation of the phase conjugate light was
observed for the detuning frequency up to 1.2 THz. The 3
dB high frequency cutoff was as high as 100 GHz, which
was determined by the phase mismatching for generating
the phase conjugate light and was given by the reciprocal
of the half round trip time of the light in the phase conju-
gate medium. It can be expected that the semiconductor
laser can be used as a reliable external phase conjugate
mirror with high efficiency and wide bandwidth phase con-
jugate mirror for reducing the FM noise of the other semi-
conductor laser."®

lll. EXPERIMENTS OF REDUCING FM NOISE OF A
SEMICONDUCTOR LASER

This section reviews recent works to meet require-
ments (1) and (2) of Sec. I. The center frequency of the
laser field spectrum is stabilized by reducing the FM noise
in the range of low Fourier frequency which can be real-
ized by using a narrow band and high gain feedback loop.
The linewidth can be narrowed by reducing this FM noise
in the range of high Fourier frequency up to several tens of
MHz.

To meet requirement (1), several atomic or molecular
spectral lines have been used as reproducible and accurate
frequency references.>?! Although the reproducibility of
the resonance frequency of an EFP cavity is lower than
that of the atomic or molecular spectral lines, a simpler,
accurate and low drift frequency reference can be realized
by using extremely low expansion materials such as Zero-
dure (product of Schott Glasswork Co.) and ULE (prod-
uct of Corning Glass Co.) as a spacer for the super cavity
with the finesse of as high as 1Xx10%%? By the negative
electrical feedback, using the absorption spectral line of
rubidium (Rb%) atomic vapor (resonance wavelength at
780 nm) as a frequency reference, the theoretical limit of
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the frequency stability determined by the value of
[TL,(f )| of Eq. (2) was estimated to be 2X 10~ at the
integration time of 100 s, and the experimentally realized
stability was 2x 10722

Although the FM noise of the recently fabricated sub-
MHz linewidth semiconductor laser?* has been sufficiently
low for a high bit rate coherent optical transmission, fur-
ther reduction of this noise is still required for advanced
and precise coherent optical systems. That is, requirement
(2) of Sec. I should be met even for this advanced laser
device. For this purpose an EFP cavity, especially its re-
flection mode, has been used as a wideband and high gain
frequency demodulator of a negative electrical feedback
system because of its high sensitivity of phase demodula-
tion. By measuring the power fluctuations of the light re-
flected from the EFP cavity for the FM noise detection, the
negative electrical feedback loop can be optimally designed
for an AlGaAs laser and the gain bandwidth product of the
feedback loop higher than 10 THz has been achieved.'*
Similar frequency control for a 170 kHz linewidth seg-
mented electrode multiquantum well distributed feedback
(MQW DFB) laser at 1.5 um wavelength has also suc-
ceeded in realizing a 250 Hz linewidth.”> Furthermore as
has been shown in Table I, the method of homodyne de-
tection can be used in order to achieve higher sensitivity of
FM noise detection by mixing the reflected and transmitted
lights from the EFP cavity which is installed in a Mach-
Zehnder interferometer (see also Table I).!!

Although the fundamental factor for limiting the sen-
sitivity of FM noise detection is the quantum noise as was
explained in Fig. 3(b), the laser power fluctuations usually
limit the sensitivity in the practical feedback system. The
FM sideband technique has been employed to achieve the
quantum noise limited sensitivity by rejecting the contri-
bution of the power fluctuations.?® That is, since the con-
tribution of the laser power fluctuations is the common
mode noise in this system [see Fig. 6(a)], it can be rejected
by taking the difference between the two heterodyne sig-
nals, i.e., the carrier-upper sideband heterodyne signal and
the carrier-lower sideband heterodyne signal. Here, one
should note that the upper and lower sidebands corre-
sponds to the FM demodulation signals, i.e., their powers
are proportional to that of the reflected light from the EFP
cavity. Figures 6(b) and (c) show the results of rejecting
the contribution from the laser power fluctuations, where a
segmented-electrode MQW DFB laser of 1.5 um wave-
length was used.?’” By comparing with the experimental
result using a conventional reflection mode of the EFP
cavity,'* considerable FM noise reduction can be seen at
the Fourier frequency region lower than 100 kHz, in which
the main contribution has been the laser power fluctua-
tions. The power spectral density at this low Fourier fre-
quency region was reduced to a value lower than 25 Hz?/
Hz, by which it was estimated that the 3 dB linewidth of
the field spectrum was reduced to narrower than 80 Hz.?®
Furthermore, the negative electrical feedback has realized
the linewidth as narrow as 7 Hz by employing auxiliarily
an optical feedback of the reflected light from an EFP
cavity to expand the bandwidth of the feedback loop.'6
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FIG. 6. (a) Experimental setup of the FM sideband technique. DBM:
double balanced mixer, BRF: band fejection filter, PBS: polarizing beam
splitter, QWP: quarter-wave plate. (b), (c) Power spectral densities
S,(f) of frequency fluctuations of a segmented electrode MQW-DFB
laser of 1.5 um wavelength. Curves A and B are for the free-running and
frequency-controlled lasers, respectively (from Ref. 28).

If a popularly used medium class EFP cavity, e.g, with
1 MHz resonance linewidth and 16 ns photon lifetime, a
corresponding finesse of 150 (assuming the cavity length of
1 m) is used as a frequency demodulator for a 1.5 um
wavelength semiconductor laser; the field spectral line-
width limited by the quantum noise is estimated to be as
narrow as 30 uHz by assuming that P,=1 mW. Further-
more, if a recently developed super cavity with the finesse
as high as 1x 10° is used,?? corresponding quantum noise
limited linewidth is expected to be 5 nHz by again assum-
ing the cavity length of 1 m. Thus, it is possible in principle
to realize such an ultralow noise semiconductor laser,
which can be used as a coherent light source even for the
long baseline interferometer for gravitational wave detec-
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FIG. 7. Progress of the authors’ linewidth reduction experiments on
semiconductor lasers.

tion.? To summarize the discussions above, Fig. 7 shows
the progress of authors’ experiments of linewidth reduc-
tion, by which the realization of ultranarrow linewidth es-
timated above is expected in the near future.

Center frequency stabilization and linewidth reduction
of the field spectrum can be simultaneously carried out by
using an atomic spectral line as a frequency demodulator
for optical feedback. Figure 8(a) explains schematically
one of the examples of such an optical feedback method for
an AlGaAs laser, which utilizes a velocity selective optical
pumping (VSOP) and the polarization spectroscopy
scheme of a Rb¥ atomic vapor.®® In this method, the light
possessing the information of Doppler-free atomic reso-
nance spectral profile is injected into the laser. The VSOP
and its detection are realized by the following process: The
polarization of the probe beam was converted from linear
to elliptic by passing through the Rb¥ cell due to the cir-
cular dichroism induced in the Rb¥ vapor by a nonlinear
interaction with the strong pump beam. Furthermore, the
circularly polarized strong pump beam produces velocity
selective polarization in the Rb® vapor and induces veloc-
ity selective circular dichroism and birefringence in the
probe beam reflected by a mirror. In order to inject the

- spectral selective probe beam to the laser, a Faraday rota-
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tor with a rotation angle of 45° is used. For the optical
feedback, the polarizer also serves as an analyzer.

Figure 8(b) shows that the Doppler-free Rb®’-D, spec-
tral line is due to hyperfine transition from the F=2 level
in the ground state. It was measured under the free run-
ning condition by sweeping the laser injection current.
Since this spectral profile exhibited a peak at the atomic
resonant frequency v,, stable resonant optical feedback is
achieved by injecting the reflected probe beam into the
laser. As a result, the laser frequency v is locked to v,.
Figure 8(c) shows the deformed Doppler-free spectral pro-
file measured as a result of this injection, i.e., the laser is
under the optical feedback condition. The plateau at the
center of the profile shows that the v is locked to v,. The

R7 J. Appl. Phys., Vol. 73, No. 12, 15 June 1993

'U
Z

§ S

Laser [ >N¢ > f-<- A~ {RPCell |-=:5¢{ FR -<->ﬂ:|
,; ; PZT
: ]
e
v QWP
Output
(a)
Frequency Frequency
D — < —
400 (MHz) 400 (MHz)
LS - Je
8 8
:.? 6 z. 6k Loc_l;l:ng::nge ]
[ D H
3 873 P
o LR I B
.: L
=1 5 :\r\ﬂ/\—
2 2 S 2
0 | 1 1 L 1 0 1 1 1 1 1
100 (uA/div) 100 (MA/div)

Injection Current Injection Current

(b) (c)

FIG. 8. (a) Experimental setup of the optical feedback utilizing a
velocity-selective optical pumping and the polarization spectroscopy
scheme of a Rb¥” atomic vapor. P: polarizer, QWP: quarter-wave plate,
FR: Faraday rotator, (M) mirror. (b) The Doppler-free Rb%’-D, spectral
lines due to hyperfine transitions from the level F=2 in the ground state.
Lines A, B, and C correspond to the transitions F=2-1, 2-2, and 2-3,
respectively. Lines D and E correspond to the crossover resonances.
These lineshapes were traced by sweeping the injection current of the
free-running AlGaAs laser, which corresponds to sweeping the laser fre-
quency (from Ref. 30). (c) The deformed spectral lineshape traced under
the condition of the optical feedback. The center of this shape corresponds
to the component C in (b).

locking range is as wide as 200 MHz which is estimated by
the width of the plateau.

Since the bandwidth of this optical feedback is deter-
mined by the lifetime of the relevant atomic energy levels,
the linewidth of the laser field spectrum can be reduced if
this lifetime is sufficiently short. However, since the phase
of the reflected light has to be controlled accurately to
maintain a stable optical feedback, the negative electrical
feedback is employed to control the position of the mirror
by a piezoelectric transducer. The field spectral linewidth
of this laser has been reduced more than 1/20 times by this
method.

The advantage of the present optical feedback is that
the stabilized laser frequency can be detuned continuously
from v, with a magnitude of about +v/2, i.e., v,—y/2<v
<v,+7/2, where y represents the natural linewidth of the
Rb% atomic resonance. By changing the Faraday rotation
angle from 45°, the spectral profile of the reflected probe
beam is deformed from absorptive to dispersive due to the
circular birefringence of the Rb®’ vapor as is depicted by
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FIG. 9. (a), (b) Schematic explanation of the spectral shape of the light
intensity obtained by the photodetector of Fig. 8(a) by fixing the Faraday
rotation angle to 45° and 22.5°, respectively. These absorptive and disper-
sive shapes represent the induced Doppler-free circular dichroism and
birefringence, respectively. The absorptive spectral shape of (a) corre-
sponds to that of Fig. 8(b). (c) Spectral shapes, corresponding to that of
(b) observed under the condition of optical feedback (from Ref. 30).

Figs. 9(a) and 9(b), and the peak of the dispersive profile
appears approximately at v,=¥/2, depending on the Far-
aday rotation angle. Figure 9(c) shows the spectral profile
of the Rb?¥7 vapors, measured while injecting the reflected
probe beam to the laser. The laser frequency v was locked
at the plateau of this profile, which suggests that the sta-
bilized laser frequency v was detuned from v, to v,4-y/2 by
changing the Faraday rotation angle from 45° to 22.5°.

This optical fedback laser is expected to be used for
spectroscopy and atomic physics such as laser cooling of
atoms because the frequency stabilization, linewidth reduc-
tion, and fine frequency tuning are carried out simulta-
neously. As one of the other examples of using the atomic
spectral line, the optical feedback has been carried out by
using a Doppler-free resonance spectral line, which was
observed as a result of Faraday rotation in atoms induced
by applying the dc magnetic field of several Gauss.*! The
linewidth of the field spectrum has been reduced to 40 kHz
with the locking range of 600 MHz. One of the problems to
be solved for this system is that the reproducibility of this
stabilized laser frequency becomes worse when the applied
ambient magnetic field fluctuates.

IV. FREQUENCY AND/OR PHASE LOCKING AND
COHERENT ADDITION

As the first step to meet requirement (3) of Sec. I, it is
necessary to realize the accurate and fine sweep of the laser
frequency. It can be realized by utilizing the heterodyne
optical phase locked loop, i.e., the slave laser frequency is
accurately fine tuned to the frequency stabilized master
laser by sweeping the microwave frequency of the local
oscillator used for the phase locked loop. A Fabry—Perot
cavity-type AlGaAs laser frequency has been swept for 64
GHz by this technique,> which was limited only by the
mode hopping phenomenon of this conventional laser de-
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FIG. 10. (a) Three atomic energy levels relevant to the A shape transi-
tion induced by irradiating two laser beams. (b) The spectral profile of
the Rb atomic vapor obtained by sweeping one AlGaAs, laser frequency
while the other laser frequency was fixed. Due to the induced coherent
population trapping phenomenon, the spectral profile is Doppler-free
whose 3 dB linewidth is 160 kHz, being limited by the two laser line-
widths (from Ref. 37).

vice. A wider range of accurate and fine frequency sweep is
expected by using advanced laser devices such as a DFB
laser. The authors have obtained the heterodyne signal fre-
quency stability of 1 10~ '® at the integration time of 70 s
and the phase error variance of 0.02 rad.** For the homo-
dyne optical phase locking, the bandwidth as wide as 134
MHz* and the phase error variance of 0.02 rad” have been
achieved.”® Since the experimental details have been de-
scribed in Ref. 5, the remainder of this section reviews an
example of the recent progress on the experiments of fre-
quency lockings.

Figure 10 explains schematically a method of hetero-
dyne frequency locking based on spectroscopic method. A
high-contrast Doppler-free spectral shape due to the
A-shape transitions between three energy levels [see Fig.
10(a)] is obtained by using a phenomenon of coherent
population trapping®® which is induced when two AlGaAs
lasers (master and slave laser) beams propagate parallel to
the Rb atomic vapor. This phenomenon produces a special
atomic state in which the atom is trapped to form a coher-
ent superposition of the two energy levels |@) and |b) in
Fig. 10(a) induced by the quantum interference effect un-
der the two-photon resonance. As a result, the optical tran-
sition between this superposed state and the energy level
|¢) common to the A shape transition is inhibited.

Figure 10(b) shows the spectral profile (whose line-
width is as narrow as 160 kHz) which is determined by the
very long lifetime of the lower energy levels |b) and |c). In
the practical experimental setup, the main contribution to
the linewidth is the sum of the field spectral linewidths of
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the two lasers (80 kHz each). Thus, the heterodyne fre-
quency between the two lasers can be accurately locked to
the resonance frequency between the two hyperfine energy
levels |b) and |c) in the ground state of the Rb atom (i.e.,
6.8 GHz) if one of the laser frequencies is controlled by
using this resonance frequency of Fig. 10(b) as a frequency
reference.’’ This heterodyne frequency locking can be used
as an optical method to generate a stable microwave fre-
quency.

For wideband frequency sweep, highly efficient nonlin-
ear optical frequency conversions are used as an essential
technique, for which high power laser beams are required
to ensure high conversion efficiency. Coherent addition,
i.e., superposition of several frequency or phase locked la-
ser beams, can be one of the promising techniques to real-
ize high output power, which is schematically explained by
Figs. 11(a) and 11(b). By this technique, requirement (4)
of Sec. I can be met. The optical path lengths of beams
from the frequency- or phase-locked slave lasers are con-
trolled so that they are superposed in-phase at the output
beam splitter. In Fig. 11(a), laser beam #k is used for the
superposition N-k times because the adjacent laser beams
are superposed, where N represents the total number of
laser beams. In Fig. 11(b) on the other hand, the beams
from 2" lasers are superposed by a method of, namely,
binary-tree, which means that each laser beam is used for
the superposition n times. Comparison between the two
schemes shows that scheme (b) always has a higher addi-
tion efficiency than (a) because the number of superposi-
tion of each laser beam in (b) is always smaller than that
in (a).

For a demonstration of the coherent addition, two
slave lasers of 0.8 um wavelength were phase locked to the
master laser by using the technique of injection locking.
The coherently added power, as high as 110 mW, was
obtained when each slave laser power was 68 mW, i.e.,
efficiency of superposition as high as 85% was achieved.®
This technique of coherent addition can be applied to ar-
rayed laser devices.>’

V. NONLINEAR FREQUENCY CONVERSIONS FOR
WIDEBAND FREQUENCY SWEEP

Performances of semiconductor lasers, e.g., character-
istics of the output power, the single-mode oscillation, and
the spatial beam profile, have not yet been sufficiently high
as compared with conventional solid-state and gas lasers.
However, they can be used as promising candidates of light
sources for the practical optical frequency conversion sys-
tems because of the rapid progress of their performances
and their inherent compatibility with electrical and optical
feedback control to improve the performances.

Wideband frequency sweep can be realized by combin-
ing semiconductor lasers and nonlinear optical crystals be-
cause, as is shown by Fig. 12, variety of semiconductor
lasers covering wide wavelength ranges have been devel-
oped. Thus, it is expected that the range of frequency
sweep, from near infrared to near ultraviolet (i.e., approx-
imately one PetaHz,) can be realized to meet requirement
(3) of Sec. I. Although the method of Fig. 12 does not
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FIG. 11. Schematic explanation of two methods of coherent addition, for
which the powers of the two laser beams are added by controlling their
optical path difference. (ML): master laser, (SL#k): slave laser #k
(k=1-N), which is injection-locked to the master laser, (BS) beam split-
ter, (PZT): piezoelectric transducer. (a) The method of superposing ad-
jacent laser beams. (b) The beams from 2" lasers are superposed by a
method of, namely, binary-tree (n=3 in this figure).

show that the frequency is swept continuously, a continu-
ous frequency sweep can be expected if fine frequency tun-
ing by heterodyne optical phase locking is auxiliarily em-
ployed to fill the gap of the frequency region in which the
coarse sweep is not possible. This section reviews authors’
experiments on frequency conversion of semiconductor la-
sers by using nonlinear optical crystals which have been
recently carried out to realize a PetaHz class coherent op-
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FIG. 12. Possible wavelength ranges of semiconductor lasers (upper part
of this figure) and those of their nonlinearly up or down frequency con-
verted lights (lower part). The solid lines in the upper part represent the
wavelength ranges for commercially available semiconductor laser de-
vices. The broken lines are for the ranges in which the lasings have been
confirmed experimentally in the laboratories. (SHG): Second harmonics
generation, (SFG): sum frequency generation, (DFG): difference-
frequency generation. The total wavelength range covered by this figure
corresponds to the frequency range of 750 THz, i.e., approximately one
Peta-Hz.

tical frequency sweep generator. For realization of the wide
range frequency sweep with accurate frequency reference,
optical frequency link between different wavelength lasers
can be achieved by using a phase locking technique be-
tween the second harmonic, sum frequency, and difference
frequency lights of multiple lasers, e.g., the frequency of
the 1.5 pm wavelength InGaAsP laser is linked to an Al-
GaAs laser by the phase locking of the SHG of the In-
GaAsP laser to the AlGaAs laser, and the AlGaAs laser
can be further locked to an atomic resonance line, e.g., the
Rb¥ resonance line at 780 nm wavelength.

Second harmonic generation of semiconductor lasers
has been carried out by a number of research groups in
order to obtain a short wavelength for an optical recording
light source so as to increase the recording density.*® How-
ever, experiments on sum frequency and difference fre-
quency generations (SFG and DFG, respectively) and fur-
thermore, frequency tunable light sources combining these
nonlinear frequency conversions have not yet been fully
documented. These systems should play essential roles for
advanced optical systems, and they can be used even for
the nonlinear saturation spectroscopy if the frequency-
converted powers are sufficiently high by using the built-up
cavity method.*! Figure 13 shows that a KNbO; crystal is
installed in a built-up cavity for fundamental wave to in-
crease the SHG efficiency. The FM noise of the fundamen-
tal wave is reduced by the optical feedback by the reflection
from the front facet of the <':rystal,42 as have also been
demonstrated by Refs. 41 and 43. The optical path length
between the laser and the built-up cavity is controlled by
negative electrical feedback to stabilizec SHG power. The
SHG power of 6.6 mW was obtained for the 100 mW
fundamental wave power from a 0.86 um wavelength
AlGaAs laser. Furthermore, the SHG power was selec-
tively modulated to realize the 100% modulation depth by
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FIG. 13. Experimental setup of second harmonic generation of an
AlGaAs laser by using a KNbO; crystal which is installed in a built-up
cavity. The FM noise of the fundamental wave is reduced by the optical
feedback by the reflection from the front facet of the crystal. The ac
voltage is applied to the crystal to modulate the second harmonic power.

utilizing the different responses of the coefficients of the
second harmonic and the fundamental waves to the
electro-optical modulation in the KNbO; crystal. As an
improved built-up cavity, a monolithic cavity has been fab-
ricated by coating high-reflection films on a polished sur-
face of the nonlinear crystal. The SHG powers as high as
24 mW* and 41 mW* have been achieved.

As another example of nonlinear frequency conver-
sion, SHG of a strained quantum well InGaAs/AlGaAs
laser of 0.98 um wavelength has been generated by using a
b-cut KNbO; crystal installed in a built-up cavity, where
the crystal temperature was adjusted to be 22 °C for phase
matching. The SHG power was 2 mW for the incident
fundamental power of 70 mW. This 493 nm wavelength
second harmonic wave can be used as a light source for the
laser cooling of Ba*. A white light beam can be obtained if
this blue second harmonic light is optically aligned with
the green second harmonic light beam from a semiconduc-
tor laser-pumped YAG laser and red beam from an
InGaAlP laser. The conventional He-Cd white color lasers
can be replaced by this semiconductor laser-based white
light source to improve the reliability and lifetime of the
image processing systems.

The second harmonic wave of a 1.5 um wavelength
InGaAsP laser (i.e., an essential device for coherent opti-
cal transmission) can be tuned to a Rb® resonance fre-
quency, which has been used as an accurate frequency ref-
erence for AlGaAs lasers.*® Thus, frequency, accuracy,
and stability of the InGaAsP laser can be improved by
locking its second harmonic frequency to the Rb® reso-
nance frequency. This frequency stabilization has been car-
ried out by using the internal second harmonic wave gen-
erated in the active waveguide of the InGaAsP laser.?’
Recently, the second harmonic wave has been generated
from a KTP crystal installed in a built-up cavity while the
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FM noise of a fundamental wave is further reduced by the
optical feedback from the built-up cavity.®®

To extend the range of frequency sweep, sum fre-
quency generation by using an InGaAsP laser and a 0.83
um wavelength AlGaAs laser has been carried out with a
KTP crystal to obtain the sum-frequency power of 230
nW,*8 which is the first example of generating a green light
by using semiconductor lasers. Although the green lights
have been generated by nonlinear optical frequency con-
versions of solid-state lasers, e.g., a YAG laser, their fre-
quency cannot be swept for a wide range. On the other
hand, the range of frequency sweep of the sum frequency
shown above can be as wide as about 30 THz (i.e., the
wavelength range of 0.53-0.56 um) because the oscillation
wavelength of AlGaAs laser devices can cover the range
from 810 to 890 nm.

Difference frequency generation has also been carried
out for a 1.5 um wavelength InGaAsP laser and a 0.77 um
wavelength Ti:Al,O5 laser. The same KTP crystal for the
SFG experiment was used for its large nonlinear coefficient
in the near infrared region and the large temperature tol-
erance. Under the phase matching condition by adjusting
the crystal angle, the 1.6 um wavelength difference fre-
quency output power of about 2 uW was obtained when
the incident powers of the two lasers were 5 and 200 mW,
respectively. Since the Ti:Al,O5 laser can be replaced by an
AlGaAs laser, the frequency sweep range of 42 THz, i.e.,
the wavelength range from 1.5 to 1.9 um, can be expected.

One of the proposed systems employs the succeeding
frequency division of the difference in two laser frequencies
by using nonlinear optical crystals.**® This system can
achieve a very wideband frequency sweep because there is
no limitation of setting the maximum frequency difference
for division as long as the phase matching of nonlinear
optical crystal is ensured. Figure 14 shows one of the other
systems proposed by the authors in order to measure the
resonant frequency of the Ca spectral line (P, —'S,;
657.459 nm wavelength), which falls within the oscillation
frequency range of InGaAlP lasers. It has been proposed
that this spectral line can be used as a highly accurate
frequency standard in the visible region because of its nar-
row natural linewidth, i.e., 400 Hz.>! For the measurement
of Ca resonant frequency, the frequency of a InGaAlP
laser (laser #2 in this figure) is locked to the Ca resonance
frequency, and heterodyne-type optical phase locking is
provided to other commercially available InGaAsP lasers,
AlGaAs lasers, and the outputs from the nonlinear optical
crystals for frequency conversions. The frequency v, of
laser #2, and thus, the resonant frequency of Ca, can be
known accurately by using the following formula by mea-
suring the output microwave frequencies f of the photo-
diodes PD; (k=1-9):

n=22Mf,—2°f1=2' f,4+ 22 f3+ 22 f4+2* s+ 2°
+25£,42F5—2%15, (5)
where f,, and M represent the modulation frequency and

the order of sideband in the optical frequency comb gen-
erator which can be used as a local oscillator for measuring
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FIG. 14. Proposed system for measuring the resonant frequency of a Ca
spectral line at 657 nm wavelength by using a frequency chain composed
of nine semiconductor lasers: (SHG): second harmonic generator,
(SFG): sum frequency generator, (PD;) (k=1-9): photo-diode for mea-
suring the heterodyne frequency and for heterodyne optical phase locking,
OFC generator: optical frequency comb generator given by Fig. 16.

the 1.8 THz frequency difference between laser #3 (876
nm wavelength) and laser #9 (872 nm wavelength).

If a stable Rb atomic clock is used as a driver for the
optical frequency comb generator, the order of sideband M
has to be as high as 262 because the value of f, is 6.8 GHz.
However, this order of sideband can be generated and de-
tected as will be described in Sec. 6. Since all the frequen-
cies of lasers in Fig. 14 can be calibrated based on the Ca
resonance frequency, this system realizes a highly accurate,
multicolor coherent light source. Even by using bulky crys-
tals of conventional nonlinear optical materials, frequency
converted power can be sufficiently high for heterodyne
optical phase locking, further increases in converted pow-
ers can be expected if devices such as domain-inverted non-
linear optical waveguides®? are used.

For realization of this system, several nonlinear fre-
quency conversions have already been demonstrated, as
described below:

(1) Second harmonic generation of the 1.3 um wave-
length light by a KTP: Optical feedback from an external
grating was employed to realize a single longitudinal mode
oscillation of a 1.3 um wavelength high power InGaAsP
laser. A side-mode suppression ratio larger than 40 dB was
achieved at 50 mW output power. The 10 nW second har-
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monic power of this laser was obtained from a KTP crys-
tal. This power can be increased if a built-up cavity is used.

(2) Sum frequency generation of the two 0.8 um wave-
lengths lights by a KNbO;: A KNbO; crystal was em-
ployed because of its large nonlinear optical coefficient
(i.e., about 20 pm/V for the a-cut crystal used here). The
noncritical type-I phase matching was realized by adjust-
ing the crystal temperature within a range of between 0 °C
and 60 °C. The sum frequency power of 100 nW was ob-
tained while its wavelength was varied from 425 to 438 nm
by sweeping one of the laser wavelengths from 825 to 876
nm and fixing the wavelength of another laser at 876 nm,
where the two laser powers incident into the crystal were
100 mW. A tuning from 420 to 460 nm is expected if the
temperature can be fully varied, i.e., from —30°C
to 150 °C, which is limited by the phase transition of the
crystal.

(3) Sum frequency generation of the 1.3 and 0.74 pm
wavelengths lights by a KNbO;: This experiment was car-
ried out as a preliminary experiment on SFG between the
1.3 and 0.66 um wavelengths lights. A b-cut KNbO; crys-
tal with a phase matching temperature of 22 °C, a 1.32 um
wavelength InGaAsP laser, and a 0.74 pm wavelength
Ti:Al,0; laser were used. The 100 nW sum-frequency
power was obtained when the two laser powers incident
into the crystal were 50 and 200 mW, respectively. It can
be expected that the SFG of 1.3 and 0.66 um wavelengths
lights is realized by using an a-cut KNbO; crystal at 15 °C,
by which the main part of the system in Fig. 14, i.e., fre-
quency tuning to Ca resonance frequency, is carried out.

Besides the well used inorganic nonlinear optical crys-
tals, organic materials are also promising for nonlinear op-
tical crystals because the figure of merit for nonlinear fre-
quency conversion can be much larger than that of
inorganic crystals. Moreover the versatility in design of the
materials, such as compositions of the crystal and fabrica-
tion of the organic waveguide, is attractive in applications.
Research on nonlinear frequency conversions using or-
ganic materials is in its primary stage and experimental
results have not yet been fully documented. The authors
have recently succeeded in generating the second harmon-
ics from a DMNP organic crystal grown in a glass capil-
lary of 1 um inner diameter. Even under the phase mis-
matching condition, Cerenkov radiation has been obtained
with 50 nW second harmonic power when the 50 mW
power of an InGaAsP laser was incident into the capillary.
This power has been sufficiently high to be used as optical
phase locking with a conventional AlGaAs laser.

VI. ACCURATE MEASUREMENT OF OPTICAL
FREQUENCY

Optical frequency of a highly stable laser has to be
accurately measured when the laser is used for some opti-
cal systems, e.g., frequency division multiplex (FDM) co-
herent optical transmission and high resolution laser spec-

- troscopy. The purpose of this section is to review the
accurate measurement of optical frequency to meet re-
quirement (5) of Sec. I. This measurement is possible by
using an accurate frequency reference, a stable laser as a
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FIG. 15. Proposed system of accurate optical frequency counting of a 1.5
pm wavelength InGaAs laser (frequency: v,). A 0.63 um wavelength I,
stabilized He-Ne laser (v;) and a 3.39 um wavelength CH, stabilized
He-Ne laser (v,) are used as primary optical frequency standards. A
YAG laser at 1.06 um wavelength (v;) and an InGaAsP laser at 1.5 um
wavelength (v,) are used as the secondary optical frequency standards by
phase locking their sum and difference frequency signals to the two pri-
mary standards. (SFG): sum frequency generator, (DFG): difference
frequency generator, OFC generator: optical frequency comb generator
given by Fig. 16. The inset of this figure represents the frequency spectra
of the two InGaAsP lasers (v, and v,) and the OFC generator. (f),):
modulation frequency of the OFC generator. (f},f,): heterodyne fre-
quency between the secondary optical frequency standard InGaAsP laser
(v4) [between the InGaAsP laser under test (v,)] and the nearest mod-
ulation sideband frequency of the OFC generator, (AM): the difference of
the orders of the two sidebands.

local oscillator, nonlinear optical conversions, and optical
phase locking. The conventional measurement system em-
ploys an optical frequency chain from optical to microwave
frequencies based on a stable microwave Cs atomic clock.>®
Although such a system is highly accurate, the problem of
low reliability remains because it relies on a large oscillator
system (composed of visible lasers, infrared lasers, far in-
frared lasers, and microwave oscillators) and short lifetime
point contact diodes for harmonic mixers. This problem
can be solved if a compact and long lifetime system is
realized by combining several semiconductor lasers which
cover a wide frequency range. As an example of such a
system, a laser system combining 1.3 um wavelength semi-
conductor lasers has been proposed in Ref. 49.

As another example, an optical frequency measure-
ment system for 1.5 um wavelength semiconductor lasers
has been proposed by the authors for the FDM coherent
optical transmission,>* and is described here. In the FDM
coherent optical transmission system, a great number of
channels, e.g, hopefully as large as 1000 channels in the
future, are prepared within the optical frequency range of
about 10 THz (around 1.55 um wavelength) at which an
optical fiber shows the lowest transmission loss. In order to
avoid channel switching errors, each channel frequency
should be accurately measured. Figure 15 explains sche-
matically the principle of measurement. A 0.63 um wave-
length I,-stabilized He-Ne laser and a 3.39 um wavelength
CH,-stabilized He-Ne laser are used as the primary optical
frequency standards in this system, whose frequencies have
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FIG. 16. Schematic explanation of an optical frequency comb (OFC)
generator. A LiNbO; crystal is used as a phase modulator which is in-
stalled in a Fabry—Perot cavity to realize a high modulation efficiency.
The crystal is also enclosed by a microwave waveguide to build up a
microwave power for modulation. The modulation frequency f,, is fixed
as a multiple of the free spectral range of the Fabry—Perot cavity for high
modulation efficiency. The reference laser is used to measure the modu-
lation sidebands spectra by a heterodyne technique.

been measured within the accuracy of 1 107°.%° By using
these standards, the expected accuracy of the measurement
can be as high as 1 10~°. Although such high accuracy
may not be required to maintain the reliability of the FDM
system described above, such a system can be used as a
prototype for a highly accurate optical frequency measure-
ment system for a variety of precise optical systems.

This system uses the fact that the frequencies v, and v,
of the above-mentioned two He-Ne lasers have simple re-
lations with those of a 1.06 um wavelength YAG laser and
a 1.5 um wavelength InGaAsP laser v; and v,, which are
approximately expressed as v;=(v;+v,)/2 and v,=(v,
—v,)/2. Thus, the frequency of the InGaAsP laser is
locked to the primary frequency standards by phase lock-
ing the sum frequency and difference frequency signals of
the InGaAsP and YAG lasers to the two He-Ne lasers. By
using this InGaAsP laser as the secondary frequency stan-
dard, the frequency v, of the other InGaAsP laser under
test is known if the heterodyne frequency between these
two InGaAsP lasers is measured by a conventional micro-
wave frequency counter.

However, since this heterodyne frequency can be as
high as 10 THz if the InGaAsP laser is used for the FDM
coherent optical transmission system in the low transmis-
sion loss region of the optical fiber, an additional optical
local oscillator is required to measure such a high hetero-
dyne frequency. This can be realized by an optical fre-
quency comb (OFC) generator shown by Fig. 16. The
OFC generator is a system for generating modulation side-
bands, i.e., an optical frequency comb, by transmitting the
InGaAsP laser beam through a phase modulator which is
composed of an electro-optical crystal driven by a micro-
wave with the stable frequency of f,,. The heterodyne
frequency f, between the secondary standard frequency v,
and the nearest modulation sideband frequency can be
measured by a microwave frequency counter. Further-
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FIG. 17. The profile of the envelope of the modulation sidebands of the
OFC generator observed by an optical spectrum analyzer. The observed
width of this envelope is 32 nm (or 4 THz), which is limited by the
sensitivity of the optical spectrum analyzer (from Ref. 56).

more, the heterodyne frequency f, between the frequency
v, of the laser under test and the frequency of its nearest
sideband can be also measured. Since the frequency differ-
ence between the two sidebands used above can be given by
the product of f,, and the difference of the sideband orders
AM, the value of v, can be given as v,=v,+f,+ />
+AM - f,,.

The main component of the highly efficient phase mod-
ulator in Fig. 16 is a LiNbO; crystal which is installed in a
Fabry-Perot cavity to realize a high modulation efficiency.
This crystal is also enclosed by a microwave waveguide to
build up a microwave power for modulation, where the
waveguide is designed to realize a spatial overlap between
the lightwave and microwave fields and to match the op-
tical group velocity and microwave phase velocity in the
crystal. By this configuration, modulation efficiency @ as
high as 0.2 rad has been achieved at the modulation fre-
quency f, of 5.8 GHz even by using a bulky LiNbO;
crystal, where f,, was fixed to three times the free spectral
range (FSR) of the Fabry—Perot cavity. The finesse of this
crystal-installed Fabry—Perot cavity was obtained as high
as 200.

The OFC was generated by inputting a 10 kHz line-
width DFB laser beam to the cavity, and the heterodyne
signal between one of the modulation sidebands in the
OFC and another 10 kHz linewidth reference laser was
detected. The signal-to-noise (S/N) ratio of this detection
was high, i.e., only 5 dB lower than that of the shot noise-
limited theoretical value, which is expressed as S/N (in the
unit of dB)=75—0.11X |M|, where M is the order of
sideband in the OFC. Such a large value of the S/N was
attributed to using the narrow linewidth lasers and an op-
tical balanced receiver. The maximum of the shot noise-
limited value of M, corresponding to S/N=0 dB, is esti-
mated to be 682, which gives the M X f,,=4 THz. Figure
17 shows the experimental results obtained to confirm this
estimation. This figure represents the profile of the enve-
lope of the OFC, i.e., a series of modulation sidebands,
observed by an optical spectrum analyzer. It was con-
firmed by this profile that the modulation sidebands were
generated within the frequency range of £2 THz around
the carrier component and the profile of the envelope
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FIG. 18. The spectral profile of the heterodyne signal observed under the
condition of the optical phase locking between the 84th sideband of the
OFC generator and the reference laser. The horizontal axis of (a) is
magnified and its central part is shown by (b). The 3 dB linewidth of the
spectral profile of (b) is 30 Hz, limited by the resolution of the microwave
spectrum analyzer (from Ref. 56).

agreed with the theoretical calculation. The width of the
profile, i.e., 4 THz, corresponds to the wavelength span as
large as 32 nm, which is larger than the tunable wavelength
range of existing DFB lasers.

The width of the envelope can be increased to 10 THz
if the modulation index is increased to 7/2 rad by increas-
ing the microwave power. It has been confirmed that an
asymmetric profile of the envelope can be also realized by
increasing the powers of lower or upper sidebands, for
which the contribution of the dispersion of a Fabry—Perot
cavity to the modulation efficiency is compensated for by
detuning’ the value of f,, from 3% FSR.% Based on these
experimental results, it is expected that the frequency span
of the OFC generator can be expanded to the value limited
by the bandwidth of the mirror of the Fabry-Perot cavity,
i.e., as wide as 20 THz, by using higher efficiency phase
modulator and by fabricating a monolithic Fabry-Perot
cavity to reduce the loss. Such a wide frequency span OFC
generator can work as a local oscillator for optical fre-
quency measurements of InGaAsP lasers in FDM coherent
optical transmission at a 1.5 um wavelength region.

Figure 18(a) represents the spectral profile of the het-
erodyne signal observed under the condition of the optical
phase locking between the 84th sideband of the OFC gen-
erator and the reference laser.’® Although the heterodyne
frequency was 200 MHz, the separation between the car-
rier frequency of the modulated light and reference laser
frequency was as large as 487 GHz, i.e., the carrier signal
is optically phase locked to the reference signal with such a
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large frequency separation. The control bandwidth of this
phase locked loop was 250 kHz, and the phase error vari-
ance was estimated to be 0.01 rad?. Figure 18(b) shows a
magnified profile of the central part of Fig. 18(a).* The 3
dB linewidth is 30 Hz, limited by the resolution of the
microwave spectrum analyzer by which a high perfor-
mance of the phase locking was confirmed.

The phase locking to the two He-Ne lasers can be re-
alized by using a technique similar to the one demonstrated
by Fig. 18. The sum and difference frequencies between the
InGaAsP laser and a YAG laser have to be generated for
this phase locking, which is possible by using the technique
of nonlinear optical frequency conversion given in Sec. IV.
Recent experiments have confirmed that the sum fre-
quency signal of 0.2 uW power was generated from a
LiNbO; crystal whose temperature was fixed at 323 °C for
phase matching. This power is sufficiently high for the op-
tical phase locking with the I, stabilized He-Ne laser of 1
mW power. It is also possible for the LiNbO; crystal to
generate the difference frequency if its temperature is fixed
at 570 °C.%

The OFC generator described above can be realized at
a variety of wavelength regions by changing the high re-
flection or antireflection films coated on the surfaces of the
relevant optical elements as long as the phase modulator
crystal is transparent. If a series of the OFC generators
with different wavelength regions is prepared and the side-
bands of the adjacent OFC generators are phase locked
with each other, a very wide span OFC is expected, which
can be as wide as over 100 THz.

In addition to the optical frequency measurement at
the 1.5 um wavelength region, there can be at least three
application systems for which the OFC generator is used:
(1) The OFC generator is used as a highly accurate local
oscillator in the system of Fig. 14, where the frequency
difference between the two lasers is too large to measure
directly by using a conventional photodiode. (2) The fre-
quency of a Ca resonance spectral line at 657 nm wave-
length can be measured by using a popular visible fre-
quency standard of I, resonance line at 633 nm, if the two
or three OFC generators are used for linking these two
frequencies whose difference is as large as 17 THz. Based
on these frequency measurements, the resonance atomic
spectral line of Ca can become a promising candidate for a
frequency standard in the visible region. This is because the
accuracy of Ca frequency can be higher than that of I,
since the hyperfine structure of Ca is simpler than that of
I, (3) Frequency division multiplex coherent optical
transmission can be expected by using one laser as a pri-
mary light source, as is shown by Fig. 19, where modula-
tion sidebands from an OFC generator are separated by an
optical frequency filter after being amplified by an optical
fiber amplifier.

At the end of this section, the possibility of realizing an
ultrafast photodetector is proposed by using a high transi-
tion temperature (7".) oxide superconducting film. One of
the principal reasons of requiring an OFC generator for the
optical frequency measurement system of Fig. 15(a) is the
lack of a fast photodetector whose response bandwidth is
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FIG. 19. Proposed system of frequency division multiplex coherent op-
tical transmission by using an OFC generator: (ML): master laser, (FA):
optical fiber amplifier, (D): optical frequency filter and divider, (SL#k):
Slave laser which is phase locked to the kth modulation sideband of the
OFC generator, (PM#k): phase modulator, (C): coupler, (F): optical
fiber for transmission.

as wide as, e.g., 100 GHz. If this kind of photodetector is
realized, the system becomes simpler because a wideband
OFC generator will not be necessary. It has been proposed
that a high T, oxide superconducting film can be one of the
candidates for such a photodetector.® Although details of
the optical response mechanism have not yet been made
clear, it has been understood that the Cooper pairs in the
film are destroyed by the energy of the photon irradiated to
the film slightly below the 7',. As a result the number of
quasi-particles is increased so as to increase the film resis-
tance. Since it is a quantum effect, the response time can be
very short. According to the theory of nonequilibrium su-
perconductivity, which is based on the Bardeen—-Cooper—
Schrieffer (BCS) theory, it has been calculated that non-
bolometric response time is about several ten ps, which
corresponds to several hundred GHz.”® Although theoret-
ical studies on this phenomenon have not been completed,
it can be expected that the high T', oxide superconducting
film can be used as an ultrafast photodetector for a wide
wavelength region because its absorption efficiency is high
for visible and far-infrared regions. ‘

Figure 20(a) shows the experimental setup.%¢! A
DyBa,Cu;0,_, superconducting film was deposited on a
MgO (100) substrate by a molecular beam epitaxy tech-
nique. The samples with the 7,=88 K had constrictions
with a size of 20 um width, 400 um length, and 0.1 um
thickness, which were fabricated by standard photolithog-
raphy and Ar ion milling. This film was driven by a con-
stant current of 0.5 mA, and the 100% power modulated
0.8 um wavelength AlGaAs laser light of 3 mW power was
irradiated. Figure 20(b) shows a relation between the tem-
perature and the signal intensities. Curve A is the value of
film resistance. Curve B is the derivative of curve A, rep-
resenting the bolometric signal intensity originated from
the temperature increase by the laser irradiation. Curve C,
on the other hand, represents the difference between the
value of the total signal and the value of curve B, which
corresponds to the signal due to the nonbolometric quan-
tum effect. Figure 20(c) shows the dependencies of the
bolometric and nonbolometric signal intensities on the
modulation frequency f,, of the laser power. Although the
previous experiments have measured these dependencies
only for f,,<1 MHz,% the present experiment expanded
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FIG. 20. (a) Experimental setup for measuring the optical response of a
DyBa,Cu;0,_, superconducting.film. (DBM): double balanced mixer,
(LPF): low pass filter, (LIA): lock-in amplifier. (b) Experimental re-
sults. A: temperature dependence of the film resistance, (B), (C): the
bolometric and nonbolometric signal intensities obtained under the irra-
diation of an AlGaAs laser beam of 3 mW, respectively (from Refs. 60,
61). (c) Dependencies of the bolometric and nonbolometric signal inten-
sities on the modulation frequency of the laser power, which are repre-
sented by closed and open circles, respectively (from Refs. 60, 61).

the range of measurements up to f,,=100 MHz by im-
proving the performances of rf frequency driver and re-
ceiver circuits. In spite of the fact that this experimental
work is still preliminary, it can be confirmed by this figure
that the bandwidth of the nonbolometric signal is much
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wider than that of the bolometric signal and that the signal
voltage of about several uV was obtained.

Further expansion of the measurement range of f,, is
expected by improving the performances of driver and re-
ceiver electronic circuits, by which detailed investigation
on response characteristics and quantum mechanisms are
carried out. By these investigations, it is expected that one
can open a novel field of application to use a high T,
superconducting film as an ultrafast and wavelength insen-
sitive photodetector.

Vil. SUMMARY

This article reviewed the recent results of authors’
studies on highly sensitive FM noise detection, wideband
frequency control, and optical phase locking in order to
suppress the laser FM noise originated from the quantum
fluctuations. Possibilities of a wideband frequency tunable
light source by using nonlinear optical frequency conver-
sions were also presented. As an application of these fre-
quency control methods, the possibility of highly accurate
optical frequency measurement system was given. It is ex-
pected that realization of these systems can come true in
the near future by selecting carefully nonlinear optical ma-
terials with higher efficiency, by using a higher finesse
built-up cavity for nonlinear optical frequency conversions,
and so on.

In addition to the frequency control methods of com-
pensating for the effect of quantum FM noise described in
this article, there can be other methods of realizing fre-
quency stabilized lasers. One of these methods is to directly
control the magnitude of quantum noise, i.e., probability of
spontaneous emission, which can be a promising method
even though it has not yet been applied to semiconductor
lasers. There are at least two proposals for modifying the
magnitudes of FM or phase noises:

(1) It has been pointed out that the laser oscillation
without population inversion can be realized by using
three-level atoms with A-shape transition due to the quan-
tum interference between the levels. The FM noise magni-
tude of this lasing light can be lower than the value limited
by conventional spontaneous emission fluctuations.®

(2) The laser oscillation with correlated spontaneous
emission is realized by using three-level atoms with V
shape transition, which is also due to the quantum inter-
ference between the levels. The phase noise magnitude of
this lasing light can be lower than the value limited by
quantum fluctuations (more precisely, vacuum fluctua-
tions). It means that the phase squeezing can be realized.®

Experiments of these two proposals have not yet been
carried out for semiconductor lasers except for preliminary
experiments on correlated spontaneous emission.®> How-
ever, since it has been experimentally proved that the neg-
ative electrical feedback to semiconductor laser can gener-
ate the squeezed light,% progress on these proposals can be
expected in the near future. The future problems of using
these quantum optical methods could be to find the appli-
cation to frequency control and related experimental stud-
ies. By solving these problems, realization of novel light
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sources with low FM noise are expected in which the quan-
tum noise magnitude is directly controlled.
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ABSTRACT

We have studied the optical response of epitaxial thin films of DyBayCu307. by irradiation of semiconductor laser at
the wavelength of 830 nm. DyBazCu307.x superconducting thin films are prepared on MgO (100) by molecular beam
epitaxy (MBE). These are confirmed c-axis oriented epitaxial thin films using X-ray analysis and in-situ RHEED
observation. We have investigated the output signals (i.e. optical response) under the irradiation of laser light, whose
frequency can be modulated up to 100 MHz. We have obtained the evidence of nonbolometric response under
irradiation of laser at the modulation frequency of 100 MHz.

KEY WORDS: optical detector, DyBaCu3O7-x thin film, nonbolometric response

INTRODUCTION

Since the discovery of high-T¢ superconductors, the feasibility of optical and infrared detection using these materials
has been much investigated as one of the promising electronic applications [1-5]. As they are used as optical detectors,
they can be classified into two types; bolometric or nonbolometric devices due to the operation principle.
Microbolometers are well known as the typical bolometric devices. Their theoretical and experimental investigations are
advanced by P. L. Richards et al. [6,7]. They have shown that a high-T¢ superconducting bolometer can be potentially
two orders of magnitude more sensitive than any other infrared detector operating in the liquid nitrogen temperature at
its wavelengths longer than 20 um. This means that a high-T¢ superconducting bolometric detector operate as the
broadband detector. However its response time is generally late compared with other nonbolometric superconducting
detectors. As regards a nonbolometric high-Tc¢ superconducting detector, a lot of works were reported [3,4,5,8,9]. In
general, it is considered that the response time of mostly nonbolometric superconducting devices is faster than that of
bolometric ones. This is because their response time is decided by quantum mechanics. However its operating
mechanism is still not clear, and it is doubtful whether nonbolometric response of high-Tc superconducting thin films
exists.

In this paper, we have investigated optical response of epitaxial DyBazCu307.x superconducting thin films under the
irradiation of laser light at the wavelength of 830 nm. DyBa;Cu307.x superconducting epitaxial thin films are grown by
molecular beam epitaxy (MBE). We have investigated the optical response under the irradiation of laser light, whose
frequency can be modulated up to 100 MHz. We have obtained the evidence of nonbolometric response.

EXPERIMENTAL

DyBazCu307.x superconducting thin films are deposited on MgO (100) substrate by MBE in an ultrahigh vacuum
system [10]. We set the temperature of the effusion cells for Dy, Ba, and Cu to about 950 °C, 600 °C, and 1000 °C,
respectively. The substrate is heated to 650 °C with a graphite carbon heater. Activated oxygen species by rf-discharge
plasma are introduced to the substrate. The growth rate is 0.06 nm/sec. The critical temperature of these films with a
thickness of 30 nm is 88 K measured by standard four-point probe method. From the X-ray diffraction pattern, these
films are a high degree of c-axis orientation with a c-axis parameter of 11.71 A. By means of in-situ RHEED
observation, fine streak patterns appeared from the initial crystal growth, so it has been proved that an atomically
smooth surface is epitaxially grown.

Fabrication process of samples is the following way. DyBazCu307.x superconducting thin films on MgO (100) with
the thickness of 100 nm is prepared by MBE as mentioned above. Patterning of sample's configuration is used
standard photolithograpy and Ar ion milling. Fabricated samples have constrictions with a size of 20 pm width and 400
pm length. The critical temperature of samples is 65 K. As samples are damaged during the fabrication process, its
critical temperature is low compared with that of thin films.

The experimental arrangement for the study of the optical response is shown in Fig. 1. GaAlAs laser diode whose

wavelength is 830 nm is used as the light source and its average power is 3.5 mW. A sample is mounted on the stage in
the cryostat which can cool down to 20 K. A sample is biased by constant dc current from the current source. Laser
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light is introduced perpendicularly to a sample through the window of the cryostat. Laser diode can be modulated by a
dc-biased sinusoidal signal current and its modulation frequency can be varied from 1 kHz to 100 MHz. We have
measured the output electrical signals through the lock-in amplifier under the irradiation of laser light. In this
experimental arrangement, the output signals can't be detected even up to the laser modulation frequency of 200 kHz.
The output signals at the modulation frequency from 200 kHz to 100 MHz is measured using the another experimental
arrangement as shown in Fig.2. In this arrangement, a double balanced mixer (DBM) is used to beet down the output

signals to 10 kHz.
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Fig. 1 Arrangement of optical response in
DyBajCu307-x superconducting thin films by
irradiation of laser light whose frequency can be
modulated up to 200 kHz.

Fig. 2 Arrangement of optical response in
DyBaCu307.x superconducting thin films by
irradiation of laser light whose frequency can be
modulated from 200 kHz to 100 MHz.

RESULTS AND DISCUSSIONS

The upper part of Figs. 3 shows the temperature dependence of resistivity of a sample film (solid line) and output
voltage (i.e. photo response) under the irradiation of laser light (break line). The modulation frequency of the laser is 1

MHz, and the biased current of the sample is 0.1 mA.
The critical temperature of this sample is found 65 K
from this figure. The maximum value of the optical
response is obtained at the temperature of 70 K. This
optical response includes both the bolometric and
nonbolometric ones as mentioned in introduction. This
relation is expressed as the following way,

5V =15 R AT + R 3L AT

oT aT 1)

where 8V represents the output voltage produced from
the laser irradiation, Ig and R are a bias current and the

resistance of a sample, respectively. AT means the
rising temperature by heating effect due to the laser
irradiation. The first term of right hand in this equation
indicates bolometric response which result from an
increase of the sample's temperature by the laser
irradiation. On the other hand, the second term of right
hand in this equation means nonbolometric response.
Recently some theories are suggested as the
explanation of the mechanism on nonbolometric
response [11-13].

The lower part of Fig. 3 shows the magnitude of both
the bolometric and the nonbolometric signal under
laser irradiation. Both signals are normalized by some
factor. These values are calculated according to the
expression (1). It is assumed that at the region of high
temperature beyond Tc, the total signal equals the
bolometric signal. From this figure, it is found that
when the modulation frequency of the laser diode is 1
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MHz, the nonbolometric response is about 5.5 larger
than the bolometric one. It is considered that the
bolometric signal is so late that it can't follow the
modulation of the laser source.

Figures 4 also show the optical response of the same
sample under the irradiation of laser like Figs. 3. But
the modulation frequency of laser is different from that
of Figs.3, and its frequency is 100 MHz. Clearly, the
ratio of a bolometric signal, Sg, to nonbolometric one,
SN, is smaller than that of Figs. 3. In other words, it
is considered that the bolometric signal decreases at a
higher modulation frequency of the laser.

To confirm this assumption, we have investigated the
frequency dependence of the ratio, S/ STOTAL
(STOTAL=SB+SN), as shown in Fig. 5. At the region
of low modulation frequency, this ratio is constant.
This is because the bolometric signal dominates over
the total signals and the nonbolometric signal doesn't
contribute because of its rapid response. But it is
found that the bolometric signal gradually decrease
from the modulation frequency of about 100 kHz and
in stead of bolometric signal, nonbolometric one
dominates at the higher frequency. According to the
theory of nonequilibrium superconductivity, which is
based on the BCS theory, it can be calculated that

nonbolometric response time is about several ten

picosecond, which corresponds to several hundred
GHz [14].

As additional facts, it is found that the peak
temperature of the nonbolometric response is shifted
toward a lower temperature compared with that of the
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bolometric response. This reason is not evident, but it may be related to the mechanism of the high-Tc
superconductivity. We have also studied the bias current dependence of the optical response. Up to now, the evident
relations between the bias current and optical response can't be observed.

CONCLUSIONS

We have investigated the optical response of DyBapCu307-x thin films under the irradiation of laser light (A=830 nm).
whose modulation frequency can be varied from 1 kHz to 100 MHz. DyBayCu307.x thin'ﬁlms are prepared l;y MBE
and they are highly c-axis oriented epitaxial thin films. We have observed both bolometric and nonbolometric signal
from DyBazCu307x thin films under the laser irradiation. At the lower modulation frequency, the bolometric signal
dominates the total optical response by the irradiation of laser light, but as the modulation frequency goes up, the
bolometric signal decreases. At the modulation frequency of 100 MHz, the large part of total optical response is the
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nonbolometric signal. To confirm this fact, we have also investigated the frequency dependence of the ratio S/
STOTAL. It is found that this ratio becomes small as the modulation frequency becomes higher. As the result, we have
obtained that the optical response includes the nonbolometric signal in evidence. However origin of the nonbolometric
signals is not obvious. From our experiments, it can be stated that the nonbolometric response time is shorter than 10

ns and the bolometric response time of our sample size (constriction with the size of 20 pm x 400 pm) is within several

nanoseconds.
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Abstract

The optical response of high-quality epitaxial DyBa,Cu,0, thin films on MgO substrate
is investigated using modulated light. To estimate the nonbolometric component of
the optical response, we have observed the temperature dependence on 1light
absorption by bulk high-T_, superconductors. All films show clear nonbolometric
response as well as bolometric response below the onset of the superconducting
transition. To clarify the mechanism of nonbolometric response in high-T,
superconductors, we have systematically studied the optical response at wavelengths
in the visible to the microwave range. Irrespective of wavelength, nonbolometric
response was observed.

KEY WORDS: epitaxial thin film, mechanism of nonbolometric response, wavelength
dependence

Introduction
There have been a large number of studies™ on the optical response of high-T_
supercondugtor thin films. However, there has been much controversy regarding the
existence of nonbolometric response. Investigations of nonbolometric response
have been of two kinds. The first is the measurement of response time. A
nonbolometric response can in principle be fast. The second type of investigation
is the measurement of temperature dependence on optical response using relatively
slow modulated light. The measured signal iss)the sum of the bolometric and
nonbolometric components. In all literature' the bolometric component was
estimated by assuming that the amplitude of temperature oscillation (AT) derived
above the transition temperature (T_,) due to the optical heating remained constant
even below T_. This assumption is not self-evident and it should be examined
experimentally. Furthermore, the mechanism of nonbolometric response is still under
debate. Three mechanisms have been claimed. A mechanism relating to vortex motions,
one relating to nonequilibrium gap suppression, ' and an optically induced phase slip
mechanism ' have been proposed in both epitaxial and granular thin films. The
wavelength dependence is often sensitive to the response mechanism.
In this paper, we report direct measurements (using the far-infrared-laser
calorimetric method: FILC method) of the temperature dependence of the 1light
absorption by sintered YBa,Cu,0, and systematic investigations on the optical
response of high-quality epltaxial DyBa,Cu,0, thin films covering an extremely wide
spectral range from the visible (0.633 um)

Table 1. Five types of light sources to the microwave (3000 pm).
and temperatures relating
to superconducting gap. Experimental
Yavelength | Light Pover | Optical systes | hv | Tg A microbridge 25 pm wide, 400 ym long and
{uzs) | Source {a¥] lens | Vindov | 2A(0)| (K] 0.2 pm thick was made s?f DyBa,Cu,0, super-
0633 | Hehe s | Bt wartz | 11,2 o conducting thin film. To vary the excit-
) laser ) ation wavelengths in the wvisible to the
o o, 5 | zase s | st | o microwave range, we used five types of light
laser . sources and varied the optical system
CH,08 depending on the wavelength. These are
e laser 5 | ™ | Qurtz | 0.33 | 85.5 summarized in Table 1. The details of an
HCOOR optically pumped far-infrared laser have
513 laser 5 | TX | Quartz [ 0.089] 89.54 been described elsewhere.’’ The four-probe
Comn technique was used to measure the dc voltage
3000 oscillator| ° P Quartz | 0.015| 89.92 (V4.) and the optical response signal (V_ )

simultaneously as a function of temperature
at various bias current values. We have
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developed a far-infrared-laser calorimetric method (FILC).” Use of a high-power
laser (output > 5mW) enabled us to directly measure the light absorption by bulk
high-T_ superconductors at any temperature below 300 K. In thigs method a sample was
fully oxygenated single-phase sintered YBa,Cu,0, (2x2x0.1 mm’) and a temperature
sensor was a thermocouple. The amplitude of temperature oscillation (AT“) induced
by the chopped beam was measured by a phase-sensitive lock-in amplifier.

Results

The resistively measured transition temperature (T_,) for high-quality epitaxial
DyBa,Cu,0, thin film was 85 K for a bias current of 0.01 mA, while the onset
temperature (T, ) was approximately 90 K. With increasing current, the transition
curve broadened towards lower temperatures as typically observed in high-T_
superconductors. Above 2.5 mA the gradient of the dc voltage curve became steep near
T_, so that the temperature derivative of the V, became unstable. We measured the
temperature dependence on both the optical response and the dc voltage for a bias
current below 2 mA and at a chopped frequency of 1.6 Hz because of the comparison
of the absorption data with the data of the optical response. The data in Fig.1l(a)
was acquired simultaneously as the optical response (V,.: solid line) and the dc
voltage (V,.: dotted line) for a bias current of 2 mA and at a wavelength of 119 pm.
The optical response shows a sharp maximum in the transition region. The induced
voltage change AV due to small temperature variation AT will then be given by
Av=(dv, /dT)AT, (1)

where dv, /dT is the temperature derivative of the V, . We can now estimate the
nonbolometric component of the V__. The V, in Fig.l(a) shows a finite slope above
the onset temperature. Thus, in this region the bolometric signal will be present
according to Eq.(1) and there will be no superconductivity-related component (i.e.,
nonbolometric effect). The temperature dependence on the measured optical response
normalized by the dc voltage derivative (AT=V_/(dV,/dT)) is plotted in Fig.1l(b).
This AT is due to the optical heating (i.e., bolometric effect) above T, and we
derive the value of 3 mK. As we mentioned in the introduction, we assume that the
AT does not vary with temperature and remains constant even below T,. (We will
demonstrate that the assumption is correct in Fig.3.) In this figure the increase
of the AT is due to nonbolometric effect with decreasing temperature below T_. Thus,
knowing AT and making use of Eqg.(1l), we can estimate the bolometric component at
first. Figure 1(c) shows the measured optical response (solid 1line) and the
estimated bolometric component (V, : dotted line). The difference between two signals
in Fig.1l(c) is due to nonbolometric response. Figure 1(d) shows the measured optical
response (solid line) and the estimated nonbolometric component (V ,: dotted line).
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Fig.l Temperature dependence of (a) dc voltage and optical response; (b) optical
response normalized by dc voltage derivative; (c) optical response and estimated
bolometric component; (d) optical response and estimated nonbolometric component.
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A careful analysis of our results shows that,
in addition to the bolometric effect, a non-
bolometric response, albeit small, exists
clearly below the onset temperature.The peak
of the nonbolometric response is about one
sixth as 1large as that of the optical
response.Figures 2(a)-(e) show the measured
optical response ( solid line ) and the
estimated nonbolometric component ( dotted
line) at five different wavelengths for a
bias current of 0.5 mA. These are qualita-
tively similar to each other at the same
bias current in the region from the visible
to the microwave.

Next, we measured the temperature dependence
of the 1light absorption by bulk high-T_
superconductors, using the FILC method. The
amplitude of temperature oscillation (AT, )
induced by the chopped beam is plotted in
Fig.3 as a function of the temperature at
wavelengths in the visible (0.633 um) to the
far-infrared (169 pm) range. In Fig.3(b) all
data were normalized by the intensity of
laser (1 mW) but in Fig.3(a) data were not
normalized.

Discussion

The amplitude of temperature oscillation (AT,
) due to the light absorption by bulk high-T_
superconductors is almost constant or slowly
decreases with decreasing temperature in the
relevant temperature range (from(T_-10) K to
(T.+10) K) in Fig. 3. Measurements of the
thermal diffusivity of MgO substrate do not
show any significant variation in the above
temperature range. These results support the
assumption that in the microbridge the AT
derived at temperature above T, does not vary
with temperature and remains constant even
below T_.The estimated bolometric response in
Fig. 1(c) was the largest because AT is assumed
to be constant; hence, the estimated non-
bolometric response in Fig. 1(d) was the

smallest. We demonstrated that the non-
bolometric response is small but clearly
exists.

We consider the three models of the non-
bolometric response mentioned in the
introduction. First, the mechanism relating

to nonequilibrium gap suppression is that
the nonbolometric response is caused by
nonequilibrium Cooper-pair-breaking and gap
suppression. In this mechanism the relation-
ship between superconducting energy gap and
photon energy is essential.The superconducting
energy gap emerges at the transition
temperature. With decreasing temperature,
the energy gap increases and reaches the
constant value (2A(0)). The value of 2A(0)
derived from the BCS relation is

2A(0) = 3.52k,T_ = 27.3 meV
when T_ is 90 K. The ratios of the photon
energy, E=hv, at each wavelength to the 2A(0)

are listed in Table 1. A photon (E=hv) can be
absorbed by the microbridge due to breaking
Cooper pairs below T_, until the photon
energy becomes equal to the gap energy with
decreasing temperature. We define T_as the
temperature at which a photon (E=hv) becomes
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unabsorbed, 2A(T_ )>hv, with decreasing temperature. The T_ 's at each wavelength are
also listed in Table 1. In this table a photon energy at the wavelengths of 0.633
pm and 10 pm is larger than 2A(0), so a photon can excite a Cooper pair down to O
K. Thus we expect that the nonbolometric response should abruptly decrease at the
temperatures of 89.92 K, 89.5 K and 85.5 K at the wavelengths of 3000 pm, 513 pm and
119 pm, respectively. However, the data for 3000 um, 513 pm and 119 pm exhibit
gualitatively equivalent behavior to those for 0.633 pm and 10 um in Fig.2.The
nonbolometric response is not due to the nonequilibrium gap suppressionﬂ
Second, we consider the optically induced phase slip mechanism. In the
superconducting regime, absorption of photons destroys the phase coherence between
the grains, causing a phase slip process to occur. Phase slips represent a resistive
loss in the superconductor, which is measured as a voltage change at a constant
current. However, we consider that reduction of the granularity strengthens the
intergrain coupling and that thereby makes it more difficult to create a phase slip.
In our high-quality epitaxial DyBa,Cu,0, films, no optical response is not due to the
phase slip process.
Third, we carefully consider the mechanism relating to vortex motions. There are
two distinct regimes for vortex-pair creation. For photon energy below the energy
gap, direct quantum absorption to produce a vortex pair is possible. For photon
energy above the energy gap, however, direct Cooper-pair breaking is 1likely to
dominate. This mechanism claims that a vortex-pair can be created independent of
wavelength. A vortex-antivortex pair can be separated and moved to opposite sides
of the film by the Lorentz force due to a bias current. The direction of movement
is perpendicular to the bias current, so that voltage induced by movement (i.e.,
nonbolometric effect) is parallel to the bias current. With further decreasing
temperature, more vortex pairs freeze out and nonbolometric response can not be
observed. Our experimental results are that the ratios of the nonbolometric response
to optical response are qualitatively similar to each other at the same bias current
in the region from the visible to the microwave in Fig.2. These results can be
explained well by the mechanism relating to vortex motions.

3).8)

Conclusion

The temperature and wavelength dependences on the optical response of high-quality
epitaxial DyBa,Cu,0, thin films were observed using modulated light. On the basis of
the temperature dependence of the light absorption by bulk high-T_  superconductors
obtained by means of the laser calorimetric method, we were able to estimate the
nonbolometric component of the optical response. All films showed clear
nonbolometric responses as well as bolometric responses below the onset of the
superconducting transition. Irrespective of wavelength, the nonbolometric response
was observable. Our experimental results can be explained well by the mechanism
relating to vortex motions.
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Abstract

We describe the design and performance of highly stable and high power Nd:YAG laser system for
the interferometric gravitational wave detectors. The frequency of a diode-pumped Nd:YAG laser
is stabilized by using a high finesse optical cavity, and its frequency noise is reduced to as low as 1.5
mHz/v/Hz. Using a high power lamp-pumped ring Nd:YAG laser, single frequency output power
of 4W is obtained, and the injection locking is realized by using a diode-pumped laser as a master
laser. We also show the design of high power single frequency diode-pumped Nd:YAG lasers.

1. Introduction

Recent developments of frequency stabilized lasers have enabled to realize highly precise and
sensitive measurements in many fields. One of the most exciting applications of frequency stabilized
lasers is a gravitational wave detector based on a long baseline laser interferometer. It requires ultra
low frequency noise(év/v < 1072!/+/Hz) and high cw output power(P > 100W) to the laser. A
promising candidate for such a highly stable and high power laser is a diode-pumped solid state
laser. Recent progress of diode-pumped Nd:YAG lasers is remarkable for their frequency stability |,
high efficiency and high output power.

We have investigated the frequency stabilization of diode-pumped Nd:YAG lasers and high power
single frequency Nd:YAG lasers for the gravitational wave detectors. The first goal of the technical
requirements for the laser is;

frequency noise: v ~3x103Hz/vHz at 1kHz
single frequency output power: P~ 20W
amplitude noise: 6P/P ~107°/VHz.

Our strategy to realize above requirements is as follows;
First, a diode-pumped Nd:YAG laser with moderate output power is used as the master laser,
which is locked to a high-finess reference Fabry-Perot cavity to reduce frequency noise. Next, the
output of this master laser is injected into one or several high power slave Nd:YAG lasers(injection

locking). Finally, the outputs of these slave lasers are coherently added with beam splitters(coherent
addition).

In this paper we report the preliminary results of the fequency stabilization of the master laser,.

and injection locking of the high power slave laser. We also show the design of a diode-pumped
high power slave laser.
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2. Frequency Stabilization

The frequency noise of lasers is fundamentally limited by the spontaneous emission(Schawlow-

Townes limit) and is given by[1l] év = Av,\/2hv/P, where Av, is the laser cavity linewidth and P
is the laser output power. Active frequency stabilization of lasers makes it possible to realize lower
frequency noise than the Schawlow-Townes limit. In this case, the frequency noise is limited by
the shot noise(quantum noise) ona photodetector and is given by the nearly same equation as the
Schawlow-Townes limit except that Ay, and P are replaced .by reference cavity linewidth and the
laser power used for frequency stabilization . To obtain ultra low frequency noise as required, we
have to use stable and narrow linewidth optical cavity as a frequency reference and also to achieve
ultra high shot-noise-limited sensitivity in frequency noise measurement. If we use a high frequency
FM sideband technique or so-called Pound-Drever method[2], it is not so difficult to obtain the shot-
noise-limited sensitivity. Recent experiment of frequency stabilization of a diode-pumped Nd:YAG
laser showed this shot-noise-limited low frequency noise by using the Pound-Drever method[3]. The
intrinsic frequency noise of diode-pumped lasers is relatively lower than other lasers, so we do not
need a high gain and wide bandwidth for the frequency feedback.

We have examined the performance of frequency stabilization of a diode-pumped Nd:YAG
laser(Fig.1). We used a diode-pumped monolithic ring Nd:YAG laser (Lightwave Electronics Model
122-300) with 300mW of output power. The laser frequency can be tuned with a piezoelectric trans-
ducer(PZT). The PZT tuning coefficient is aboat 5.8 MHz/V and its bandwidth is about 100 kHz.
About 5 % of the laser output is splitted by a wedge glass plate and introduced into an Acousto-
Optic(A/O) modulator to prevent instability induced by the optical feedback. The laser frequency
is modulated at a modulation frequency of 20MHz by a LiNbOj Electro-Optic(E/O) modulator.

LASER EOM =c

AOM

; oSG

: EOM
SERVO SBs WP FP

3‘
DBM .
BEF

Fig.1 Schematic diagram of the frequency stabilization.
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Fig.3 Frequency noise spectrum of the stabilized laser.

The reference Fabry-Perot(F-P) cavity is made of a Zerodur spacer(L=0.46m), a flat mirror
and a concave(R=1m) mirror. The mirrors are super-polished fused silica substrates with high
refrective(R~0.9999) coating and glued onto the spacer with epoxy. A

First we measured the resonance linewidth of this reference cavity by slowly scanning the laser
frequency and the linewidth was roughly estimated to be 23 kHz. However, this measurement was
not so accurate because of the frequency drift and the short-term linewidth(~ 5kHz) of the laser.
Next, we measured the fast responce of the reflected light from the cavity by rapidly scanning the
laser frequency around the resonance(Fig. 2). The beat between the input laser field and the cavity
stored field showed the damping oscilation[5]. We have estimated the cavity linewidth of about
18+2kHz by the damping rate of about 18usec. The free spectral range of this F-P cavity is 326
MHz and the finesse is determined to be about 18000 which is slightly less than the expected finesse
of about 30000. The transmission efficiency on resonance is more than 25%. The reflected light
power on resonance is about 25% which corresponds to the reflection fringe contrast of 75%.

42/ SPIE Vol. 1837 (1992)

57



58

The frequency error signal at the output of the mixer is given by
l-—« 2
bv
V1+(2f/Av)2 Ave

Ly = 41oJo(M)J1 (M) (1)

where M is modulation index, Iy is the off resonance DC photo current, Av, is the reference cavity
linewidth, f is Fourier frequency of the frequeny noise év. The parameter o is given by o =
(ry — r2(1 — a2))/(1 = r173), where v, and r; are amplitude.refrectivities of front and rear cavity
mirrors, and a? is absorption and scattering loss of the front mirror. The reflection fringe contrast
is given by 1 - o?.

On the other hand, the shot noise current is given by

2, = 2eIo((Jo(M)a)? + 2J1(M)?) x 2. (2)

The shot noise limited frequency noise is given by

Av, [hv \/(Joar)? + 2J3
v = \/
nko

2 2(1 — CY)JoJl (3)

where 7 is the quantum efficiency of the photodetector and P, is the laser power incident on the
reference cavity.

Figure 3 shows the frequency noise spectrum evaluated by the frequency error signal. The
feedback bandwidth was about 30 kHz and the frequncy noise was reduced about 1.5x 10 Hz/vHz
at the Furier frequency of lower than 1 kHz. Several noise peaks at lower frequency are the harmonics
of the 50 Hz line noise. The frequency error signal shows a 6dB/oct cut off above Ay /2(~ 9
kHz)(eq.(1)). The doted line in Fig.3(a) is the calibrated frequency noise.

Calculating the shot-noise-limeted frequency noise of the present system from eq.(3), where M
is 0.8 and Ij is 1.8mA and « is about 0.5, the frequency noise limit is about 3.7 x 10‘4Hz/\/m.
The obtained frequency noise is about 4 times larger than this theoretical limit. This discrepancy
is mainly due to the insufficient feedback gain and also pre-amplifier noise which is slightly higher
than the shot noise. The feedback circuit is 3-stage lead-lag filter and the transfer function of
this filter is 18 dB/oct for frequency lower than 7kHz and the DC gain is order of 160 dB. To
obtain higher feedback gain, we should improve not only the filter transfer function but also the
feedback bandwidth. We will employ the external E/O phase modulator for high frequency phase
correction(Fig.1)[6]. In this case, we can effectively reduce the frequency noise at frequencies from
10 kHz and to 1 MHz, and the gain of more than 140 dB is possible at 1 kHz.

The first goal of the frequency noise is about 3 x 107°Hz/ v/Hz, which can be achieved with the
present reference cavity and the laser power of 300mW for the stabilization.

There are two problems to be solved when we increase the laser power for the stabilization.
One is that the sarutaion power of the present photo diode(InGaAs PIN) is about 15 mW. The
other is the trerance of the high reflection mirror coating. The optical field inside the cavity is
approximately six thousand times higher than the input laser field.The reflection contrast of 75 %

is mainly determined by the mirror loss a? of 85ppm. If a? is reduced to 30ppm, the contrast will
increase 97%.

SPIE Vol. 1837 (1992) / 43




In the present experiment, we only measured the frequency error signal and estimated the
frequency noise relative to the reference cavity. For evaluating the real frequency noise, it is better
to measure beat signal between two lasers which are independently locked to same cavity[4], or
individualy locked to independent cavities.

3. Injection locking

Injection locking is an effective method to obtain a single frequency operation with high power
lasers as Nd:YAG laser. Recently, single frequency output power of more than 10W was reported
by using a lamp-pumped Nd:YAG laser[7][8].

We have examined the performance of injection locking of a lamp-pumped Nd:YAG laser. A
schematic diagram is shown in Fig. 4. The master laser is a diode-pumped ring Nd:YAG laser with
single frequency output power of about 200mW. The output of the master laser is mode-matched
into the slave laser with two lens. A Faraday isolator(30dB) is used to protect the master laser from
the high slave laser power. The slave laser is a lamped-pumped ring Nd:YAG laser which consists
of two flat mirrors, a dielectric polarizer, and the flat output coupling mirror[8]. Uniderectional
operation is obtained by using a fused silica Faraday rotator and a half-wave plate. The cavity
length can be varied by the PZT mounted mirror. Figure 5 shows the spectrum of the slave laser
measured by using the confocal FP cavity(FSR=300MHz). Up to 4W this slave laser shows nearly
single frequency operation.

When we inject the master laser power of about 100mW into the slave laser and vary the slave
laser cavity length, we can get the injection locking of the slave laser. We used the FM sideband
technique to measure the locking range[8]. Figure 6 shows the measured locking range versus the
root power ratio between the master and slave lasers. The locking range is order of 1 MHz which is
much narrower than the drift and fluctuation of the slave laser cavity.
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Fig.4 Schematic diagram of the injection locking experiment.
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We tried to stabilize the slave laser cavity length by using a FM sideband technique[8], however,
we could hardly maintain the injection locking condition. This is mainly due to the rather low

feedback bandwidth of several kHz which is limited by the slow PZT.

<= 300 MHz =—o

J |

Fig.5 Spectrum of the lamp-pumped Nd:YAG laser.,
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Fig.6 Locking range versus the root squar of ratio between the master and slave laser power.

4. High power diode-pumped Nd:YAG laser

In our preliminary experiment, we used a lamp-pumped Nd:YAG laser as the high power slave
laser. However, it requires water cooling which cause large fluctuation to the laser cavity. In next
stage, we will replace this noisy lamp-pumped laser by diode-pumped ones. We are planning to
develop 2-3 W single or nearly single frequency Nd:YAG lasers pumped by multipule high power
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diode lasers for the first stage. There are two ways to obtain single frequency high output power.
One is to use ring cavity [10], and the other is to use twisted-mode cavity[9].

At first, we have examained a folded ring cavity laser which consists of Nd:YAG rod, two flat
mirrors, and a concave output coupling mirror[10]. To obtain an unidirectional operation, the
Nd:YAG rod is in a ring-shaped Nd high-field magnet. We have obtained 420 mW of unidirectional
output power with two 1W diode lasers, whereas the effective pumping power was 1.5 W. However,
we can hardly obtain single frequency operation with this configuration. Using a thin glass plate as
an etalon, single frequency output power was about 200 mW.

Next, we have examined a twisted-mode cavity laser which consists of two quater waveplates
and Nd:YAG rod between them. With this configuration, we can easily obtain single frequency
operation. The single mode output power was 160 mW with a pumping power of 0.8W.

Figure 7 shows our prototype design of high power diode-pumped slave laser. We choose the
twisted-mode cavity because the alignment is not so critical. The pumping configuration is the
combination of two ways , polarization coupling, and combined focusing of multipul lasers[11]. We
expect 2W nearly single frequency output power with four 2W diode lasers.

Further output power can be obtained by using a coherent addition method[12][13]. Two or
several individual laser outputs can be coherently added by using injection locking and optical
phase locking[12][14]. In case of diode lasers, we have achieved the addition efficiency of more than
85%. Assuming that this efficiency is 90%, the output power of 20 W is expected with sixteen 2W
high power slave diode-pumped Nd:YAG lasers.
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Fig.7 Design of high power diode-end-pumped Nd:YAG laser
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5. Summary

We have demonstrated the frequency stabilization of a diode-pumped Nd:YAG laser and have
realized the frequency noise of about 1.5 x 103 Hz/v/Hz. We have verified the performance of
single frequency lamp-pumped Nd:YAG laser. Single frequency output power of 4 W was obtained
and injection locking was realized with a diode-pumped Nd:YAG laser as master laser. We have
showed the design concept and preliminary results of high power single frequency diode-pumped
Nd:YAG laser.
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ABSTRACT

For highly accurate optical frequency measurement in 1.5um wavelength region, an optical fre-
quency comb (OFC) generator was realized by using a high frequency LiNbOj; electro-optic phase
modulator which was installed in a Fabry-Perot cavity. By using the OFC generator, we demon-
strated the frequency difference measurement up to 0.5[THz] with a signal-to-noise ratio higher than
61[dB], and the heterodyne optical phase locking with a heterodyne frequency of 0.5[THz] in which
the residual phase error variance was less than 0.01 [radian?]. The maximum measurable frequency
difference, which was defined as a sideband frequency with the signal-to-noise ratio of 0[dB], was
estimated to be 4[THz].

1. INTRODUCTION

Highly accurate laser frequency measurement is an essential technique for the industrial applica-
tion such as coherent optical communication systems, and for the precision physical measurement,
such as the standard of length and measurement of Rydberg constant *. However, highly accu-
rate laser frequency measurement systems®3, which directly measure the absolute optical frequency,
need many big gas lasers and short-lifetime point contact diodes such as the metal-insulator-metal
diodes *. Furthermore, the coherent optical communication systems require the frequency difference
measurement to determine the arbitrary frequencies of lasers which are spaced in the span as wide
as several tera hertz. However it is difficult to measure such a high frequency difference.

We have proposed a compact, highly accurate, and wide span optical frequency measurement
system at 1.5um wavelength °. This system covers a wide window region of optical fiber around
1.5um wavelength for optical fiber communication systems, such as a channel selector for frequency
division multiplexed communication systems over 1,000 channels. This system consists of two
parts. One is a convenient and highly accurate standard laser at 1.55um. The other one is an OFC
generator for accurate measurement of the frequency difference between the standard laser and
lasers under test, and the frequency difference can be as large as several tera hertz. We have also
reported the preliminary experimental result® of the proposed frequency difference measurement
system which used modulation sideband of the OFC, and have shown that 0.85[THz] frequency
difference can be measured by using a modulator installed in an optical cavity.

In this paper, we show the principle of the proposed high accurate laser frequency measurement
system at 1.5um wavelength, and report the experimental results of the improved OFC generator.
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We developed an OFC generator by using an improved electro-optic phase modulator, which is
similar to the scheme proposed by Lee et al.”, and installed it in a Fabry-Perot cavity®. By.using
semiconductor lasers whose spectral linewidths were narrowed to 1[kHz] and a senmsitive optical
balanced-mixer-receiver for measuring beat signal between the OFC and laser, we demonstrated
the frequency difference measurement up to 0.5[THz], and a heterodyne optical phase locking with
the heterodyne frequency of 0.5[THz]. We show that the maximum measurable frequency difference
using the OFC generator was 4[THz], which was defined as a sideband frequency with a signal-to-
noise ratio of 0[dB].

2. OPTICAL FREQUENCY MEASUREMENT
SYSTEM

Solid-State v, =—Vvp+1
He-Ne Laser Laser (Vs)

(12)(CH,) l
J I/5+I/R
=— IDFG SFG
Vs — VR ‘
l He-Ne Laser 0 1 2 .« - k

LDr(¥R) o \ ' \ \
VR = Ve — I
I vp = (v — l/-g)/? fm fH
OFC T
generator l '
o L1 1]
LDx(vx) MFC ut; lj.\'
(2) (b)

Figure 1: (a) Proposed optical frequency measurement system for 1.5um wavelength semiconductor
lasers. SFG,sum frequency generator; DFG,difference frequency generator; MFC,microwave fre-

quency counter; D’s, photodiodes. (b) Schematic explanation of the relative frequency locations of
the lasers.

‘Figure 1 (a) shows the proposed highly accurate optical frequency measurement system at 1.5um
wavelength. The frequency vg of the LDy (1.55um semiconductor laser for frequency standard) is
fixed to (v; — 15)/2 by generating the lightwave of the sum and difference frequencies of LDy and a
solid-state laser at 1.06pum (v,), and by locking the sum and difference frequencies to the frequencies
(11 and v) of two He-Ne lasers, where v; and v, are the absolute frequencies of two stabilized He-Ne
lasers locked to *271,(0.633um), and CH,(3.39um), respectively. LiNbO; can be used for sum and
difference frequency generations. The accuracy of the vg is determined by those of two stabilized
‘He-Ne lasers. The uncertainty of vy is estimated to be 37[kHz], or 1.9 part in 10°, from the values

of the uncertainty for I, and CH, which is documented in 3, i.e., 74[kHz] and 9[kHz], respectively.

The frequency vy of laser under test LDx is determined by measuring the frequency difference
between the LDy and the LDp.
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The OFC generator generates modulation sidebands from an incident laser beam, and the gen-
erated sidebands are used as local oscillators to measure the frequency difference between the LDy
and LDp whose frequency difference is higher than the responsible frequency (& 10GHz) of photo
diodes. As shown in Fig. 1 (b), the value of vx is determined by measuring the frequency difference
fn between k-th generated sideband of LDp and the LDy, i.e., vx = vg + fy + kfn, where f,, is
the modulation frequency of the OFC generator.

3. EXPERIMENT

Waveguide
LiNbOs

\/@%e’ /@’ = — Fabry-Perot mirrors -
Figure 2: The construction of the present Optical Frequency Comb generator.

Figure 2 shows the improved OFC generator which consists of an improved bulk-type electro-
optic (EO) phase modulator installed in a Fabry-Perot cavity. The EO phase modulator was
composed of an anti-reflection coated LiNbOj crystal(1.25x 1.0 x 20.0 [mm®]) inserted in a microwave
guide. In order to realize a highly efficient EO phase modulator which is operated at a high
frequency, the width of the microwave guide was designed to be microwave-resonant to concentrate
the microwave power on the crystal and to make the optical group velocity and microwave phase
velocity in the crystal be matched. By installing the modulator in the Fabry-Perot cavity 8 it is
possible to increase the span of an OFC when the modulation frequency is nearly equal to n x FSR,
where n is an integer and F.SR is the free spectral range of the Fabry-Perot cavity.

Specifications of the OFC generator were:

Modulation frequency :fn & f, = 3F SR = 5.8[GHz] (TEq, mode.)

Microwave power: P, = 10[W],

Modulation index: m = 0.2 7 [radian],

Crystal-loaded finesse of the Fabry-Perot cavity:F = 200,

Efficiency of the Fabry-Perot cavity: npp = 5%

Figure 3 shows an experimental set up. LDg and LDy were both optically fed-back ® MQW
DFB lasers at 1.5um wavelength. Their 3dB-linewidths Avyx and Avg were estimated to be about
1[kHz]. The laser power F; of the LDp incident into the OFC generator was about 7[mW]. The
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Figure 3: Experimental setup. LD’s, optically fed-back multi-quantum-well distributed feedback
lasers at 1.5um wavelength; FI, Faraday isolator; PD’s, photodiodes; PBS’s, polarized beam split-
ters; HW’s, half wave plates; DBM, RF double balanced mixer; OSC’s, RF oscillators.

value of vg — vx was controlled within 0.5[THz] by controlling the temperatures of the lasers. An

optical balanced-mixer-receiver was used in order to realize the shot-noise-limited detection of the

beat signal between LDy and a sideband of LDg. The optical balanced-mixer-receiver consisted of

two photo-diodes with the quantum efficiency npp of 0.9, two polarization beam splitters and two

half wave plates. Additional circuits, composed of a radio frequency (RF) double balanced mixer,

a low pass filter, an RF attenuator, and an RF oscillator (OSCp), inserted between the optical
- balanced-mixer-receiver and LDy, were used for the optical phase locking.

1T 1T 1 T 1T 1T 1

—_

Intensity (10dB/div)

Span:5MHz B:10kHz
Frequency

Figure 4: Spectral profile of a beat signal. Broken line is the shot noise revel
Figure 4 shows a typical spectral profile of the beat signal between the LD x and the sideband of
the LDg. The resolution bandwidth B of the RF spectrum analyzer was 10[kHz]. The broken line
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was the shot noise level. It is seen that the signal-to-noise ratio was 61[dB]. In this measurement,
the detuning of the modulation frequency Afy(= fm — fmo) and phase of the Fabry-Perot cavity ¢
(p = m(vp—vrp)/FSR, where vpp is a closest resonant frequency of the Fabry-Perot cavity.) were
set to 0[Hz] and 0[rad] by adjusting the modulation frequency and voltage of a PZT attached on the
Fabry-Perot cavity mirror. In order to know the order of sideband, k, we measured the frequency
shift of the fy by changing slightly the modulation frequency. The shift of the fz must be equal
to the value of k times a shift of modulation frequency. As a result, k of the Fig. 4 was measured
to be 84, ie., vp — vx = 84f, = 0.487[THz]. Uncertainty of the measured frequency difference
is dependent on the accuracy of f,, and the RF spectrum ané,lyzer. If the f,, is calibrated by an
atomic clock, such as a rubidium crock or a Cesium clock, the value of frequency difference can be

measured with a uncertainty of 1 part in 10'? ~ 10%%,

@ 80 T I I I
~ 7O(N
'g 60 4019 23 405
© B 3 8
o 90- -
2
o 40+ _
T
o 30 —
I
= 20+ _
c
2 10- B:10kHz -
0 ] I I |
0 100 200 300 400 500
kim(GHz)

Figure 5: Signal to noise ratio of the beat signals. Solid line is the calculated result. Open circles
are experimental results.

Figure 5 shows the relation between the signal-to-noise ratio and the kf,,. Open circles are the
experimental results. The resolution bandwidth B was 10[kHz]. The numbers attached to the open
circles indicate the orders of sidebands. The solid line shows the value calculated by egs.(1) and (4)
in section 4. It can be seen from this figure that the experimental results were in good agreement
with the calculated results, and that the slope of the signal-to-noise ratio as a function of the k f,, is
19[dB/THz]. The maximum measurable frequency difference is roughly estimated from this result
to be 4[THz], which is defined as a kf, at a signal-to-noise ratio of 0[dB]. In section 4, we calculate
it by taking account of a crystal dispersion.

Figures 6(a),(b),(c) show the envelope of the OFC spectrum observed by an optical spectrum
analyzer, where (a)p = 0, Afn = 0, (b)p = 0, Af,, = 5.5[MHz], and (c)p = 0.157, Af, =
5.5[MHz]. Tue broken lines in these figures show the limit of the sensitivity of the optical spectrum
analyzer. The center wavelength in tuese figures is the wavelength of the LDp. From these figures,
the shape of the envelope of the OFC was controlled by changing the values of ¢ and Af,,. In
section 4, we will discuss about the optimization of ¢ and Af,, to increase a maximum measurable
frequency difference. It is seen from Fig. 6(a) that the envelope extends to the width as wide as
32nm (or 4[THz]). To our knowledge, this value is the widest span of an OFC which is generated
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Figure 6: Experimental results of the spectral envelope of the OFC. Broken lines are the limits of
the sensitivity of the optical spectrum analyzer. (a)p = 0, Afy, = 0. (b)p =0, Af, = 5.5[MHz].
(¢)e = 0.157,A f,, = 5.5[MHz).

by EO modulation. Because the measurement of the optical beat signal is more sensitive than
the measurement by the optical spectrum analyzer, it is possible to use higher order of sideband
which have not been observed by the optical spectrum analyzer. Compared with the result in Fig.
5, it is expected that the signal-to-noise ratio of the beat signal detection between sideband of
kfm & 2[THz]) and LDx will be higher than 30[dB].

Optical phase locking loop is an essential technique for synthesizing and measuring the optical
frequency. By using the optical phase lock loop technique ° and the OFC generators, frequency
interval of the lasers can be locked each other, and the span of the OFC can be expanded. Thus, we
tried to demonstrate the optical phase locking. Figures 7 (a) and (b) show the spectral profile of the
beat signal under phase locked condition for which LDx was locked to 84th sideband of the OFC,
i.e., v —vx=0.487[THz]. The resolution bandwidths of Figs. 7 (a) and (b) were 1[kHz] and 30 [Hz],
respectlvely This is the first report of the optical phase locking with the frequency difference as high
as 0.5[THz). From the wing of residual phase noise seen in these figures, short-term residual phase
error variance was estimated to be less than 0.01 [radian®]. From the Fig. 7(b), the linewidth of
the beat signal was estimated to be narrower than 30[Hz] since the resolution bandwidth is 30[Hz].
Therefore the present phase locking does not limit the accuracy of the frequency measurement, and
the measurable range can be increased by applying optical phase locking to the higher order of
sidebands. Residual phase noise in low Fourier frequency shown in Fig. 7(b) resulted from the low

gain of the feedback circuit. If an active loop filer is used, further reduction of the residual phase
noise can be expected. -

4. THEORETICAL ANALYSIS of AN OFC
GENERATOR

From the experimental results, the maximum measurable frequency difference have been roughly
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Figure 7: Spectral profile of a beat signal under optical phase-locked condition.

estimated to be 4[THz]. In this section, we calculate the spectrum of OFC by taking account of a
crystal dispersion, and then show the maximum measurable frequency difference.

By using a linear approximation of the refraction index n, of the extraordinary ray in a LiNbO;
crystal, the optical power Py of the k-th order of the sideband generated by OFC generator is

Eok
E;

Py = nrp|—=|*P; (1-a)

where

janLo(kfm)?dn. j2mkAf,. . °°
c dl/ - FSR - ]290) Z Jk—Q(zm)Eﬂ’q (1 - b)

g=—00

Ex =t x E;5(k) + rexp(—

where E; and E,; are amplitudes of the electric fields of the incident laser beam and that of a k-th
sideband of output beam of OFC generator, respectively. Jy_ () is the (k — g)-th Bessel function.
6() is the delta function. r and ¢ are reflectivity and transmittance, ie,r®¥1—na/F t=1-r,
respectively. ¢ is the speed of light in vacuum. The value of 2= is 2.3 x 10~'8[Hz~](1.5um). L.
is the crystal length. A dispersion in reflectivity of the Fabry-Perot mirror is ignored because it is
very small in comparison with the effect of the crystal dispersion.

The calculated results of the envelope of the OFC spectrum from the eq. (1), are shown by solid
lines in Figs. 8 (a),(b), and (c), where (a)p = 0, Af,, = 0, (b)p = 0, Af,, = 5.5[MHz), and (c)p =
0.15m, Afm = 5.5[MHz]. For comparing them with the experimental results in Figs. 6 (a),(b), and
(c) directly, we replace the k by the wavelength of the k-th sideband ) in the relation between P,,
and k considering Ay = Ag — ;‘gk fm ( where Ag = c/vp is the wavelength of the LDg), it is found
that they are in good agreement with each other.

Though, eq.(1) can represent the results which are in good agreement with experimental results,
this calculation is too complicated to estimate the maximum measurable frequency difference. Then
we derived the approximated expression of eq. (1). That is
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Figure 8: Calculated results of the spectral envelope of the OFC. Solid and broken lines are calcu-
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T _ Ky p. k) < m:
- nFP(sz)2 exp( mF)Pt , 9(k') < m; _
For { 0 , otherwise. (2-a)

n_ 2nL(k' fm)?dn.  TK'Afm
9k =1=—2—"3 * Fsr
where M is an integer which satisfies | + M| < m, and the condition should be valid when &’
involves all integers from 0 to k. Relation Py = 7np p(z—,fw-)") eXP(—%'%)H in eq.(2-a) represents an
analytical equation calculated from eq.(1) under the condition in which the crystal dispersion is
ignored and mF > 1. The value of g(k') is proportional to the frequency difference between the
k'th sideband and the closest resonant frequency of the Fabry-Perot cavity. When a value of the
k does not satisfy the relation of g(k) < m, the order of the sideband is higher than the value of
k and such a sideband cannot exist. We show examples of the calculation using eq.(2) by broken
lines in Figs. 8(a),(b), and (c) to compare the solid lines exactly calculated result by using eqs.(1).
By comparing the calculations, it is known that they are in good agreement with each other. We
use eq.(2) in the following discussion.

The signal-to-noise ratio S/N, of the beat signal detection between the kth sideband of LDp
and LDy is

+ ¢+ M| (2-1)

nPDPokPX
S/N, = 3
/N (2 _. P+ Px)(B+ Avx + Avg)hvy (3)

where h is a Planck’s constant. By using the relation Ype_o, Por & EEF P K P, Avx, Avg < B,
eq. (3) can be reduced to

~ Npp bk
SN = B @)
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One should remember that the experimental results are in good agreement with the calculateq result
of eq.(4) in Fig. 5.

The maximum measurable frequency difference fy_maz, which is defined as a kf,, at a signal-
to-noise of 0[dB], estimated from eqs. (2-a),(2-b) and (4), is the smaller one between fi—maz—q and
fd—mo::—b° ’

. In(5%5) + 0.51n(2)
fd—ma:x:—a = fm 2mF E'WT (5 - a)
mc
fd—ma.x—b =2 WLC%E (5 - b)

where Z = ”Lh’?fg&, is a signal-to-noise ratio of the beat signal detection between the LDy through

the Fabry-Perot cavity and LDx. fi-maz—a is calculated results by assuming 2% = 0. fu_,.._y is
calculated results by assuming Z = oo and optimizing the values of ¢ and Af,,.
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Figure 9: The maximum measurable frequency difference. (a) fi_maz—a. (b) fa—maz—b-

In Figs. 9(a) and (b),fe—maz~a and fi_pmaz—s are shown as functions of mF and m/L., re-
spectively. Fig. 9(a) is calculated result by using values of experimental condition such as Z =
2 x 10" (nrp=0.05, npp=0.9, K;=7[mW]), and B = 10[kHz]). From curve A in Fig. 9(a), and Fig.
9(b), the value of fy_mq; can be estimated to be 4[THz] by the experimental conditions mF & 125,
and m/L. = 0.31[radian/cm].

It is interesting and important to consider how the OFC generator works in the other wavelength
region. By assuming that all incident microwave power is feeded to the crystal, the modulation index

m is expressed as
~ 1 nlysgs P,L.r
m —
V2 Mn \Afnmectané’ (6)

where A, 733, and ¢ are the cross-sectional area of the crystal, EO coefficient, and dielectric constant,
respectively. By substituting the experimental values into eq. (6), dielectric loss tangent tané is
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Figure 10: The maximum measurable frequency difference as a function of wavelength.

estimated to be 0.0017. The value of < is calculated from a Sellmeir equation given in ¥°. In Fig.
10, f4—maz is shown as a function of Ag, in which it can be seen that f;_,... reaches to 10[THz] at
Ar ¥ 0.6um. This wavelength is important for the precision spectroscopy, such as for I; and Ca.
In the range of wavelength shorter than 0.6um, the decrease of fi_m., can be seen owing to the
increase of dispersion effect of the LiNbOj; crystal near the absorption. .

5.SUMMARY

A wide-span optical frequency comb (OFC) generator was realized for accurate optical frequency
measurement of 1.5um wavelength semiconductor lasers by using a high frequency electro-optic
phase modulator (LiNbOj;) which is installed in a Fabry-Perot cavity. It was confirmed that the
span of the OFC is wider than 4[THz]. By using such an OFC generator, semiconductor lasers
whose spectrum linewidths are narrowed to 1[kHz], and a sensitive optical balanced-mixer-receiver,
we demonstrated the frequency difference measurement up to 0.5[THz] with signal-to-noise ratio
higher than 61[dB]. We also demonstrated the heterodyne optical phase locking with the heterodyne
frequency of 0.5[THz| and achieved the residual phase error variance less than 0.01 [radian?]. The

maximum measurable frequency difference, which is defined by a signal-to-noise ratio of 0[dB], was
estimated to be 4[THz].
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CThS24 Continuous-wave optical
parametric amplifier by
using diode laser for
wideband coherent optical
frequency sweep generator

Weizhi Wang, Motoichi Ohtsu
Interdisciplinary Graduate School of Science
and Engincering, Tokyo Institute of
Technology, 4259, Nagatsuta-cho, Midori-ku,
Yokohama 227, Japan

Highly coherent tunable light source is an
essential tool in applications from basic phys-
ical investigation to precision measurement.
For this purpose, we have proposed an all
diode-laser-based optical frequency sweep
generator (OFSG) by using nonlinear fre-
quency conversions to cover the tunable fre-

quency range about 1 PHz from UR to near’

lR-region,l and reported some experimental
results towards realization of OFSG."
Among various frequency conversions, opti-
cal parametric amplification (OPA) is an im-
portant part for generating tunable output in
the near IR region for OFSG. In this paper, we
present, for the first time to our knowledge,
the experimental result of the cw OPA by
using a 15-um MQW-DFB diode laser and a
Ti:sapphire laser in a potassium titanyl phos-
phate (KTP) crystal, and we propose a
scheme for precision frequency tunable
source based on our previous experiments.
Although in the conventional case of
OPA, the wavelength of the pump source is
fixed while the signal is tuned to obtain a
tunable output, we used the tunability of the
pump laser to extend the wavelength range
of the output while the fine tuning was per-
formed by the diode laser. Figures 1 and 2
show the relationship of the input-output
powers and the angle dependence for phase
matching. The wavelength tuning of the out-
put was carried out by tuning the wavelength
of the input lasers and the angle of the crystal
simultaneously. The obtained tunable range
was from 1.35 to 1.67 pm. The maximum
available tuning range can be as wide as 600

nm (i.e., 65 THz) around 1.54 pm which is
limited only by the used crystal size (3 x 3 x
10mm°. Since both lasers used in this fre-
quency conversion are highly coherent
whose linewidths were measured to be less
than 500 kHz, the linewidth of the output at
the difference frequency was estimated to be
less than 1 MHz. From the experimental re-
sult, we can conclude that all diode lasers-
based OPA with output power higher than 1
MW is also feasible when the Ti:sapphire laser
is replaced by an AlGaAs laser diode with
high power and high coherence, which has
been realized by using a coherent addition
technique.3 Further improvement of the out-
put power can be realized by using an exter-
nal built-up cavity for OPA.

For precision tuning of the output fre-
quency we propose a scheme, as shown in
Fig. 3, by using an optical frequency comb
generator (OFCG) and the phase-locking
technique.” The system is constructed basi-
cally by the OPA arrangement used above.
The 0.78-um diode laser is locked to the Rb
absorption line to work as a frequency stan-
dard. One of the sidebands from OFCG is
used to generate a beat signal with the 1.5-um
diode laser through the second harmonic
wave for phase locking. Because the side-
bands of the comb can span over 4 THz, the
precision frequency tuning range of 4 THz
around 1.5 pm is reasonable, which isimport-
ant for the frequency measurement, e.g., in
multichannel optical fiber communication.
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CThS24 Fig. 1. Measured relation between
the output power of OPA and the pump
power at A p=2A,mp while the signal power
was fixed. The inset is the experimental setup
for the optical parametric amplification. The
polarizations of the two lasers were orthogo-
nal to satisfy the type Il pl.ase matching. HW:
half-wave plate; PBS: polarized beam splitter.
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CThS24 Fig. 2. Measured dependence of
the phase-matched crystal angle on the wave-
length and relation between output power
and the wavelength. Pump power = 100 mW,
diode laser power =5 mW.
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(a) Proposed scheme of a OPA-based preci-

sion frequency tunable source in 1.5 pm wavelength region by
using a OFCG and the phase locking technique. OPA: optical
parametric amplifier; SHG: second harmonic generation;
OFCG: optical frequency comb generator; PBS: polarized beam
splitter; fy: modulation frequency of OFCG; k: order of the
sideband. (b) Explanation of the frequency relation in the sys-

tem.
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Nonlinear optical frequency
conversion of a 1.5-um-
wavelength diode laser for
frequency linking to the 0.6-um
optical frequency standard

Y. Awaji, M. Kourogi, K. Nakagawa, T.
Enami, M. Ohtsu, Interdisciplinary
Graduate School of Science and
Engineering, Tokyo Institute of
Technology, 4259 Nagatsuta, Midori-ku,
Yokohama, Kanagawa, 227, Japan

We have proposed a highly accurate fre-
quency-measurement system that uses 1.5-
pm-wavelength semiconductor lasers,
which are important for spectroscopy and
optical-communication systems, and we
have carried out some preliminary experi-
ments.'? We present here a frequency link
for making highly accurate secondary fre-
quency standards at 1.5 pm, which is a
basic part of the frequency-measurement
system.

Figure 1 shows our experimental setup.
A high-power multimode semiconductor
laser was injection locked to a low-power
single-mode semiconductor laser. A non-
doped LiNbO, bulk crystal whose size was
5 mm X 5 mm X 20 mm was used for
nonlinear optical frequency conversion.

We installed the crystal in a tempera-
ture-stabilized heat sink and realized the
sum-frequency generation (SFG) of the 1.5 -
pm laser diode and the 1.06-pm Nd:YAG
laser at 331°C by noncritical phase match-
ing. This is, to our knowledge, the first re-
port on this type of frequency conversion in
the 1.5-um region. The relation between the
incident power of 1.5-um-laser (P, ;) and the
output of the SFG (Py,;) can be expressed as

P [UW] =9.72 X 102 X P,, [mW], where

the YAG laser power was 220 mW and maxi-

mum of Py, was 0.7 uW. Higher conversion
efficiency can be expected by improving the
accuracy of the optical alignment and so on.

As the next step, we observed the beat fre-

quency between SFG and a He-Ne laser for

optical phase locking (Fig. 3). For this ex-
periment the SFG power was 0.2 uW when
the 1.5um laser-diode power was 6.25 mW,

the 1.06-um Nd:YAG laser power was 160

mW, and the He-Ne laser power was 1.4

mW. The master semiconductor laser of the

injection-locking system was optically fed
back by using a Fabry-Perot cavity, and its

linewidth was reduced to narrower than 1

MHz. The linewidth of the Nd:YAG laser was

below 5 kHz. The signal-to-noise ratio of the

beat signal was 37 dB, and the jitter was 600

kHz. The short-term linewidth of the beat

signal was estimated to be lower than 100

kHz.

In summary, we present the possibility
of a frequency link between the 1.5-um
and 0.63-um frequency standards with an
experimental scheme that uses two types
of laser diodes, a Nd:YAG laser, and a He-
Ne laser.
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2. M. Kourogi, K. Nakagawa, and M.
Ohtsu, in Digest of Conference on
Quantum Electronics and Laser Science,
Vol. 13 of the 1992 OSA Technical
Digest Series (Optical Society of
America, Washington, D.C., 1992),
paper TuMb.

QThE7 Fig. 1. Experimental setup: LDm,
1.5-um-wavelength multiple-quantum-
well distributed-feedback laser diode;

LDs, 1.5-um multimode high-power
semiconductor laser; FR, Faraday rotater; -
HWP, half wave plate; PBS, polarized
beam splitter; DM, dichroic mirror; HM,
cube half-mirror.

INTENSITY (10dB/div)

100kHz/div RBW:30kHz

FREQUENCY

QThE7 Fig. 2. Beat signal between SFG
and the He-Ne laser.
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Reproducible Fabrication Technique of Nanometric Tip Diameter
Fiber Probe for Photon Scanning Tunneling Microscope
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Nanometric tip diameter fiber probes for photon scanning tunneling microscopes (PSTM) were fabricated by selective
chemical etching of GeO,-doped optical fibers. The cone angle 6 of the fiber probe tip was controlled by varying the dop-
ing ratio of the fiber core and the composition of the etching solution, and the standard deviation of the cone angle 46
was within 0.5°. A fiber probe with #=20° and tip diameter of less than 10 nm was fabricated. This is, to the authors’
knowledge, the sharpest PSTM probe which has ever been reported.

KEYWORDS: photon, scanning tunneling microscope, optical fiber, chemical etching

The photon scanning tunneling microscope (PSTM)
has recently been developed' for surpassing the diffrac-
tion limit of the resolution in an optical microscope. In
the PSTM, the spatially distributed evanescent field
which is generated under the total internal reflection and
modulated by the sample is picked up by a probe.
Because the lateral resolution of such a system is deter-
mined by the probe tip diameter,” the fabrication of the
probe becomes very important for PSTM. Although
methods such as pulling heated glass capillaries past the
breaking point¥ and sharpening quartz rods or optical
fibers by chemical etching'? have been applied to PSTM
probe fabrication, sufficiently high reproducibility and
transmission efficiency have not yet been achieved.
Moreover, the tip diameter of the fabricated probe has
not been small enough for resolving the nanometric-scale
structure of the sample.

For solving these problems, we have reported a
reproducible fabrication technique for the fiber probe
with a tip diameter of 160 nm by selectively etching a
single-mode fiber in buffered hydrofluoric acid (HF) solu-
tion.” In this letter, the fabrication of the fiber probe
with the smallest cone angle 8 of 20° and a tip diameter
of less than 10 nm is reported. The tip diameter of such a
fiber probe has been improved to be more than one order
smaller than that of the previously reported fiber
probes.!™

In the selective chemical etching method, the difference
in etching rates of the GeO,-doped silica core and the
pure silica cladding has been employed to form the
sharpened fiber probe. The etching solution used in our
experiment was composed of 50% (weight %)
hydrofluoric acid (HF), 40% ammonium fluoride (NH4F),
and water (H,O). The chemical reactions of SiO, and
GeO; with HF and NH,F can be expressed as

HzSiFs + NH3 g (NH4)2 SlFs

and

GeO,+6HF—H,GeFs+2H,0
Hz Ger + NH3 - (NH4)2 GCFG.

The difference in the solubility of the generated (NH,),
SiFs and (NH,),GeFs, which adsorbed on the fiber end
surface, in the etching solution leads to the difference in
the etching rates between core and cladding. Various
fiber probes have been fabricated by adjusting the com-
position of the etching solution, the doping ratio of
GeO,, and the etching time.

Three kinds of fibers with the GeO,-doping ratios of
3.6 mol%, 8.5 mol%, and 23 mol%, (which correspond
to the relative refractive-index differences of 0.36%,
0.85%, and 2.3%, respectively) were used. For adjusting
the composition of etching solution, the volume ratio X
of NH,F was varied while the volume ratio of HF to H,O
was maintained at 1:1. Thus, the composition of the etch-
ing solution can be expressed as X:1:1. To avoid the
high-temperature operation of HF and to save etching
time, all the experiments were carried out at the etching
solution temperature of 22°C.

Figure 1(a) shows the scanning electron microscopic
(SEM) (Hitachi, S-800) images of the various etched fiber
tips at different etching times. An Au-Pd thin film with
the thickness of 6 nm was coated for SEM observation.
The fiber with the doping ratio of 23 mol% was etched by
the etching solution with composition of X=35, and the
etching times were 10, 40, and 90 minutes, respectively.
With increasing etching time, the upper diameter of the
mesa at the fiber end became smaller until it could not be
resolved by the SEM with a magnification of 1.5x 10%.
Figure 1(b) shows the relationship between the etching
time and the upper diameter dy, of the mesa at the fiber
end. Curves A, B, and C correspond to the compositions
of etching solutions with X=4, 5, and 6, respectively.
From this figure, it can be seen that d, decreased linearly
with increasing etching time, and for a larger value of X,
longer etching time is necessary in order to obtain the
same dp.
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Fig. 1. Dependence of the shape of the etched fiber end on etching

time. The fiber with the doping ratio of 23 mol% was used. (a) SEM
images of the fiber probe tips. The composition of etching solution is
X=S5. Pictures I, II, and III correspond to the etching times of 10,
40, and 90 minutes, respectively. (b) Relationship between the etch-
ing time and the diameter d, of the mesa at the fiber end. Curves A,
B, and C correspond to X=4, 5, and 6, respectively.

The sharpest fiber probe among all the fiber probes ob-
tained so far is shown in Fig. 2. Figures 2(a), 2(b), and
2(c) are the SEM images with different magnifications
and Fig. 2(d) gives the definition of the tip diameter d
and cone angle 0 of the fiber probe. Etching time was
180 minutes and the value of X was 7. The fiber used has
the doping ratio of 23 mol% and a core diameter of 3.1
pm. It can be claimed that the base of the cone is nearly
equal to the core diameter (see Fig. 2(a)), a cone angle of
20° (see Fig. 2(b)), and a tip diameter smaller than 10 nm
(see Fig. 2(c)) were achieved. These values are more than
one order smaller than that of the previously reported
fiber probes' and the same order as that of the AFM
probe.?

The dependence of 6 on X is shown in Fig. 3(a).
Curves A, B, and C are the results for which the fibers
with the doping ratios of 3.6 mol%, 8.5 mol%, and 23
mol%, were used, respectively. It can be seen that the
cone angle 8 and the value of d§/dX became smaller

T. PANGARIBUAN et al.

1.76 ym
43 uym

(a) (b)

300 nm

!

cladding core cladding

(c)

(d)

Fig. 2. SEM images of the sharpest fiber probe. Etching time and the
value of X were 180 minutes and 7, respectively. From pictures (a) to
(c), the magnification of the SEM was increased. Figure (d) gives the
definition of the tip diameter d and cone angle § of the fiber probe.

with increasing values of X. The asymptotic value of 8
was smaller for the higher doping ratio.

Although it has been reported that the etching rate of
the core is different from that of cladding and 6 is depen-
dent only on the doping ratio,” we found, for the first
time, that 6 is dependent also on X, especially in the case
of the fiber with the high GeO, doping ratio. This means
that we can obtain the fiber probes with various cone
angles by controlling X, which can be convenient to vary
the magnification of the PSTM for the needs of measure-
ment of the different-sized samples.” In Fig. 3, the etched
fiber probe with cone angle # larger than 180° cor-
responds to the case in which the etching rate of the core
was larger than that of the cladding and the 6 shown in
this figure was defined by §=360°—8,, where 6, is the
‘“‘negative cone angle’’ (see Fig. 3(b)).

On the other hand, it was confirmed by numerous ex-
perimental results that the standard deviation of the cone
angle 46 of the fabricated fiber probes was smaller than
0.5° under the conditions where the etching solution tem-
perature fluctuation was less than +1°C.

The reason for the fiber probe sharpening was at-
tributed only to the difference in etching rates between
the GeO,-doped silica core and the pure silica cladding.
However, it is still uncertain why the uniformly GeO,-
doped fiber was sharpened and the tip diameter of less

L 1303

79



80

L 1304 Jpn. J. Appl. Phys. 31 (1992) Pt. 2, No. 9A

300

N

o

o
I

0 (degrees)

100

0=360°-§,

(b)

Fig. 3. (a) The dependence of cone angle 8 of the fiber probes on X.
Curves A, B, and C are the results for the fibers with the doping
ratios of 3.6 mol%, 8.5 mol%, and 23 mol%, respectively. (b) SEM
image of the fiber probe with the ‘‘negative cone angle’’ 6,.

T. PANGARIBUAN et al.

than 10 nm was realized. One of the other reasons may
be the existence of a binding energy distribution of the
Si-O-Ge network along the core radius resulting from
the residual stress which is generated by the rapid cooling
during the fiber fabrication process.® During the etching
process, polar materials such as H,O could change the
dissolution rate along the core radius.*

In summary, fiber probes for PSTM were fabricated
by selective chemical etching of the fiber with a high dop-
ing ratio of GeO; in the core. It was found that the cone
angle 0 of the fiber probe tip can be controlled not only
by varying the doping ratio of the fiber core, but also by
varying the composition of the etching solution. The
smallest cone angle of 20° and a tip diameter less than 10
nm were obtained with the standard deviation of the
cone angle 460 smaller than 0.5°. The fabricated fiber
probes have been successfully applied to observation of
the bacteriophage T4.”

The authors would like to thank Dr. S. Kodato
(Anritsu), Dr. S. Miyamoto (Fujikura), and Professor
H. Kawazoe (Tokyo Inst. Tech.) for discussions on op-
tical fiber, and Ms. F. Sugimoto for taking SEM
photographs.
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Experiment and Theory of Photon STM

Motoichi Outsu* and Hirokazu Horr**

* Interdisciplinary Graduate School of Science and Engineering, Tokyo Institute
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UL SENIKERLDBRENE X, BMNIKD T/ %
€Y PERBBISEESNEIEL 2. T, £HF
(2)BXUT(B)DX i, EREEOFROMMICKIET
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3 74t STM D4 EieD#EE. (a), (b)
REXEEADKEL, MEWRFo—-T%
AL aiEa. MROEAITEAEMRNIE,
B, XS o —72BIFEEROEALR
13 Lici& D3R,

* rDXSic, ERICBRIENIEWEATOINR o —T4%
WD TGy Y MEOKREBEMKAE R LS 3 BRED
REBELTEZ 3013, TF STM OEHRMRFN (K
BRIKDBHEIRD 5 5 30) 2BBEIhi) KHsk
S, #NgkE o —TOBFHHEBROELY 5
k3 b2 VBROEZBRE, 74 ¥ STM 0BAIK
HBEETXE DEEITBC EICEE. 1, F/
*— R EBOSBEAE DT + bV STM iIcBWNTIL,
Y7o —TRBICHEINABRIEO L A vF— 13—
FOLANF—IGENDDLEZL LN, TOAPS DB
OBRFHROBPUROBLETR OO EEIONS.

RXF W21EFILF (1992411 )

BIEM otz Nty &Y FRESIIKET 0 —T DRI
DE—HT IRy MEOKREIERERE O, K
Fo—7RBOAEHINEOEE, KROEBPHIZERD

SEENTLIV, MEOELY BDLIZODTEHREND
BHEBRITEL L 5.

(1), (A)ZMkEXT o -7 EOBERMEE
EREVHIEEPORAL, ROXHICHATES. W
NGEDOEECERHTIES MBI, 7 e—75%
BICHBODHEFERTS. COLE, BINIERERS
o —7 R OBMBEES—F LWL E, XS0 —TD

SEDMENTDNT 0 —7 NicKET =8 TE

UTHATULE DS, MBEOHEBEEN—HL, /W
ZEOEHSHBLEEETHL LT MBEOZES -T2
EBEERT 0 —TRICRETS. FLBTRT LS
IZ, TNy / PREOREBHERB—HITEENSICE
12, 74 b STM 2{RENF (= % v v FETF)
Db v 2BEE LTRAIEAIE, REXFXBROK
DEHEFRENELTETCEMNTE 3.

PEo&ticky, BOWoiEEERE 5D IiTi3 kiR
BALEIWNEODH T HEADNEVRT o —T A
VETHB. £H(A), (B)EiGITHSo—T2Huh
Yitkd S L REEOBEEE R - TREITE, Ch
LD HLOEESBNGERERICH>THEDL I T
Wiy Y FPERSREERESE WD e -7
FEETEIEL IRV,

ZDXIHIC7 + b v STM (2, #HRAIEDHARE DKM
RUMNOZEMAEROTh S HRERB7 s v DX S
Y7 o —7 RO RERICHIST 2HD L % S ORS
EZERNCHET2EETHD, ZOSEERIRET 0 —
TEEOMBEELMAEATRESINS. BT -7 5%
B OB/NOM DO i B B DIXLRD T & 15055 E
FThH5B. Lich-T, EFTEITROEIRESn—
TEREL, LNk RE - OEERTT®ER
BT GRS TRBIT A EMTENREFEFLNLVDSL
REEAERLES. TOLIBEFLNVOSRIENE
Blicl&, 74t v STM BZOEELS MEHLE
FRINEMEE]) LR EHTELS. ChBEFMEIC
7 7 v FT =N AT, REHEZEORF O
Bick->TRUIODEHETEE, 74 Y STM IR
ZDH bO—RFEEEtIC K > THEISEL TS
HOLRIETIENTESELEICKD. BT BE,
RBOEFCL-TEHRNMICRELIOBIREE7 7 V7V
T —WAICK LT, 74 b ¥ STM TIIRBHICEK -
TR EEIESN I BICK BT e —T LD
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7% bV STM DERREEHR (KiE- i)

BHAEEEREZROTHS.

3. XTo—-TERLEERER

KFo—7 L LTIREREESFICII LIcEELRrE
B8, F/RBUNEOERVEC EMTE 505, #EL
HAEBHRTINE T 2 URRESEE LD, SO 2H
DO&HE(A), (B)ZEITdiclbFryF v Eick
DESIT Z2HESERTE 2HEERONRT 7 14 5%
EATI2CLEMNEDECARIENTNS.

B——F7 7403 T7EHITIZ GeO2 ¥ -7 &N
TR EEFAL, BEH7 vBICLVBRIyF v
21T, B4 (a)3&kE7 v BiFKD O NHF O

300

N>

(=

<
T

I He 4 0 (%)

100

0 2 4 6 85 10
NH,F oik#ll «
(a)

(b)

B4 (a) 7745 a7EBOAERID
REH?. 2 TxRz o F VI Biliho
NHJF OB TH b, NHF: HF : H.O
=z:1:1 LEHEINS. H® A, B, C
138 4% GeO: DF— v 7 i 3.6, 8.5,
BEN DT s AN EETEL.
(b)a 7mAEESBILLIET 74 ~DE
FHEBREEEY?. £: %7 74 84Kk
K. ARI3 90um. & : kB kKX,
EEDKIBIZ 5.6 um 1T/H4.

783(19)

Hzitgl, zoFv7ickpBonica 7REOME
AODEEZToy b LESDTH B2, GeO2 DF—F
VIBMEOEENIVOIDEBERL TS, BESE
TOETZAbNbNNEK 6 DR/MER 20 ETH 5.
Mh, 6>180 BRI TREMRZD TR L,
75y FhEANZB T LEELTNS. T8bbL, 20D
TyFVIERZ Sy Fizl, a3 720RICHMIRI
$T&5. LA, EEERD7 7 1 ~EFAKFICHUSR
BTy F v LERIKEONI O DEOBREERRT
EEFEEEIZOSETHD, COTLEREFENEVE
BMAEETBECELERLTVS. K4 (b)idksibs
Nica72FIRXT 7 1 SOEBEREEZTEEETFH
BEEETH D2, BRSO ICDICHEREEEESC
EOEETH 50, TOEEXDEHMENEZEIZ 5nm
PAREHEEINTED, BEZTTERAEZEL, &b
BT o —T ERL>TNS.

CDEICBRT v F v/ itk ESLTE 2HH &
LT, 77488 & DRBETH L7 7 4 ~BTERO
BEISHAH, BEBZEZONTVEY, BEDELTS
EBEOFRBERHSHINTEST, 4%, X7
—7 OYEER LD/ DITiZZ DEEAMBKETH 3.

W, FEELRZREI v FVIICLD, 759 FiE
BEGORL T &, Fi, =VFIATT 74 hO¥Y
ITEEBESETEC L, BEIRORI LTINS,
INSid7 x + v STM OBEEERILKRT 2 1cd DEFE
BB L LTERTH 5.

R53FEZESD7+ v STMEETHBW, HED
NBUE, BEBEOLDINEFELE UTHE 0.8um D}
T4 27 AEERL - —ZHOTVE. XFo—-7%E
E, EfLE, 9E0%BIR STM, AFM 15 & O
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DBEBIZFERATES. COHFICK HEHEIPERE 100nm,
BEOIE 9nm, £X 100nm O/ F )47 +—2 T4
P2AERUIEEEARKG6 ICRT®. o, 5 RE
WO EICEE L ER 80nm D7 7 v 7 X FREM,
B 1.5um BLU 0.22um ORFHHEOERICER
L, BOBODNEICER 300nm, X 80nm Oy b
EHTLHBOBWNT « 27 ORE®, 3ERE % ORE
FERBBEINTVS. th S i T R TELHTIEE
fil « FEREREIN/-DDTHY, —HOERICLVR
HE&H M52 2nm DI, EAGFSEEE 5nm 2
A, LHEEINTVE. INSDOHRBERXET -7 D
TEEY, BEFVZF, CEXDERINATHEH, 4
BYRFLRBICXD NS ORELZERL, Rl
EDOLRE ZESETHENE SN, 4R 0. 1nm
EBBEHEINTVS. THHLBEL2HTERRICLIK
EFTHEVvNvOEEEEZIN 3.

5 oEBETIRABEBB LI N2 v &Y PH/ET
—ZBRHELTOBEDT, BZBFT7 + + v STM LIESRC
EMTED. Ulcdio THEREIE pW DWESILIE <7
—BlERECEET S, chicdl, BERXD/NIVE
ROMOZFE-1E7 77 Y - Ro—HiR\LZ XS0 —
7 ELUTRHY, ThEREEEEEET2BRICENBR
L&k » TEFT 2 HRBOLRBEE > 7 b 2XAERH
BMick o BRETEHEDREINTH S, chid

YR

100 nm —]

J&EL 9nm
(a)

(b)

6 ~r7V477—Y TAORERE. (2)F
KA. (b)AEHRES. —AOERHIDE
DHRBI—DoT 2B MR ONSE. EEO—I
DiglL 0.6 um 1THEY.

XEFE B2ABFIUS (1992411 F)

REH#ERH 7 + b~ STM EEEIN T 348, HAHMHEE
Mrv—7OBRBEARKES ¥4 1xX107° ETMESQ
THWADTY, AIERERERFICH~ 10 £ EEN
T3 EDBBERITICE DIRINTN B0, 444,
BNAODEXDE 7 4 A RE7 7 7Y - o —FRFO
B2 ERTHCEMBEBETH 5.

4. 7+ b STM OBHBEFI

TGy kY P RERERUTOROWER CEHFRLS
EBBICENT LD ICHERICBOT (F18b B ERMEN
T 2ERMO—EESEN/I L &), Hobicli-
1S BAMEZBRIE TH 5. Li-h-> TGS
IR CTOERYE EYE LOBEERDHSLNTH S &
BA5. Fi, BEMBENERTE 23 ERVERICE
HT 3, E0#A 5L OEBEEETHY SR

NTERE ORI O—FHLENICEY, LS ER

T, TGy eV PRI —o JHEEERICEN LK
BHNSHEEEREBRN T 2ERUETHS. 74 F ¥STM
BIDXHIWxNryty FREZEMNE U EBNEE
ERAZFIH LT3, EEORFEBREDL Sk
D& LTOME#FIR LB A icE L AEFBREZIR
BZICBR DNREAERT L EMNTES.
ERON¥EHRIERBEOREICHRTERWIERE
TRERFBELIEELRDE >TNEDT, B
LYHEELOMEERZEEPTIRER, BRETRR
REBITBORATE TS, COBHERVSLE,
BRICHENRTEESFERLAT L OEROHEICI,
EEHATAH U ETRRICX > TEL SN2y &
VMR, BRKEEET I LAVOARNSEHTS
TEMTER?. Lh L, BHEBEOERLD &/NIWVE
REICH L TZOL I BBEBRENBEREMICESE
HREBALED LT 5 LB ORESELS, HEIER
DEENIEROASLELIEE*. EE, BREO—D20D
FEEDL S ICRDFEbN A FHELERICBTZ /3% »
v bd, BRERLEICK > TAHE ERHEREICHE
U2 onTEY, WHEEICHREINIBOHEOE
EfAEENTIEREAEL TN 3.
COLSBHEEEREZEMAL T AERIE, T8bb

2 ABABA, F/A-REBDT 2 Y STMIZBNTH
BRIEFIECEANWEERNTH Y, ERRENRD
BRAKEABET A LRIFEENARARKTHEEEZD
nad, EOLSREAKERRILTI0PRHEOE
BENEEOEZALZRBE VD S B SEMNS S, E
B, 20X RPN EEHERSABEEREZR U
BoEEEofkick 3 8T EREHRSEOE RNB
LELET B (BEH26) £28RBIhi).
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7% bV STM OEBREER (K2 - B

INFy VbR, 2T DRI, XS -TLE
NAYEEZEOTICE S, YHEEOHEEERCEEL
5z, 2%y &Y FRZAPICERD HE B EROEICE
BTICEDBURETHS. CDEE, S u—TOFEE
K& > TNy &Y P HOSHHBENTECE, T2
bbb, BESBEHICITON A EEAZRE LS TRR
SIEW. HBiCF /) A —2ERERVEFES> 7+ b STM
DA, HEERCEETIRTFESPILVEZEL SN
B30T, TOEIBEIZEKRTHS. COXINHE
REBEFHRATHROICEOTIE, 2EBEIACZOTHRE
DEFEFHRELTEINS. COXIBREALELLE
DI/, 74 b v STM OEBWEITET S 1o i,
BOBRUEEOBRTFNENFHREZFATECESFTHT
HBLEZLND.

7 # + v STM OFZ:BRFENTICAVIHIMIRENRT
o—70EFrELT, BTiRT, (a)EELTED
niz=20%vMNEO, (b)FEEBEBULTELNI-ZD2DH/M
FEARREEZZ 2?. WThOBAICD, BNk EE
Fo—-7LEERIENT, ZOHEEREZROES C
EVEETHS. Fv(a)icBLTR, B—HUNED
KB G BBERREPSDOZ R v &Y FRSHOHEE
BREINTOEHM®, XS0 -T2 DL EHKE

A~ O ’
E ‘
N BETR
(wagREI
(a) (b)
FyREo | (EHL
YA : (L)
LA -
(/'\5” i"_'i“

ok v e-7

(c)

RT7 74+ STM icB 38Nk &7 0 —
7 OHOEEERZIRDIKI 1cdDDEF NV E
UT, (a)sffEUTEL NI =D DHuNEE
O, (b):A#ELUTELNIBINEBAR, %
EZZ, (c) #uNgtk-Y7 o -7 HOEEE
RAEFE—NIFA TS5 cE>TET.
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AZEEUICBAOE VLEREFHEIALHICEINTNE
V. F e, BUNBIHR LS 8 —T OROSIDERERED
BSOS LIS SIED. EF V(b)) LTIRE4AE
HEEAOEBEHEICX 2RO HBRS SN T B0,
HOEEETHER OO THEBETHY, BohER
BEFGLOLWZ + v STM OH#ifg % 5 2 154

PDEDBEASLICEESIE, 74 v STM OER
HERFEDNICBNT, ZORBESFEL Iz N v €
Y PREENE T AEBNICEEREEERATHE L
&, REWEHREE DI Ry v M OKHICE D
BWONFHERMNSBCE, OZSICEETIE, v
FWVEBFILX 3 STM OB WICAVWS M 3 {RIENTFD
X, K\ AVvF—, PYRIVHR, BEOHRER
PUUERUICEBRBULPTOEFVEEL L LNTES
EEZ, COLIBHRBEAFE—LTHT (¢)ikRmT &
IEEATITFLTERERTICLZRELTVE?, &
AT/ 5 L3 EEEER, REEREE L, Sugke
K7 o —TREEZNTNROKBRTHE, Tho DR
DU AEREREN FORBIck-TET. €T
BNGEERBREBOTICEDELI-DIZCh 525 ¢
DEFPONRBIZRZTHELLEERTEDTHS. A
HEDX S KNI HERNBOEREEE DT
FLTV3. RERETFRAHKICE > TH/MItkehg
HERT o —TRELOMICE L IcEF L vl
HEER, THROLLSRPRERDAALIESDTH B &
E£Z 5.

BFICL3 STM D&, AHE, BEERZEFOS
oy kI, RBRFR P AVEFIHEST 2. 74
b~ STM TRAHE LBEBEREHETHD, TR
BAFRFREXETF (virtual photon) & LTOD xo¥k v
Y MTHD (BBZCT, b2 VEFE2EFO
NE kY PEEUTERLTORRFHZOHKR &2
bHBHCLEERBLTEL). £177 7 ALTASICIIK
INEEERE LTOBNMIK B LU T v — 7 5D ER
HEEADOBIEZRTERLE, zav¥—, EHEOHK
FlUBEZSNE. oL icHGiE, EHELS =
vy PEANOERIS < VBELEUOBETH S
EHIZEBTLDDONBED.

BUNGHGEBICRTE LIz N5 v £ Y F IR =D D3E
BERSERD. THbL, EHNTEMBERREL
RTEROEHERES &, CNICEXT 2EERTFOE
PRIV ORETEHERBNSTHB. DX S5 ERIE
OROBETEGHRIL, HEERE>TELIHED
BHHEASLEICHICT 2 FNEHRTH 2 C &3,
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Gordon ITXL > TREINTNE®, COLHIRKEIE

BRAERBOI N F vV P AEEMNE UTRECZHEEE

AR, DRI HSEMEEEREEL3. K7 ()0
4775 LBEEATOEHREFENDS, COXHE{REA
RFOL V2 v EEABRICBAEDERE 0 —T LD
Mic@d HEELTNE. T TNy &Y PHOE
BESEOEMMYILENY, THEbbI Ny Y MED
BHERERET A LICEET S E, BNgRERT
0 — 7 EROBMOESREEDORMT, WEDT/S% vy
€Y FEOEHBRBN BT B LV IRMICHIET B.

CDXHBNENEROFEERIEED b ¥ X VEHE
CHBOEESHETHELEEIONS. EEE, EFL
SNVONREEEFOBEF STM B80T, + Y X VER
K-> TR BE MREEZFD L EBHMONTE
D, ZOHRYKRE T o —TOEFOREBBERDENLRD
BoICE-Td, P/ ANVEROBHLCE-THEZXDL
N3 &EH Chen itk>TREN TV B3, AFM T
2, Ev 77 v 7OEMICE > TEEAEINBEFH
H%, ZODFEBXFOTHmICHE I EFHRDPLVED IC
koTETCENTES.

DLk 538505, ERBEOEFHREZRF DT %
vtV PDOEE, BNGEOTEICRIETEI YT
YEEESDERERETF (BEORTF) 4L, 20EE
EBENEF VY2 VTERTODEEZS. DT LR,
REOBELBBICT 5041257, SAMEEIERICE
DEEEHELAEHE LTI NG v Y FROBEOHTE
B#3c &£ 5. K8 I3AMH/NED D ohill
oz iy ey PROBESHE, BOOERICEL
Wavy b vEEEEORERTFOFSE LTEIET
vV NVOBEMIEELADELSHEL, ChitEREF
DREAZRB LADLEI-EETHS. COEEIT Leviatan
Tk PBARGERAVICREHEOKRE® 2L CHHL
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JeiiEsA (Il © dB)

—120 1 L i 1
1072 107! 10° 10! 10% 103

z/a
B 8 %% a(=1/50) OO DRl LD
SREMGE, 3V vERaitdd
BBNRF Yy VOERESDOEDLE
BUIHERD

R £2%HE11E (1992411 B)

TW3. EROFEZAONT, EROBRE S OHE.
BICDNT, T3y &Y P HODHEEROELTHE
T&3LEIONS. 2R~ 7 + + ¥ STM 04
BEeDEZ Fickhid, BEERLOIR N2 v Y FED
LBEHMTIREL, EHARKTRAIINEZ NFy
Y MEOBEBBEBOERSDRKEITHS. DL
ob, IVFLIVEREERELT, SUNIKERT
O — 7 EBOMOEEEREHETICLRERTH
3.

5. FIRELRICA LS HRDBRE

WED STM, AFM S EE BT B EBEDT 4 b
v STM D3ME#IZ T 2B VDS, FEERIICIZ 2 /iR L
lcEBY, TN LAFSOIBENSTRETH S. XD
BESEERRSICH L7 + b STM QROFIEEE
TEELEZLNE.

(1) RKREEICEBEREZa—F7 4 VT EHERE

DISODTIEEM - IEWBRIENTE 3.

(2) RBEEERIIKLDEHOSBTRAIEITE
3.

(3) BEPTORIENTETSH .

(4) HicrBEHRL—F—ZRBELLTEIES, Z
D7 —ERBBREEE ML <, 100 MHz 2ED
EEEATRELDOT, AREiIcX 21E5HIEDR
EHE Lps UTETELL, E¥ETRIETET
55.

oS D, ROGANTREEELONS.

(1) BHRE@ICERE LIcBEFEOME.

(2) BFHAFBERE, 737 o THEZEFORR
SR

(3) X774 ~B%¥Eho L —¥ —NEAH Uickic
FIIC LA T TNk v £ v P RICK 2EBEEA
DEEEEXLE.

(4) WIE(3) EEBEICHT 7 1 3&ic LART
Wiy P EERAD, ZOXOticE—thiHET
B LUESHEIT L. XSIcEhick BBE
FUr O BHEFERRET0. &8 i SRk
FOEE .

hsmHH, (3), (4)id7 4+ + v STM 4 EakEE -
LTTREL, HETFORERE (manipulator) &L
TES T EICHET S (Lichi-T, XBEDOKRZIZER
EUT74 ¥ STM THBH, KBEDOM OEERNBRE
13).

74+ b ¥ STM o235 iIcA LS4, 2hsD
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71 bv STM OEREER (K& - 18)

ISRIEVA DI S v —T7 ko —BO5kst,
7+ + v STM ORBER E~ORE BEEEDOHEN, &
SIcREBBICHE L EE#E D3 —L Y FREDE
F32 | 1R DEBEK EOWL DhOREERRT S
MENHB. T, ZRTHICRBELI Xy b
SEOBRIEMT 2TV, KOEAKEERHEHEE S
DICRRRORENFERPL OSBRI, HOER, KA
Fih, BERIH U EANSMECRVES, HLL
MEMZERR ALY OXMRRERETILENDH 3
T EERFE LI

6. & H b [T

74 b STM BT 374 F7R3EOH, ZOER
CHBMAEOERRBED. 35K, COEEIIHICE
SEREREE LTOAICE I S TETFEFHOHMICH
FRZBCEDBbPoTEI. TTEE, AENERILL
THY, SFERCONFIBETIEBNET - Yay
TP 3 F TIKE -2 (Workshop on Near Field
Optics, 1992410 B, 75 X - T vy vifleBW
T). DBEDOEZN 7 7 1 8H, v-¥—Eiftd
Lic7 + b ¥ STM OF LBl S BRE S>3 05,
ASBRBEROAELES, HTLOREBEMINE LA
HELW.
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FHEREREEEE, tFEEDESCRE VL
T X7 7 A NIBLERKCHRE VRV T V)Y
YR HELIAREL, BEER B EAXRLER, %
7o, EAREHCBELCHEE O 72 17 0 o EERTERYE
FRHR, SoHRLHEE LEEOHKREFTE O
HER, BiCERERBRE THR LBMEZ WV EE
BREELCBHLEIT. 48, COWEO—LPIIEHE
HMEHRBEDE—BHARE (B) GEEES 02452084,
03452089) B XU~ V& ML ORAEEMI 2F T T
fibhi:.
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Abstract

We present a theoretical consideration on the nanometer-resolution photon scanning
tunneling microscope (PSTM) from the view point of the quasi-static short-range electro-
magnetic interaction between microscopic objects. A similarity between particle tunneling
and optical near-field problem is demonstrated by employing an intuitive Yukawa poten-
tial model describing localized evanescent field. We investigate the atomic interaction
with localized evanescent field and propose a novel technique of single atom manipulation
using a nanometric optical fiber-probe of PSTM.

1. INTRODUCTION

The photon scanning tunneling microscope (PSTM) is the optical analog of STM uti-
lizing evanescent or tunneling photons [1-4]. The achievement of nanometer resolution,
being far beyond the diffraction limit, was recently demonstrated on the PSTM image of
bacteriophages T4, which was taken by using a sharpened optical fiber-probe [4-6]. This
confirms that the PSTM technique opened a novel area of measurement and control of
highly localized electromagnetic interaction between microscopic objects.

The fundamental process of the PSTM is described in terms of quasi-static short-range
electromagnetic interaction between microscopic dielectric particles induced by laser irra-
diation. We present a simple quantum optical picture of the interaction by introducing
virtual photons with nanometric Compton wavelength which corresponds to the size of
the microscopic particles [6]. Although conventional treatments based on the boundary
problem [7] or many-body electromagnetic interaction between small dielectric spheres
[8] might be still valid in the nanometric region, the intuitive virtual photon model helps
the understanding of the PSTM process in a generalized framework of the tunneling mi-
croscopes including the electron tunneling microscopes (STM), atomic force microscopes
(AFM), and so on. It is emphasized that the tunneling process is, in general, associated
with a mechanical action between microscopic sample and probe tip. Although it has
not been observed yet in the case of PSTM, the tunneling of evanescent photons should
exhibit mechanical force, due to the extraordinary large field momentum resulting from
locality.

As the reversal process of the PSTM, a localized evanescent electromagnetic field will
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be produced in the narrow vicinity of the PSTM probe-tip by the laser light propagating
in the probe. This makes it possible to control the electromagnetic interaction in the
nanometric scale. Among numbers of applications of this novel technique, it is especially
interesting to study the atomic interaction with localized evanescent field because of
several remarkable features which can not be achieved in the usual atomic interaction
with propagating photons. We present a possibility of trapping a single atom from a very
cold source by resonance tunneling of virtual photons from the probe-tip to atom 6].

2. PHOTON STM
The principle of operation of our PSTM system, employing a sharpened optical fiber-

probe, is schematically shown in Fig. 1 (a). A microscopic sample is put on a cleaned
surface of a prism which is irradiated by laser light with the incident angle of total internal

()

Sharpened
Optical Fiber-Probe Fig. 1. The principle of PSTM op-
Prism erarion (a), and the detailed profiles
— of the sharpened optical fiber-probes
b).
X-Y ( )
Scanning

Laser Illumination
(Total reflection angle)

(b)
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reflection. The sharpened optical fiber-probe picks up or scatters the evanescent photons
localized in the vicinity of a microscopic sample into the propagating photons in the probe.
The number of scattered photons are measured by a photo-detector on the other end of
the optical fiber-probe, scanning the prism by using a piezoelectric transducer system.
When the optical fiber-probe with its curvature radius of the extremity as small as the
microscopic sample is employed, the efficiency of the scattering process depends strongly
on the position of the probe-tip due to locality of the evanescent field. Mapping the
number of scattered photons versus the relative position of the probe tip, with the aid of
a micro-computer, one can obtain a topographical image of the microscopic sample as a
PSTM picture.

The resolution, being far beyond the diffraction-limit, is determined only by the curva-
ture radius of a sharpened fiber-probe tip. The merits of using the optical fiber-probe are
the high efficiency of collecting scattered photons and the facility in reproducible produc-
tion process. By the recent development of etching technique, we can easily produce the
optical fiber-probes with tip curvature radius ~5 nm and conical angle of 20° [5]. Figure 1
(b) shows the detailed profile of a sharpened optical fiber-probe being made from a single-
mode optical fiber with core diameter 3um. The curvature radius and conical angle of
the tip are controlled by changing the condition for selective etching process, such as the
concentration of impurities doped in the core of the optical fiber and the concentration of

the etching chemical. By using one of these optical fiber-probes, we succeeded in obtaining
a PSTM image of bacteriophages T4 with resolving power ~5 nm [4], by using 780 nm
semiconductor laser.

3. INTERACTION PICTURE OF THE PSTM

It is confirmed from the PSTM experiment that the interaction between the micro-
scopic sample and probe tip via evanescent electromagnetic field is localized in the narrow
region determined by the scale of the probe tip. This meets the Heisenberg’s uncertainty
principle that, since the resolving power of the microscopes is determined by the shortest
wavelength available in the measurement, the electromagnetic field with extraordinary
large wave-vector, or momentum, is concerned with the PSTM measurement due to lo-
cality of the interaction. It is natural to describe the fundamental process of PSTM by .a
short-range quasi-static interaction via evanescent photons scattered from/to propagating
photons in the material medium. Here the microscopic particles are the sample object
and the probe tip, and the term ” quasi-static” is used in the sense that the propagation or
retardation effects can be neglected because of the short distance between the microscopic
particles. A simple and intuitive picture of PSTM seems to be required for understanding
the nature of the fundamental process in terms of the generalized framework of tunneling
microscopes.

The minimal feature describing PSTM, the short-range quasi-static interaction, can
be modeled simply by employing the idea of virtual photons with nanometric Compton
wavelength, X¢, and describing the field in terms of the Yukawa potential,

e_r/xC

¢(r) o (1)

The virtual photon, therefore, has an effective mass due to the coupling of electromagnetic
field to the fundamental excitations in the material medium. The model makes it possible
to interpret the optical near-field problem as a particle tunneling through the effective

T
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potential barrier between the gap of microscopic dielectrical particles. Compared with
the surface plasmon near field microscope [9], the virtual photons employed here may
be described in terms of polaritons representing the electromagnetic field coupled to the
mechanical vibration in the dielectic medium via induced polarization.

In order to demonstrate the validity of virtual photon picture, the Yukawa potential
model is applied for a calculation of evanescent field near a small circular aperture irra-
diated by propagating light with wavelength, A, much larger than the aperture radius.
Assuming the Compton wavelength of virtual photons equal to the aperture radius, the
intensity distribution in the near-field region was estimated simply by taking the gradient
of the potential given by integrating the contribution from small surface elements over
the aperture using Yukawa potential, as shown in Fig. 2 (a). Figures 2 (b) and (c) show
the numerical results for the aperture radius of A/50; (b) the intensity distribution on the
aperture axis and (c) in three dimensions, respectively. In Fig. 2 (b), the result from the
Yukawa potential model (broken line) shows a good agreement with the numerical results
(plots) given by Leviatan [7] based on the boundary problem.

(a) (b) (aperture radius a = A/50 )
0 vz
/ —20} e from
0 Thel Leviatan®
_ = —40} el
S T XC = a g So
a > s -60f
> 2 [ s Far-field
ojT b0 _80 o - -
T — 2 Evanescent |
ds. T —100 | (from Yukawa Potential) "‘
—120 ! . 3 ]
/ 0.01 0.1 1 10 100 1000

Fig. 2. The application of the
Yukawa poential model for the in-
tensity distribution. of the near field
of a small circular aperture of diame-
ter a irradiated by propagating light
with wavelength A = 50qa; (a) coor-
dinate system, (b) intensity distri-
bution on the symmetry axis, com-
pared with the numerical results of
Leviatan [7], and (c) three dimen-
sional intensity distribution.
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4. SINGLE ATOM MANIPULATION BY A PSTM PROBE

The resonance interaction of an atom with localized evanescent electromagnetic field
will exhibit several remarkable features which cannot be obtained by using ordinary prop-
agating light. First, an atom scattering evenescent photon into propagating photon via
resonance absorption and spontaneous emission gets extremely large recoil momentum
parallel to the probe-tip surface. The large momentum of the evanescent electromagnetic
field is attributed to the mechanical distortion associated with the induced polarization in
the dielectric material [10]. Second, the atom feels strong dipole force normal to the tip
surface due to rapid decrease of the field intensity in the near-field region. These features
altogether result in a mechanical interaction between the atom and the probe-tip, which
is analogous to the inter-atomic van der Waals force. A novel technique of manipulat-
ing single atom can be realized by using the localized evanescent electromagnetic field
produced in the vicinity of the nanometric PSTM probe-tip irradiated by the laser light
propagating in the probe, as the reversal process of PSTM.

As a simple consideration on the possibility of single atom manipulation, let us assume
that the fiber-probe tip is irradiated by laser light detuned to the red of atomic resonance,
as shown in Fig. 3. An atom coming into the evanscent field resonantly absorbs the coun-
terpropagating laser photon due to positive Doppler shift against the red detuning and
spontaneously emits a propagating photon. By this process the atom is recoiled strongly

Dipole Force

Near-Field \ j/ /
Atom

i
Cooling Force
P/roxirnity
/ //////// Fig. 3. The resonant interaction of
Nanometric// an atom with the localized evanes-
Fiber-Probe / cent field produced at around the
et ) V/////////’ extremity of the nanometric optical

"""""""" fiber-probe by the laser light propa-
gating in the probe.

Laser Light
Detuned to Red of Atomic Resonance

in the direction parallel to the probe surface, since the absorbed momentum of the evanes-
cent photon is much larger than the emitted momentum of the propagating photon, ac-
cording to the Heisenberg’s uncertainty principle. This acts as a cooling force until the
momentum of the atom becomes comparable to the recoil momentum. Because of the
spatial modulation of the field momentum in its direction, the cooling force accompanies
the centrifugal component, which will be compensated by the strong dipole force [11] in
the near-field region where the field intensity decreases exponentially. The balance of
the centrifugal component of scattering force and the dipole attractive force produces a
potential valley along the probe-tip surface. The atom will move back and forth in this po-
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tential valley like a pinball trapping in the optical standing-wave. The trapping condition
will be achieved when the cooled atomic motion is reversed by each recoil and such scat-
tering occurs several times per passage of the proximity of the probe tip. This condition
determines the curvature radius of the probe-tip and trapped atomic temperature.

As an example, in the case of the rubidium D,-line, the trapping condition is satisfied
by a fiber probe with the tip curvature radius ~15 nm, and the temperature of trapped
atom will be ~80 uK. The laser detuning is assumed to be 10 MHz to the red of the
atomic resonance, being larger than the natural linewidth. Such atom may be manipulated
from ~300 pK source realized by a laser cooling technique, such as optical molasses [12].
In order to discuss the feasibility of single atom manipulation in detail, the quantum
optical analysis of the atomic interaction with localized evanescent field should be required,
because the process includes the spontaneous emission as a basic ingredient.

5. CONCLUSION

We have discussed the fundamental process of the PSTM from the view point of the
quasi-static short-range electromagnetic interaction, introducing the Yukawa potential
model. The model will be useful not only for understanding the PSTM process in terms
of generalized framework of the tunneling microscope but also for practical purposes,
such as an estimation of the PSTM resolution. This is because the model characterizes
the spatial frequency of microscopic sample in terms of the Compton wavelength of the
localized field.

Investigating the atomic interaction with localized evanescent field, we have proposed
the novel technique of single atom manipulation. The study of the electromagnetic inter-
action localized in the nanometric region involves lots of interesting problems, concerned
with mesoscopic problems, such as the photon localization or localization of the funda-
mental excitations, cavity QED, tunneling-time, and so on. The PSTM, as well as other
types of tunneling microscopes, will serve as a useful technique for the experimental in-
vestigation of the novel area of physics.

6. REFERENCES

1 U. Dirig et al., J. Appl. Phys. 59 (1986) 3318.

2 E. Betzig et al., Appl. Phys. Lett. 51 (1987) 2088.

3 R. C. Reddick et al., Phys. Rev. B 39 (1989) 767.

4 S. Jiang et al., Jpn. J. Appl. Phys. 31 (1992) 2282.

5 T. Pangaribuan et al., Jpn. J. Appl. Phys. 31 (1992) L1302.

6 H. Hori et al., Tech. Digest of 18th Int. Quantum Electronics Conf.
(1992, Vienna) 48.

Y. Leviatan, J. Appl. Phys. 60 (1986) 1577.

C. Girard and D. Courjon, Phys. Rev. B 40 (1990) 9340.

M. Specht et al., Phys. Rev. Lett. 68 (1992) 476.

J. P. Gordon, Phys. Rev. A 8 (1973) 14.

J. P. Gordon and A. Ashkin, Phys. Rev. A 21 (1980) 1606.

E. L. Raab et al., Phys. Rev. Lett. 59-(1987) 2631.

[N i o]

123



124

NANOMETER RESOLUTION PHOTON STM AND SINGLE ATOM MANIPULATION

M. OHTSU, S.JIANG, T. PANGARIBUAN, and M. KOZUMA
Interdisciplinary Graduate School

of Science and Engineering,

Tokyo Institute of Technology,

4259 Nagatsuta, Midori-ku, Yokohama 227, Japan

ABSTRACT. A photon STM was constructed by using a sharp-
ened optical fiber with a radius of curvature of about 1
nm. Nanometer-resolution was achieved to measure biologi-
cal and other kinds of samples with sub-micron struc-
tures. We also proposed a new method to trap a single
neutral atom in the evanescent field localized near the
fiber probe top.

1.INTRODUCTION

This paper reviews our recent activities on photon
scanning tunneling microscopy ( PSTM ), and is composed
of three parts. The first part describes the reliable
fabrication technique of nanometric optical fiber probe.
Several results of nanometer-resolution imaging are
presented in the second part. The last part is to present
a possibility of trapping a single neutral atom in the
evanescent field emitted from the fiber probe.

2. FABRICATION TECHNIQUE OF FIBER PROBES

Based on the principle of the PSTM, the radius of
curvature a and the cone angle 6 of the probe, which is
used to disturb and detect the evanescent light localized
around small particles, must be as small as possible to
obtain a high resolution and to avoid picking up low



spatial Fourier frequency components of the evanescent
light generated from the substrate. We fabricated an
optical fiber probe by using selective chemical etching
in a buffered HF solution, whose volume composition is
represented as NH4F : HF : Ho0O = X : 1 : 1. As shown in
Figs.1(a) and (b), the minimum of 6 realized so far is
smaller than 15°, and a was estimated to be about 1 nm.
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Fig.1 SEM images of the sharpened fiber.(a)and(b)
are the images with different magnifications.

The 6 can be varied by controlling the compositions
of the optical fiber core, cladding, and the buffered HF
solution. It was found from the experimental results
that 6 was a monotonously decreasing function of the

X for X < 6 and tends to a stationary value for X > 6.
The stationary values of 6 were 100° and 20° for the
fibers composed of 3102 cladding and Ge-doped Si0y core
with doping ratios of 3.6 mol% and 23 mol%, respective-
ly [1]. For these fibers, the corresponding normalized
refractive index differences between core and cladding
were 0.36% and 2.3%, respectively. The probe with the
minimum 6 shown by Fig. 1 was realized with a special
fiber composed of a Ge-doped core and a F-doped clad-
ding, whose normalized refractive index difference was
2.9%. For all fibers, the standard deviation of the cone
angle A8 was kept within 0.5°, which means that the
etching process is of high reproducibility. The high
reproducibility of our fiber probe fabrication is also
demonstrated by Fig.2, in which cone angle and height
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differences between two cores of a dual-core fiber are
smaller than 0.2° and 20 nm respectively.
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Fig.2 The SEM picture of the sharpened
dual-core fiber. The core diameter and
separation between two cores are 6u n and
402 m, respectively.

3. EXPERIMENTS OF NANOMETER-RESOLUTION IMAGING

A power-controlled 0.8 um wavelength AlGaAs laser was
used as a light source in order to construct a reliable
and compact system and to take advantage of its wide-
band power modulation capability for the fast phase
sensitive detection. Direct power modulation was employed
for the phase sensitive detection in measuring the eva-
nescent light power which was picked up by the fiber
probe and detected by a photo-multiplier. The sample was
fixed on an optically flat glass prism to which the laser
beam was incident under total reflection condition. A
PZT-scanner used for conventional STM or AFM was im-
ported to the present system.

Figure 3(a) shows the exponential decreases of the
picked up evanescent light power measured by increasing
the probe-prism separation d. 0 nm-point of d was deter-
mind by the picked-up power variation as the probe is
moved close to the prism. As the probe contacts with the
prism, the picked-up power which increases with the
increasing of the voltage applied to the PZT will not
grow up further. We define such a point as the 0 nm-
point for determination of the absolute d. Although the
picked up power was on the order of pico-watts, it was
high enough for phase sensitive detection. The relation-
ship between 6 and the picked up power 1is shown in
Fig.3(b) measured by keeping d constant. From this fig-
ure, it can be seen that the picked up power is propor-
tional to exp{-1/sin(6 /2)}. This proportionality 1is 1in



agreement with the theoretically estimated dependence
based on the virtual photon model of the 1localized
evanescent field.[2]

We also measured three dimensional profiles by imag-
ing experiments in a constant height mode. The images
were: (1) A 9 nm thick Si0, thin film[3], (2) a moth-eye
optical disk with 300 nm diameter and 80 nm depth

pits[4], (3) 80 nm diameter latex particles which were

fixed on a glass substrate( see Fig.4 )[3], and (4)
uncoated bacteriophages T4 ( see Figs.5(a) and (b) )[4].

8 (deg)
1(?0 45 35 25 20

101 :\2::00!11
i d=200nm

Picked-up Power (pW)

/./

10 20 30 40 &0 60
1/si{8/2) (b)

Fig.3 (a) Measured relationship between probe-
prism separation d and picked up evanescent
. N light power. The come angle 6 of the fiber
0 200 400 600 probe was used as a parameter. (b)The relation-

(a) Sample-Probe Separation (nm) ship between 6 and the picked up evanescent
light power. d was used as a parameter.

Fig.4 Images of latex particles with
diameters of 80nm, which are densely
fixed on a prism.The scanning range was -
1.0 z o x 1.0 n(3].
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Although the fully quantitative estimation of the
resolution has not yet been completed, normal resolution
limited by the signal to noise ratio of the PSTM
system. ( seeing the details in ref.4) was estimated to be
0.5 nm. The 1lateral resolution given in ref.4 was limit-
ed by the pixel size, and it could be improved by opti-
mizing the probe scanning parameter. More fundamental
lateral resolution limited by the radius of the curva-
ture of the fiber probe was estimated to be 2 nm. As a
quantitative measure to estimate the lateral resolution
limited by the radius of the curvature of the fiber
probe, we can use the 3-dB spatial frequency cut-off of
the picked up evanescent power spectral density.

It should be noted that the signal-to-noise ratio of
the evanescent power detection was still 40 dB 1lower
than the detector-noise-limited value[4]. Careful acous-
tic shielding could improve the signal-to-noise ratio
which was mainly limited by the acoustic vibration of the
fiber probe, and thus, a resolution improvement up to
the atomic level can be expected.
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Fig.5 Image of bacteriophage T4[4].
(a) The structure of T4.
(b) The image taken by using the fiber probe with a cone angle
of 259, The scanning range was 0.6 .. m x 0.6 0.

4. POSSIBILITY OF A SINGLE NEUTRAL ATOM TRAP

Considering a reversal process of the PSTM, we found a
possibility of trapping a single neutral atom by a eva-
nescent 1light which is localized around the nanometric
top of a fiber probe[5], although it is impossible if
one uses a conventional propagating light[6]. Based on
our intuitive virtual photon model, this trapping is



theoretically possible because of the intrinsic proper-
ties of the evanescent light localized around the top of
the fiber probe, i.e., the evanescent light has a high
power density, high spatial power variation, and a large
tangential component of the wave vector( for a wavelength
A, it is (A /a) times larger than that of a conventional
propagating 1light). In other words, it is possible
because the photon tunneling process, in general, 1is
associated with a mechanical action and mechanical force
between the atom and probe due to the extraordinary large
field momentum resulting from its locality.

Figure 6 shows the principle of this trapping. A fiber
probe, coated with a metallic thin film except on the
top whose radius is smaller than the laser wavelength, is
used to emit the evanescent light. An atom coming into
this evanescent field resonantly absorbs the counterpro-
pagating laser photon. This is due to a large positive
Doppler shift induced by a large tangential component of
the evanescent wave vector. After this absorption, the
atom spontaneously emits a propagating photon. Since the
momentum absorbed by the evanescent photon is much larger
than that of the emitted propagating photon, the atom
looses its kinetic energy very quickly and is cooled.
This large absorbed momentum is attributed to the mechan-
ical distortion associated with the induced polarization
in the nanometric fiber probe top.

As a result of this laser cooling process, the atom's
momentum becomes comparable to that of the evanescent
photon, i.e.,the final thermal velocity is inversely

NEAR' FIELD
REGION

Fig.6 Illustration of the principle
of a single neutral atom trapping.
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proportional to the curvature radius of the fiber probe,
and the atom exhibits a Brownian motion with this veloci-
ty along the probe surface. Although the atom is sub-
jected to a centrifugal force and thus being pushed out
from the field by this Brownian motion, it also feels an
attractive force due to the dipole force induced by the
rapidly decreasing power along the normal direction if
the laser frequency is red-tuned to the atomic resonance
frequency. These features together result in a mechanical
interaction between the atom and the probe, which is
analogous to an inter-atomic Van der Waals force. As a
result of the balance between these two forces, the atom
is trapped because it sees a potential minimum at the
boundary between the proximate and near-field regions. In
other words, this trapping is equivalent to the formation
of a diatomic quasi Van der Waals molecule between this
atom and an atom at the top of the fiber probe, where the
exchange of virtual photons between the two atoms corre-
sponds to the Van der Waals force. Only one atom will be
trapped because of the velocity-selective cooling process
and of the repulsive force between the atoms in the
nanometric volume. Detection of trapped atom is possible
by detecting the fluorescence emitted from the atom in
the cooling process.
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Based on the principle of the trapping mentioned
above, the atom's momentum has to be equal to the
recoil momentum for the purpose of trapping a single atom
on the top of the fiber probe. By this requirement, the
relation between the equivalent temperature of the poten-
tial depth of the trap and the optimum curvature radius
of the fiber probe can be calculated. Figure 7 shows the
relationship between the equivalent temperature of the
potential depth and the optimum radius of curvature of
the fiber probe for a variety of atoms. The number
attached to each closed circle represents the resonance
wavelength ( in nanometer unit ) of the atomic transi-
tion. It can be seen from this figure that the equiva-
lent temperature corresponding to the potential depth is
as shallow as several mK for the saturation power of each
atomic transition. However, a conventional technique of
optical molasses[7] can be employed as a pre-cooling
technique to prepare an ultra-cold atomic source in a
high vacuum by reducing the equivalent temperature of the
molasses atoms to 1 K or even lower. Therefore, it can
be expected that an atom can be trapped by this fiber
probe by catching the atom falling from this cold molass-
es. By using this trapping, an optical tweezer for
single neutral atoms can be realized. Furthermore, 1if the
trapped atom is brought to the surface of a cold sub-
strate by translating the fiber probe and is accelerated
by tuning the laser frequency to the blue, the atom can
be fixed at a certain place on the cold substrate by Van
der Waals force or other chemical binding forces. By this
process, a single atom-level crystal growth is expected.
For precise red- and blue-tunings within the accuracy of
1 MHz, coherent and tunable short-wavelength light
sources are required. Such sources can be realized by
using several semiconductor lasers, LD-pumped solid state
lasers, and nonlinear optical crystals. For example, a
Peta-Hz tunable range coherent optical frequency sweep
generator has been developed by employing semiconductor
lasers, high gain and wide bandwidth frequency control
techniques, optical phase locking, and nonlinear optical
frequency conversions[8].

5. CONCLUSION

By using a sharpened optical fiber with the radius of
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curvature of about 1 nm, a photon STM was constructed and
a nanometer-resolution imaging was achieved for the
biological and other kinds of sub-micron samples. A
novel method for trapping a single neutral atom was
proposed by using the light pressure of the evanescent
light localized around the fiber probe top. For further
developments of photon scanning tunneling microscopy and
atomic manipulation, careful studies on the concept of
massive photon( i.e., the photon interacting with materi-
al, ), and quantum optical effects ( e.g., photon locali-

zation, cavity quantum electrodynamics ), should be
necessary.
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Analysis and experimental
evaluation of a localized
evanescent field by using
Yukawa potential
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Progress in the selective-etching technique
for sharpening an optical-fiber probe (Fig.
)" has brought about the achievement of
nanometer resolution in the photon scan-
ning tunneling microscope (photon STM).?
This confirms that the evanescent field me-
diating the object-probe interaction is
highly localized in a volume much smaller
than A*, where A is the optical wavelength.
We present an intuitive theoretical model
for the photon STM process in terms of
the short-range quasi-static interaction de-
scribed by the Yukawa potential.

Figure 2(a) shows schematically the in-
teraction between a microscopic dielectric
object with radius « (<<A) and the probe

tip, where the probe tip can be regarded as
asetof dielectric spheres stacked one upon
another. Because of the locality of the eva-
nescent field, the interaction is considered
to be short-ranged and quasi-static in the
sense that retardation effects are not im-
portant. This feature makes it possible to
describe the localized evanescent field by
using the Yukawa potential, ¢(7) < exp(-7/
X oup) /T, Where X, is the Compton wave-
length characterizing the interaction range.
For the evanescent field around a small
circular aperture, we have obtained the
field distribution by setting %, equal to
the aperture radius,® which is consistent
with the numerical results based on the
conventional boundary problem.*

Since Yukawa potential characterizes
the interaction by means of quanta having
effective mass me = h/ %, the present
quasi-static short-range electromagnetic in-
teraction can be described as the exchange
of virtual photons with an effective mass.
This picture corresponds to the fact that
the evanescent photon localized in the vol-
ume &' has an extraordinary large momen-
tum (~#/a) due to Heisenberg’s uncer-
tainty. Thercfore it can be assumed that
the Compton wavelength is equal to the
radius for the case of the evanescent field
produced by a dielectric sphere. Also, the
momentum conservation for the exchange
of virtual photons allows us to assume that

T ke

3. 8un

QThH7 Fig. 1. SEM image of a sharp-
ened optical fiber-probe tip with a cone
angle of 15° that was fabricated by
selective chemical etching.

133

—]
L
-
z .
wn
O
>
=




P
<
)
=4
-
L
e

228 = Thursday Afternoon

QELS "93 Technical Digest

QThH7 Fig. 2. Model for describing the
quasi-static short-range interaction
between a microscopic object and the
probe tip, along with the experimental
result. (a) Model of the fundamental
process of the photon STM. (b) Efficiency
of picking up an evanescent field by a
probe tip with a cone angle of 6 in the
case of measuring an optically flat
substrate.
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QThH7 Fig. 3. Numerical result of the
intensity distribution of the evanescent
field around the optical fiber-probe tip
with a tip curvature of 5 nm and a cone
angle of 15°.

the evanescent field around the micro-ob-
ject interacts with one of the dielectric
spheres of a radius of X, in the probe
tip.

Since %, of the evanescent field on
the optically flat substrate is nearly equal
to A, the evanescent ficld couples most
efficiently with the dielectric sphere of a
radius of A in the probe. Therefore it is
expected that the efficiency of picking up
the evanescent field by a probe tip with a
cone angle of 8 is proportional to 1/sin (8/
2), which was experimentally confirmed,
as is shown in Fig. 2(b). This result sup-
ports the validity of our theoretical assump-
tions. Fig. 3 shows a numerical result for
the field distribution around the probe tip
irradiated by laser light propagating inside
the fiber probe calculated by this model.

In summary, the present model de-
scribes intuitively the quasi-static short-
range electromagnetic interaction between
microparticles by using the concept of vir-
tual photon tunneling. Such amethod also

comp
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makes it easy to understand the photon

STM process in a generalized framework

of the tunneling microscopes that includes

the STM and the atomic-force microscope.
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