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PREFACE

This is a research review by Assoc. Prof. M. Ohtsu, Tokyo

Institute of Technology (, formerly " Collected Papers on
Coherent Opto-Electronics" ). Since several improvements on the
coherence properties of my lasers have been achieved ( , e.g.,

the half-linewidth of a semiconductor laser field spectral
profile has been reduced to 7-Hz ), applications of these lasers
to several advanced systems have been started. Based on this
direction of researches, the title of this research review is
changed to "Collected Papers on Coherent Quantum Optics and
Technology" in order to include the topics of these application
systems. It contains copies of technical papers published during
August 1990 - July 1991.

Research subjects on lasers and optical detection systems,
being covered in this volume, are; (1) realization of highly
coherent lasers, (2) realization of a Peta-Hz-class coherent
optical sweep generators, and (3) highly accurate optical
frequency counting systems. In relation to the subject (3), a
study on optical properties of a High—Tc oxide superconduqtor
film has also begun recently in order to use it as a highly
sensitive and wideband photo-detector. Furthermore, frequency
control of a semiconductor laser-pumped YAG laser has begun in
April 1991 for gravitational wave detection. The results of these
studies will be reported in the forthcoming volumes.

With the help of the results of these researches, studies on

several advanced application systems have been carried out. Among



them, technical transfers of "A Passive Ring Cavity-type Fiber
Gyroscope"” and "A Semiconductor Laser-Pumped Rubidium Atomic
Clock" to the industry have been starting from this year,
sponsored by Research Development Corporation of Japan ( JRDC )
in order to develop commercially available systems. Research
subjects on the application systems being covered in this volume
are; (1) semiconductor Laser-pumped rubidium beam atomic clocks
to achieve a very high frequency accuracy, and (2) photon
scanning tunneling microscopes ( PSTM ) to be used as a super-
resolution optical microscope and as a processor for micro-
devices, bio-medical system, and so forth. Results of the
studies on the applications of the PSTM for manipulating atoms

and photons will be reported in the forthcoming volumes.

August 1991

’;;;{;%%i/ Cf?;-"

Motoichi OHTSU

* Back numbers of the collected papers are still available on

your request.
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Narrow-Linewidth Tunable Visible InGaAIP Laser,
Application to Spectral Measurements of Lithium,
and Power Amplification
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Coarse and fine tuning of a 3.3 THz sweep range for an optically stabilized InGaAlP laser were realized for the first
time by varying the angle of an external grating surface and the length of an external confocal Fabry-Perot cavity while
maintaining the narrow linewidth of less than 50 kHz. Optogalvanic spectral shapes of D, and D, lines in Li vapor were
measured by this laser, and the spectral splitting due to D.C. Stark effect was clearly observed. The laser power was
amplified 25 dB by a dye solution which was optically pumped by the second harmonics of a pulsed YAG laser.

KEYWORDS:
amplification

Linewidth reduction, frequency tuning, and high out-
put power have been required for visible InGaAlIP lasers
(wavelength of 600~ 700 nm)"? for applications in
analytical spectroscopy,” precise optical measurements,
and fundamental quantum optics. However, our
preliminary measurements showed that their field spec-
tral linewidths were as wide as 200 MHz, which were not
able to satisfy requirements in the above-mentioned ap-
plications. Although the output power as high as 300
mW has already been realized by a multimode broad-
area InGaAlP laser device,” the typical output power of
commercially available InGaAlP lasers is lower than 10
mW. The present letter demonstrates for the first time the
experimental results of three new trials. They are (1) the
linewidth reduction and frequency tuning by the
simultaneous optical feedback from an external confocal
Fabry-Perot (CFP) cavity” and from an external diffrac-
tion grating, (2) optogalvanic spectroscopy of Li vapor
to confirm the applicability of this improved InGaAlP
laser to spectroscopy, and (3) power amplification by a
dye solution which is pumped by the second harmonics
of a pulsed YAG laser to improve the sensitivity and
efficiency of the application systems described above.

Figure 1(a) shows the experimental setup for linewidth
reduction and frequency tuning. A Toshiba TOLD9211-
type InGaAlP laser was used without any AR coating. Its
maximum output power, wavelength, and field spectral
linewidth were measured as 4 mW, 670 nm, and 200
MHz, respectively, at room temperature. Temperature
fluctuations of the laser heat sink were reduced to less
than 1 mK. Although the negative electrical feedback
shows an extremely high gain and high stability for the
linewidth reduction,® the present study employed the op-
tical feedback for a simpler frequency tuning. The CFP
cavity had two mirrors of 99.5% reflectivity and the free

InGaAIP laser, linewidth reduction, frequency tuning, optogalvanic spectroscopy, power

spectral range of 1.5 GHz. The number of grooves and
the blaze wavelength of the external grating were 900
lines/mm and 600 nm, respectively. The separations be-
tween the laser and the CFP cavity, and the grating were
20 cm and 17 cm, respectively. The laser and all the op-
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Fig. 1. (a) Experimental setup for linewidth reduction and frequency
tuning. PZT: Piezoelectric transducer. (b) Field spectral profile of
the signal from the delayed self-homodyne system. FWHM: Full
width at half maximum. .
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tical components were fixed on a super Invar plate to
reduce thermal drift. Preliminary linewidth reduction
was carried out by optical feedback of the first-order
diffracted light from the external grating. A scanning
Fabry-Perot (SFP) interferometer (Spectra-Physics,
model 470-3, finess=60 at the 670-nm wavelength, free
spectral range=2 GHz) was used to measure the
preliminarily reduced linewidth. Coarse frequency tun-
ing was carried out by varying the angle of the grating sur-
face in cooperation with sweeping the temperature of the
laser heat sink. The tuning of the narrower frequency
range was carried out by a piezoelectric transducer PZT-
G. The value of the coarse tuning range was measured by
a grating monochromator. Further linewidth reduction
was carried out by simultaneous optical feedback from
the CFP cavity, where stable optical feedback was main-
tained by controlling the PZT-¢. The reduced linewidth
was measured by a delayed self-homodyne method” us-
ing a 2-km long optical fiber. The resolution of the
linewidth measurement was 50 kHz. The fine frequency
tuning was carried out by sweeping the CFP cavity length
by a PZT-C. The SFP interferometer described above
was also used to measure the fine-tuned frequency range.

A coarse tuning range of 3.3 THz was obtained by
simultaneous sweeps of the grating surface angle and the
heat sink temperature for 10°C ~20°C, and the field spec-
tral linewidth was reduced to 60 MHz. The external cavi-
ty modes composed of the laser facets and grating were
observed; however, the powers of these side modes were
reduced to lower than 1/40 of the main mode by
simultaneous optical feedback from the CFP cavity.
Figure 1(b) shows the field spectral profile of the delayed
self-homodyne signal. Its full width at half maximum
(FWHM) was exactly the same as the resolution of the
delayed self-homodyne system. This means that the true
value of the laser FWHM was less than 50 kHz, from
which it was confirmed that the laser FWHM was reduc-
ed to less than 2.5 % 107* times that of the free-running
laser. To the authors’ knowledge, such a narrow
linewidth has not been documented so far. It was also
confirmed that the fine tuning was realized for the first
time by sweeping the PZT-C while maintaining this nar-
row linewidth; i.e., precise and wide-band frequency tun-
ing was realized by combining the fine tuning with the
above-mentioned coarse tuning. It can thus be claimed
that this narrow-linewidth and wide-band tunable visible
laser is used instead of dye lasers for applications to
various precise optical measurements.

To confirm this applicability, optogalvanic spec-
troscopy of Li vapor was carried out by using a hollow
cathode lamp (Hamamatsu Photonics, L233-3NB), in
which a cathode containing Li atoms was used and a Ne
gas of 7 Torr pressure was filled. Figure 2 shows the spec-
tral profiles of the D, and D, lines of Li vapor measured
by the lock-in detection of the changes in the discharge
current by irradiating the chopped laser power to the
lamp. Their wavelengths have been known as 670.791 nm
and 670.776 nm, respectively.® The curves A, B, and C
correspond to the discharge currents of 4, 7, and 10 mA,
respectively. They confirmed that the measurements were
carried out by a very high signal-to-noise ratio. Spectral

Motoichi OHTSU, Hiromasa Suzuki, Kouhichi NEMOTO and Yasuaki TERAMACHI
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Fig. 2. Optogalvanic spectral shapes of D, and D, lines in Li vapor.
The discharge current for the hollow cathode lamp was 4 (A), 7 (B),
and 10 (C)mA.

splitting on curves B and C, which was due to the D.C.
Stark effect of the hyperfine energy levels in the ground
and excited states, can be clearly seen by increasing the
discharge current. For example, the separation between
the two peaks on the D, line of curve C was measured as
about 3.0 GHz. Quantitative comparison with the
calculated and measured magnitude of.the D.C. Stark
shift has not yet been completed because the magnitude
depended strongly on the complicated D.C. electric field
and the optical path in the hollow cathode. However, it
can be claimed by these measurements that the present
laser could be used as a reliable coherent and tunable
light source for sensitive laser spectroscopy.

For some applications such as the laser isotope separa-
tion, high-power-pulsed laser lights have been required.”
To confirm the feasibility of the present laser for such ap-
plications by pulse power amplification, the laser power
was amplified by using a dye solution which was optically
pumped by the second harmonics (SH) of a pulsed YAG
laser (Spectra Physics DCR-10(A)). Figure 3(a) shows an
experimental setup. A dye (Spectra Physics LDS698) was
dissolved into ethanol with a density of 225 mg//, and
was filled into a quartz glass cell. The optical path length
of the InGaAIP laser in the dye cell was 10 mm. A SH
pulse had the 350-mJ energy and the 10-ns pulse width.
The pulse repetition rate was 0.2 Hz. The SH was fo-
cused onto the dye cell by a cylindrical lens of 60-mm
focal length. Pinholes, lenses, and a grating
monochromator (resolution of several angstroms) were
used to reduce the amplified spontaneous emission (ASE)
power incident on the photodetector (Si-APD). The out-
put pulse waveforms from the sensitivity-calibrated Si-
APD were observed by a digital storage oscilloscope.

Figure 3(b) shows an example of observed waveforms.
The amplification gain was defined by I,/ L, where I, and
I, are the peak power of the amplified InGaAIP laser
waveform and the CW InGaAlP laser power incident
into the dye cell, respectively. (The I, is not shown in this
figure because its value was too small to be illustrated.)
As the first step, the value of I, was measured, and then
the peak power I; of the pulsed ASE was measured by
blocking the InGaAlP laser light in front of the dye cell.
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Fig. 3. (a) Experimental setup for InGaAlP laser power amplification
by a dye solution which was pumped by the second harmonics of a
pulsed YAG laser. SHG: Second harmonics generator. (b)
Oscilloscope traces of the signal from the APD in (a). /,: The peak
power of the amplified InGaAIP laser. I,: The CW power of the
InGaAIP laser incident into the dye cell, which was too low to be il-
lustrated in this figure. I;: The peak power of the amplified spon-
taneous emission from the optically pumped dye solution.

As the second step, the value of I, + I+ I; was measured.
The amplification gain was calculated by these values to
obtain 7,/ ,=25 dB within the maximum available value
of I, (=0.5 mW). The maximum available power I, was
lower than the original output power from the free-runn-
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ing InGaAlP laser because the power has been attenuated
by the beam splitters, mirrors, and pinholes in Figs. 1(a)
and 3(a). The amplification gain could be large enough so
as to be used as a pulsed light source to improve the sen-
sitivity and efficiency of several analytical spectroscopy
systems.

In summary, the linewidth of the InGaAlP laser was
reduced to less than 50 kHz, i.e., less than 2.5%x10~*
times that of the free-running laser, by the optical feed-
back. Frequency tuning was realized for 3.3 THz sweep
range while maintaining the narrow linewidth. Spectral
splitting due to the D.C. Stark effect of optogalvanic spec-
tral shapes of D, and D, lines in Li vapor was observed.
The laser power was amplified 25 dB by a dye solution
which was optically pumped by the second harmonics of
a pulsed YAG laser.

The authors are indebted to H. Sasada of Keio Univ.
for providing a hollow cathode lamp and to K.
Nakagawa and S.-H. Shin of their research group for
valuable discussions.
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An Allan Variance Real-Time Processing System
for Frequency Stability Measurements
of Semiconductor Lasers

K. KUBOKI ANp M. OHTSU, MEMBER.IEEE

Abstract—A real-time frequency stability measurement system for
semiconductor lasers was developed. Since the frequency of the input
signal is successively measured without clearing the counter, the Allan
variance can be accurately measured by following its definition. Mea-
surements of the Allan variance made with this system are more ac-
curate than those made with conventional instruments. The Allan
variance may be measured for integration times t from 1 ps to 10 000
s, and the number N of measured frequencies averaged over the inte-
gration time t can be arbitrarily selected up to N = 707 for each inte-
gration time. The highest measurable frequency was 90 MHz. It was
demonstrated experimentally that this system can be used for mea-
surements of the frequency stability of semiconductor lasers.

I. INTRODUCTION

EMPORAL coherence of semiconductor lasers needs

to be improved when they are used for coherent op-
tical communications, and coherent optical measure-
ments. To accomplish this, several groups have been using
frequency stabilization [1], [2] and linewidth reduction of
the field spectrum [2]-[4]. They have also been develop-
ing a heterodyne frequency-locked loop (HFLL) [5] be-
tween semiconductor lasers by using frequency -offset
locking methods [6]. In order to evaluate the performance
of the HFLL, measurements of the frequency stability of
the heterodyne signal were required. For longer integra-
tion times and an increased number of measurements, fre-
quency stability needs to be efficiently evaluated. A fre-
quency and time interval analyzer HP5371A (Hewlett-
Packard) [7] is commercially available for measuring fre-
quency stability. Its fundamental functions are continuous
counting and recording of the time of signal zero-cross-
ings. In other words, it measures the relation between time
and frequency. Frequency stability measurement does not
require the determination of the heterodyne frequency but
only the measurement of relative frequency change. The
HP5371A can measure the frequency stability for integra-
tion times up to 8 s. In the present paper, the authors de-
veloped a real-time frequency stability measurement sys-
tem, i.e., the Allan variance real-time processing system
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(ARPS) which is quite simple and can measure frequency
stability for integration times from 1 us to 10 000 s.

II. HARDWARE OF THE ARPS

The ARPS calculates the square root of the Allan vari-
ance as a measure of the frequency stability of semicon-
ductor lasers. The Allan variance is calculated [8] by

N-1
1

SN=T) Z (fir = fY /8 (1)

where f; is a signal frequency averaged over the integra-
tion time 7, N is the number of averaged frequencies (f;),
and f; is the nominal frequency of the oscillator that is
being evaluated. The averaged frequency f; can be ob-

oy(7) =

“tained by

fi=(Cyi - Ci)/T (2)

where C; is the number of TTL pulses obtained from pos-
itive-going zero crossings of the sinusoidal analog input
signal in the time interval 7 (s5). The timing chart is shown
in Fig. 1. It should be noted that the definition of the Al-
lan variance requires zero deadtime between successive
measurements of C; [8]. The deadtime of this system is
sufficiently small compared to 7. If these measurements
were to contain significant deadtime, the Allan variance
could diverge as it does when the fluctuations are caused
by flicker noise, random walk, etc. [9].

The block diagram of the ARPS is shown in Fig. 2. The
ARPS is composed of a counter, a memory, and a per-
sonal computer (PC). Since high-speed-type TTL inte-
grated circuits are used in the counter and memory, the
maximum measurable frequency of the input signal is as
high as 90 MHz. The number of TTL pulses, that is con-
verted from the sinusoidal analog input signal, is contin-
uously counted by a 32-bit synchronous binary counter
without clearing the counted value. Thus there is no dead-
time in counting the pulse number. The output signal from
the counter is transferred to a 32-bit latch. This latch is
followed by two 16-bit buffers, and these buffers are con-
nected to the data terminals of a 4-kbyte static RAM.
Since this RAM is a 16-bit X 2048 device, output signals
from the 32-bit latch are divided into the upper 16-bit and
the lower 16-bits. The values of these divided bits are
stored in this RAM and the shortest measurable integra-

0018-9456/90/0800-0637$01.00 © 1990 IEEE
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Fig. 1. Timing chart of the TTL pulses used in the ARPS. C; is a number
of the input TTL pulses coming into the counter within the time interval
7, where 7 represents the integration time of the Allan variance mea-
surement. The time interval between adjacent pulses of the divided stan-

dard signal determines 7.
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Fig. 2. Block diagram of the ARPS. The block surrounded by the broken
lines represents the counter and memory.

tion time of frequency stability is determined by its access
speed. Because of the capacity of the RAM, the maximum
value of N in (1) can be fixed at 707, which is large enough
to measure the Allan variance accurately. An address
counter is connected to the address terminals of the static
RAM to up-count the stored address. Furthermore, a 16-
bit buffer is also connected to the data terminals of the
RAM to transfer the counted signal stored in the RAM to
the PC.

A standard TTL pulse signal is generated from an os-
cillator for timing control and for fixing the value of the
integration time 7. Its repetition frequency is 1 MHz, and
the frequency accuracy and stability are 107* and
1073 /year, respectively. Two dividers are connected in
series to the next stage of the oscillator. The frequency of
the standard signal can be divided by anything from 1 to
10'* by these dividers, where the division ratio is selected
by the control signals applied to the dividers from the PC.
Thus the frequency is varied between 1 MHz and 0.0001
Hz, and this varies the range of 7 between 1 us and 10 000

s. An external standard TTL pulse signal of 1 MHz fre-
quency can also be used instead of the signal from the
oscillator. The Allan variance can be measured with
higher precision if the external standard signal is derived
from a more stable oscillator. If an external standard sig-
nal with a frequency lower than 1 MHz is supplied, the
frequency stability for 7 = 10 000 s can be measured. In
this case, the longest measurable integration time is given
by f o X 10'° (s), where fexs (Hz) is the frequency of the
external standard signal. Control signals in the timing
controller for the latch, the static RAM, the address
counter, and the buffers can be generated by using the
output signal from this oscillator or they can be generated
from the oscillator in the PC.

The PC used in the ARPS was a PC-9801Vm (NEC).
A parallel interface board with two programmable periph-
eral interface IC’s was added to the PC. This board was
used to exchange the signals between the PC and the block
of the counter and memory.

III. OPERATION OF THE ARPS

Fig. 1 shows a timing chart of the pulses used in the
ARPS. The ARPS begins measuring the values of f; with-
out any manual operation when the oscillator starts gen-
erating the standard signal. The ‘‘start/stop’’ command to
the standard signal is controlled by a program of the PC,
and the time interval between adjacent pulses of the stan-
dard signal is fixed to be the same as the integration time
7 for calculating the Allan variance. The 32-bit counted
values of C; are latched at every 7 (s). The output signals
from the latch are divided into two 16 bits, and sent to the
two 16-bit buffers. To store these two 16-bit counted val-
ues into the static RAM, the timing controller generates
two ‘‘write enable’’ pulses and two clock pulses for the
'static RAM and for the address counter, respectively. This
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Fig. 3. Flowchart of the prograrﬁ of the ARPS. Each number given next
to the block corresponds to sequence number described in the paper.

occurs at each rising edge of the standard signal pulse
from the oscillator.

Fig. 3 shows a flowchart of the computer program for
the ARPS. Functions of this program are reading the val-
ues of the parameters 7 and N, initializing the counter and
memory, reading the value stored in the RAM, and cal-
culating the Allan variance. The operating procedures of
the computer program are summarized as follows.

1) As soon as the input of a range of 7 and N for each
7 is finished, all the flip-flops used in the timing controller
and the address counter are cleared.

2) The time interval between adjacent pulses of the
standard signal is fixed to the value of the shortest inte-
gration time, and an initial value of the address counter is
fixed to (2048 — 2 X N).
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3) After initializing by 1) and 2), the oscillator begins
generating the standard signal. Data acquisition is then
carried out automatically.

4) After the static RAM stores the values of C; for N
times (i.e., when the value of the address counter reaches
2048), an interrupt signal is sent from the block of the
counter and memory to the PC.

5) When the interrupt signal is received by the PC, the
program stops generating the standard signal from the os-
cillator, clears all flip-flops, and again fixes the value of
the address counter to (2048 — 2 X N).

6) The program carries out an IN read command through
the parallel interface board. The values stored in the
memory cells at address numbers (2048 — 2 X N) and
(2048 — 2 X N + 1) in the static RAM are read by the
PC. The TTL level of the input-output read signal (IOR
signal) of the PC is changed from high to low to high in
sequence by the IN command.

7) By using the IOR signal, the timing controller sends
two more clock pulses to the address counter. Then, the
values stored in the memory cells at address numbers
(2048 — 2 X N + 2) and (2048 — 2 X N + 3) in the
static RAM are read by the PC by a second execution of
the IN command. .

8) When the program carries out the IN command N
times, all values stored in the RAM are read into the PC.

9) If there are any other integration times 7 for mea-
suring the Allan variance, the time interval between ad-
jacent pulses of the standard signal is fixed to the next 7
and the procedures of 2)-8) are repeated.

The Allan variance is then calculated by using 1) and
2), and the measured values of C; obtained by the proce-
dures of 2)-9).

IV. EVALUATION OF PERFORMANCES OF THE ARPS
AND THE EXAMPLES OF MEASUREMENTS

Fig. 4 shows a range of values of the square root of the
Allan variance which can be measured by the ARPS. On
the vertical axis, the values of the squared root of the Al-
lan variance are normalized to the nominal optical fre-
quency fo (375 T + Hz) of a semiconductor laser of
0.8-um wavelength. The range of integration times for
which the Allan variance could be measured was from 1
ps to 10 000 s. Since the value of C; was measured by the
TTL counter in the ARPS, a roundoff error of +1 count
may occur. Because of this count error, the lower limit of
the measurable range of the square root of the Allan var-
iance is expressed as

%(T)bwalmm = 6" ! (3)

Line 4 in Fig. 4 represents the value of (3). The upper
limit of the measurable range is determined by the re-
sponse speed (line B) of the TTL counter used in the
ARPS and by the maximum number of Eulses countable
(line C) by the counter (2°2 = 4.3 x 10 counts).-Curve
D represents a calculated value of normalized frequency
fluctuations caused by the spontaneous emission of 0.8
pm semiconductor lasers whose typical optical output
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Fig. 4. The range of values of the Allan variance which can be measured
by the ARPS. The vertical axis represents the square root of the Allan
variance, which is normalized to the optical frequency of a semiconduc-
tor laser of 0.8 um wavelength. Curve 4: Lower limit caused by +1
count error. Curve B: Upper limit determined by the response speed of
the TTL counter used in the ARPS. Curve C: Upper limit determined by
the maximum number of pulses countable by the counter (2*? = 4.3 X
10° counts). Curve D: The calculated value of the frequency stability of
0.8 um AlGaAs lasers determined by the magnitude of spontaneous
emission [11].

power is 3 mW [10]. Since curve D lies within the range
surrounded by the lines 4, B, and C, we conclude that the
frequency stability of semiconductor lasers can be mea-
sured by the ARPS.

To check the operation of the ARPS, a test signal was
prepared by dithering the output of a frequency synthe-
sizer to give

f(t) = fo + (Af/2) sin (27f,1) (4)

where f, is the center or nominal frequency, Af is the
peak-to-peak value of the frequency deviation, and f,, is
the modulation frequency. Prior to the measurement by
the ARPS, the Allan variance of frequency fluctuations of
this controlled dithered test signal was calculated. The
power spectral density of frequency fluctuations can be
derived from (4), and expressed as
2

5,(f) = Af 80/~ 1) (5)
where the suffix y represents the frequency fluctuations
normalized to fy, and 6( f — fp) is a delta function. The
relation between the Allan variance and the power spec-

tral density of frequency fluctuations is given by [10], [11]

sm"(‘lrfr)
(nfr)’

The Allan variance for (4) can be calculated from (5)
and (6) to give

_ (Af- sin?(7f,7)
oi(r) = (—2 . > (7

Fig. 5 shows the values of the square root of the Allan
variance calculated by (7) as well as the values measured
by the ARPS. The values of f,,, Af, and f; in (4) and (7)
were fixed to 12.3 kHz, 12 MHz, and 22 MHz, respec-
tively. The good agreement of the two results in this fig-
ure confirms the accurate operation of the ARPS.

By using the ARPS, the frequency stability of two
semiconductor lasers (CSP-type, Hitachi, HL8312E, 0.83

am =2 s ™y ()
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Fig. 5. Results of the operation test of the ARPS by using an artificially
dithered signal. The solid curve and broken line represent calculated val-
ues, where the broken line is an envelope of the sinusoidally oscillating
solid curve. Open circles represent measured values. The values of mod-
ulation frequency f,,. frequency deviation Af, and nominal frequency f,
were fixed to 12.3 kH, 12 MHz, and 22 MHz, respectively.
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Fig. 6. Experimental setup for the frequency stability measurement of two
semiconductor lasers whose frequencies were stabilized independently
by using a Fabry-Perot interferometer as a common frequency reference.

pm wavelength) was measured. Fig. 6 shows the experi-
mental setup. The frequencies of both lasers were inde-
pendently stabilized by using a linear portion of a slope
of the resonance curve of a Fabry-Perot interferometer as
a common frequency reference. The Fabry-Perot inter-
ferometer was made using a cylindrical rod of fused silica
with dielectric multilayer films coated on both ends. The
reflectivity of these films was 90%. The free spectral range
of this interferometer was 3.45 GHz. The Allan variance
oﬁM('r) of residual frequency fluctuations of the hetero-
dyne signal between the two lasers was measured by the
ARPS. The average of the heterodyne signal was 200
MHz, and this frequency was divided by 5 before it was
applied to the ARPS. Fig. 7 shows the results of this mea-
surement. In this figure, the square root of the Allan vari-
ance aiM(r) of the residual frequency fluctuations §f was
represented by normalizing to the nominal optical fre-
quency fy, i.e., y = 8f/fy. Curves A and B represent the
values under free-running and feedback conditions, re-
spectively. Since the bandwidth of the feedback loop was
20 kHz, the value of curve B was smaller than that of
curve A for the range of 7 = 50 pus. The minimum of
curve B was 1.5 X 107" at + = 2 s, which corresponds
to frequency fluctuations of 54 kHz.

The frequency stability of the heterodyne signal in a
HFLL was also measured. Fig. 8 shows an experimental
setup for this measurement. Detailed explanations of this
system has been given elsewhere [12]. The master laser
frequency was stabilized by the method shown in Fig. 6,
and its frequency stability was approximated by curve B
in Fig. 7. The frequency of the heterodyne signal between

7
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Fig. 7. Frequency stability of the semiconductor lasers measured by using
the ARPS. 02,,(-7) represents the square root of the Allan variance of the
residual frequency fluctuations of the heterodyne signal between two
semiconductor lasers, which was normalized to the nominal optical fre-
quency. Curves 4 and B represent the values under free-running and
feedback conditions, respectively.
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Fig. 9. Frequency stability of the heterodyne signal between the master
and the slave lasers by using the ARPS. af.,,,(r) represents the square
root of the Allan variance of the residual frequency fluctuations of the
heterodyne signal, which was normalized to the optical frequency. Curves
A and B represent the values under free-running and feedback conditions,
respectively.
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the master and the slave lasers was locked to that of a
stable microwave synthesizer so that the slave laser fre-
quency accurately tracked the master laser frequency. The
frequency of the heterodyne signal was 30 MHz. The Al-
lan variance o_‘z.M( 7) of the residual frequency fluctuations
of the heterodyne signal was measured by the ARPS to
evaluate the performance of this system quantitatively.
Fig. 9 shows the results of this measurement. This figure
shows relative frequency fluctuations between master and
locked slave lasers. These results are also expressed by
the square root of the Allan variance a_f,M(’r) of the resid-
ual frequency fluctuations §f normalized to the nominal
optical frequency fy (y = 8f/fy). Curves A and B repre-
sent the values under free-running and feedback condi-
tions, respectively. Since this system has a bandwidth
wider than 1 MHz, the value of curve B is lower than that
of curve A at 7 = 1 us. The minimum of curve B was 2.2
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X 107" at 7 = 1000 s, which corresponds to relative
frequency fluctuations as low as 0.8 Hz.

V. CONCLUSION

An Allan variance ARPS was developed for frequency
stability measurements of semiconductor lasers. The per-
formance of this system is summarized as follows.

1) Since the number C; of the input TTL pulses in this
system can be read without clearing the counter and there
was no deadtime in measurements, and the Allan variance
can be accurately measured.

2) The square root of the Allan variance can be mea-
sured for integration times from 1 us to 10 000 s.

3) The maximum number of data of values of the aver-
aged frequency f; measurable by this system is 707.

4) The highest measurable frequency of the signal is
90 MHz. '

The result of measurements of the frequency stability
of two semiconductor lasers by the ARPS gives a mini-
mum o2, (7) of 1.5 X 107'%at 7 = 2 5. This corresponds
to frequency fluctuations of +54 kHz. Measurements of
the frequency stability of the heterodyne signal in the het-
erodyne frequency locked loop gave a minimum aiM(r)
of 2.2 x 107" at 7 = 1000 s. This corresponds to fre-
quency fluctuations between the locked laser and the mas-
ter laser of about 0.8 Hz.
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IMPROVED ALLAN VARIANCE REAL-TIME
PROCESSING SYSTEM TO MEASURE
FREQUENCY TRACKING ERROR OF
HETERODYNE OPTICAL PHASE-LOCKED
LOOPS

Indexing terms: Optical communications, Phase-locked loops

The performance of an Allan variance measuring system
was drastically improved by employing time interval analysis
incorporating a beat frequency method. It was used to evalu-
ate the performance of a heterodyne optical phase-locked
loop with a very low optical frequency tracking error of
0-4mHz at the integration time of 70s. Advantages of the
system are precise measurement for highly stable frequency
sources with good reproducibility and simple structure.

Allan variance is a popular and important measure of the
frequency stability of frequency sources.!2 It can also be used
to evaluate the performance of phase-locked loops in the time
domain.? To measure the stability of the optical frequency of
stabilised semiconductor laser diodes (LD) and the frequency

offset-locked heterodyne signal between two LDs, we have .

proposed and demonstrated an Allan variance real-time pro-
cessing system (ARPS),* which employed the direct frequency
counting method. In this system, the frequency of the source
under measurement is down-converted to a countable fre-
quency of the ARPS by a photo-diode and/or a double bal-
anced mixer (DBM) or frequency dividers. The performance of
the ARPS was high enough to measure the frequency stabil-
ities of LDs under stabilised and free-running conditions. Its
resolution was limited by one count ambiguity during a sam-
pling period, which means that the ARPS cannot resolve the
frequency fluctuations smaller than 1 Hz in a sampling period.
To overcome this restriction, we have developed a novel
ARPS employing the time interval analysis method. The
optical frequency tracking performance of a heterodyne
optical phase-locked loop with the phase error of 0-14rad
could be successfully evaluated by this novel system.

Fig. 1 shows the new ARPS. The frequency under test v, is
down-converted to a lower frequency so that the final beat
frequency vy < vy, where vy is the frequency of the time

@ oscillator 2

r personal computer j
cals| gls| |¢|0B
parallel interface board |

buffer

—I-— 32 bit batch
I timing L -
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Fig. 1 Novel Allan variance real-time processing system

DBM: double balanced mixer

LPF:low ;s filter

ZCD: zero crossing detector

TBP: pulse generated by time base signal
CE: count enable

LE: latch enable

OE: output enable

CB: control bus

AB: address bus

DB: data bus

ontrol
interrupt

base. Then the sinusoidal signals with the frequencies of
vrg and vy are converted to TTL level digital signals by zero
crossing detectors (ZCD), which are high speed voltage com-
parators. The number of pulses generated by the time base
signal is continuously counted by a 32 bit counter, which
consisted of four 8-bit TTL counters. Each digital signal cor-
responding to vz generates two timing pulses at the same time,
i.c, one is the interrupt signal to the personal computer and
the other is the latch enable signal to the 32-bit data latch.
From these timing signal, the 32-bit data latch latches the
value of the 32-bit non-stop counter, and the computer reads
the latched value through two 16-bit data buffers and a paral-
lel interface board as soon as it receives the interrupt signal.
By this operation, the computer can collect the number of
pulses corresponding to the frequency of the time base during
each period of vy without any dead time for measurement.
The integration time, 7, can be determined by m/vy, where m is
a positive integer selected by the software program. The
minimum measurable integration time is 1/vz. The maximum
distinguishable counting value is 232 because the value of the
counter is zero when the number of counters reaches 232, The
condition of 23%/(tv;) > 1 is therefore required. Timing and
gating circuits, the counter, the data latch and the data buffer
were constructed using commercial TTL logic ICs. The
maximum operating frequency of the system was about
30 MHz. The total required sample number N for each  to be
measured can be selected using software, and the Allan
variance aj(r) can be calculated using the collected data and
the equation

2 2 N-1 2
(1) = (2) (L) [ Ly Q=) ] )
vo/ \tvre/ LN -1 .5, 2

where y, is the collected data for the kth sampling period.
Frequency stabilities of the oscillators | and 2 used for the
time base and the frequency down conversion of v, have to be
higher than that of the device under test. If we ignore the
effects on the measurement of instabilities in the oscillators 1
and 2, the measurement limit is determined by one count
ambiguity of the time base signal during a sampling period
and is given by

02 i0) = (E)Z(L)z @
\'o TVT B,

Considering that the measurement limit of the previous ARPS
was given by (1/1vg)%,* the measurement limit of the new
ARPS is improved by a factor of (v;5/vg)*. The Allan variance
of a higher stable frequency source can be measured by
increasing this factor.

Precise frequency tracking between two LDs could be
achieved by a heterodyne optical phase-locked loop (OPLL),%
on which experiments have been carried out using two confo-
cal Fabry-Perot cavity coupled LDs with spectral linewidths
less than 10kHz and wavelengths of 0-83 um. The optical fre-
quency tracking error of the heterodyne OPLL was measured
by the new ARPS. A measured result is shown by the closed
circles (B) in Fig. 2, where v, was the optical frequency of the
LDs used in the OPLL experiment. The broken curve A and
the solid line C in Fig. 2 are the theoretical measurement
limits for the previous ARPS and the new ARPS, respectively.
In this measurement, v;5 and v, were 5MHz and 1kHz,
respectively. The line C was determined with these values and
eqn. 2. From the measurements we find that the minimum
optical frequency tracking error was 0-4mHz at t = 70s,
which is the lowest value among the published data. Such a
stable phase-locked laser heterodyne signal could not be
evaluated in the time domain with the previous ARPS as can
be seen by comparing the experimental result B with the curve
A in Fig. 2. To confirm the reproducibility of the measure-
ment, the Allan variance of a signal was repeatedly measured
more than 10 times, and the results showed very good repro-
ducibility.

In summary, a novel Allan variance real-time processing
system with high performance and simple structure was made
with commercial TTL logic ICs, a popular 16-bit personal
computer and some analogue circuits. This system could be
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applied to evaluate a heterodyne optical phase-locked loop
with a very low optical frequency tracking error. This system
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Fig. 2 Square root of Allan variance against integration time

A: measurement limit of the previous ARPS employing the direct
frequency counting method

B: measured results of a stably phase-locked laser heterodyne
signal to show an example

C: measurement limit of the new ARPS when vy = 1kHz and
vrg = SMHz

can also be applied to measure the frequency stability of a
highly stable microwave oscillator.

The authors thank Mr. Budi Pardono of the Indonesian
Institute of Science for technical assistance and also thank Dr.
K. Kuboki of Hitachi, Ltd, and Dr. M. Hashimoto of Sony,
Ltd,, for their fruitful discussions on the design of this new
system.
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An AlGaAs laser was used as a phase conjugate mirror. Reflectivities as high as 10* and bandwidth as wide as 1.9 GHz
were observed. The linewidth of a second AlGaAs laser was reduced to 1/5 times that of its free-running value by optical
feedback of the phase conjugate wave generated by the first laser. The reduced linewidth was independent of the separa-
tion between the two lasers, and was maintained in a stable manner for over two hours.

KEYWORDS: AlGaAs laser, phase conjugate wave, four-wave mixing, linewidth reduction, optical feedback

Linewidth reductions of semiconductor lasers (SL’s)
have been carried out by electrical and optical feedback
to meet requirements for various applications. By
negative electrical feedback, a linewidth of 560 Hz has
been obtained by using a reproducible and optimal
design for a stable feedback circuit.” For the optical feed-
back, a diffraction grating and a Fabry-Perot in-
terferometer were used as an external reflector to reduce
the linewidth to several tens of kHz>* Although the op-
tical feedback system structures are simple, they have the
problem of instability induced by the phase change of the
light fed back from the reflector. In this connection,
stable optical feedback is expected by utilizing a phase
conjugate wave (PCW) since it does not require optical
path length control because of the self-aligning nature of
a phase conjugate mirror (PCM). Although this type of
feedback has been demonstrated by using a BaTiO; as a
PCM, jumps between the external cavity modes were ob-
served, and furthermore, the build-up time of the PCW
was too long for this application due to the slow response
time of the BaTiO;.”

The SL is an efficient device to generate a PCW® by
four-wave mixing (FWM)™ because of its large third-
order nonlinear susceptibility x*, fast response time, and
a high laser power density in the active waveguide which
is used as the pump power.? In this letter, as an active ap-
plication utilizing the above-mentioned property of the
SL as a PCM, stable linewidth reduction of a SL is
reported for the first time by the optical feedback of
PCW generated in another SL.

Two 833 nm wavelength AlGaAs SL’s (Hitachi,
HL8312E) were used without any AR coatings, whose
heat sink temperatures were controlled at 25°C to within
1 mK fluctuations. The inset of Fig. 1 shows the ex-
perimental setup used to measure the property of nearly
degenerate FWM process in a SL. Part of the laser beam
was slightly frequency-shifted (dv=80MHz) by an
acousto-optic modulator, and was used as a probe beam
by injection into the SL. The frequency of the incident
probe beam is, therefore, vo+Jv, where v, is the fre-
quency emitted from the SL. By this injection, the PCW

of the frequency vo—Jv generated from the SL was ob-
served by a scanning Fabry-Perot interferometer (FP in
this figure). The main part of this figure shows the
dependence of the reflectivity of the PCM (the ratio be-
tween the PCW power P. and the probe power P, ir-
radiated to the SL) on the normalized bias level I/, —1
(1 and I,;, are the injection current and its threshold value,
respectively). This figure shows that the reflectivity
decreased with increasing P;,, which agreed with the
results presented by Fig. 3(b) of ref. 6. Although it may
be expected that the reflectivity increased with increasing
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Fig. 1. A relation between the reflectivity of the PCM and the normal-
ized bias level. The inset represents the experimental setup. SL:
semiconductor laser. FP: scanning Fabry-Perot interferometer. OA:
optical attenuator used to keep the probe power at a constant value
when the injection current was varied for the measurement. v,: laser
frequency. The probe powers P,, irradiated to the SL were —41 dBm
(A), —36 dBm (B), and —31 dBm (C). An acousto-optic modulator
(AOM) was used to fix the detuning between the pump and probe
beams to 6v=80 MHz.
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I/I,—1 because the pump power is proportional to
I/I,—1, it is seen from this figure that it decreased with
increasing I/I,—1. This decrease was attributed to the
decreases in the corrugation depth of the index grating.
The origin of this grating generation can be interpreted
as follows: the carrier density N cannot reach its
threshold value Ny, even though 7= I, because of the con-
tribution of the spontaneous emission to the laser oscilla-
tion.'” By increasing the value of I/Is, Nw— N gradually
decreases, which means that the corrugation depth of the
grating decreases by increasing the bias level. It can be in-
terpreted that the reflectivity decreased by increasing
I/ I, — 1 because the contribution from the decrease of the
corrugation depth was larger than that from the increase
of the pump power. Although the decrease in the reflec-
tivity has been briefly pointed out in ref. 7, it was, to the
authors’ knowledge, quantitatively demonstrated for the
first time by the present work. In the range of
I/14,—1>0.7 in this figure, the reflectivity took a con-
stant value, whose cause may also be a large contribution
from the decrease of the corrugation depth. However, no
accurate theoretical model to explain the dependence of
the reflectivity on the bias level has appeared. Develop-
ment of this theoretical model remains a problem to be
solved.

Figure 2(a) shows an experimental setup to measure
the dependence of the. PCM reflectivity on the detuning
between the probe and pump beams. The output from a
SL1 was used as a probe beam and was injected colinear-
ly into the active waveguide of a SL2 (a PCM device).
Figure 2(b) shows the measured results when the probe
powers Py, irradiated to the SL2 were —32 and —25
dBm, and //I;,—1=0.53 for the SL2. The curves A and
B are the Lorentzian which were least-square-fitted to the
measured values. Their full widths at half maximum
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Fig. 2. (a) An experimental setup to measure the relation between the
reflectivity of the PCM and the detuning between the pump and
probe beams. OA: optical attenuator. L: lens with a focal length of
46 mm. A, and A,: apertures. (b) Measured results. Open and closed
circles are for P,,=—32 and —25 dBm, respectively. The curves A
and B are the Lorentzian, which were least-square-fitted to the ex-
perimental results. .
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(FWHM) were 390 MHz and 1.9 GHz, respectively. The
FWHM increased with increasing P;,, which agreed with
the theoretical prediction by Fig. 4 of ref. 11. The PCW
powers at the peak of these curves were estimated as 2.6
and —2.9 dBm, respectively, which were sufficiently high
for application to the optical feedback. For reducing the
phase fluctuations and linewidth of the SL1 by optical
feedback of the PCW, the response time of the PCM
should be sufficiently fast in order to follow temporal
variations of the fluctuating phase. Since the bandwidth
of the PCM (as wide as 1.9 GHz in Fig. 2(b)) was much
wider than the free-running linewidth of the SL1, it can
be expected that the linewidth of the SL1 be reduced. It
should be noted that the essential property of the PCM re-
quired for the linewidth reduction is the sufficiently
broad bandwidth.

Next, the linewidth reduction of the SL was carried out
by utilizing the PCW for the optical feedback method.
The experimental setup for the optical feedback was
almost the same as that shown by Fig. 2(a). However, the
optical isolator was removed, and the optical axis of the
probe beam was aligned slightly off-axis to that of the
pump beam. A high finesse (=20,000) scanning Fabry-
Perot interferometer 1 (FP1) was used to observe the field
spectral profile of the SL1. Its free spectral range was 6
GHz. A scanning Fabry-Perot interferometer 2 (FP2)
was used to monitor the detuning between the pump and
probe beams.

The experimental condition was optimized based on
the following criteria: (1) The bias level of the SL2 was ad-
justed low enough to get a high efficiency of the PCW
generation. (2) The value of P;, was adjusted low enough
to avoid the injection locking of the SL2 to the probe
beam. (3) A lens L with a long focal length (46 mm) was
placed in front of the SL2 so that the probe beam was fo-
cused onto the SL2 and the pump beam emitted from the
SL2 was well diverged. Two apertures (A, and A,) were
placed to block most of this divergent beam. As a result,
the emitted pump power irradiated to the SL1 was reduc-
ed to —45 dBm.

Numerical values of the optimized experimental
parameters were: I/I;,—1=0.93 and 0.53 for the SLI
and SL2, respectively. The probe power P;, incident to
the SL2 was —20 dBm. The off-axis angle was 5.2 x 1073
degrees. The PCW power reaching the SL1 was —18
dBm, which was estimated by extrapolating the results of
Fig. 1 to P,,=—20 dBm and by considering the losses of
the optical elements between the two SL’s. Measured
field spectral profiles of the SL1 are shown by Fig. 3(a),
where the solid and broken curves are for the optical feed-
back and the free-running conditions, respectively. By
the optical feedback, the FWHM of the field spectrum
Av was reduced to 1/5 times that of the free-running
laser.

It was confirmed by the four measurements listed
below that this linewidth reduction was not due to a con-
ventional optical feedback from an external reflector: (1)
To confirm the independence of the reduced linewidth on
the separation between the two lasers, the separation was
varied by a piezoelectric transducer (PZT) on which a
beam splitter 2 (BS2) in Fig. 2(a) was mounted. Figure
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Fig. 3. (a) The field spectral profile measured by a scanning Fabry-
Perot interferometer 1 (FP1). The solid and broken curves represent
the results under optical feedback and free-running conditions, re-
spectively. (b) A relation between the FWHM of the SL1 and 4z,
where Az is the variation of separation between two SL’s. A: laser
wavelength.

3(b) shows the results and confirms that the reduced
linewidth was independent of the variation Az of the
separation. (2) The measurements using the FP1 showed
that no additional external cavity modes of the SL1 ap-
peared within the measurement dynamic range of 21 dB.
Furthermore, no instabilities such as mode jump between
the external cavity modes were observed. (3) The reduced
linewidth was maintained in a stable manner for over two
hours without any servocontrol loops. (4) When the SL2
was replaced by an Al-coated mirror to inject the same
amount of the light power into the SL1 as that by the ex-
perimental conditions given above, the linewidth could

Motoichi OHTsU, Isao KosHiisHI and Yasuaki TERAMACHI

not be accurately measured by the FP1 because the SL1
exhibited oscillation instabilities due to conventional op-
tical feedback. To maintain the stable linewidth reduc-
tion for over two hours, the frequency difference between
the SL1 and SL2 under free-running conditions must be
less than the bandwidth of the PCM given by Fig. 2(b).
However, since the temperature fluctuations of the two
SL’s were maintained within 1 mK, it was confirmed that
the frequency difference should be kept lower than 60
MHz. This value satisfies the requirement presented
above.

It was also experimentally confirmed that injection
locking did not occur when the off-axis angle was as large
as 5.2% 1073 degrees and the injection power from the
SL2 was lower than —25 dBm. It could be said that the
present system using a SL as the PCM is more advan-
tageous than that using photo-refractive materials or
atomic vapors because the two SL’s may be integrated
together with passive channel waveguides on a common
semiconductor substrate.

In conclusion, it was demonstrated that a SL could be
used as an effective and stable PCM. The linewidth of
one SL was reduced to 1/5 by the optical feedback of the
PCW generated from another SL. The reduced linewidth
was independent of the separation between the two SL’s,
and was maintained in a stable manner for over two
hours.

The authors are indebted to K. Nemoto of the Central
Research Institute of Electric Power Industry for his
valuable comments. The assistance of and discussions
with K. Nakagawa, C.-H. Shin, and H. Suzuki of the
authors’ research group are gratefully acknowledged.
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Stable semiconductor laser with a 7-Hz linewidth by an
optical-electrical double-feedback technique
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A semiconductor laser with a linewidth of 7 Hz locking to a supercavity was achieved by using an optical-electrical
double-feedback technique. The emitted power concentration within the stabilized field spectrum was 81%. The
minimum value of the square root of the Allan variance for the frequency stability was 2.4 X 10714 at the integration

- time of 70 msec.

Semiconductor lasers with ultranarrow linewidths are
attractive and indispensable for applications to ultra-
high-resolution laser spectroscopy, quantum optics,
and the semiconductor-laser-based frequency chain!
to measure Rydberg’s constant precisely and as a mas-
ter laser for injection locking and the frequency-off-
set-locked optical frequency sweep generator. The
confocal Fabry-Perot cavity-coupled semiconductor
laser diode (CFP-LD) shows wideband frequency
noise suppression characteristics with a narrow
linewidth of less than 10 kHz.2-5 The FM characteris-
tics of the CFP-LD have been reported.® We have
carried out the experiment on the heterodyne optical
phase-locked loop using two AlGaAs CFP-LD’s, which
showed a phase error of 8.1°, a frequency tracking
error between the two lasers of 0.4 mHz at an integra-
tion time of 70 sec, and a noise bandwidth of approxi-
mately 1 MHz.” We also carried out the experiment
on the homodyne optical phase-locked loop using
these lasers and had a phase error of 2.6° and a noise
bandwidth of 1.3 MHz.2 From the results of Refs. 7
and 8, it could be expected that the linewidth of the
CFP-LD can be narrowed to a subhertz level if its
frequency is locked to a stable reference with a control
bandwidth of the order of 1 MHz.

In this connection, we tried to frequency stabilize a
semiconductor laser with the optical-electrical dou-
ble-feedback method by simultaneously using the op-
tical feedback from an external cavity (CFP-LD) and
the electrical negative feedback from the reflection
mode of a high-finesse stable optical cavity. The laser
diode (LD) used in this experiment was a commercial-
ly available channeled-substrate-planar-type AlGaAs
laser (Hitachi HL8314E) with a wavelength of 830 nm.
The linewidth of this laser was 15 MHz at the bias level
of 1.5 times its threshold value, which was measured
by heterodyning with a 10-kHz-linewidth CFP-LD.
It was mounted on the temperature-controlled copper
block, whose temperature fluctuation was suppressed
towithin 1 mK. Before we used the electrical negative
feedback scheme, this laser was optically stabilized
with an optical feedback scheme similar to that of
Dahmani et al.2 (Fig. 1). The free spectral range and
the finesse of the external CFP cavity were 1.5 GHz
and 75, respectively. The wide control bandwidth of
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the order of 1 MHz could be secured by using two
control routes, the external cavity length and the in-
jection current for lower-frequency (<5 kHz) and
higher-frequency components, respectively. The fre-
quency tuning coefficients of the CFP-LD were 31
MHz/mA and 80 MHz/V for the injection current con-
trol and the external cavity length control, respective-
ly.67

Figure 2 shows the FM noise suppression ratio
(NSR) of the CFP-LD measured by using the reflec-
tion mode of another CFP cavity, which is not indicat-
ed in the figure. The NSR was —39 dB at a Fourier
frequency range of less than 5 MHz. Since the
linewidth reduction ratio is approximately equal to
the NSR,5 the reduced linewidth with the optical feed-
back was estimated to be 1.9 kHz. However, the mea-
sured linewidth of the CFP-LD by heterodyning with
another CFP-LD was ~10 kHz. The difference be-
tween these values stems mainly from the effects of
acoustics, mechanical vibrations, and temperature
variations, by which the length of the CFP cavity and
the optical feedback phase are changed and/or affect-
ed. Therefore, to achieve a narrow linewidth, it is
necessary to suppress FM noise at a Fourier frequency
of less than ~1 MHz in a stable manner with a high
NSR. To this end, the electrical negative feedback
technique?® is a good solution, so as to lock the oscillat-
ing frequency of the LD to a stable frequency refer-
ence.

1

|
oc 4552
Driverj Comp. |

60dB

Isolator | A/a
L
A/2 PBS Supercavity

Fig.1. Experimental setup. PBS, polarization beam split-
ter; BS, beam splitter; DC Comp., dc compensation; PZT,
piezoelectric transducer; S.A., spectrum analyzer.
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Fig. 2. Power spectral density of frequency noise suppres-
sion ratio of the CFP-LD that was normalized to that of the
free-running laser.

The most important factor for FM noise suppres-
sion in achieving a narrow linewidth is the stable fre-
quency reference. As the frequency reference for this
purpose, we employed a hermetically sealed and tem-
perature-controlled commercial supercavity (New-
port SR-140) with a finesse of ~34,500 at 0.83 um and
a free spectral range of 6 GHz; thus the half-linewidth
of the cavity is Ay, = 174 kHz. Figure 1 shows the
experimental setup for linewidth narrowing of the
CFP-LD by the electrical negative feedback scheme.
The FM noise of the CFP-LD was demodulated by the
reflection mode?® of the supercavity, and then the de-
modulated signal was negatively fed back to the CFP-
LD through the injection current and the CFP cavity
length controls. For this control, an optical power P¢c
of 0.67 mW detected by photodiode PD1 was used.
The optical power for noise measurement Pp,,, was
0.62 mW, which was detected by photodiode PD2.
When the frequency of the CFP-LD is locked to the
center of the slope of the reflection mode resonance
spectral profile, the detection gain of the suppressed
FM noise is Kpp = ncPmonRr/Ave (V/Hz), where nc is
the efficiency of the reflection mode (in our case, 0.64),

R (A/W) is the responsivity of the photodiode, and r is’

the load resistor of the photodiode. This relationship
was used to determine the measured FM noise level.
The values of R and r of photodiode PD2 were 0.58 A/
W and 50 Q, respectively. The optical isolation ratio
‘between the CFP-LD and the supercavity was larger
than 80 dB. If optical feedback power from the super-
cavity is high, the mode competition between the CFP
cavity and the supercavity modes by double optical
feedback may occur, and output light from the LD
may become unstable by a mode-hopping phenome-
non. Therefore, rigid optical isolation and optical
axis alignment are required for using the electrical
negative feedback scheme to avoid influence by opti-
cal feedback from the supercavity.

In comparing curve B with curve A in Fig. 3(a), the
FM noise power spectral density S of the CFP-LD is
suppressed by ~50 dB by the electrical negative feed-
back scheme, in which curve A was obtained by the
lower gain and narrower bandwidth control. The data
for the Fourier frequency f greater than a few kilohertz
are, therefore, those for the uncontrolled CFP-LD.
This means that the linewidth of the CFP-LD was
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narrowed to the order of 100 mHz. The measured
power spectral density of f greater than several tens of
kilohertz in curve A shows approximately —24 dB/
decade mainly by the FM noise discrimination charac-
teristics of the reflection mode of a Fabry—Perot inter-
ferometer, which is —20 dB/decade for f = Avc/2. To
confirm the FM noise suppression in the range of f <
100 Hz, FM noise was measured by a fast-Fourier-
transform spectrum analyzer as shown by Fig. 3(b).
From Fig. 3 it can be seen that FM noise was sup-
pressed to a level of less than 1/7 (Hz%/Hz) in the range
of 10 Hz = f = 1.5 MHz, except for the 50-Hz power
supply line frequency and its higher harmonics. This
noise level corresponds to the linewidth of the Lorent-
zian field power spectral profile of Avpp = 1 Hz be-
cause Ay p = 7S. The short-term frequency stability
of the controlled laser was therefore considerably high.
To confirm the frequency stability in the time domain,
the Allan variance o,?(7) was calculated by using the
data of Fig. 3 and the equation ¢,2(1) = 25 dfS
(Nsin(wfr)/(xfr)2,10 where 7 is the integration time.
The calculated result is shown in Fig. 4, in which the
measured results for the free-running laser and the
CFP-LD are also shown. The minimum of ¢,(7) was
24 X 1074 at + = 70 msec, from which it can be
confirmed that the short-term stability of the LD was
drastically improved by the present scheme.

Power concentration in the field spectral profile of
the stabilized CFP-LD within the control bandwidth

S(f) (Hz2/Hz)

f (Hz)
@

L l I
100

L L
10! 102
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Fig. 3. Electrically controlled power spectral densities of
FM noise for the CFP-LD. The field spectral linewidth of
the noncontrolled CFP-LD was less than 10 kHz. Solid
curves C indicate the FM noise detection limit imposed by
the intensity-modulated noise level of the CFP-LD. (a)
Results for a lower gain and narrower bandwidth (curve A)
and a higher gain and wider bandwidth (curve B) controls
measured by an rf spectrum analyzer. (b) Extension of
curve B in (a) for a lower Fourier frequency range measured
by a fast-Fourier-transform spectrum analyzer.
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curves B of Figs. 3(a) and 3(b). The left scale of the y axis is
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Fig. 5. Calculated field spectral profile of the stabilized
CFP-LD, in which curves B of Figs. 3(a) and 3(b) were used.

was estimated. To this end, the total residual phase
noise outside the bandwidth must be estimated, where
it is convenient to use the relation of the total phase
noise variance A¢ms® = [7w[S(H/f?df (in rad?).
Here fsw represents the Fourier frequency corre-
sponding to the bandwidth to be considered. Intro-
ducing the concept of the power spectrum modulated
by broadly distributed random phase noise, the power
concentration within |y — »| = faw is then 100|Jy(8)[2
(%), where vg and v are the center frequency of the laser
and the offset frequency from »,, respectively, and the
modulation index 8 = V2A¢ms. In our case, Adems?
was ~0.02 rad? with fgw = 1.5 MHz, i.e., 8 = 0.2, thus
the concentrated power within |v — »| = fgw is esti-
mated to be 98%. However, the concentrated power is
further frequency modulated by the 50-Hz power sup-
ply line frequency and its harmonic frequencies, as can
be seen in Fig. 3. The modulation index was ~0.6,
which was estimated from the calculated field spectral
shape of the stabilized CFP-LD, as shown in Fig. 5.
The calculation procedure of the field spectral profile
from the measured FM noise has been described in
detail.® The linewidth of the calculated field spectral
profile was 7 Hz with a resolution bandwidth of 2 Hz,
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which is to our knowledge the lowest published value.
The modulation index of 0.6 means that the power
concentration was 83% of the concentrated power
within the controlled bandwidth. Therefore 81% of
the total power emitted from the laser was actually
concentrated on the controlled field spectrum.

To find the limiting factor of the FM noise suppres-
sion, intensity-modulated noise of the LD was mea-
sured as shown by curves C in Figs. 3(a) and 3(b). In
comparing these curves with curves B, the suppressed
FM noise level almost reached the level limited by the
intensity-modulated noise. The shot-noise-limited
detection of the FM noise power spectral density by
the optical power of 0.62 mW was 6.6 X 10~° Hz2/Hz,
which can be calculated by the equation expressing the
shot-noise-limited linewidth for the present scheme,
Avgh, = 2eAvc?/(nc?PmonR) (Hz). The major problem
to be solved is, therefore, the intensity-modulated
noise of semiconductor lasers, which is widely distrib-
uted in the frequency range up to the relaxation oscil-
lation frequency of the laser device itself. To solve the
problem and achieve further reduction of FM noise, a
balanced detector consisting of two photodiodes!! has
to be employed in detecting FM noise-discriminated
signals.

In summary, a commercially available AlGaAs laser
was frequency stabilized to the power spectral density
of FM noise lower than 1/ (Hz2/Hz) in the Fourier
frequency range from 10 Hz to 1.5 MHz by employing
an optical-electrical double-feedback method. The
minimum of ¢,(7) was 2.4 X 10~4at r = 70 msec. The
linewidth was estimated to be 7 Hz.
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A compact and highly-reliable optical frequency discriminator is proposed for the FM noise reduction of semiconductor lasers.
This discriminator provides the error signal for locking laser frequency to the center of a resonant spectral profile of a Fabry-
Perot interferometer (FPI) without any modulation techniques. The gain of this discriminator is 10 dB larger than that of other
discriminators using the slope of a resonant profile of a FPI. The phase delay of the discriminator is only 90°. For the high-gain
and fast electrical negative feedback loop, these properties are superior to those of the others. To demonstrate the feasibility of
this discriminator, the spectral linewidth of a semiconductor laser was reduced from 6 MHz to 250 kHz.

1. Introduction

The development of highly-coherent semiconduc-
tor lasers is very important for several applications
such as the resonator-type fiber gyroscope [1], the
high-resolution laser spectroscopy, the optical
pumping for atomic clocks [2,3], cooling of atoms
[4], and coherent optical communication systems.
For this purpose, by using optical feedback and elec-
trical negative feedback techniques of refs. [5,6], and
references cited therein, the line widths of semicon-
ductor lasers were reduced to several kHz and sub-
kHz, respectively.

When the slope of resonant profile of a Fabry-
Perot interferometer (FPI) is used as an optical fre-
quency discriminator (OFD) without any modula-
tion techniques [6], there are, however, four prob-
lems to be solved. (i) The laser frequency cannot be
locked just to the center of a resonant spectral profile
of the FPI. (ii) The minimum FM noise reduction
level is limited by the IM noise of the laser. (iii) The
recovery range, which is defined by the automatic re-
locking range after larger accidental frequency jumps,
is very narrow. (iv) It is difficult to keep the laser
frequency locking to the reference even when the laser
frequency is modulated. In this letter, we propose a
novel OFD to overcome these four problems. The
operating principle is similar to the OFD, which has

been proposed by T.W. Hénsch et al. [7]. The pres-
ent OFD has a simple structure, i.e. a FPI with an
intra-cavity polarization rotor or wave plate, and
provides the error signal for locking laser frequency
to the center of a resonant spectral profile of the FPI.
Three kinds of practical schemes for this OFD have
also been demonstrated.

2. Principle of the proposed optical frequency
discriminator

Fig. 1 shows a schematic explanation of the pro-
posed OFD. Either of a traveling wave-type reso-
nator (ring-resonator) and a standing wave-type res-
onator can be employed alternatively, as shown by
(a) and (b) in fig. 1. These two kinds of setup are
operated under the same principle. Available optical
power for fig. 1(a), which can be used to detect the
FM noise discrimination signals, is higher than that
for fig. 1(b). When the ring-resonator is used, all in-
cident power can be used to detect the error signals.
On the other hand, when the standing wave-type res-
onator is used, a quarter of the incident laser power
to the OFD is utilized to detect the error signals, be-
cause of the loss of the laser power at the non-po-
larized beam splitter (NPBS) installed in front of
the resonator. This is only a difference between two

204 0030-4018/91/$03.50 © 1991 - Elsevier Science Publishers B.V. (North-Holland)
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Fig. 1. Present optical frequency discriminator for FM noise re-
duction. (a) A traveling type resonator. (b) A standing wave type
resonator.

setups. The advantages of the setup in fig. 1(b) are
that it can be designed compactly, and the effect of
the phase shift of the laser beam at the cavity mirrors
can be ignored to design it.

To explain and analyze the operation of these OFD,
let us consider mainly the setup illustrated in fig.
1(a). In this setup, linearly polarized light from a
single mode laser is input onto the ring-resonator in
which a 90° polarization rotator is installed. (In the
resonator of fig. 1(b), a 45° polarization rotator or
a A/4 plate is used to achieve 90° polarization ro-
tation for the round trip beams.) The output light of
the ring-resonator is sent into the analyzer assembly
consisting of a 1/4 plate and the polarization beam
splitter (PBS). The axis of the i/4 plate is rotated
by 45° relative to the axis of the PBS output port a.
The light intensities 7, and I, at the two output ports
of the PBS are monitored by the two photodetectors
PD, and PD,, The electric field vector of the linearly
polarized incident beam of the laser onto the ring-
resonator has an angle 6 with the polarization axis of
the PBS output port a. In order to calculate the am-
plitude of the output light of the PBS, we defined that
the light is decomposed into the two orthogonal
components parallel and perpendicular to the polar-
ization axis of the PBS output port a. By using the
Jones matrix similar to that employed in ref. [7],
the field amplitudes of the reflected beam after pass-
ing through the 1/4 plate and PBS, can be expressed
as
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(E,,)_ 1 (1 ii)(Ru —Rl)<Ecosﬁ)
EJ)~ J2\ti 1J\R. R, /\Esing)"
(1)

In the right hand side of this equation, the first ma-
trix represents the 1/4 plate, the second one repre-
sents the ring-resonator in which a 90° polarization
rotator is located, and the third one is the incident
laser beam. In the second matrix, R, and R, are the
complex amplitude reflectivity of the electric field
components which are parallel and perpendicular to
the axis resonator, respectively. R, and R, can be
expressed as

| Ry =+/r—ltexp(i20)/{/r[1 —lexp(i28)1}, (2a)

R, =/Itexp(i6)/{\/r[1—lexp(i26)]}, (2b)

where r and ¢ are the power reflectivity and the trans-
mittivity of the input mirror M1, respectively. /
(=ra) is the round trip power attenuation in the
resonator, which determines the cavity finesse F
(=n\/7/ (1-=1)), a is the power attenuation of the
90° polarization rotator located in the resonator. ¢
is 7v/FSR, and the free spectral range (FSR) is ¢/
(2nL), where L is a length of the ring-resonator, v
is the laser frequency. The corresponding intensities
at the two output ports are I, , =ce|E, , |2/2, where
e is the dielectric constant. By using this relation and
eqgs. (1), (2), the output'signal from the differential
amplifier yields

L—I,=2(r+1)/ltsin6/{r[ (1=1)2+4lsin6]} I,
(3)

where I (=ce|E|?/2) is the intensity of the incident
laser beam. It should be noted that this expression is
independent of @ in the case when the Faraday ro-
tator was used as a 90° polarization rotator. This in-
dependence is an advantage of the present OFD
comparing with that of ref. [7], in which a Brewster
plate or a linear polarizer is used inside the reference
cavity to provide a signal similar to that of the pro-
posed OFD. The I,— 1, of eq. (3) is illustrated in fig.
2(a) as a function of v. The laser frequency is locked
to the position represented by point P in this figure.
This point is the center of a resonant spectral profile
of the FPI, and the contribution of the laser IM noise
to the frequency discrimination is suppressed by the
differential amplifier. As shown in fig. 2(a), the re-
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Fig. 2. Calculated results. (a) Resonant profile of the present dis-
criminator. (b) Transfer functions of the present optical fre-
quency discriminator (curve A), the reflection mode of a Fabry-
Perot interferometer (curve B), and the transmitted mode of a
Fabry-Perot interferometer (curve C).

covery range of the OFD is +1XFSR, because it
combines a couple of wings reaching to *+1XFSR
from the point P.

The transfer function of an OFD using slopes of
resonant profiles normalized with the intensity of the
incident laser beam is calculated as

h(X(v),f)
=[X*(¥o) X(vo +/) = X(vo) X* (o =N 1/f,  (4)

where X is a complex amplitude transmittivity of an
OFD. X* is the complex conjugate of X. v, is the
locked center frequency of the laser, and fis Fourier
frequency. With egs. (1), (2), and (4), the transfer
function of the present OFD using the two output
ports of the PBS is calculated as

H(f)= [h(Ea(V)/E(V),f)—h(Eb(V)/E(V),D](g-)

The transfer functions of the present OFD, and of
the other OFD using slopes of resonant profiles of
transmitted mode (T-mode) and reflection mode (R-
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mode) of a FPI, are plotted in fig. 2(b) as curves A,
B, and C, respectively. The functions are normalized
to I and the linewidth of the cavity Avgp (=FSR/
F). The gain of curve A is 10 dB larger than those
of others, and shows 90° phase delay at f—oo, the
same as the case of curve B. These properties mean
that the performances of the present OFD are su-
perior to those of others when it is employed in the
fast and high-gain electrical negative feedback loop
for laser FM noise reduction.

3. Experiment and discussion

Three kinds of resonators were constructed as ex-
amples of the proposed OFD as shown by figs. 3(a),

a b A/tPlate
NPBS M,/ﬁ nees ™! f{
input A input 7] / \

d Y
output output
A/éPlate
/

Fig. 3. Various examples for the present optical frequency dis-
criminators (a) Fresnel rhomb 1/4 plate with both ends high re-
flection coated. (b) A confocal reference cavity off-axis with an
intracavity A/4 plate. (c) A confocal reference cavity off-axis with
an intracavity A/8 plate. (d) Signal obtained by the setup of (a)
(r=0.95, F=17, FSR=1.7 GHz). A similar signal could be also
obtained by (b) and (c).
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(b), and (c), where a Fresnel rhomb 1/4 plate with
reflection film coated on both ends, a confocal ref-
erence cavity on-axis with an intra-cavity 1/4 plate,
and an off-axis confocal cavity with an intra-cavity
A/8 plate, were used respectively. The setups shown
in figs. 3(a) and (b) are operated under the prin-
ciple of the standing wave-type resonator shown in
fig. 1(b), and. the setup shown in fig. 3(c) is equiv-
alent to the traveling type resonator shown in fig.
1(a). As an example, fig. 3(d) shows the signal ob-
tained by the setup of fig. 3(a), where r=0.95, F=7
and FSR =1.7 GHz. The finesse is rather low, owing
to poor optical quality of the Fresnel rhomb A/4 plate.
However, this setup has advantages, which the sys-
tem can be compact and solid. When we used a mir-
ror r=0.95 and FSR=1.5 GHz in fig. 3(b), F was
increased up to 25. When we used a mirror,r=0.95
and FSR=750 MHz in fig. 3(c), F was 12.

As the first experiment, we measured the reliabil-
ity of the center frequency stabilization of the semi-
conductor laser under frequency modulated condi-
tion. An AlGaAs laser of 0.83 um wavelength (CSP-
type, Hitachi HL8314E) was used at room temper-
ature. The center frequency of the field spectrum of
the laser was locked to the present OFD (of the type
shown in fig. 3(a), F=7, FSR=1.7 GHz) with con-
trol bandwidth of 100 Hz, and then the laser fre-
quency was directly modulated (modulation fre-
quency range is between 1 kHz and 100 kHz) to
measure the maximum frequency deviation to main-
tain the laser frequency under locked condition. As
a result, the maximum frequency deviation was 3.6
GHz, which is roughly equal to 2 X FSR. On the other
hand, in case of using a slope of the resonant profile
of the FPI (T-mode, F=7, FSR=1.7 GHz), the
maximum frequency deviation was only 240 MHz,
which is roughly equal to the Avgp. Thus the maxi-
mum frequency deviation in case of using the pres-
ent OFD is 2 X F times as large as that in case of us-
ing the slope of a resonant profile of the same FPI.

As the second experiment, the FM noise of the
semiconductor laser was reduced by the electrical
negative feedback control using the present OFD
shown in fig. 3(b) (FSR=1.5 GHz, F=25) to dem-
onstrate the feasibility of the present OFD. The cir-
cuit of the feedback loop was designed by the same
method described in ref. [6]. Fig. 4 shows the power
spectral density of the suppressed FM noise which
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Fig. 4. Power spectral density of the FM noise, which was mea-
sured by another Fabry-Perot interferometer. (a) Under free-
running condition. (b) Under frequency controlled condition.

was measured by another FPI. Curves A and B rep-
resent the results for free-running and frequency
controlled condition, respectively. ‘The maximum
reduction was 30 dB at f=1 kHz. The control band-
width was 10 MHz. The spectral linewidth of the
laser, which was measured by a self-delayed homo-
dyne method using a 2 km optical fiber, was reduced
from 6 MHz to 250 kHz by this control.

If we use the present OFD, for example the setup
shown in fig. 3(b), it is possible to simultaneously
apply the optical feedback [5] and the electrical neg-
ative feedback methods by using one cavity, because
the locking points of these methods are the same. If
this method is used, one can simultaneously utilize
the advantageous performances of the electrical and
optical feedback method, such as very wideband fre-
quency control, very high FM noise reduction, and
high center frequency stability. If the OFD as shown
in fig. 1(a) is made with ring-fiber FPI, it will be able
to be used for a resonant type gyroscope, and some
other kinds of fiber sensors.

4. Summary

A novel optical frequency discriminator for FM
noise reduction of semiconductor lasers was pro-
posed. The properties of the discriminator are su-
perior to those of the discriminators which use the
slope of a resonant profile of a FPI, especially when
itis employed in the fast and high-gain negative elec-
trical feedback loop. The gain of the discriminator is
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10 dB larger than those of the others. Its phase delay
is only 90°. The four problems of discriminators us-
ing the slope of a resonant profile of a FPI, which is
pointed out in the introduction, were overcome. (i)
The laser frequency is locked just to the center of the
resonant spectral profile of a FPI. (ii) The contri-
bution of the IM noise of the laser to the frequency
discrimination can be suppressed. (iii) The recovery
range is + 1 X FSR from the locked position. (iv) The
maximum frequency deviation is 2 XFSR. To dem-
onstrate the feasibility of this discriminator, the
spectral linewidth of a semiconductor laser was re-
duced from 6 MHz to 250 kHz.
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A 134 MHz Bandwidth Homodyne Optical
Phase-Locked-Loop of Semiconductor
Laser Diodes

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

Abstract—Experiments on homodyne phase-locking of 7.5 MHz spec-
tral linewidth semiconductor laser diodes were carried out. A very fast
speed optical phase-locked loop (OPLL) with a 134 MHz bandwidth has
been achieved with a phase error variance of 0.15 rad?. The total
phase-locked power was 86% of output of the slave laser. Slow speed
OPLL’s with the electrically frequency stabilized semiconductor laser
diodes are also demonstrated for the first time.

1. INTRODUCTION

HE optical phase-locked-loop (OPLL) [1]-[5] of semicon-

ductor laser diodes (LD) is an important technique in the
fields of coherent optical-sensing, frequency synthesis, commu-
nications, etc. The LD’s have high-FM efficiency and their
wavelength can easily be changed. However, their coherences
are not high enough for applications to coherent lightwave
systems. In order to realize a high-quality phase-locking of
LD’s, one of the following two methods should be employed.

One is the improvement of the coherence of LD’s, which is
employed in an OPLL. This is indispensable for a narrow
bandwidth OPLL. In this connection, LD’s controlled by the
optical feedback methods, i.e., external cavity LD’s (ECL),
have been used [1]-[4]. The negative electrical feedback method
can be used to improve the coherence of the LD’s [6], and even
the ECL [7]. By using this method, narrower spectral linewidth
than that by optical feedback could be obtained. This method is
superior to optical feedback in respects of reproducibility and
stability. It might be expected that the OPLL using the LD’s
stabilized by the negative electrical feedback method (NEFL)
can be used in the field of coherent optical sensing which is
employed in low Fourier frequency range. In this letter, the
experiments of the homodyne OPLL using NEFL’s are reported
for the first time.

Another method to achieve high-quality phase-locking is to
realize a very fast OPLL. When the free-running LD (the slave
laser). is locked to a highly coherent master laser using a wide
bandwidth (> linewidth of the slave laser) OPLL, the high
coherence of the master laser is transferred to the slave laser.
Thus, this method can also be used to power amplification of a
highly coherent laser. For the same purpose, injection locking
techniques have been used [8]. In case of the injection locking
technique, however, it is difficult to fully suppress the slower
changes of phase errors with a high gain because of in optical
path length by acoustics, mechanical vibrations, etc. Further-
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more, it requires relatively high power of the master laser. To
compensate the slower phase error fluctuations, the OPLL must
be introduced additionally to the injection locking system. On
the other hand, a wide bandwidth OPLL can be used for this
purpose with a low power master laser. The LD’s can be
directly used as current controlled oscillators in a wide band-
width OPLL because of their frequency modulation capability up
to the GHz range. So far the bandwidth of the fastest OPLL (in
this letter, the bandwidth represents a maximum Fourier fre-
quency, the phase noise within which could be controlled by the
loop) to the authors’ knowledge, was only about 8 MHz, which
was 1.1 times the linewidth of the slave laser [5]. This band-
width is not enough for the above-mentioned purpose. In this
letter, the experimental result of homodyne OPLL with 134
MHz bandwidth is reported.

II. OPLL oF ELECTRICALLY STABILIZED LD’s

As the first experiment, we start by describing the slow speed
OPLL with the NEFL’s. The block diagram of the experimental
setup for OPLL is shown in Fig. 1. The laser beams from the
master and slave lasers were mixed at the beam splitter, and the
two mixed laser beams were detected by p-i-n photodetectors A4
and B (PD.A and PD.B). The phase error signal from PD.A
was fed back to the slave laser. The power spectral density
(PSD) of the phase error signal detected by PD.B was monitored
by an RF spectrum analyzer. The estimated PSD of the phase

error was calculated by
_ Sfm(f) + st(f)
) = T w1 ®

where Sy, (f) and S 7s(S) were the PSD of the FM noise of the
master laser and the unlocked slave laser, respectively. M is a
gain factor which was determined by the optical power incident
into the PD.A and the sensitivity of the PD.A. H(f) is the
transfer function of the slave laser. The value of M was
adjusted by an optical attenuator shown in Fig. 1.

LD’s used in this experiment were CSP-type LD’s of 830 nm
wavelength (Hitachi HL8314 for the master laser, HL8312 for
the slave laser), and the linewidths of these LD’s under free-run-
ning condition were 7.5 MHz, which were measured by the
self-delayed homodyne method using a 2 km long optical fiber.

The principle of the frequency stabilizations in the NEFL’s
used in the master and slave lasers was basically same as that
shown as in [6]. We used Fabry-Perot interferometers (FPI)
(finesse 15, FSR = 1.5 GHz) for the NEFL’s. Spectral
linewidths of the NEFL’s were 150 kHz. A block diagram of the
slave laser using NEFL is shown in Fig. 2. In order to control
the phase of the NEFL, we used the direct modulation of the
laser injection current and the modulation of the length of the
FPI, to which the frequency of the slave laser was locked. The

1041-1135/91/0300-0270$01.00 ©1991 IEEE
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phase error signal was added to the error signal for the FM noise
reduction of the NEFL at the point A in Fig. 2. A integrator
was used for the modulation of the length of the FPI. This

method, thus, constituted an active loop filter. In this case, the

transfer function of the slave laser of Fig. 2 was simply calcu-
lated as

1+ 1/jfT )

where H,[mA/W] and H,[W/Hz] were transfer functions of
the photodetector and the FPI. In this experiment, H » and H,
have constant values, and 1/H,H, was 38 MHz/mA. T (= 0.5
ms) is a time constant of the integrator.

The measured result of PSD of the phase error of the slow
speed OPLL is shown in Fig. 3. Here the curves (a) and (b) are
for unlocked conditions with free-running lasers and with
NEFL’s, respectively. These were calculated by using (1) with
M = 0 and the values of FM noise PSD of the master and slave
lasers, which were measured by using a FPI. As seen from
difference between curves (a) and (b), the phase noise of NEFL’s
were reduced in the range of f < 10 MHz. Curves (c) and (d)
show the results under phase-locking conditions with lower and
higher gains, respectively. The bandwidth of OPLL’s for curves
(c) and (d) can be seen as 500 kHz and 10 MHz, respectively.

Curves (e) and (f) represent the calculated results correspond-
ing to the curves (c) and (d), respectively, by (1), (2), and curve
(b). They show good agreements with each other. The estimated
phase error variances odf for curves (c) and (d) were 0.8 and 0.5
rad?, respectively. These larger values of a‘f are mainly at-
tributed to the residual phase noises of the NEFF’s because of
their insufficient FM noise reduction. This is the first demonstra-
tion of OPLL by using electrically stabilized LD’s.

III. Wipesanp OPLL

As the second experiment, we tried to demonstrate a very fast
OPLL using an NEFL for the master laser and a free-running
LD for the slave laser. Although the estimaied loop delay time
(T,) of the OPLL system considering the length of the loop was
0.3 ns, the measured T, of the OPLL system by the network
analyzer was 1 ns. This difference was attributed to the group
delay time of the photodetector and the LD in the loop. The
transfer function of the slave laser system was expressed by

g +ig f/es
1+jf/gs @)

where g, = 1.4 GHz, g, = 250 MHz, and g, = 280 kHz;
these parameters were estimated by the method described in [6].

The measured PSD’s of the phase error are shown in Fig. 4.
Curves (a) and (b) are the measured results under unlocked and
phase-locked conditions, respectively. As being seen by the
difference between the curves (a) and (b), the bandwidth of the
OPLL was 134 MHz. This is the first experimental result to
demonstrate an extremely fast OPLL with a bandwidth wider
than 100 MHz, which is, to the authors knowledge, the fastest
OPLL among the values reported so far. Curves (c) and (d) with
broken lines are the calculated results corresponding to those for
curves (a) and (b). The estimated phase error variance for the
curve (b) was 0.15 rad?. The total power Pase lockea Of the slave
laser phase-locked to the master laser was 86%, which was
estimated by using the relation given in [7]

Pphaselocked = | JO(B) | 2
where 8 = V2 g, and Jy() is the Oth order Bessel function.

H(f) =

H(f) = exp (~ 2% /T,)

4)
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Fig. 1. The block diagram of the experimental setup for OPLL’s. BS:
beam splitter. PD.A and PD.B: p-i-n photodetectors. SA: spectrum analyzer.
ATT: optical attenuator.
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Fig. 2. A block diagram of the slave laser for the OPLL by two NEFL’s.
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Fig. 3. Power spectral density S,(f) of the phase error for the OPLL by
two NEFL's. Curves (a) and (b) are for unlocked conditions with free-run-
ning lasers and with NEFL’s. Curves (c) and (d) show the results under
phase-locking conditions with lower and higher gains. Curves (¢) and (f) are
the calculated result, which correspond to curves (c) and (d), respectively.
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Fig. 4. Power spectral density S,(f) of the phase error for the OPLL by a
NEFL and a free-running laser. Curves (a) and (b) are the measured results
under unlocked and phase-locked conditions, respectively. Curves (c) and
(d) are the calculated results, which correspond to curves (a) and (b),
respectively.
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By using a simple first-order loop approximation [9], the
average time T,y between cycle slips of curves (c) and (d) in
Fig. 3 and Curve (b) in Fig. 4 were 1.6 x 107, 3.3 x 1075
and 2.3 x 107 3s, respectively. Wideband OPLL is therefore
effective to reduce cycle slips. However, this performance is still
poor. The value of T,y can be increased by decreasing values of
phase error and the loop noise bandwidth. To further reduce the
probability of cycle slips, it is therefore required to suppress
phase error by increasing the loop bandwidth or, more effec-
tively, by employing LD’s, the FM noise of which is reduced
with a wideband, then the loop bandwidth can also be narrowed.

IV. SUMMARY

We summarize the above experimental results. Using NEFL’s
as master and slave lasers, of which the spectral linewidth were
narrowed from 7.5 MHz to 150 kHz, phase-locking was suc-
cessfully achieved. The bandwidths of optical phase-locking
were between 500 kHz and 10 MHz. The estimated phase error
variances were between 0.8 rad? and 0.5 rad?, respectively.
This is the first report of OPLL using NEFL’s. A free running
LD was phase-locked to a highly coherent master laser with a
very fast OPLL. This is the first experimental result to demon-
strate an extremely wideband OPLL with a 134 MHz bandwidth.
The estimated phase error variance was 0.15 rad?, then the total
phase-locked power of the slave laser was 86%.

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 3, NO. 3, MARCH 1991

ACKNOWLEDGMENT

The authors thank Dr. K. Nakagawa of their institute for
stimulating discussion.

REFERENCES

[11 R. C. Steele, ‘‘Optical phase-locked loop using semiconductor
laser diodes,” Electron. Lett., vol. 19, no. 2, pp. 69-71, 1983.

[2] D. J. Malyon, D. W. Smith, and R. Wyatt, ‘‘Semiconductor
laser homodyne phase-locked loop,’’ Electron. Lett., vol. 22,
no. 8, pp. 421-422, 1986.

[3]1 J. M. Kahn, “‘1 Gbits/s PSK homodyne transmission system
using phase-locked semiconductor lasers,”” IEEE Photon. Tech-
nol. Lett., vol. 1, pp. 340-342, Oct. 1989.

[4] C. H. Shin and M. Ohtsu, ‘‘Heterodyne optical phase-locked
loop by confocal Fabry-Perot cavity coupled AlGaAs lasers,”
IEEE Photon. Technol. Lett., vol. 2, pp. 297-300, Apr. 1990.

[5] G. Wenke and S. Saito, ‘‘Phase locking of semiconductor lasers
using homodyne detection and negative electrical feedback,”’
Japan J. Appl. Phys., vol. 24, no. 12, pp. L908-1L910, 1985.

[6] M. Ohtsu, M. Murata, and M. Kourogi, ‘‘FM noise reduction
and subkilohertz linewidth of an AlGaAs laser by negative electri-
cal feedback,’” IEEE J. Quantum Electron., vol. 26, no. 2, pp.
231-241, 1990.

[71 C. H. Shin and M. Ohtsu, ‘‘Stable semiconductor laser with a
7-Hz linewidth by an optical-electrical double-feedback tech-
nique,’’ Opt. Lett., vol. 15, Dec. 1, 1990.

[8] C. N. Man and A. Brillet, ‘‘Injection locking of argon-ion
lasers,”” Opt. Lett., vol. 9, no. 8, pp. 333-334, 1984.

[9] F. M. Gardner, Phaselock techniques. 2nd ed. New York:
Wiley, 1979.

24



496

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 3, NO. 6, JUNE 1991

A 250 Hz Spectral Linewidth 1.5 um
MQW-DFB Laser Diode with
Negative-Electrical-Feedback

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

Abstract— A 1.5 pm corrugation-pitch-modulated
MQW-DFB laser diode (LD) with multielectrodes was fre-
quency stabilized by using the negative electrical feedback tech-
nique. The FM response of the LD was precisely measured and
used for the feedback loop design. The FM noise of the LD was
reduced and reached 10 Hz?/Hz at 1 kHz < f < 10 kHz where
[ is the Fourier frequency, and the resulting spectral linewidth
was 250 Hz, which was mainly limited by the IM noise in the
lower Fourier frequency range. The controlled power concentra-
tion ratio was 99%.

1. INTRODUCTION

HE development of narrow spectral linewidth laser
diodes (LD) is an important topic in the fields of precise
optical measurements, high-resolution laser spectroscopy, and
coherent optical communication systems. Recently, we have
proposed a novel frequency measurement system for a 1.5
pm wavelength region [1]. For this system, a 1.5 um LD
with a narrow spectral linewidth, e.g., as narrow as subkilo-
hertz is desirable and sometimes indispensable in achieving
very high resolution and accuracy of the measurement.
Techniques for optical feedback and negative electrical
feedback (NEF) have been used for reducing the FM noise of
LD’s. It is known that the optical feedback technique has
wide-band noise suppression characteristics. On the other
hand, it has been demonstrated that the NEF technique is
superior to the optical feedback technique with respect to
reproducibility and stability [2]. Furthermore, LD’s with
NEF can achieve lower FM noise in a low-Fourier-frequency
region and narrower spectral linewidth than that with optical
feedback because the NEF technique can realize a larger
feedback gain. Spectral linewidths [full width at half maxi-
mum (FWHM)] of 560 Hz [3] and 7 Hz [4] have been
realized by using a double NEF technique and by an
optical—electrical double-feedback technique, respectively.
In order to achieve LD’s with a narrow spectral linewidth
and high controlled power concentration ratio, the noise
suppression bandwidth should be wider than the spectral
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linewidth of the free-running LD. In this case, improved
DFB-LD’s by introducing a multiquantum well, a long-cav-
ity structure, and so on, is very attractive for applying the
NEF technique because of their submegahertz free-running
spectral linewidth, e.g., 170 kHz, as reported in [5]. The flat
FM response is also desirable to realize NEF with a wider
bandwidth, and such LD’s have been achieved by using
multielectrodes [6], [7]. The narrow free-running spectral
linewidths allow us to use a high-resolution Fabry-Perot
interferometer (FPI) as an optical frequency discriminator for
the NEF without any double-feedback techniques. It should
be noted that it has a further advantage, i.e., the degree of
freedom for the feedback loop design can be increased due to
the decrease of the required noise suppression bandwidth.
Although in [8] the linewidth of a multielectrode DFB laser
had been reduced by using the NEF technique, the reported
linewidth was 95 kHz. This spectral linewidth was probably
limited by a lower resolution, i.e., a larger linewidth of the
reference FPI and a lower feedback gain.

In this letter, we report experimental results on FM noise
reduction of a corrugation-pitch-modulated MQW-DFB LD
with multielectrodes [5], which shows the flat FM character-
istics and a submegahertz free-running spectral linewidth. To
realize a subkilohertz linewidth, we used a higher resolution
FPI, and we ensured high feedback gain by improving the
NEF with carefully designed loop filter.

II. EXPERIMENTS

Fig. 1 shows the experimental setup of the FM noise
reduction by NEF. The electrode of the LD was divided into
three parts (E.1, E.2, and E.3 as shown in this figure). The
total injection current (I = I, + I, + I,) was fixed to 70 mA
(3.51), at which the output power was 7 mW. After a laser
beam passed through a 60 dB optical isolator and a A\ /2 wave
plate, it was divided into two beams by a polarization beam
splitter. One beam passed through a Faraday rotator and was
used for FM noise discrimination by using an FPI. The other
beam was detected by D.3 (D.1-D.3 are InGaAs p-i-n
photodiodes with a 3 dB gain bandwidth of 700 MHz and a
responsivity R of 1 A/W), and it was used for the measure-
ment of the IM noise of the LD. The laser beam reflected
from the FPI (reflection mode: RM) was detected by D.1,
and it was used for the NEF by applying it to E.1 after
removing the dc offset and filtering by the PI controller. The
laser beam transmitted through the FPI (transmission mode:

1041-1135/91/0600-0496$01.00 © 1991 IEEE
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Fig. 1. Experimental setup for FM noise reduction by negative electrical
feedback of MQW-DFB LD with multielectrodes. LD: MQW-DFB LD.
PBS: polarization beam splitter. D.1-D.3 InGaAs p-i-n photodiodes. OI:
optical isolator. FR: Faraday rotator. FPI: Fabry-Perot interferometer.
HWP: N/2 wave plate. I controller: integral controller. PI controller:
proportional and integral controller. .
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TM) was detected by D.2, and it was used for the measure-
ment of FM noise.

A nonconfocal configuration was employed for the refer-
ence FPI in order to suppress the degenerated transverse
resonance modes. The linewidth (FWHM) Awg, of the FPI
was 2 MHz, and the efficiency %, of the RM was 0.4. The
input laser power P to the FPI was 2.4 mW. The slope of the
resonant spectral profile of the RM was used as an optical
frequency discriminator because the RM is superior to the
TM to realize a wide-band NEF loop for FM noise reduction
[3]. The transfer function Hgp(f) of the RM can be approxi-
mated as that of a first-order lag filter with a 3 dB gain
bandwidth of Avgp /2, i.e., Hgp(f) = K9 PR [(Avgp +
J2f) where K = 1.2, i.e., the slope of the resonant spectral
profile of the FPI to which the laser frequency is locked,
where the average photocurrent of the D.1 under NEF was
1.7 mA.

The transfer function of the laser FM response H, (f) is
shown by Fig. 2, which was measured by modulating the

~ injection current I, of E.1. It is seen from this figure that
| Hp(f)| and arg (H;(f)) took a constant value of 70
MHz/mA and —180° for a Fourier frequency range as wide
as 100 Hz < f < 100 MHz. These performances of H;(f)
were enough to meet the requirement for the design of the
present NEF loop. The FM response by using the other
electrodes E.2 and E.3 showed similar performances. The
only difference from that of E.1 was that the transfer func-
tion of the FM response of E.2 showed a higher efficiency of
560 MHz /mA.

26

497

In order to design the loop filter, the loop delay time
should be known. The estimated loop delay time 7 was 5 ns
because the loop length was 1.5 m.

The loop filter was designed by using Hgp(f), Hip(f),
and 7 evaluated above. Since the free-running laser shows
low FM noise and a useful FM response, several specific
NEF loop filter designs were possible, e.g., using the opera-
tional amplifier in order for further drastic reduction of the
FM noise. The PI control scheme was used to realize high
gain at a low Fourier frequency and a wide bandwidth up to
the range of the 3 dB cutoff frequency of the FPI, i.e.,
Avgp /2. The transfer function of the PI controller Hp(f)
was 0.5 - (1 + 5 10°/jf) mA/mA, which was tailored to
reduce the power spectrum density of the free-running FM
noise as much as possible. (If an NEF loop design must be
optimized, two parameters of the PI controller should be
calculated from a performance criterion, e.g., the phase error
variance, and so on.) In the open-loop transfer function
G(f) = Hep(f) Hip(f) Hy(f) exp (—j27f7), the gain
crossover frequency and the gain margin were estimated as
20 MHz and 8 dB, respectively. An auto-reset circuit was
introduced into the PI controller, as shown by Fig. 1, in
order that the NEF loop can recover to its controlled condi-
tion even if the laser frequency is out of lock by an accidental
large surge signal. In order to avoid the drift of the current
dividing ratio of E.1, E.2, and E.3, an additional I con-
troller was used to slowly control the current source.

The TM beam was used to measure the FM noise magni-
tude under an NEF condition. The contribution of the laser
IM noise was 7 dB lower than that from using the RM beam
due to the lower efficiency of the FPI. The FM noise thus
could be measured even when the FM noise was reduced to
the value limited by the laser IM noise of the RM beam. The
FM noise under a free-running condition was measured by
another FPI with a Avg, of 200 MHz to get a wider dynamic
range of RM noise measurement.

III. RESULTS AND DISCUSSIONS

The experimental results are shown in Fig. 3(a) where
curves A and B are the power spectral densities of the FM
noise Sgy(f) for the free-running and NEF conditions,
respectively. The O dB noise suppression bandwidth was 12
MHz, as can be seen by a comparison of curves 4 and B. It
is worth mentioning that this bandwidth was 12 times larger
than the bandwidth of the FPI, i.e., Avgp /2. Curves C and
D are the measured magnitudes of the IM noise contribution
under NEF and free-running conditions, respectively. The
difference between curves C and D indicates an increase of
the IM noise by the NEF, as has been reported by [2].
Curves B and C show that the FM noise was successfully
reduced to the value limited by the IM noise level for f < 10
kHz. The FM noise was as low as 10 Hz? /Hz at 1 kHz < f-
=< 10 kHz. Curves A and B in Fig. 3(b) show the calculated
spectral profile by using the measured results of curve A4 in
the range of 100 kHz < f and curve B in the range of 50
Hz < f, and [3, eq. (1)]. The FWHM of curve B of Fig.
3(b) is 250 Hz, while that of curve A is 680 kHz. This is, to
the authors’ knowledge, the first report of realizing a subkilo-
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Fig. 3. (a) Power spectral density Sgy(f) of the FM noise. Curves A and
B are for the free-running and under feedback conditions, respectively.
Curves C and D show the laser IM noise effects under feedback and
free-running conditions, respectively. (b) Calculated spectral profile. Curves
A and B are the calculated results by using curves A and B, respectively,
in (a). The inset is the spectral profile shown by magnifying the scale of the
axis of abscissa, from which the linewidth is measured to be 250 Hz.

hertz spectral linewidth 1.5 pm LD. From curve B, it was
calculated that the controlled power concentration ratio [3]

within this NEF bandwidth was as high as 99%, which means-

that the total sideband power at 12’ MHz < |v — »,| was
only 1%, where », is a center frequency of the LD. )

For a further reduction of FM noise, the effect of the IM
noise at a lower Fourier frequency range, i.e., f < 1 MHz,
must be rejected from the discriminated signal of the FM
noise, as seen in Fig. 3(a). This IM noise effect can be
reduced by the techniques of [9]-[11], by which the laser
frequency can be locked to the center of a resonant frequency
of the FPI. The methods of [10], [11] can perfectly reduce
the effect of IM noise in theory. If the technique of FM
spectroscopy [9] is used for the NEF with an FM frequency
higher than 10 MHz, it is expected that the FM noise can be
reduced down to the 1 X 103 Hz?/Hz level, because curve
D in Fig. 3(a) took a constant value of 1 x 10~3 Hz2/Hz in
the range of 10 MHz =< f. This FM noise level corresponds
to a spectral linewidth of 3 mHz.

In order to realize a wider control bandwidth, the loop
delay time should be reduced. Following [12], it is expected
that a bandwidth over 134 MHz is possible.

IEEE PHOTONICS TECHNOLOGY LETTERS, VOL. 3, NO. 6, JUNE 1991

IV. SuMMARY

A 1.5 pm corrugation-pitch-modulated MQW-DFB laser
diode with multielectrodes was frequency stabilized by using
the negative electrical feedback technique. By this control,

FM noise of the LD was reduced to 10 Hz?/Hz at 1

kHz'=< f < 10 kHz, which was limited by the effect of the
IM noise. The spectral linewidth was reduced to 250 Hz,
which is the minimum value for 1.5 pum LD among the
values reported so far. The controlled power concentration
ratio in the NEF bandwidth was as high as 99%. It is
expected that further FM noise reduction down to 1 x 1073
Hz? /Hz corresponding to a 3 mHz spectral linewidth can be
realized by employing the technique of FM spectroscopy.
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Measurements of frequency fluctuations and
field spectral linewidths of lasers
by Motoichi Ohtsu and Chul-Ho Shin, Graduate
School at Nagatsuta, Tokyo Institute of Technology
Three kinds of measures representing the frequency
stability of the lasers are defined, and their
measurement methods and instruments are reviewed.
The three measures are the power spectral density,
the Allan variance, and the field spectral linewidth.
Several measured results for ultra-high coherent
semiconductor lasers, achieved by the authors, are
demonstrated.
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5.1. INTRODUCTION

Stable gas, dye, and solid-state lasers have been employed as coherent
light sources for high resolution, nonlinear laser spectroscopy. Recent
progresses in semiconductor devices have made it possible to achieve high
output power, low frequency fluctuations, and wideband tunability in
room-temperature and continuous-wave (CW) operated semiconductor
lasers. It can be claimed that the performance of some of these lasers has
already surpassed that of other types of lasers. This progress has made it
possible to use semiconductor lasers for high-resolution laser spec-
troscopy. Furthermore, it is interesting to note that these semiconductor
lasers oscillate at the wavelength range of between 0.7 and 1.6 wm, which
has not been obtained by other types of lasers. Because of this wavelength
range, a new field of spectroscopy, for example, spectroscopy of overtones
or combination tones in organic molecular vapors, can be exploited.
Furthermore, low price, small volume, and low power consumption in
semiconductor lasers are quite attractive for spectroscopists who have
been troubled with expensive maintenance charges and huge laser systems.

Considering these facts pointed out above, semiconductor lasers could
play an essential role in several fields of high-resolution spectroscopy. This
chapter will demonstrate such techniques. Prior to this demonstration, FM
noise characteristics of semiconductor lasers and their control techniques
will be reviewed in Sections 5.2 and 5.3. Very high quality and low noise
semiconductor lasers are required for high-resolution laser spectrometer
systems, which is quite different from other application systems. A part of
these sections may overlap with those of other chapters in this book.

Coherence, Amplification, and Quantum Effects in Semiconductor Lasers, Edited by Yoshihisa

Yamamoto.
ISBN 0-471-512494 © 1991 John Wiley & Sons, Inc.
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However, most of the parts are discussed from a viewpoint of its applica-
tions to spectroscopy. Several topics in the laser spectroscopy and their
applications will be described in Sections 5.4 and 5.5. A summary is given
in 5.6.

5.2. CHARACTERISTICS OF SEMICONDUCTOR LASERS TO BE
CONSIDERED TO REALIZE SINGLE-MODE OSCILLATION

A semiconductor laser exhibits essentially multilongitudinal-mode oscilla-
tion because the linewidth of its gain spectrum is about 100 times broader
than separation between the adjacent longitudinal modes. Such the laser
has the following specific oscillation characteristics:

1. Mode-Hopping. Semiconductor lasers usually shows multilongitudi-
nal-mode oscillation if they employ a conventional Fabry-Perot-type
cavity that is fabricated by cleaving or chemical etching of the crystal
facets. In this case, power switching between the longitudinal modes
occurs.

2. Mode Partition. Even though the power of the specific longitudinal
mode is larger than those of others, that is, in the case of nearly
single-longitudinal-mode oscillation, transient decrease of the main
mode power and increase of the other submode power occurs. This
decrease in the main mode power is called power dropout.

Both phenomena have been interpreted as quantum-mechanical phe-
nomena, which are triggered by mutually uncorrelated spontaneous
emission fluctuations introduced into each mode. Power fluctuation char-
acteristics due to these phenomena are governed by cross-saturation
characteristics of the gains in these modes, for which intraband relaxation
of the carrier in the conduction band plays an essential role. Mode power
fluctuations stemmed from these phenomena follow the statistics of a
Poisson process, and unified theoretical models have been presented by
introducing an analogy with phase transition of the first order in classical
thermodynamics [1]. From this theoretical work, it was pointed out that
the frequency of occurrences of these power fluctuations decrease expo-
nentially with the increase of the bias level. It can also be decreased by
enhancing the cross-gain saturation. For this enhancement, the tellurium
(Te) was doped into the clad layer so that the DX center formed by this
dopant worked as a saturable absorber [2, 3].

The 1.3- and 1.5-um-wavelength InGaAsP lasers have more advanced
cavity structures: DFB (distributed feedback) or DBR (distributed Bragg
reflector)-type laser cavities, to realize a more reliable nearly single-longi-
tudinal-mode oscillation for applications in optical communication sys-
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tems. This DFB structure has recently been employed successfully for
0.8-um-wavelength AlGaAs lasers [4]. Even for these longitudinal-mode
controlled lascrs, the mode partition phenomenon cannot be neglected if
the power ratio between the main and sublongitudinal modes are less than
40 dB, which could induce errors in spectral assignments in high resolution
and highly sensitive laser spectrometers [5]. To overcome this difficulty,
electrodes for current injection into the laser were divided into two or
three parts to suppress the spatial -hole burning of the carrier so that the
power of the sublongitudinal modes could be reduced [6].

Even when the nearly single-longitudinal-mode oscillation can be real-
ized by solving these problems, deterministic instability can be induced if
the emitted light from the laser is injected back into the laser itself from
the external reflecting surface [7, 8]. To avoid this instability, a high-quality
optical isolator with the isolation of higher than 60 dB is required.

For the discussions given in Section 5.3, it is assumed that each problem

presented above has been solved to realize a reliable nearly single-longitu-
dinal-mode oscillation.

5.3. REALIZATION OF A WIDEBAND HYPERCOHERENT OPTICAL
SWEEP GENERATOR FOR SPECTROSCOPY

A highly coherent and widely tunable light source is required for spec-
trometer systems. It is demonstrated in this section that such a light source
can be realized by utilizing efficiently frequency-controllable semiconduc-
tor lasers. '

5.3.1. Frequency Fluctuations of a Single-Longitudinal-Mode
Semiconductor Laser

The primary measures that have been used for representing the magnitude
of optical frequency fluctuations (FM noise) are power spectral density
and the Allan variances [9, 10]. They are measures in the Fourier fre-
quency and the time domain, respectively. In the case of white FM noise,
the field spectral profile of laser oscillation takes a Lorentzian shape and
its half-linewidth could be used as a convenient measure for representing
the FM noise magnitude because the linewidth is proportional to the
magnitude of the white noise power spectral density.

Figure 5.1 shows a power spectral density of the intrinsic FM noise.
Most fundamental noise source is the spontaneous emission fluctuations
(curve A). It gives a quantum noise limit of the free-running laser, which
corresponds to the FM noise of the coherent state or is called the
Schawlow-Townes limit of the field spectral linewidth [11]. Probability of
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Figure 5.1. Power spectral density of the FM noise of a semiconductor laser induced by
intrinsic noise sources. Curve A, spontaneous emission fluctuations; B, carrier-density
fluctuations; C, temperature fluctuations; D, 1/f fluctuations. Curve E represents the total
intrinsic FM noise by superposing the values of curves A-D.

occurrences of spontaneous emission events is proportional to the number
of cavity modes, and the magnitude of FM noise due to spontaneous
emission are proportional to cavity loss.

Carrier density could also be varied by the spontaneous emission, which
could induce the fluctuations of refractive index of the cavity and give
additional. FM noise (curve B in Figure 5.1). Since the carrier density
fluctuations are very fast, the adiabatic approximation of this fluctuation
cannot be made. Frequency modulation noise due to the carrier density
fluctuations have the second-order lag characteristics due to the interband
relaxation time and photon lifetime, which exhibits the low-pass character-

_ istics with the cutoff determined by the relaxation oscillation frequency of

several gigahertz. The power spectral density of this FM noise exhibits a
resonant peak at this frequency. Since center frequencies of the real and
imaginary parts of the complex gain spectrum of the laser medium differ,
the FM noise could be induced by the carrier density fluctuations, which
simultaneously induce the power fluctuations (IM noise) also. The ratio
between the FM noise magnitudes due to spontaneous emission and
carrier density fluctuations can be expressed by a?. The quantity « has
been called a linewidth enhancement factor or “a-parameter,” which takes
the values of 2-9 [12].

The third source of the FM noise is the temperature fluctuation (curve
C in Figure 5.1) induced by the carrier density fluctuation. There is also a
low-pass characteristic with a cutoff frequency determined by the thermal
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response time constant of the laser device. These three kinds of FM noise
give the intrinsic quantum noise originated from the laser.

In addition to these factors, 1/f noise could be observed at a low
Fourier frequency 1ange (curve D in Figure 5.1). It could give the
power-independent width of the field spectrum [13]. Although the origin
of this fluctuation has not yet been identified, possible origins are fluctua-
tions of carrier mobility [14], fluctuations of state occupation probability of
active carriers [15), and so on. Furthermore, current fluctuations from the
current source and ambient-temperature fluctuations could contribute as
external noise sources to generate additional FM noise. All of these noise
sources contribute to the FM noise of a free-running laser [16].

§5.3.2. Frequency Modulation Characteristics

Direct frequency modulation (FM) capability by modulating the injection
current plays an essential role in reducing FM noise. Therefore, it could
be important to investigate the direct FM response characteristics because
they could limit the performance of negative electrical feedback and
optical feedback systems designed for FM noise reduction. Figure 5.2
shows those of a 1.5-um InGaAsP laser and a 0.8-um-wavelength AlGaAs
laser (CSP, or channeled substrate planar, type) [17]. Mechanisms of the
direct FM are attributed to thermal effect and carrier density effect at
lower and higher modulation frequency ranges, respectively. They have a
low-pass characteristic with the cutoff determined by a thermal response
time constant of the device and relaxation oscillation frequency, respec-
tively. Since the direct FM response characteristics are a superposition of
these two effects, modulation efficiency shown by Figure 5.2a is, in
general, inhomogeneous for a wide modulation frequency range. These
characteristics depend on the transverse spatial distributions of the carrier

density and a parameter [18]. In particular, the phase lag characteristics

shown by Figure 5.2b limit the frequency control bandwidth. Homoge-
neous modulation characteristics have been obtained recently by control-
ling the spatial carrier density distribution by segmenting electrodes for
current injection [19]. Curve C in Figure 5.2 represents the result.

5.3.3. Principle and Method of Frequency Control

The magnitude of laser FM noise dv(¢) can be expressed as [20, 21]
dv(t) = kg (1 +a®) - L(t) + T (1)

—]:h(f) Adv(t — 1) + T, (t —7)} - dr | (5.1)

where «, is the cavity loss, a is the a parameter, [(¢) is the spontaneous
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Figure 5.2. Complex transfer function H,(f,,) representing the direct FM responses of a
1.5-um InGaAsP laser (curve A) and a 0.8-um CSP-type AlGaAs laser (curve B)[17, © 1988
IEEE]. Curve C represents a 1.5-um segmented electrode InGaAsP laser [19, © 1987 IEEE).
Panels (a) and (b) illustrate for the absolute value and argument of H,(f,,), respectively.

emission fluctuation, and T, (¢) is the fluctuation due to external noise
sources. These terms represent the magnitude of the FM noise of the
free-running laser. An convolution integral in the right-hand side of this
equation represents the effect of negative electrical feedback described
below. In this integral, h(7) is the impulse response function of the
feedback loop, 8v(t — 7) is the magnitude of the FM noise detected by
the feedback loop, and I,(t+ — 7) is the noise magnitude originating from

- the frequency discriminator element of the feedback loop. On the basis of

this equation, at least four methods can be found to reduce the FM noise:
(1) negative electrical feedback [21], (2) optical feedback [22], (3) improve-
ments in performance of laser devices, and (4) suppressing the sponta-
neous emission by the method of cavity quantum electrodynamics (cavity
QED). These methods are described and compared with each other in the
following.
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5.3.3.1. Negative Electrical Feedback. As is represented by the convolu-
tion integral in Eq. (5.1), an operating parameter (e.g., the injection
current) is controlled to vary the laser frequency to compensate for the
detected FM noise. Features of this method are:

1. A laser cavity structure does not have to be modified.

2. The feedback loop has a high gain and narrow-to-medium band-
width.

3. Selective feedback is possible within a specific range of Fourier
frequency. In this case, quite a high gain of the feedback loop can be
realized, which will provide a promising system for FM laser spec-
troscopy, a very long baseline laser interferometer for a resonant-type
antenna of gravitational wave detection, and so on.

4. The magnitude of the FM noise can be reduced below the sponta-
neous emission level (coherent state) of the free-running laser by
using a high-gain and low-noise feedback loop. That is, Fourier
transform of Eq. (5.2) gives

_ KCI * (1 + az) . 1
F(f)_' 1+H(f) ns(f)+1+H(f)Hex(f)
H(f)

where f is a Fourier frequency and F, Il II., II,, and H
represent the Fourier transforms of év, [, I, I};; and h of Eq.
(5.1), respectively. This equation means that the first and second
terms of Eq. (5.2), that is, the contributions from the quantum and
external noise sources, can be suppressed by the infinite gain of the
feedback loop (|H| — ). The magnitude of the last term converges
to |I1,| by the infinite gain; thus, the FM noise reduction limit is
given by the magnitude of the shot noise from the photodetector
used for FM noise detection. In other words, the shot noise corre-
sponds to the quantum noise limit of the laser under negative
electrical feedback condition. The magnitude of FM noise at the
shot noise limit can be lower than that of the spontaneous emission
limit (coherent state) of the free-running laser. Therefore, such a
state of low FM noise by negative electrical feedback can be called
the hypercoherent state [23].

5. Stability of the system is high because the feedback is negative.

6. The feedback loop can be designed optimally by computer simula-
tion of the feedback loop through analogy with the design criteria of
the conventional analog electrical feedback circuit. By this optimum
design technique, highly reproducible experimental results can be
obtained.
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5.3.3.2. Optical Feedback. The convolution integral in Eq. (5.1) does not
appear in this method. Instead, the cavity loss « is reduced by modifying
cavity structures. Characteristics of this method are:

1. Feedback loop has a medium to high gain and medium to wide
bandwidth that depends on the i inverse of the photon lifetime in the
modified cavity.

2. Modified cavity structure is simple. For this reason, this method has
been used for more than 15 years [22].

3. Deterministic instability, such as coherent collapse [24], can be
“induced. Effective optical coupling and moderate optical feedback
should be required to avoid this instability by fixing thin films on a
laser cavity facet for an antireflection coating. Furthermore, feed-
back control of the external cavity length is also required by using,
for example, a piezoelectric transducer. Therefore, this method can
be called an optomechanical feedback. The hypercoherent state is
not generated because of the absences of a FM noise detection
system and an external feedback loop.

4. Mode-hopping between adjacent longitudinal modes of the external
cavity can be induced. A method of monitoring and suppressing this
mode-hopping has been proposed [25, 26].

5. Efficiency of direct frequency modulation is drastically reduced.

By injecting a reflected light from an external reflector, the field
spectral linewidth of 2 kHz has been realized [27]. Laser frequency can be
swept by using a diffraction grating as the external reflector. However,
continuous sweep is difficult because of the hopping between the external
longitudinal modes, as well as that between the internal longitudinal
modes of the laser itself. In spite of these mode-hoppings, a total sweep
range as wide as 100 nm has been demonstrated by fabricating the laser
device by introducing a quantum well structure [28].

To keep the optical feedback system stable enough by controlling the
phase of the reflected light, the optical path length between the external
reflector and the laser facet should be controlled by using, a device such as
a piezoelectric transducer (PZT). In order to avoid this control system, a
self-pumping-type phase conjugation mirror has been used as an external
reflector [29). However, the stability characteristics of this optical feedback
system have been limited because of the slow response of the phase
conjugation medium.

As a more stable version of optical feedback, the method of using a
confocal Fabry-Perot interferometer as an external reflector has been
proposed [30], and a field spectral linewidth of about 10 kHz has been
realized. The experimental setup of this system is shown in Figure 5.3. In
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Figure 5.3. Experimental setup of FM noise reduction by optical feedback from a confocal
Fabry-Perot interferometer [30].

this system, transmitted light, after resonating in the Fabry—Perot interfer-
ometer, is injected into the laser. Since the Fabry-Perot interferometer
works as a frequency-dependent reflector, the laser frequency is pulled
into the resonance frequency of this interferometer, and the laser FM
noise is reduced. Control bandwidth is given by the half-width at the
half-maximum of the resonance curve of the Fabry—-Perot interferometer,
which corresponds to the inverse of the photon lifetime of the interferom-
eter. As is the case of using a single reflecting plate described above, the
optical pass length between the laser and the Fabry—Perot interferometer
should be controlled to maintain the stable optical feedback system.
However, the precision of its control may be lower than that of the
previous system [31]. In addition to this fact, this system has two more
advantages. First, strong optical feedback from the Fabry—Perot interfer-
ometer is not required, by which intrinsic laser cavity structure is main-
tained. This laser system shows that the external mode suppression ratio is
much higher than that of the conventional external-cavity lasers. Second,
direct frequency modulation is still possible at the modulation frequency
which is related by rational fractions to the free-spectral range of the
Fabry-Perot interferometer [31, 32].

A compact and frequency-modulatable laser module has been fabri-
cated by employing the techniques of microoptics and fiber optics to make
a compact Fabry—Perot interferometer [33-35]. This module is demon-
strated by Figure 5.4. This technique has also been applied for a 0.67-um
visible AlGalnP laser to reduce its FM noise. As is shown in Figure 5.5,
the half-linewidth of its field spectrum has been reduced to 50 kHz
[36,37]. This measured value was limited by a resolution of the delayed
self-homodyne system of the linewidth measurements. It was confirmed
that this value was 2 X 10~* times that of the free-running laser. By
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Figure 5.4. A compact and frequency-modulatable AlGaAs laser module [33-35, © 1990
IEEE]}. The Fabry-Perot interferometer for optical feedback was made by employing the
technique of microoptics.

employing simultaneously the optical feedback from a diffraction grating,
the wavelength of this visible laser could be swept for over 5 nm.

5.3.3.3. Improvements in Performances of the Laser Devices. External
optical and electrical elements should be connected to the laser devices
for application of two methods described in Sections 5.3.3.1 and 5.3.3.2.
However, it could sometimes be inconvenient for some practical industrial
applications to use additional elements because of the increasing cost and

[5 dB/div]

I (v-10)

—500 500
[kHz]

V=l
Figure 5.5. Field spectral profile /(v — v,) of a 0.67-um AlGalnP laser whose FM noise
was reduced by the optical feedback of Figure 5.3 [36,37] (v, is the center frequency of the
spectrum). Its half-linewidth was 50 kHz, which was estimated by using a delayed self-homo-
dyne technique with an optical fiber about 2 km long.
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system volume. To overcome these difficulties, performance of laser device
itself has been improved to realize a stable laser, which can be an
interesting approach for laser device designers. This method provides a
low to medium feedback gain, and the bandwidth is medium to wide
because the photon lifetime in the laser cavity is shorter than that of the
method described in Section 5.3.3.2. Even for this method, the negative
electrical feedback loop should usually be added to improve the stability
and reliability of these improved laser devices, and to increase the feed-
back gain. This method can be divided into two categories:

1. Reductions of the Cavity Loss and a Parameter. Cavity loss of the
laser device can be reduced by increasing the cavity length. Furthermore,
segmented electrodes are fixed to the laser in order to reduce the spatial
hole burning by controlling the currents injected into the segmented
electrodes. As a more advanced method, a quantum well structure is
introduced to adjust the center frequency of the real and imaginary parts
of the complex gain spectrum to reduce the value of the a parameter [38].

2. Integration of the System Described in Section 5.3.3.1 or 5.3.3.2. An
external reflector and an optical waveguide for the optical feedback have
been integrated with laser devices [39]. To avoid occurrences of determin-
istic instability, a phase controller was also integrated between the gain
part for the laser oscillation and an external distributed Bragg reflector.
As a result of this integration, a field spectral linewidth of about 100 kHz
has been realized [40,41). Furthermore, corresponding to the optical
feedback system illustrated in Figure 5.3 two distributed Bragg reflectors
and an optical waveguide were integrated to reduce the field spectral
. linewidth of a 1.5-um InGaAsP laser to 150 kHz [42]. The future problem
of this system is the integration of these external components with the
laser. For an negative electrical feedback system, the principal factor for
limiting the feedback bandwidth is the length of the feedback loop. If
frequency demodulators, photodetectors, and amplifiers can be integrated
with the laser devices, its bandwidth can be expanded. From this point of
view, electrical negative feedback is compatible with the technique of
optoelectronics integration.

5.3.3.4. Using the Method of Cavity Quantum Electrodynamics. The
magnitude of the spontaneous emission fluctuations, specifically, the value
of T, of Eq. (5.1), can be reduced by the method of cavity QED [43]. In

this method, spontaneous emission rate is reduced by reducing the num-

ber of cavity modes by using a microcavity. Since this method is still at the
early stage of development, several problems remain to be solved; for
instance, the spontaneous emission rate is enhanced at the resonance
frequency of the cavity. It should be inhibited to realize a low-noise laser.

Several experiments have already been carried out at the microwave
frequency region. Similar experiments have recently been carried out at
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the optical frequency region to control the spontaneous emission rate [44],
and fabrication techniques of optical microcavity have been developed
[45]. As another approach to control the spontaneous emission rate,
realization of band structure of photon energy has been proposed by
localizing the photon in the medium with the three-dimensionally periodi-
cal distribution of the refractive index [46,47]. By utilizing these new
quantum optical approaches, realization of novel laser devices with low
quantum noise is expected in the future.

5.3.4. Example of a Hypercoherent Optical Sweep Generator by Negative
Electrical Feedback

To realize a stable optical sweep generator for high-resolution laser
spectroscopy, a reliable method is the negative electrical feedback. Al-
though the feedback bandwidth is about 100 MHz, it is wide enough for
the spectroscopy because most of the spectrometer system have a band-
width narrower than 100 MHz. The bandwidth of the negative electrical
feedback can be expanded by employing the optoelectrical integration
technique in the future.

At least five subjects should be considered to realize a reliable optical
sweep generator: (1) stabilization of the center frequency of the field
spectrum, (2) improvement of the accuracy of the stabilized center fre-
quency, (3) linewidth reduction of the field spectrum, (4) frequency track-
ing to the other coherent laser, and (5) accurate and wideband frequency
sweep. Experimental results obtained by the authors’ group and future
outlook of the improvement of the system performances are introduced in
the following.

Figure 5.6 represents the synthesized system of negative electrical
feedback to solve simultaneously the five problems presented above [21]. It
appears rather complicated; however, the total volume of the system can
be maintained far smaller than those by using other kinds of lasers.
Further reductions of the total volume can be expected if several optical
or electrical components will be integrated with the lasers in the future.

5.3.4.1. Center Frequency Stabilization of the Field Spectrum. The cen-
ter frequency of the field spectrum can be stabilized if a slow FM noise
components (e.g., f < 1 Hz) are reduced by using a DC servocontrol loop.
Since these slow FM noise components are usually caused by temperature
fluctuations and 1/f fluctuations, a low drift and stable frequency demod-
ulator, composed of frequency reference and discriminator, is indispens-
able for this feedback system. Resonance spectral lines in atomic or
molecular vapors can be used for such the frequency demodulators.
Absorption spectral lines due to higher harmonics or combination tones
of vibration-rotation transitions in organic molecular vapors (e.g., NH,
(48], H,O [48,49], C,H, [50], HCN [51]) can be used conveniently because
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a great number of these spectral lines are distributed around the wave-
length region of 0.7-1.6 um. The problems are their broad spectral
linewidths, weak absorption coefficients, and difficulties in spectral assign-
ments. To overcome these difficulties, strong spectral lines at the 0.8-um-
wavelength region due to electronic transitions in atomic vapor (e.g., Rb
[52], Cs [53]) have been used because their spectral assignments have been
completed. They have further advantages in realizing a Doppler-free,
narrow-linewidth saturation absorption spectral lines, reducing the volume
of the gas cells, and so on. Since optogalvanic spectral lines in rare gases
exhibit a large signal-to-noise ratio, it can be considered as another
candidate [54]. Although it is rather difficult to realize a high-frequency
stability because the reference frequency would be shifted as a result of
plasma instability and the Stark effect in the discharged gases, a compact
discharge lamp has been employed to realize a low-price frequency de-
modulator for 1.5-um InGaAsP lasers in order to realize a practical light
source for optical communication systems [55]. As a novel method, the
second harmonic frequency, which is generated from the active layer of
the InGaAsP laser, has been stabilized to the Rb linear absorption
spectral line in order to stabilize the 1.56-um InGaAsP laser frequency
[56). Although this second harmonic power is low, detection sensitivity of
absorption spectral line can be increased by using a heterodyning tech-
nique with a 0.78-um AlGaAs laser, and furthermore, a technique of
optical-optical double resonance could make it possible to detect
Doppler-free absorption spectral lines in Rb by using a 0.78-um AlGaAs
laser as a pumping light source [57]. From these facts, it can be claimed
that low power in the internally generated second harmonics does not
present any essential problems. Using a nonlinear organic waveguide,
investigators have recently attempted to increase the efficiency of second
harmonic generation [57]). For a stable frequency demodulator for a
0.67-um AlGalnP laser, several atomic vapors (e.g., Li) can be used.

Although a Fabry—Perot interferometer does not provide any absolute
reference frequencies, it has been conveniently used as a frequency
demodulator because of its simple structure. Since the value of its finesse
has recently been increased up to several ten thousands, it has been
demonstrated that high short-term stability (at the Fourier frequency
range of f > 0.1 mHz or the integration time range of 7 < 1 X 10* s) can
be realized by using this supercavity, which has been higher than by using
atomic or molecular spectral lines [58].

By using the frequency demodulators described above, a frequency
stability as high as 2 X 107!2 has been obtained at the integration time of
100 s [59]). Although this value has not yet reached the shot noise limit
generated from the photodetector in the feedback loop, theoretical analy-
sis has estimated that the stability as high as 1 X 10~ ' can be obtained if
this shot noise limit is realized [21]. The most accurate frequency stability
measurement is made by measuring the residual FM noise of the beat
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frequency between the independently stabilized two lasers. For this pur-
pose, an Allan variance real-time processing system has been developed
for the accurate evaluation of frequency stability [60, 61].

5.3.4.2. Improvement in the Accuracy of the Stabilized Center Frequency.
In high-resolution, high-precision laser spectroscopy system, the stabilized
laser frequency should be accurately calibrated for precise spectral assign-
ments and determining structural constants of atoms and molecules. From
these critical requirements, accuracy of the stabilized laser frequency has
to be improved. One of the principal phenomenon of limiting the accuracy
of semiconductor laser frequency is a blue-shift (about 20 MHz h~!) due
to the drift of the thermal resistance of the free-running laser device [62].
Furthermore, a drift of the reference frequency also limits the accuracy of
the stabilized frequency. For example, a saturated absorption spectral line
in Rb exhibits a frequency shift induced by the changes in incident laser
power and ambient temperature [63]. Typical values of this frequency shift
have been evaluated as —5 MHz/(mW cm~™2) and —0.8 MHz K™/,
respectively. Those of H,O vapor are about 10 times larger [64]. Further-
more, those of optogalvanic spectral lines in rare gases could be much
larger because of the plasma instability and the Stark effect in the
discharged gas, which can be concluded from a popular historical story
that a Lamb-dip stabilized He-Ne laser has been replaced by a CH,-
stabilized He-Ne laser to avoid the frequency shift of the Lamb-dip of the
He-Ne discharged gas [65]. From the comparison between the results
reported so far, it can be concluded that spectral lines due to electronic
transitions in atomic vapors are used as more accurate frequency demodu-
lators than those of the higher harmonics or combination tones of vibra-
tion-rotation transitions in organic molecular vapors.

To calibrate accurately the stabilized laser frequency, absolute mea-
surements of laser frequency are required. Harmonic mixers using
metal-insulator-metal (MIM) point-contact diodes or Josephson devices
have been conventionally used for this purpose [66]. However, since the
MIM diodes have low sensitivities and the response of Josephson devices
is slow [67], it is not practical to use them for the semiconductor lasers
with wavelengths shorter than 1.5 um. Instead of measuring frequency,
wavelength measurements have been employed by a scanning Michelson
interferometer-type wavemeter for convenient and rough evaluations of
the accuracy with the error of 1 X 10~ 7-107% [48, 49].

Several trials have recently been reported to realize a sensitive and fast
photodetector by using a tunnel junction between thin films of a high-T
superconductor and a metal film [68], and by using a virtual charge-
induced optical nonlinearity in a quantum well structure semiconductor
device [69]. If these devices could be used as reliable harmonic mixers,
practical systems of absolute frequency measurement may be realized to
improve the accuracy as high as 1 x 10717,
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5.3.4.3. Linewidth Reduction of the Field Spectrum. The half-linewidth
of the field spectrum can be reduced by negative electrical feedback if its
bandwidth B is wider than the half-linewidth of the free-running laser
Avgg (i.e., B> Avgg). A sensitive and wideband frequency demodulator
is required to realize a high gain and wideband feedback loop. For this
purpose, a high-finesse Fabry—Perot interferometer described in Section
5.3.4.1, especially its reflection mode, has been used [70,71]. Since the
reflection mode works as an optical frequency differentiator, it exhibits a
wider bandwidth of frequency demodulation than does the transmission
mode [70-72]. Furthermore, to obtain a dispersive frequency demodula-
tion output signal without modulating the laser frequency, several types of
frequency demodulators have been proposed, such as (1) installing a
Fabry—Perot interferometer in a Mach-Zehnder interferometer [73], (2)
installing a polarizer in a Fabry—Perot interferometer [74], and so on.
Figure 5.7 shows such a dispersive profile of the output signal from the
frequency demodulator (installation method 1). It has also been confirmed
that the gain of this demodulator is 10 dB larger and the bandwidth is
equal to those of the reflection mode of the Fabry-Perot interferometer
[73].

Optimum design of a phase compensation circuit in the feedback loop
can be carried out in order to realize the largest gain and widest band-
width of the feedback loop. For this design, computer-aided analog
network design criteria can be employed based on the frequency response
characteristics of each feedback element, such as a laser (see Figure 5.2), a
frequency demodulator, and so on. Curve B of Figure 5.8 shows an
experimental result for an 0.8-um AlGaAs laser (CSP type) by using such
the optimized slow and fast feedback loops simultaneously [70,71]. It
represents the power spectral density of the residual FM noise. Curve A4 is
the value of the free-running laser. It can be seen by comparing these
curves that the feedback bandwidth is 40 MHz and the FM noise was
reduced to 60-70 dB within the Fourier frequency range of 100 Hz-1 kHz.
It means that the gain-bandwidth product of this feedback loop was as

50 MHz

(a. u.)

Figure 5.7. Relation between the laser fre-
quency and the output power from the
Mach-Zehnder interferometer, in which a
Fabry-Perot interferometer is installed [73].
The sharp slope is used as a frequency
demodulator.

Output Power

Frequency
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Figure 5.8. Power spectral density of the FM noise of a CSP-type AlGaAs laser [70,71,
© 1990 IEEE). Curve A, free-running laser; B, under condition of negative electrical
feedback; C, magnitude of the spontaneous emission noise, that is, FM noise in the coherent

state of the free-running laser or the so-called Schawlow-Townes limit; D, limit of FM noise
detection of the present experimental setup. ' ‘

large as 50 THz (terahertz). For most laser spectrometers, the bandwidth
obtained here could be sufficiently wide. Curve C represents the magni-
tude of the spontaneous emission noise, that is, the FM noise in the
coherent state of the free-running laser, which was estimated by assuming
the value of the a parameter as 9 [12]. It can be confirmed that the value
of curve B is lower than that of curve C at the Fourier frequency range
below 4.4 MHz; thus, the hypercoherent state was realized in this range.

Curve D in Figure 5.8 represents the sensitivity of the frequency
demodulator employed here, that is, the limit of FM noise reduction,
which was determined by intrinsic IM noise of the laser. An optical
balanced detector [75-77] could be effective to eliminate the contributions
from this IM noise in order to realize the shot-noise limit of the feedback
loop. It has been confirmed that the contribution from the IM noise can
be reduced to 20-30 dB within the Fourier frequency range below 20 MHz
[78]. Curves A and B of Figure 5.9 represent the field spectral profiles
derived by applying the computer program of the fast Fourier transform to
curves A and B of Figure 5.8, respectively [70,71]. Curve A represents
that the half-linewidth of the free-running laser is 4.5 MHz, while it can be
seen from by comparing curves A and B that the FM noise within the
+40-MHz region around the center has been drastically reduced by the
feedback. From the magnified profile given by Figure 5.9b, it is confirmed
that the half-linewidth was reduced to 560 Hz, which is, to the authors’
knowledge, the narrowest linewidth among the formally reported values.
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Figure 5.9. Field spectral profile I(v — v,) of a CSP-type AlGaAs laser [70,71, © 1990
IEEE]), where v, is the center frequency of the spectrum. (a) Curves 4 and B correspond to
curves A and B in Figure 5.8, respectively. (b) Magnified profile of curve B in Figure 5.9a.
The values of the half-linewidths for curves 4 and B are Avgg = 4.5 MHz and Avgg =
560 Hz, respectively.

This linewidth has been narrow enough even for ultra-high-resolution
laser spectroscopy such as the subnatural linewidth spectroscopy, laser
cooling, and so on. The half-linewidth estimated from curve D of Figure

- 5.8 is about 1 Hz, which corresponds to the linewidth reduction limit of

the present experimental setup. It was estimated that the shot-noise limit
of the present experimental setup could realize the half-linewidth of about
50 mHz [21].

5.3.4.4. Frequency Tracking to the Other Coherent Laser. If a stable
laser can be realized by solving the problems mentioned in Sections
5.3.4.1-5.3.4.3, frequency tracking of the second laser (a “slave” laser) to
this coherent laser (a “master” laser) is also an essential technique for a
heterodyne-type or homodyne-type detection system for laser spec-
troscopy. Block 4 in Figure 5.6 represents such a frequency tracking loop,
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that is, a frequency locked loop. To realize a heterodyne-type frequency
locked loop, injection current of the slave laser is controlled so that the
beat frequency between the two lasers is locked to the microwave local
oscillator frequency, which has been called the frequency offset locking
[79]. By this technique, the residual FM noise of the beat signal has been
reduced to 0.2 Hz at the integration time of 100 s, which corresponds to
the square root of the Allan variance of 5 X 10~ '®, where the magnitude
of this FM noise was normalized to the optical frequency [80]. This value is
much smaller than that of the residual FM noise of the master laser, which
means that the slave laser frequency tracks very accurately to the stable
master laser. The capture and locking ranges of this loop were as wide as 2
GHz, which were limited by the bandwidth of the photodetector used as a
heterodyne receiver [80].

It has been estimated that this FM noise can be reduced to about
1 X 10~'® by improving the performance of the feedback elements such as
a frequency-phase comparator [33,80]. By these improvements, phase
fluctuations (PM noise) of the beat signal can also be reduced to lower
than 1 radian; in other words, a heterodyne-type phase locked loop can be
realized [81). Figure 5.10 shows experimental results to demonstrate the
low residual PM noise of the beat signal between two semiconductor lasers
obtained by the heterodyne optical phase-locked loop [33]. Curves A4 and
B of Figure 5.10a represent the signal waveforms of the local microwave
oscillator and of the beat signal, respectively. By the magnitude of the
timing jitter on curve B, the root mean-square value of the residual PM
noise has been estimated as 0.6 radian [33, 82]. Figure 5.10b shows the
field spectrum of the beat signal under optical phase locking, of which the
control bandwidth was about 1 MHz. The beat signal was also observed at
2-kHz span, where its half-linewidth was 60 Hz, which was limited by the
resolution bandwidth of the RF spectrum analyzer. A homodyne-type
phase locked loop can be also realized by fixing the frequency of the local
microwave oscillator to zero, where the photodetector becomes an optical
phase comparator. Figure 5.11 shows the experimental result of the power
spectral density of the PM noise of the homodyne phase-locked loop [83].
Within the Fourier frequency range below 12 MHz, drastic reduction of
the PM noise can be seen. The bandwidth of this phase-locked loop, 12
MHz, could be large enough for the most of the homodyne phase-locked
system for high-resolution laser spectroscopy. To evaluate quantitatively
the magnitude of these residual FM or PM noise, the measurement system
with about 100 times more accurate [82] than those of conventional ones
[60, 61] has been developed.

For FM laser spectroscopy [84], the beat signal between the two lasers
has to be measured. In such a case, measurement accuracy could be
limited by the magnitude of the FM noise of the beat signal, which
depends on the uncorrelated spontaneous emissions introduced into each
laser mode. To improve this accuracy, a method of making a correlation
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Figure 5.10. (a) A waveform of the beat signal obtained by the heterodyne-type phase-locked
loop [33). Curves A and B are the waveforms from the microwave local oscillator and the
beat signal, respectively. Their frequencies are 50 MHz. (b) A field spectrum I(v — v,) of
the beat signal under optical phase locking (v, is the center frequency of the spectrum). The
resolution bandwidth and sweep time were 1 kHz and 30 s, respectively.

between these spontaneous emission fluctuations has been proposed [85].
Since the spontaneous emission corresponds to the stimulated emission
driven by the zero-point fluctuations in vacuum, any correlations would
not exist between those for different modes. However, if a number of
upper energy levels are engaged in laser transitions, correlation can be
generated between these spontaneous emissions by making a quantum
correlation between these upper levels by applying a resonant external

“modulation. The correlated spontaneous emission has already been ob-

served for the external-cavity semiconductor laser [86). However, one
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should not confuse this with the active mode locking phenomenon because
some of the characteristics in correlated spontaneous emission are similar
to those of the active mode locking. A method of highly precise evaluation
has recently been proposed by measuring the Allan variance of short-term
PM noise in the beat signal [87].

5.3.4.5. Accurate and Wideband Frequency Sweep. In the heterodyne-
type frequency locked loop described in Section 5.3.4.4, the slave laser
frequency can be swept by sweeping the frequency of the microwave local
oscillator while maintaining the stability of the slave laser frequency very
high. For a conventional AlGaAs laser with a Fabry-Perot cavity, a
continuous tunable range of 64 GHz has been already realized [80], which
is large enough for high-resolution laser spectroscopy. By using a longitu-
dinal-mode controlled laser, such as a DFB or DBR laser, tunable range
as wide as 1 THz can be realized [88].

Furthermore, as is shown by Figure 5.12, a novel system of realizing a
petahertz (PHz; 10'° Hz) class coherent optical sweep generator has been
proposed [89, 90]. In this system, four commercially available semiconduc-
tor lasers, with wavelengths of 1.56, 1.34, 0.78, and 0.67 wm, are employed
as primary light sources. Negative electrical feedback loops as described
above are applied to these lasers to reduce their FM noises. As additional
passive elements, nonlinear optical waveguides using organic materials
such as MNA and DAN, are used for second harmonic generation,
parametric frequency conversion, sum, and difference frequency genera-
tions. In this system, frequency tracking between the 1.56-um laser and
the 0.78-um laser has been realized by locking simultaneously the frequen-
cies of the 0.78-um laser and the second harmonics of the 1.56-um laser to
the center frequency of the pump-probe spectral shape in Rb atomic
vapor (see Figure 5.16 later in this chapter). Similar frequency tracking
between the 1.34-um laser and the 0.67-wm laser can be realized by using
the Li atomic vapor. By incidenting these stabilized lasers into organic
nonlinear waveguides used for parametric frequency converters, fre-
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Figure 5.12. Schematic explanation of the principle for a petahertz-class hypercoherent
optical sweep generator [89, 90]. Four coherent semiconductor lasers are used as primary
light sources. Frequency links between these lasers are realized by using absorption lines of
Rb and Li vapors as frequency references for negative electrical feedback. Nonlinear organic
waveguides are used for generations of the second harmonic wave for this link. For wideband
frequency sweep, other organic nonlinear waveguides are used to realize parametric fre-
quency conversion and sum or difference frequency generation. Another inorganic oxide
nonlinear optical crystal is used to generate the second harmonic wave from the 0.67-um
laser. Maximum of the wavelength tuning range expected by this system is 1.22 um (i.e., from
1.56 um to 0.34 um), which corresponds to 700-THz frequency range.

quency-converted coherent lights can be generated, which can be fre-
quency-tunable within the wavelength range of 1.56-0.67 um. Inorganic
oxide nonlinear optical crystals should be used for efficient second har-
monic generation from the 0.67-um laser. By summarizing these tech-
niques, rough frequency tuning between the wavelength range of 1.56-0.34
pm can be expected, which corresponds to the frequency-tunable range of
700 THz, or approximately 1 PHz. Such a wideband frequency tuning, to
the authors’ knowledge, has never been realized by other kind of laser
systems. For practical applications to high-resolution laser spectroscopy,
expensive dye laser systems may be replaced by this inexpensive and
compact system. Fine and accurate tuning can be carried out by employing
simultaneously the technique of frequency offset locking. Essential prob-
lems to be solved to realize the petahertz frequency sweep range could be
crystal growing and fabrication of efficient organic nonlinear optical wave-
guides. Theoretical analysis, crystal growing, and fabrication of the DFB-
type channel waveguides are now in progress [91].

Table 5.1 summarizes the present status and future outlook of perfor-
mance of the optical sweep generator that could be realized by considering
five subjects described above [90]. It can be claimed that a highly precise
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Table 5.1 Present Status and Future Outlook of Optical Sweep Generator
Performance [90]

Present Future (Predicted)
Performance Performance
Center frequency stabilization 2Xx 10124 1x10°1¢2
Reproducibility and accuracy 1x10°8 1x10°1
Linewidth reduction ' 560 Hz 50 mHz
Frequency/phase tracking 5.5x 10" <1x107 184
0.6 radian® < 0.1 radian®
Accurate and continuous 1 THz 700 THz

frequency sweep

“The value at the integration time of 100 s.
’Root mean square.

optical sweep generator has been realized, and further improvements can
be expected in the near future.

54. TOPICS OF SPECTROSCOPY

Spectroscopic data of atoms and molecules at the near-infrared region of
about 0.7-1.6-um wavelength have not been documented sufficiently be-
cause of the lack of the reliable coherent light sources. However, the
improvements of semiconductor lasers have made it possible to carry out
highly sensitive and high-resolution spectroscopy at this wavelength region.
Several examples in experimental results of spectroscopy, obtained by
frequency controlled semiconductor lasers, are demonstrated in the fol-
lowing subsections.

5.4.1. Linear and Nonlinear Laser Spectroscopy

A great number of Doppler-broadened spectral lines due to higher har-
monics and combination tones of vibration-rotation transitions in organic
molecular vapors can be observed within the wavelength range of 0.7-1.6
wm. Although their absorptions are weak, spectral lines due to 2v,, 2v;,
or v, + v, vibration transitions in NH and 2v, + v; vibration transition
in H,O have been observed at the 1.5-um wavelength with the detection
sensitivity of 2.3 X 1073 torr per a meter optical pass length [48]. Further-
more, those due to the 2v, + v, + v; vibration transition in H,O have
been measured at the wavelength range of 0.8 wm [49]. In this case, fairly
strong absorptions were observed because the 2v, + v, + v; band is
coupled with the v, + v; band by Darling-Dennison resonance [92]. The
wavelengths of these absorption lines have been calibrated within the
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error of 1 X 1077 to 1 X 108, After these pioneering works, spectro-
scopic data have been accumulated for several organic molecular vapors.
For example, spectral lines in C,H, [50] and HCN [51] have been
measured by sweeping a DFB laser frequency for over 1.5 THz. A highly
sensitive spectrometer for studying the wavelength regions of 0.75-0.88
pum, 1.3 um, and 1.5 um has recently been constructed [93], which was
sensitive to the absorption of 2 X 10~°. By using this spectrometer, the
systematic study on the characteristics of spectral measurements of the
vibration transitions in NH; has been carried out. As a result of this study,

‘the transfer from the normal mode vibration to local mode vibration was

found with increase of the vibration quantum number. These experimental
data were confirmed with theoretical analysis. Further improvements in
sensitivity of these spectrometers can be expected by employing the
technique of frequency modulation (FM) spectroscopy [84], which is com-
patible to semiconductor lasers because of their high efficiency of direct
frequency modulation. Several experimental results of FM spectroscopy
have already been demonstrated [94]. A problem to be solved in FM
spectroscopy by semiconductor lasers is that IM is induced simultaneously
by FM, which limits the measurement sensitivity. However, the contribu-
tion from IM could be reduced by employing a two-tone FM technique. As
a result of it, the sensitivity was improved by 10 times that of the
conventional one [95].

Spectral lines due to electronic transitions in atomic vapors have been
measured at the 0.8-um wavelength region. Systematic studies on Rb [52]
and Cs [53] have been reported. For rare gases, the technique of optogal-
vanic spectroscopy has been employed because a great number of optogal-
vanic spectral lines are distributed between the near-infrared and the
visible spectra [96). Although sufficiently reproducible frequency measure-
ments could be rather difficult because of the frequency shift due to
plasma instability and the Stark effect, fairly high sensitivity in measure-
ments have been obtained [54].

Since most spectral lines due to electronic transitions in atomic vapors
are distributed within the visible region, short wavelength lasers could be
required for these measurements. For this purpose, a second harmonic
wave generated from the active layer of an AlGaAs laser has been used to
measure the strong spectral lines in K (transitions 5p°P, ,-4sS, ,, and
5pP3,,-4sS, ;,) and Al (transition 3p®P, ,,~4s7S, ,,) vapors at the 0.4-um
wavelength range [97]. Similar measurements of Rb lines by using the
second harmonic wave generated internally from a 1.56-um InGaAsP laser
have also been carried out [56].

Doppler-free spectroscopy of atomic vapors has been carried out by
using a technique of atomic beam or nonlinear spectroscopy. Atomic beam
spectroscopy has been carried out, for Cs, Rb, and so on. Examples of
Doppler-free fluorescence spectroscopy experimental and calculated re-
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Figure 5.13. Doppler-free fluorescence spectral shape of 87Rb atomic beam [98]. (a)
Experimental results; (b) calculated results; (c) relevant energy-level diagram of the Rb
atom.

sults are shown by Figures 5.13a and 5.13b, respectively [98]. It was
obtained by using a 0.78-um AlGaAs laser, and the half-linewidths of the
fluorescence spectral profiles due to the transitions from F’' = 1, 2, and 3
levels of the excited state to the F = 2 level of the ground state was as
narrow as 70 MHz. This linewidth was determined by the residual Doppler
broadening due to the 5° divergence of the atomic beam [98]. However, it
is narrow enough that each spectral component represented by Figure
5.13c is clearly resolved.

As the first example of nonlinear spectroscopy, a saturated absorption
technique has been employed for Cs [53], Rb [52,99], and other elements.
Figure 5.14a shows the derivatives of saturated absorption lineshapes in
the ¥Rb D, line obtained by using a 0.78-um AlGaAs laser, in which 11
narrow spectral lines, including cross-resonance lines, are resolved [99].
They have linewidths as narrow as 40 MHz, which is limited by the
lifetimes of relevant energy levels. Their spectral strengths and positions
on the abscissa agree well with those estimated by theoretical analyses (see
Figure 5.14b).

As the second example, optical-optical double resonance has been
carried out for the D, [100] and D, lines in Rb by using a 0.79-um and
0.78-um AlGaAs lasers, respectively. Figure 5.15 shows the double reso-
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Figure 5.14. Derivative of saturated absorption spectral lineshapes in 8Rb [99, © 1985
IEEE). (a) Experimental results. (b) Assigned spectral lines. For the notations of 'this
spectral lines, see the relevant energy-level diagram presented in Figure 5.13c. For the
transition from the F = 1 level of the ground state, two saturated absorption lines (s and ¢)
and three cross-resonance lines (r-s, r—t, and s—t) were observed. For the transition from
the F = 2 level, three saturated absorption lines (o, p, and g) and three cross-resonance
lines (0-p, g-o0, and p-q) were observed.

nance spectral shapes for the D, component of an 8Rb atomic beam [98],
which exhibit clear Doppler-free spectral shapes. Because the pump laser
frequency was fixed to the transition frequency between the F = 2 and
F' = 3 levels, the strength of the spectral component F' = 3 is weaker
than that of the other two components as the result of saturation. Figure
5.16a shows a novel experimental setup for a nonlinear pump-probe

F'=3 J

300MHz

" F=1
Figure 5.15. Optical-optical double-resonance spec- F=2
tral shapes of 87Rb atomic beam [98). The pump laser
frequency was fixed to the transition frequency from Frequency

F=2to F'=3.
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Figure 5.16. Novel Doppler-free pump-probe spectroscopy of Rb by using an AlGaAs laser
and the second harmonics of the InGaAsP laser as the pumping and probe light sources,
respectively [90]. (a) Experimental setup; (b) an example of the first derivative of the spectral
profile.

spectroscopy [90]. Doppler-free spectral profiles, which are due to the
saturation by the pumping from a 0.78-um AlGaAs laser, can be probed
by using a second harmonic wave generated from a 1.56-um InGaAsP
laser. Figure 5.16b shows an experimental result of the first derivative of
the Doppler-free spectral shape. This spectral shape can be used as a
frequency reference to stabilize the frequency of the pump and probe
lasers simultaneously, which can realize a stabilized frequency link be-
tween the 0.78-um AlGaAs and 1.56-um InGaAsP lasers, and will be used
as stable master lasers for wideband optical sweep generator represented
by Figure 5.12. Similar results can be expected for Li atoms by using
0.67-um AlGalnP and 1.34-um InGaAsP lasers.

The third example is the Doppler-free two-photon spectroscopy for Li
atomic vapor, which has been carried out by using a dye laser and an
AlGaAs laser [101]. By using a thermoionic heat pipe diode as a sensitive
detector for spectral measurements, clear spectral profiles, shown by
Figure 5.17, have been obtained. It can be seen from this figure that the
hyperfine components in SLi and 'Li have been clearly resolved.
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Figure 5.17. Spectral profile due to the Doppler-free two photon transitions 25-2P-3S in
the °Li and "Li atoms [101]. The numbers below the spectra denote the quantum numbers F
and F’ .of the initial and final states, respectively.

As one of the other applications of semiconductor lasers to alkali vapor
spectroscopy, Rydberg states of alkali atoms can be produced by stepwise
excitation, which is shown in Figure 5.18 for Cs and Rb [102]. By using this
spectroscopic method, information about highly excited states can be
obtained [103]. The Rydberg atoms prepared by this method have also
been used for one atom maser in the microwave region, which is one
branch of the cavity QED described in Section 5.4.4.
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Figure 5.18. Stepwise excitation schemes to obtain the Rydberg states of Cs (a) and Rb (b);
E| is the ionization level [102]. Most of the transitions indicated by solid arrows in this figure
can be driven by the semiconductor lasers. The broken arrows indicate transitions driven by
argon ion lasers.
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5.4.2. Test of Parity Nonconservation

The existence of weak interaction between elemental particles in atoms
has been predicted by the standard electroweak theory developed by
Glashow, Weinberg, and Salam. Experimental tests for this theory have
been carried out in the field of high-energy physics using a huge accelera-
tor. However, it has been found that a method of precision laser spec-
troscopy could be used as a more convenient and less expensive tool for
this test [104, 105]. Since the parity conservation of the wave function of
the atom could be violated by the weak interaction, a weak optical
transition due to this violation can be detected by a carefully designed
sensitive laser spectrometer. Figure 5.19 shows such an experimental setup
for detecting the change of polarization of the transmitted light through
the Pb atomic vapor, in which a 1.3-um InGaAsP laser is used as a
coherent light source [106]. The optical transition due to magnetic dipole
interaction in Pb atoms was monitored to detect the change of polariza-
tion induced by the parity nonconservation. This sensitive spectrometer,
employing the techniques of polarization modulation and phase-sensitive
detection, was sensitive to the polarization rotation of 0.1 pradian. Stark
coefficients in Cs atoms have also been accurately measured by using a
carefully frequency controlled AlGaAs laser, by which several structural
constants of Cs have been estimated to test the parity nonconservation
[107].

Semiconductor lasers can be also used for accurate measurement of the
Lamb shift of muonic atoms [108]. A frequency controlled 0.73 pum
AlGaAs laser is used as the master laser for the injection locking of a
high-power solid-state Alexandrite laser to reduce its FM noise. The third
harmonic radiation from the locked Alexandrite laser is generated by
using nonlinear optical media. This ultraviolet light can be used as a
pumping source of the muonic atoms.

5.4.3. Manipulations of Atoms and Ions

Experimental studies of deceleration of atomic motion in vacuum (i.e.,
laser cooling [109]) and confinement of atoms in a limited volume by laser
beams have been recently progressed rapidly with the aid of improvements
in the laser frequency control technique. Deceleration of atomic motion is
possible by the light pressure imposed by the laser beam. The lowest
equivalent temperature of the cooled atom is lower than the value deter-
mined by the Doppler effect [ < 40 K (microkelvins)] [110, 111]. Further-
more, a recent experiment has revealed a temperature lower than 2 uK,
which corresponded to the thermal velocity of several centimeters per
second [112]. This is lower than the value determined by the recoiling
between the atom and photon.

It has become possible to confine a number of atoms (e.g., 1 X 107
atoms) in a limited volume in vacuum for more than several minutes with
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atomic density as high as 1 X 10! e¢m™3 [113]. In such high-density
situation, the confined atomic mass exhibits a specific characteristics
similar to those of viscous fluids. For this reason, this confined atomic
mass has been called “optical molasses.”

For these experiments, it is advantageous to utilize a high efficiency of
frequency modulation and controllability in semiconductor lasers. Figure
5.20 shows such an experimental setup using 0.85-um AlGaAs lasers for
optical pumping, laser cooling, and producing optical molasses of Cs
atoms [114]. Laser coolings of Rb atoms [115] and rare gases [116] have
also been carried out by using AlGaAs lasers. These experiments have
been carried out by using expensive and complicated atomic beam appara-
tus. However, a simple experimental configuration using an inexpensive Cs
vapor cell has recently been employed to produce the optical molasses
[117].

The experimental study of an ion trap, that is, confining a single ion in a
limited volume of an electromagnetic potential such as a Penning trap or
Paul trap, has been remarkable progress by simultaneously utilizing the
technique of laser cooling. Several specific characteristics, such as quan-
tum jump [118], have been observed for a cooled and confined single ion
[119]. By further improvements of performances in confinement technique,
squeezing between uncertainties of the momentum and the position of the
ion have recently been observed [120]. Furthermore, by confining and
cooling high-density atoms, it was observed that their characteristics were
similar to those of ionic crystal and solid-state plasma [121].

Pumping

Lasef2\\

Molasses

/ Laser
FP2
i | SAS 2

/ Stopping Laser

Vacuum Chamber

1

Cs FP1

Oven
SAS 1

Photodiode Pumping

Laser 1

Figure 5.20. Experimental setup for laser cooling and for producing the optical molasses of
Cs atoms [114]. AlGaAs lasers were used for optical pumping, laser cooling, and producing
optical molasses.
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Since most of the ions have their resonant frequencies in the visible-
ultraviolet region, several expensive dye lasers and their second harmonic
or sum-frequency radiations have been used. However, the efficiency of
these wavelength conversion is rather low in these short-wavelength re-
gions. To overcome these difficulties, the possibility of using easily control-
lable semiconductor lasers have been examined [120]. For this purpose, it
is expected that a hypercoherent optical sweep generator such as that
described in Section 5.3.4 can be used as a reliable coherent light source.

5.4.4. Cavity Quantum Electrodynamics

As was described in Section 5.3.3 [4], enhancement or inhibition of
spontaneous emission from atoms can be realized by using a microcavity
with the dimension of a wavelength order. At the initial stage of the-cavity
QED study, experiments were carried out in the microwave frequency
region. Controlled rate of the spontaneous emission and specific Rabi
oscillation driven by vacuum fluctuations were observed by using a micro-
cavity and single-atom maser [122]). To prepare the atoms of a large
transition dipole moment, Cs atoms were excited to the Rydberg state by
using AlGaAs lasers as pumping sources.

Because of the technical difficulty of fabricating a microcavity in the
optical frequency region, experiments of optical cavity QED have been
carried out by installing atoms in a high-finesse and mode-degenerated
confocal Fabry—Perot cavity. Enhancement and inhibition of the sponta-
neous emission from Yb atoms have been observed at the resonant and
nonresonant frequencies of the confocal Fabry—Perot cavity, respectively
[123]. Experimental study of the single-atom laser is also in progress. As is
shown by Figure 5-21, FM sidebands on the spontaneous emission spectral
line from Na atoms in the high-finesse Fabry-Perot cavity have recently
been observed, which were attributed to vacuum Rabi oscillation [124].
The techniques of cavity QED could be useful to realize a novel light-
emitting semiconductor device, such as a low-threshold semiconductor
laser. For this purpose, the Fabry—Perot microcavity with the dimensions
of optical wavelength has been fabricated, as is shown by Figure 5.22 [45].
Enhancement and inhibition of spontaneous emission from a semiconduc-
tor quantum well have also been demonstrated by using a multilayer
distributed Bragg reflector used as a microcavity [125]. Since the study of
optical cavity QED is still at the early stage, several problems remain to
be solved. For example, conventional studies on cavity QED have
demonstrated that spontaneous emission has been enhanced at the cavity
resonance frequency. However, for low-noise laser devices, it should be
inhibited to reduce the quantum noise. It is expected that these problems
will be solved in the near future, and that novel and stable semiconductor
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Figure 5.21. Experimental results for measuring the vacuum Rabi oscillation in Na atoms
[124). (a) Spectral profile I(v — v.) of the empty Fabry-Perot cavity. (b) Spectral profile
I(v — v.) of the cavity with Na atoms. This profile has two peaks representing the FM
sidebands due to the vacuum Rabi oscillation (v, is the cavity resonance frequency).

Lasing Output

AlAs
‘/i } Figure 5.22. Schematic diagram of the
y Fabry—Perot microcavity created by employing a
semiconductor device fabrication technique [45).
Its diameter and lengths are about 1.5 and 4.0
wm, respectively. Laser operation has been ob-

Substrate  served by this cavity.

lasers will be realized by utilizing the cavity QED technique. Furthermore,
such advanced lasers could be used as powerful light sources for further
improvements in the study of laser spectroscopy.

5.5. APPLICATIONS OF SPECTROSCOPY

Results of atomic and molecular spectroscopy have been used for a great
number of applications. In the case of spectroscopy by semiconductor
lasers, wider fields of practical applications can be opened because of low
price, small size, and low power consumption of semiconductor lasers.
These include several specific applications that cannot :be essentially
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realized without using semiconductor lasers. These examples are described
in the following subsections.

5.5.1. Analytical Spectroscopy

5.5.1.1. Isotope Separation. Several kinds of lasers have been used for
laser isotope separation of U for nuclear fusion and Li, Ba, and Ga for
tracers in medical diagnoses, and so on. Frequency-stable, frequency-
tunable, and high-power lasers should be used for efficient selective

-excitation of a specific isotope by utilizing isotope shifts of the center

frequencies of resonant spectral lines between each species of isotopes.
For this purpose, several high-power lasers, such as dye lasers pumped by
copper-vapor lasers, have been conventionally employed. However, some
of the dye lasers have recently been replaced by frequency controlled
semiconductor lasers to reduce the cost of the laser systems.

One successful example is the isotope separation of Rb and Cs by the
light-induced drift method [126]. Although conventional systems have used
dye lasers, the efficiency of isotope separation has not been sufficiently
high because of the deexcitation occurred at the process of selective
optical pumping. To improve this efficiency, dye lasers have been replaced
by AlGaAs lasers. Since the direct FM response characteristics of these
semiconductor lasers exhibit the resonant peak at the relaxation oscilla-
tion, a series of FM sidebands appear in the field spectrum of these lasers.
By careful adjustment of the bias level, the frequency separation between
the optical carrier and the FM sideband of the second order can be
coincided with the frequency separation between the two hyperfine energy
levels of the ground state (e.g, F=1 and F =2 levels in Rb). By
pumping Rb atoms by an optical carrier and this FM sideband simultane-
ously, cyclic excitation can be realized. By this cyclic excitation, most of

¥ Rb atoms are maintained at the excitation states so as to realize a large
cross section of the collision with buffer gases. As a result, drift velocity of

8Rb in buffer gases could become different from that of *Rb, by which
separation efficiency has been improved. Frequency stability of the laser
can be maintained high enough by locking the optical carrier frequency to
the Rb resonant frequency by following the technique of negative electri-
cal feedback. As is represented by Figure 5.23 [126], separation efficiency
as high as the one obtained by using a conventionally used dye laser
(150-mW power) has been realized by the AlGaAs laser with the power of
only 3.3 mW. This result has also been confirmed by the theoretical
analysis based on the density matrix formulation for Rb atoms [127].

For isotope separations of Li, Ba, Ga, and so on, by using the Doppler-
free two-photon transition process, one of the dye lasers has been re-
placed by a semiconductor laser, and as is shown by Figure 5.17, clearly
resolved Doppler-free spectral shapes of 'Li and ®Li have been obtained
and the magnitude of the isotope shift has been evaluated with the
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Figure 5.23. Percentage of 8"Rb in a natural Rb atomic vapors obtained as the result of
laser-induced drift [126). Closed circle represents the result using the AlGaAs laser with
relaxation oscillation sidebands at the power of 3.3 mW. Open circles represent results using
a dye laser.

accuracy of about 1 X 107 [101]. For the isotope separation of *U, there
are two possibilities [127]:

1. High power AlGaAs lasers can be used as one of the pumping
sources for two-step excitation because the 25U atoms have fairly
large excitation cross sections at the wavelength region of about
0.8-0.7 um.

2. A stable and coherent visible AlGalnP laser can be used as the
master laser for injection locking of a pulsed high-power dye laser.

With all of these possibilities, low-cost light sources for practical isotope
separation systems can possibly be realized in the near future.

As has been widely known, several atomic isotopes, such as Li, Ga, and
Ba, as described above, can be used as tracers for medical diagnoses.
Molecular isotopes can also be used for this medical application. Since
stable isotopes contained in a human respiration by doping several
molecules, such as ">CO, can be sensitively detected by using a semicon-
ductor laser spectrometer, the result of this detection can also be used as
an useful information for medical diagnoses [128].

5.5.1.2. Analysis of SiH, Radicals. Fabrication of amorphous silicon film
by chemical vapor deposition has been a key technology for the semicon-
ductor device industry. For accurate control of deposited film thickness,
quantitative analysis and assignment of species of SiH , are required. For
example, it has been confirmed by UV photolysis that the SiH, radical
could emit fluorescence due to transitions between the vibration levels. It
can be expected that visible AlGalnP lasers will be used as a coherent
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Figure 5.24. Laser excitation fluorescence spectra of SiH, radical [(129]. The assignment of
the vibrational progression and the band origin are indicated by vibration quantum numbers
and arrows, respectively.

light source for efficient and practical spectral analysis in UV photolysis
systems because the fluorescence spectra emitted due to the excitation by
a pulsed ArF excimer laser are distributed at the wavelength region of
0.6 um [127,129] (see Figure 5.24).

5.5.1.3. Laser Radar. Although the power of a semiconductor laser
usually is lower than that of CO,, Ar, and YAG lasers, the small size and
low power consumption of the semiconductor laser are advantageous
features for use as a practical airborne or automobile-borne laser radar
(lidar) system. Furthermore, by utilizing a high efficiency of direct modula-
tion of a semiconductor laser, the pseudorandom modulation technique
can be employed to realize high sensitivity and high spatial resolution in
lidar operation. Figure 5.25 shows an example of the measurement of
aerosols and clouds in the sky [130]. It was confirmed from the results of
these field tests that this pseudorandom modulation CW lidar had the
maximum measurable distance of 1 km for aerosol, and 3-5 km for cloud
or dust with the spatial resolution of 9 m.

A FM-CW lidar has been proposed, which requires a < 100-kHz-
linewidth AlGaAs laser for a range finding with the target range of 10-100
m, spatial resolution of 10 um, and data rate of 10-100 pixels per second
[131]. To prepare the coherent semiconductor laser for this system, tech-
niques of negative electrical feedback and optical feedback described in
Section 5.3.3 have been utilized.

5.5.2. Optical Pumping of Atomic Clocks

Frequency-stable microwave oscillators have been used as key devices for
microwave communication, broadcasting, navigation, earthquake predic-
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Figure 5.25. An example of the measurement of aerosols and clouds in the sky by using a
semiconductor laser radar (lidar) by employing the technique of pseudorandom modulation
[130]. ’

tion (seismology), astronomy, and so on. For these systems, the most
reliable oscillators are atomic clocks. Drastic improvements in the perfor-
mances in these atomic clocks have been attained by using semiconductor
lasers as coherent optical pumping source. Two examples of these im-
provements are described in the following.

5.5.2.1. Cesium (Cs) Atomic Clock at 9.2 GHz. A Cs atomic clock is a
microwave oscillator, for which the transition frequency (9.2 GHz) be-
tween two hyperfine levels (F = 4, my = 0 and F = 3, m; = 0; see Figure
5.26a) in the ground state of Cs has been used as the frequency reference
to control the frequency of a voltage-controlled crystal oscillator [102].
Since the frequency accuracy of this clock is very high, it has been used as
a primary standard of time. This clock has been studied and developed in
a number of national research institutes in the world and used as a
time-keeping clock. A compact and portable Cs atomic clock has been
developed for a satellite-borne system.

In the conventional Cs atomic clock, deflection of the Cs atomic beam
by DC magnetic fields has been used to select the atoms at the energy
levels of F=4, mp=0 and F =3, mp=0. In this state selection
scheme, atoms at mp # 0 levels among the 2F + 1 magnetic sublevels
cannot be used, which limited the efficiency of the state selection. Further-
more, this clock has had several error sources limiting frequency accuracy,
such as the frequency shift induced by the magnetic fields, which were
used to deflect the atomic beam. To overcome these difficulties, an optical
pumping scheme has been proposed [132]. Figure 5.26b shows a typical
experimental setup for an optically pumped Cs atomic clock. Two 0.85-um
AlGaAs laser frequencies, v, and v,, are tuned to the transition frequen-
cies from F = 4to F' = 4, and from F = 3 to F' = 4, respectively, where
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Figure 5.26. (a) Energy levels of Cs atoms. (b) Experimental setup for optical pumping of a
Cs atomic clock [102).

F' represents the quantum number of the excited state. After the cyclic
transitions between the ground and the excited states due to the simulta-
neous optical pumping by the two lasers, all the atoms are transferred to
the F = 4, m; = 0 level of the ground state. Therefore, efficiency of state
selection is increased eight times that of the conventional magnetic de-
flection scheme. After this state selection, atoms pass through the spatially
isolated two microwave cavities, by which a fringe-shaped microwave
Ramsey spectral profile can be observed. Figure 5.27 represents a typical
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Figure 5.27. An example of fringe-shaped

microwave Ramsey spectral profile ob-

tained by an optically pumped Cs atomic

—_— e L L clock [133, © 1988 IEEE). The half-

—500 0 +500 (H2) linewidth of the center part of this fringe
v—um was 200 Hz.

fringe-shaped Ramsey spectral profile. The half-linewidth of the center
part of this fringe was as narrow as 200 Hz [133], which is determined by
the inverse of the separation between the two microwave cavities. This
narrow spectral line is used as a sensitive and stable frequency demodula-
tor to control the microwave frequency. The third AlGaAs laser are used
to measure this Ramsey spectral shape. Its frequency v, is tuned to the
transition frequency between F =3 and F' = 2 to excite the atoms of
the F = 3 level that have been deexcited from the F = 4 level due to the
microwave transition. Ramsey spectral shape can be measured by detect-
ing the fluorescence from the F’' = 2 level, which can be emitted by the
optical pumping from F = 3 to F' = 2 by this laser.

Although the optical pumping scheme has been proposed for more than
10 years ago [132], experiments with this scheme have progressed at a slow
speed because of the lack of frequency controlled AlGaAs lasers. Rapid
progress in developing frequency controlled AlGaAs lasers, as was de-
scribed in Section 5.3.3, made remarkable progress in this scheme. By this
optical pumping, frequency accuracy higher than 5 X 10~'* can perhaps
be realized in the near future. For further improvements of this optically
pumped Cs atomic clock, employments of the laser cooling technique have
been proposed [134].

5.5.2.2. Rubidium (Rb) Atomic Clock at 6.8 GHz. Although the fre-
quency accuracy of a Rb atomic clock is lower than that of the Cs atomic
clock, it has been popularly used as a compact and low-price microwave
oscillator because the short-term frequency stability was rather higher
than that of Cs atomic clocks. A block diagram of the Rb atomic clock is
shown by Figure 5.28. As is shown by Figure 5.13¢c, transition frequency
(6.8 GHz) between the two hyperfine levels in the ground state (F = 2,
mp=0 and F =1, mp=0) is used as the frequency demodulator to
control the voltage controlled crystal oscillator.

To detect the spectral profile of this frequency demodulator, a tech-
nique of microwave—optical double resonance has been employed, for
which optical pumping from the ground state to the excited state is
required by using a light source of 0.78-um wavelength. The double-reso-
nance spectral profile can be measured by detecting the light power
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Figure 5.28. Experimental setup of a Rb atomic clock. VCXO and PSD represent a
voltage-controlled crystal oscillator and a phase-sensitive detector, respectively.

transmitted through the Rb vapor cell. Buffer gases such as Ne, and Ar
have been filled in the Rb vapor cell to reduce the double-resonance
spectral width by atomic collisions so as to increase the sensitivity of
frequency demodulation. By this collisional narrowing, termed Dicke
narrowing, a spectral width as narrow as 100-500 Hz has been obtained.
Microwave frequency is modulated and a phase-sensitive detector is used
to measure the derivative of double-resonance spectral shape in order to
use it as-a frequency demodulator. Conventional Rb atomic clocks have
used an incoherent discharge lamp for optical pumping. However, center
frequency of the double-resonance spectral profile could be shifted as a
result of variations of lamp power. This shift, called “light shift,” is
induced by the AC Stark effect by the optical field, which could not be
avoided as long as the incoherent lamp has been used. This light shift has
limited the long-term frequency stability. Furthermore, the frequency
accuracy has been limited by the frequency shift induced by the collision
between the Rb and buffer gas atoms. For these reasons, the Rb atomic
clock has been considered as the secondary standard of time.
Improvements in short- and long-term frequency stabilities, and fre-
quency accuracy also, can be expected by using an AlGaAs laser as a
coherent optical pumping source. In this pumping scheme, the effect of
microwave frequency modulation could be transferred to the coherent
optical field of the laser in the Rb vapor cell. This modulation transfer
occurs as a result of the nonlinear susceptibility of the Rb atoms that
interact with the optical and microwave fields simultaneously. Since the
double-resonance spectral signal is detected by using this modulated laser
light, the effect of this modulation transfer induces a kind of interference
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Figure 5.29. Derivative of double-resonance spectral shape measured by the AlGaAs laser
pumped Rb atomic clock [135, © 1987 IEEE]. (a) Experimental result. The linewidth of the
center of this fringe-shaped spectral profile (i.e., the separation between points A and B) is

about ; times narrower than that for the conventional lamp-pumped Rb atomic clock. (b)
Calculated result [136).

fringe on the double-resonance spectral profile, as is shown by Figure
5.29a [135]. The width of the center part of this fringe-shaped spectral
profile was about =; times narrower than that for the conventional
lamp-pumped Rb atomic clock. The principle of obtaining such a fringe-
shaped spectral profile is equivalent to that of FM laser spectroscopy [136].
As is shown by Figure 5.29b, such a specific spectral profile could be
accurately reproduced by using the theoretical model based on the density
matrix for the three-level atoms. If has also been confirmed that the
fringe-shaped spectral profile of Figure 5.29 was equivalent to the fringe-
shaped Ramsey spectral profile in the Cs atomic clock (see Figure 5.27). In
the case of the Cs atomic clock, the perturbations from the microwave
fields were applied to the Cs atoms at the two separate positions along the
spatial axis of Cs atomic beam trajectory. On the other hand, in the Rb
atomic clock, the perturbations from the optical fields were applied to the
Rb atoms at separate positions along the optical frequency axis, which is a
result of modulation transfer. The effect of this separated perturbation
induced the fringe on the double-resonance spectral shape. By using this
narrow-linewidth spectral shape as a frequency demodulator, it was con-
firmed that the short-term frequency stability was improved 40 times that
of the conventional Rb atomic clocks [136].

Further improvements of short-term frequency stability was confirmed
by reducing the FM noise of the laser at the Fourier frequency of the
microwave modulation frequency because the noise contained in the
double-resonance signal was mainly originated from the laser FM noise
[137]. It has been demonstrated by Figure 5.8 that the negative electrical
feedback can reduce the laser FM noise as large as 60 dB at around 1-kHz
Fourier frequency range, in which region the microwave is frequency-mod-
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Figure 5.30. (a) Measured relation, between the light shift and laser frequency detuning
(138, © 1990 1EEE). The laser power densities were 1008, 360, and 144 uW /cm? for curves
A, B, and C, respectively. (b) Drift of microwave frequency [138, © 1990 IEEE]). The closed
and open circles represent the results obtained with and without using the self-tuning
technique, respectively.

ulated. This reduction is large enough to reach the shot-noise level, which
is determined by the photodetector for the detection of the double-reso-
nance signal. At the shot-noise limit, it has been estimated that the
short-term frequency stability of the Rb atomic clock can be improved to
as high as 5 X 10~ 7712 where 7 is the integration time [136). This
stability is 1000 times higher than that of the presently developed laser-
pumped Rb atomic clock.

The magnitude of the light shift induced by the AC Stark effect due to
the optical field can be quantitatively evaluated by varying the laser power
and frequency. The result is shown by Figure 5.30a [138]. Negative
electrical feedback system has been developed to control the laser fre-
quency in order to suppress the light shift of the microwave frequency. By
this self-tuned system, drift of the microwave frequency, which originated
from the drifts of the optical pumping power and frequency, has been
reduced. The result is shown by Figure 5.305 [138], from which it can be
confirmed that the long-term frequency stability was improved 40 times
that of the conventional ones.

It has been also confirmed that the performances of the long-term
frequency stability is higher than those of the portable Cs atomic clocks:
[137]. The replacement of the Rb vapor cell by the Rb atomic beam has
been proposed to improve the frequency accuracy by eliminating the
atomic collision with the buffer atoms [139].

By the intensive studies described above, it is expected that a novel,
high-performance, compact, and low-price Rb atomic clock will be real-
ized in the near future, and will be, thus, employed to the key applications
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such as the global positioning system (GPS), a novel primary standard of
time, and so on.

5.5.3. Optical Pumping of Solid-State Lasers

Since a wavelength of an AlGaAs laser coincides with that of the absorp-
tion spectral band of a Nd:YAG crystal and the AlGaAs laser power has
been increased up to, for example, 76 W, by employing an array structure
[140], arc lamps used for optical pumping sources for CW Nd:YAG lasers
have been replaced by these efficient AlGaAs lasers. The IM noise of the
high-power, multi-longitudinal-mode oscillation of AlGaAs lasers, due to
its mode-hopping or mode-partition phenomenon, limits the power and
frequency stabilities of the Nd:YAG laser. To solve this problem, a careful
design of the AlGaAs laser as a stable optical pumping source has been
carried out by using a rate equation formalism [141]. Figure 5.31 shows

Semiconductor

Nd:YAG

Laser Crystal
(a)
Nd:YAG
Micro-chip
Crystal
0.81um
Pump

Heat Sink -

(b)

Figure 5.31. Configurations of semiconductor laser-pumped Nd:YAG lasers. (a) NPRO
(nonplanar ring oscillator) or MISER (monolithic isolated single-mode end-pumping ring)-
type laser [142, © 1989 IEEE]. (b) A Nd:YAG laser by using a microchip YAG crystal [145,
reprinted with permission of Lincoln Laboratory, Massachusetts Institute of Technology,
Lexington, Massachusetts].
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typical structures of such the all-solid-state Nd:YAG lasers. Figure 5.31a
shows the laser structure called nonplanar ring oscillator (NPRO) or
(monolithic isolated single-mode end-pumping ring (MISER) type, where
the laser crystal itself forms a ring cavity and the end-pumping scheme
from the AlGaAs laser is employed [142]. A DC magnetic field is applied
to the crystal to control the polarization of the laser beam by utilizing the
Faraday effect of the crystal. By this control, a unidirectional ring cavity
configuration with only a clockwise running wave could be realized.
Wavelength tuning is also possible by varying the crystal temperature.
Stability of the laser oscillation frequency is high because the cavity was
monolithically integrated with the laser crystal. The field spectral linewidth
under the free-running condition was less than 10 kHz. A stress applied to
the crystal by a piezoelectric transducer (PZT) can modulate the laser
frequency with the FM efficiency of about 500 kHz/V. By utilizing this
FM response characteristics, the laser frequency was stabilized to a
high-finesse (> 20,000) Fabry—Perot cavity by negative electrical feedback,
which realized a linewidth below 30 Hz [143]. Recent studies of this system
revealed the linewidth to be as narrow as 3 Hz [144]. Since .the
Schawlow-Townes limit of the free-running laser was estimated as 1 Hz at
1 MW of output power, this value of 3 Hz has almost reached this limit. It
can be expected that the hypercoherent state is realized by improving the
performance of the feedback loop in the near future.

Figure 5.31b shows the laser using a microchip of the YAG crystal
(0.7 X 1.0 X 2.0 mm in size) to realize a single-longitudinal-mode oscilla-
tion by end-pumping scheme [145]. The laser frequency can be modulated
by applying a stress to the crystal by a PZT. The FM efficiency was about
0.3 MHz/V up to the modulation frequency of 80 kHz. The maximum
modulatable frequency was about 25 MHz, which was limited by the
acoustic resonances of the Nd:YAG crystal.

In addition to the Nd:YAG lasers, a great number of solid-state lasers
can be optically pumped by semiconductor lasers. For example, a Ho:YAG
laser oscillates at 2.1-um wavelength [146], which can be applied to the
laser radar system because it guarantees safety for the eye and low
propagation loss in the atmosphere. Furthermore, if a Ti:sapphire laser
can be pumped by an AlGaAs laser-pumped Nd:YAG laser, a low noise
and all-solid-state laser with an oscillation wavelength of 0.67-1.1 um
could be realized, which could, thus, replace the dye lasers and semicon-
ductor lasers for various applications, such as high-resolution spectrometer
for atoms and molecules [147].

These low-noise solid-state lasers can be used as powerful coherent
light sources for basic studies of science. For example, a low-noise Nd:YAG
laser has been designed for a very long-baseline interferometer for gravita-
tional wave detection [148]. Typical performance required for this laser is
frequency stability higher than 1 X 10™", output power higher than
100 W, and so on. To realize these performances, negative electrical
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feedback loop, composed of an electrooptical modulator and high-finesse
Fabry-Perot interferometer, has been designed to obtain a very high gain
with a bandwidth of about 50 kHz [149]. Furthermore, to obtain high
power, the injection locking of a 13-W continuous-wave Nd:YAG laser has
been carried out by using a semiconductor laser-pumped Nd:YAG laser
with 40 mW of output power as the master laser [150]. Figure 5.32 shows
the phase fidelity of the injection-locked laser obtained by using a slow
and fast feedback loop, which is similar to the case for the frequency
control of a semiconductor laser (see Figure 5.8 [70,71]). It can be seen
from this figure that phase noise reduction is about 40 dB for the Fourier
frequency range of 1-20 kHz, from which the total root-mean-square
phase noise can be estimated as about 0.3 radian. Further increases in
injection-locked laser power up to 100 W can be expected while maintain-
ing the frequency stability as low as that of the master laser.

Performance of these lasers can be improved to as high as that required
for the gravitational wave detection system in the near future. The
problems remained to be solved include (1) using a phase-squeezed light
to save the laser power in order to avoid optical damages to the high-qual-
ity interferometer mirrors and (2) realizing the quantum nondemolition
measurement system to measure the tiny displacement of the interferome-
ter mirror by the gravitational wave [151].

5.6. SUMMARY

In this chapter, the topics of laser spectroscopy were reviewed by following
the performance of frequency controlled semiconductor lasers and a
petahertz-class hypercoherent optical sweep generator. These findings are
based on at least two factors: (1) high-resolution spectroscopy cannot be
realized without using these stable light sources, and (2) novel results of
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spectroscopy can be used to improve the performance of these lasers; for
example, very narrow spectral lines in atoms or molecules can be used as a
sensitive frequency demodulator for the laser frequency control. These
facts indicate that progress in spectroscopy and progress in laser technol-
ogy are mutually positively fed back and thus are interrelated. It can be
concluded from this discussion that further development of semiconductor
laser spectroscopy is essential for progress in quantum electronics, quan-
. tum optics, atomic physics, and a wide variety of practical industrial
application systems. Further details of the characteristics of semiconductor
laser operations and possible applications can be found in ref. 102.
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Ultra-stable diode lasers have been required for various appllcation systems. In this presentation. we review
performances of our frequency-stabilized diode lasers and their application systems.

For rellable and accurate linewldth reduction, an electrical feedback was employed., and the half llnewidth of a
0.83 um AlGas laser was reduced to 560 Hz[1]. which was about -25 dB from that of the Schawlow-Townes’ Ilmit of the
solitary laser device. Optical feedback from an external confocal Fabry-Perot cavity was also employed to realize a
woderately narrouw |inewidth of 20 kHz[2]. A compact module of this system was developed by using techniques of
micro-optics. Flgure | shows a photograph of this module(3]. This optical feedback vas also employed to reduce the
linewidth of a visible 0.67 pn AlGalnP laser to less than 50 kHz[4). Optical feedback was combined with the
electrical feedback for further linewidth reduction., and thereby the linewidth of an AlGaAs laser as narrow as | Hz
was realized[5].

To avoid the instabllity of the optically fedback laser induced by the phase change of the reflected light froa
the external reflector. a phase conjugate wave generated from the other diode laser was injected into the laser.
This novel optical feedback realized a stable linewidth reduction independent on the separation between the two
lasers, as Is shown by Fig.2(6].

A frequency svyvachronization 1ink between two different wavelength lasers, l.e., 0.78 pe AlGaAs and 1.56 (L]
InGaAsP lasers. was realized by locking the frequencies of the AlGaAs laser and the second harsonics of [nGaAsP
laser simultaneousiy to the Doppler-free optical-optical double resonance line in Rb. The second harmonics
internally generated from the active waveguide of the InGaAsP laser was used for this experiment.

Homodyne optical phase locked loop ( OPLL ) by purely electrical feedback realized a bandwidth as wide as 100
MHz and reduced the residual phase variance to 0.15 ( rad” ). Homodyne OPLL using the optically fedback lasers
realized the residual phase varlance of 0.002 ( rad” ). Heterodyne OPLL using the optically fedback laser has
realized the residual phase variance of 0.02 ( rad” ) and residual heterodyne frequency fluctuations of 0.4 wmHz (
vieeo 1 x 107! heterodyne frequency stability ) at the integration time of 70(s){7]. This heterodyne OPLL was
advantageously used for fine tuning of the laser frequency for the range of | THz[8]. To realize a Peta-Hz class
optical sweep generator. organic nonlinear optical waveguides were fabricated for coarse and wideband frequency
tuning{9].

These frequency-stabilized diode lasers were employed in the following application systems
(1) For analytical spectroscopy. opto-galvanic spectral lines in LI were observed by a 0.67 um AlGalnP laser. To
inprove the efficiency of these experiments. the power of this diode laser was amplified by a YAG laser-pumped dye (
LDSG98 ) solution. and then an amplification gain was 25 dB. as s shown by Fig-3{4].

(2) A Rb atomic clock was optically pumped by a frequency-stabilized AlGaAs laser, vhich improved the short-term
mlcrowave frequency stability more than 10° tlimes that of the conventional Rb atomic clocks[10]. The long-terms
microvave frequency stability was also improved 40 times by compensating for the Iight shift{11]. An atomic beam-
type Rb clock Is belng developed to improve the microwave frequency accuracy. and a novel microvave Ramsey fringe
was observed by using a microvave cavity[12]. )

(3) A super-resolution and a reflectlon-type photon scanning tunneling microscope vas proposed in which the tunnel-
chip was made of a fiber Fabry-Perot cavity or a dlode laser[13]. For drastic improvements of the sensitivity, the
frequency-shift of the r n freq y of this cavity is measured instead of wmeasuring the pover of the
evanescent light. As Is shown by Flg.4. the lateral and normal resolutions of 1 nm were estimated by using the
accurate heterodyne OPLL technique described above.

(4) Uslng the cavity quantum electrodynamics technique was proposed to improve the laser cooling Ilmit of the
atoas[14]., in which frequency-stabilized diode lasers play essential roles as pumping and cooling sources.

References

[1] M. Ohtsu, et.al.: IEEE J. Quantum Electron.. 26, 231 (1990)

[2] B. Dahmani, et.al.: Opt. Lett.., 12, 876 (1987)

(3] C.-H. Shin. et.al.: Photonics Technol. Lett., 2 (1990). March issue. in press

[4] H. Suzuki. et.al.: Extended Abstracts ( The 37th Spring Meeting. 1990 ) Jpn. Soc. Appl. Phys.. March 1990,
paper No. 31a-G-10 ( In Japanese )

[S] C.-H. Shin and M. Ohtsu, to be presented at this meeting

[6] t. Koshiishi, et.al.: Extended Abstracts ( The 37th Spring Meeting. 1990 ) Jpn. Soc. Appl. Phys., March 1990,
paper No. 31a-G-9 ( in Japanese )

[7) C.-H. Shia and M. Ohtsu : Photoalcs Technol. Lett.. 2 (1990). April issue., in press

[8) K. Kuboki and M. Ohtsu : IEEE j. Quantum Electron.. 25, 2084 (1990)

101



102

[9] M. Ohtsu. et.al.: to be presented at CLEO'90. May 1990. Anahelm, CA. paper No.CMES
[10] M. Hashimoto and M. Ohtsu : J. Opt. Soc. Am. B. 6. 1777 (1989)
[11) M. Hashinoto and M. Ohtsu : IEEE Trans. instrus. and Meas.. June Issue, 1990, in press
{12] H. Furuta and M. Ohtsu : to be presented at CPEN'90, june 1990. Ottawa

[13] M. Ohtsu. et.al.: to be presented at OEC’'80, July 1990, Makuhari

[14) K. Nakagawa and Y. Ohtsu : Extended Abstracts ( The 37th Spring Meeting. 1990 ) Jpn. Soc. Appl. Phys.. March

1990, paper No. 28a-A-8 ( In Japanese )

. ‘it t“"',’dl!lhl;lllli:.i HLEH O TR H A
aw 50 e . m w |00 v .-
: T
Fig. 1. BT L X102 L CU

A photograph of a-;o-pact module of a AlGaAs laser stabilized
by optical feedback from a micro-lens Ffbe'P'f°'vF‘V‘fX§§lfi

. Fig. 2.

LINEWIDTH (MHz)
o

N
(@}

o

T

-A/2 0 A/2

AZ

A relation between the separation/Az between the tuwo lasers
and the half linevidth of a laser which was reduced by optical
feedback of a phase conjugate wave from the other laser(6].

The linewidth without any feedbacks was 20 MHz.

l: Optical wavelength. '

30
o . " o
t~;2()"
[a9]
S
£
o
010...

0 1 1 1 ]
0 01 02 ‘03 04 05
re. 3. Injection Power(mW)

\ relation betseen the injection pover from s 0.67 pe AlGainP
laser and the amplification gain of a YAG laser-pumped dye
( LDS698 ) solution. ’

Fig. 4.

Normal resolution Az (nm)

10!
Af/f, =
Ae \E A:1078
0 JA:
1A°. B: 10710
c:10"12
-1 D: 10"
1077 1e: 101
F:10-18
1072} y
103 :
10° 10! 102

~ Aperture diameter '2a“‘ (nm)

Estimated relation between the aperture diameter ( which

determines the lateral

resolution ) and the noreal

resolution of a reflection-type photon scanning tunneling
microscope with super-resolution. j}f/fl is a frequency-
shift of the resonance frequency of a fiber Fabry-Perot
cavity used as a tunnel-chip. which was normalized to the
optical frequency fl[IS].

10



IEEE/LEOS SUMMER TOPICAL MEETING

SCW3  Very Precise Phase/Frequency Control of Confocal
Fabry-Perot Cavity Coupled Semiconductor Laser

Chul-Ho Shin and Motoichi Ohtsu

Graduate School at Nagatsuta, Tokyo Institute of Technol ogy
4259 Nagatsuta, Midori-ku, Yokohama, Japan
Tel 045-922-1111(ext.2526) Fax 045-921-1156

Ultra narrow linewidth semiconductor lasers are attractive for the
applications to precise measurements and high resolution spectroscopy, and
coherent communication systems. .

The confocal Fabry-Perot cavity coupled semiconductor laser (CFP-LD)
shows a wide band frequency noise suppression characteristics with narrov
linewidth[11[2]. The FM characteristics of the CIFP-LD had been reported in
[3]. We had carried out the .experiment. on the heterodyne optical phase-locked
loop (OPLL) using two AlGaAs CFP-1D’s of 10 kHz linewidths, with the¢ phase
error of 8.1 degrees and the frequency tracking error between two lasers ol
0.4mHz at the integration time of 70sec [4]. The linewidth of the heterodyne
signal ‘under phase locking with PLL noise bandwidth of about 1 MHz was less
than 30 Hz, which was limited by the resolution bandwidth of the spectrum
analyzer used- in the measurement.

We have also carried out the experiment on the homodyne OPLL using
these lasers, where a balanced detector consisted of two pin-PD’s was used as
the phase comparator. The phase/frequency of the slave laser was controlled by
using two routes via CFP cavity length control for lower frequency components
upto about 10 kHz and injection current control for higher frequency compo-
nents to secure a wide control bandwidth. Figure 1 shows the phase error
spectral density under phase-locked condition, where phase noise spectra are
fully suppressed within the PLL noise bandwidth of about 1.3 MHz. The RMS
phase error was 2.6 degrees, which was measured by comparing with the output
signals from the phase detector under phase-locked and unlocked conditions.

From the results of [4] and Fig.1l, it is expected that the linewidth
of the CFP-LD can be narrowed to less than the order of 10Hz if its frequency
is locked to a stable reference with a control bandwidth of the order of 1
Milzz. In Lhis connection, we selected a hermetically-sealed and temperalure-
controlled super-cavity with the finesse of more than 30,000 and the free
spectral range  of 6 GHz as the frequency reference. According to the maker’s
specification, the frequency drift of the cavity resonance frequency is 150
kHz/3minutes, so it can be considered as a stable reference. Figure 2 shows
ithe schematic of the experimental set-up for linewidth narrowing of the CFP-
LD. The FM noise of the CFP-LD was demodulated by the reflection mode of the
super-cavity[5]. And then the demodulated signal is negatively fedback to the
laser via the CFP cavity length and the injection current controls. A part of
the reflected light from the super-cavity of about nW was optically fedback to
the CFP-LD, simultaneously. This optical feedback is, of course, not indis-
pensable, but useful for the FM noise suppression. If optical feedbhack power
is large, the mode competition between the CFP cavity and the super cavity
modes may be occur. The severe optical isolation and the optical axis align-
ment is required for using only electrical negative feedback scheme. However,
the electrical feedback is essential for stable locking. As can be seen by
Fig.3, FM noise power spectral density(FSD) of the CFP-LD was suppressed about
45dI8 by this scheme. This means that the linewidth of the CFP-LD was narrowed
Lo the order of 1 Hz. We are preparing to measure the FM noise PSD for Fourier
Irequency lower than 100 Hz, which was not measured in Fig.3. The result shows
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IR TO UV COHERENT OPTICAL SWEEP GENERATOR BY SEMICONDUCTOR
LASERS

Motoichi Ohtsu
Graduate School at Nagatsuta, Tokyo Institute of Technology,
4259 Nagatsuta, Midori-ku, Yokohama, Kanagawa 227, Japan

Our experimental results on frequency stabilization,
linewidth reduction, homodyne- and heterodyne-type phase
lockings. and accurate frequency sweep of semiconductor
lasers, including recently developed 67lnm semiconductor
lasers., are reported. Based on these results, a method of
stable frequency sweep from near-IR to near-UV is proposed
to realize a Peta-Hertz «class «coherent optical sweep
generator. Experimental results on fabrications of organic
nonlinear optical waveguides and frequency link between
different wavelength lasers are presented to realize this
sweep generator. As applications of these high quality
semiconductor laser systems, an optical fiber gyroscope, a
rubidium atomic clock. a photon scanning tunneling
microscope., and cavity QED experiments are demonstrated.
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The 2nd INTERNATIONAL FORUM ON THE FRONTIER OF
TELECOMMUNICATIONS TECHNOLOGY

COHERENT QUANTUM OPTICS AND TECHNOLOGY

Motoichi OHTSU
The Graduate School at Nagatsuta,

Tokyo Institute of Technology

4259 Nagatsuta, Midori-ku, Yokohama, Kanagawa 227, Japan

Phone : 045-922-1111 ( extension 2526 )

[ ABSTRACT ]

Our recent works on coherent quantum optics and technology.,
i.e., improvement ' of coherence of lasers, development of
novel light emitting devices, and its applications to atomic
physics and advanced systems for industry, will be reviewed.
There are three parts in this talk : (1) experimental results
on frequency stabilization, linewidth reduction, phase
locking, and Peta-Hz frequency sweep are reviewed. (2) Novel
optical frequency coﬁnting §ystem and the possibility of
using an oxide superconductor film for optical frequency
counter are proposed. (3) As an application system, a photon
scanning tunneling microscope, a laser-pumped rubidium atomic
clock, and a passive ring cavity-type fiber gyroscope are

demonstrated.
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QThL1 7-Hz-linewidth diode lasers,
wideband optical phase locking,
and applications

M. Ohtsu, C.-H. Shin, H. Furuta,

M. Kougori, H. Kusuzawa, S. Jiang, and

K. Nakagawa

Graduate School at Nagatsuta, Tokyo Institute of
Technology, 4259 Nagatsuta, Midori-ku,
Yokohama, Kanagawa 227, Japan

Highly coherent laser diodes (LD%) are indis-
pensable for studying basic physics (e.g., manip-
ulation of atoms, experiments on P and T viola-
tion in atoms, and cavity QED) and for a variety
of photonics technology systems. We review
here the performances of highly coherent LD's
and their application systems. Two kind of
experiments were carried out to reduce
linewidth of LD%. In the first experiment, the
linewidth of a 1.5-pm-wavelength three-
electrode distributed-feedback LD was reduced
by using a negative electrical feedback (NEF)
loop. Because its free-running linewidth was 350
kHz and a flat FM response could be obtained
by adjusting the dc bias level to each electrode, a
NEF loop with a very high gain could be opti-
mally designed. The linewidth could be reduced
to 300 Hz with a 10-MHz-bandwidth NEF loop.
In the second experiment, the linewidth of a
Fabry-Perot AlGaAs LD with a 0.8-pm wave-
length was reduced to 560 Hz by NEE! As an
auxiliary, optical feedback (OF) was used to
increase the NEF loop gain. By applying the
NEF to this OF laser, a linewidth as narrow as 7
Hz was achieved with the power concentration
as high as 81% of the controlled spectral profile.
Figure 1 shows the progress of the half-line-
width reduction by NEF and by carefully
designed solitary distributed-feedback and dis-
tributed-Bragg-reflector, InGaAsP lasers. It is
expected that the NEF technique will provide a
sub-hertz-linewidth LD if a more advanced opti-
cal frequency discriminator is used.*

A bandwidth as wide as 134 MHz was
achieved in the homodyne optical phase-locked
loop (OPLL). By using an auxiliary OF tech-
nique, the heterodyne OPLL achieved a phase
error variance as low as 2 x 10~ rad® and a
0.4-mHz frequency tracking error at an integra-
tion time of 70 s.*

We have proposed a highly coherent
petahertz optical sweep generator ranging from
UV to IR by using these highly coherent LDs as
master oscillators.® Nonlinear optical frequency
converters, e.g., OPO, are being developed by
fabricating organic nonlinear optical
waveguides. An optical frequency measurement
system was proposed for these coherent light
sources, especially for the 1.5-um wavelength
region, by nonlinear optical frequency conver-
sion. Two frequency-stabilized He-Ne lasers
(0.63-pm and 3.39-pm wavelengths) are used as
primary frequency references to achieve mea-

surement accuracy as high as 1 x 10°. For this
system, an optical-frequency comb generator
was proposed as the local oscillator, and an
oxide superconductor film was proposed as the
wavelength-independent fast photodetector for
efficient heterodyne detection.

As application systems, LD-pumped Rb
atomic clocks (gas-cell type® and atomic-beam
type) and photon scanning tunneling micro-
scopes®’ were developed. Their performances
will be presented in the session. The possibility
of using the photon scanning tunneling micro-
scope for single-atom manipulation will be also
discussed.

1. M. Ohtsu, M. Murata, and M. Kourogi, IEEE }.
Quantum Electron. 26, 231-241 (1990).
2. M. Kourogi and M. Ohtsu, Opt. Commun,, in

press.

3. C.-H Shin and M. Ohtsu, Opt. Lett., in press.

4. M. Ohtsu, et al., in Technical Digest, Conference on
Lasers and Electro-Optics (Optical Society of
America, Washington, D.C., 1990), paper CME5.

5. M. Hashimoto and M. Ohtsu, 1EEE Trans.
Instrum. Meas. 39, 458-462 (1990).

6. M. Ohtsu, et al., in Proceedings of the Third
Optoelectronics Conference, Makubhari, Japan, July
1990, paper 12D1-1.

7. S. Jiang, et al., in Proceedings of the Third Optoelec-
tronics Conference, Makuhari, Japan, July 1990,
paper 12D1-3.
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CWA6  Direct modulation of stable blue
radiation from frequency-
doubled GaAlAs laser diode by
using EO effect in KNbO,

nonlinear crystal

Tadanori Senoh, Yousuke Fujino, Yuzuru
Tanabe, Motoichi Ohthu,* and Ken'ichi
Nakagawa

Asahi Glass Company, Ltd., Research Center,
1150 Hazawa, Kanagawa-ku, Yokohama 221,
Japan

Efficient frequency doubling of a laser diode
using KNbO, crystal has recently been re-
ported.’* Modulatable blue-laser sources could
offer applications for laser printers and optical
data storage; however, direct modulation for
doubling radiation has not vet been reported.
We propose here a novel method for modulat-
ing frequency-doubled blue radiation. We used
the optical feedback-locking technique from a
ring built-up cavity to generate the 3.3-mW sta-
ble, blue radiation of 431 nm wavelength. We
succeeded in intensity modulation, for the first
time, with a modulation depth as high as 78%,

110
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by applying the ac electric field parallel to the
¢ axis of KNbO; crystal.

The experimental arrangement is shown in
Fig. 1. The fundamental light is provided by a
GaAlAs laser diode (SDL-5411-G1). The output
is mode matched to the three-mirror, ring built-
up cavity. A 5-mm-long KNbO; crystal is placed
in the beam waist of the cavity. Noncritical phase
matching using nonlinear coefficient dj, can be
achieved at room temperature.

The stabilization of the laser-diode fre-
quency to the cavity-resonance frequency is
achieved by optical feedback from the counter-
propagating fundamental mode, reflected from
the KNbO; crystal facet.2 To provide stable lock-
ing, we controlled the optical path length be-
tween the laser diode and the ring cavity by
applying P-l feedback to a piezoelectric-trans-
ducer-mounted mirror, by which the laser fre-
quency was locked to the peak of the resonance.
Even though the KNbO;-loaded ring cavity had
finesse as low as 16 for the fundamental wave-
length, a frequency-locking range of as wide as
20 GHz was achieved, ~3 times wider than the
free spectral range (6 GHz) of the cavity.

The maximum second-harmonic power is 3.3
mW at 87 mW of fundamental power incident
to the resonant cavity. With the P-I control loop
closed, the blue output fluctuation is less than
+0.1% over several hours, as shown in Fig. 2.
The linewidth of the resonant fundamental out-
put is <1 MHz (measured by the delayed, self-
homodyne technique), 1 order smaller than that
of free running. The relative intensity noise (RIN)
is about —130 dB/Hz for a Fourier frequency
range up to 20 MHz.

The modulation characteristics of the blue
radiation are shown in Fig. 3. The electric field
is applied parallel to the ¢ axis of a 3-mm-thick
KNDO; crystal. Blue-radiation intensity is selec-
tively modulated because the fundamental and
blue-radiation beams are orthogonally polar-
ized. Further, EO coefficient ry; (effective for
blue radiation) is 50 times larger than ry for
fundamental radiation. Therefore, modulation
for blue radiation is realized by the SHG phase
mismatch because of the EO effect; stable fre-
quency locking is maintained because of the
negligibly small change in the refractive index
for fundamental radiation. A representative re-
sult of this modulation experiment is 78% in
modulation depth and several hundred kilo-
hertz in bandwidth. Improving the driving cir-
cuit should expand the bandwidth up to several
megahertz.

*Tokyo Institute of Technology, Graduate School at Na-
gatsuta, 4259 Nagatsuta, Midori-ku, Yokohama 227, Ja-
pan

1. W. J. Kozlovsky, W. Lenth, E. E. Latta, A.
Moser, and G. L. Bona, Appl. Phys. Lett. 56,
2291 (1990). '

2. A. Hemmerich, D. H. Mclntyre, C. Zimmer-
mann, and T. W. Hansch, Opt. Lett. 15, 372
(1990).
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CThF4 Genuine optical frequency
discriminator with wide recovery
range and high gain for FM noise
reduction of semiconductor lasers

M. Kourogi and M. Ohtsu

Graduate School at Nagatsuta, Tokyo Institute
of Technology, 4259 Nagatsuta, Midori-ku,
Yokohama 227, Japan

Highly coherent semiconductor lasers are indis-
pensable for accurate coherent optical systems,
and a field spectral linewidth as narrow as 7 Hz
has been achieved by emploving negative elec-
trical feedback (NEF) technique.! Because using
genuine optical frequency discriminators (OFD)
have not existed, the slope of the resonance
spectral shape of a super Fabry-Perot interfer-
ometer (FPI) has been tentatively used in the
NEF experiment. However, demand is growing
for a high quality OFD for use in a computer-
aided channel selection scheme of frequency di-
vision multiplexing coherent optical commun-
cations,? and for a very long-baseline interfer-
ometer for gravitational wave detection.

A genuine OFD, proposed here, is sche-
matically explained by Fig. 1, together with three
types of modified stable and compact devices.
Figure 2 shows the output signal from the OFD
as having specific dispersive spectral shapes,
which provides an ideal error signal for servo-
locking the laser frequency to one of the FPI
resonant frequencies f, without any frequency
modulation (FM). This shape originates from
interference between two degenerated, orthog-
onal, linearly polarized modes of the FPI whose
degeneracy was removed by a wave plate in-
stalled in the FPI. The proposed OFD has sev-
eral outstanding advantages. The first is that
even though some electrical surges cause out of
lock, OFDs can be recovered to f, because the
dispersive shape has far-reaching non-zero
wings. It should be pointed out that a similar
idea has also been presented by Hansch and
Couillaud. It was found experimentally that,
by dithering the locked laser frequency, the re-
covery range was 2F times wider than that of a
conventional FPI (F; finesse of an FPI).

Figure 3 shows calculated results of the
transfer function of the OFD. The gain transfer
functions were measured by using a cw free-
running laser diode as a white FM noise gen-
erator. The functions are also in this figure, and
they agree with the calculated results.

Second, by comparing curve A with curves
B and C (calculated results for conventional FPls),
the OFD gain is 10 dB larger than those of others
because two counterpropagating lightwaves in
the FPI contribute to the output signal, and the
FM discrimination sensitivity is higher at the
center of the dispersive profile than on the slope
of the resonance curve of the conventional FPI.

It is also advantageous that an optical bal-
anced receiver can be used to.suppress the ad-
ditional discrimination noise originated from the
laser IM noise, by which the OFD sensitivity
can reach to the short-noise limit. Furthermore,
it is seen that the maximum phase delay of the
OFD is only 90°. These properties are advan-
tageous in designing a high-gain and wideband
NEF loop. A NEF experiment, using the simple
device in Fig. 1(e) (F=25 and FSR=1.5 GHz),
easily achieved the 35-dB maximum FM noise
reduction and the 10-MHz bandwidth.

In summary, a genuine OFD with a wide
recovery range and high gain was presented for
the first time.

1. C. H. Shin and M. Ohtsu, Opt. Lett. 15 (1990),
in press.

2. B. Grance, T. L. Koch, Electron. Lett. 25, 883
(1989).

3. T. W. Hansch and B. Couillaud, Optics Comm.
35, 441 (1980).
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CThF4 Fig. 2. Spectral profile of the proposed
OFD. (a) Calculated result. FSR: Free-spectral range.
> One of the FPI resonant frequency. Avgp: Half
linewidth of the FPI resonance curve. (b), (¢) Ex-
perimental results obtained by the device in Figs.
1(c) and I(e), respectively.
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LT aopomrization ; CThF4 Fig. 3. Transfer functions of the OFD. A:

i inpag Plate mition modes of a FPI, respectively. Squares, open

Rotator or A/4 i Proposed OFD. B and C: The reflection and trans-
4 : circles, and triangles are measured results.

91 Aey ‘Aepsinyy

CThF4 Fig. 1. Concept of the proposed OFD us-
ing (a) a ring FPI and (b) a standing wave FPI with
a polarization rotator. Modified and compact de-
vices using (c) a Fresnel prism, (d) a ring-fiber FPI
incorporated with a polarization controller, and (e)
a FPI incorporated with a quarter-wave plate. M:
Mirror. NPBS: Nonpolarized beam splitter. PBS:
Polarized beam splitter.
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CThR57 Accurate frequency measurement
system for 1.5-um wavelength
laser diodes

M. Kourogi, K. Nakagawa, C. H. Shin, M.
Teshima, and M. Ohtsu

Graduate School at Nagatsuta, Tokyo Institute
of Technology, 4259 Nagatsuta, Midori-ku,
Yokohama, Kanagawa 227, Japan

Future optical systems (e.g., coherent optical
communication systems with more than 1,000
channels frequency division multiplexing) re-
quire highly accurate optical-frequency meas-
urement systems in the 1.5-um wavelength re-
gion. However, the conventionally used
wavelength-measurement methods are not ac-
curate enough to meet this requirement. To solve
this problem, we have proposed a novel optical-
frequency measurement system with an accu-
racy as high as 1 x 10~° as shown in Fig. 1(a).

This high accuracy is secured by using an
I,-stabilized and CH,-stabilized He-Ne laser,
whose frequencies v, and v, have already been
calibrated within the accuracy of 1 x 10~°! A
1.5-um wavelength, highly coherent laser diode
(LD,) can be realized by negative electrical feed-
back (NEF),*? and its frequency v, is maintained
to be (v; — v,) as long as the two optical phase-
locked loops (OPLL) in this figure are closed by
using two nonlinear, optical-frequency convert-
ers (difference frequency generator (DFG) and
sum frequency generator (SFG)). A solid-state
laser (e.g., an LD-pumped YAG or a Ti:Al,O,
laser) and an injection-locked, high-power LD
(LD, are used as local oscillators for highly ef-
ficient, nonlinear frequency conversions. It
should be pointed out that a similar and prelim-
inary proposal has also been presented recently
for a different wavelength region.* Finally, the
frequency v, of the laser under test LD, is meas-
ured by heterodvning with the frequency-cali-
brated LD,. A local oscillator LD (LD;) is used
if the heterodyne frequency is too high to detect
with the photo detectors D, ~ D,. In this case
the heterodyne frequencies v,, and vy, between
LD, and LD, and between LD, and LD,, are
measured by an rf frequency counter, and
thereby, v, is given by v, + vy + v + my,
(see Fig. 1(b)). For these heterodynings, the LD,
is used as a wideband-frequency comb gener-
ator, as is explained schematically in Fig. 1(b).
A wideband frequency comb can be realized by
sidebands of Fabry - Perot electro-optic modulator®
and/or ultrashort pulse techniques.

To prepare a prototype of the system, we
carried out the experiments on reducing the field-
spectral linewidth of the LD,, injection locking,
and OPLL. Figure 2 shows the measured results
of the power-spectral density of FM noise in the
LD, to confirm its field-spectral linewidth re-
duction by NEF. In the Fourier frequency range
of 100 Hz =< f =< 100 kHz, the FM noise mag-
nitude is lower than 300/w (Hz*/Hz), which cor-

responds to a 300-Hz spectral linewidth. This"

is, to our knowledges, the narrowest linewidth
documented so far for 1.5-um LDs. A high-power
multimode LD was injection locked by the nar-
row linewidth LD, by which the 32-mW, power-
coherent light was obtained, which is suffi-
ciently high for the efficient nonlinear frequency
conversion. The bandwidth as wide as 134 MHz
was also achieved for the homodyne OPLL, as
is shown in Fig. 3. This is the widest among
the formally documented OPLL systems.

In summary, we proposed a highly accurate
frequency measurement system for 1.5-um
wavelength-LDs.

. D. A. Jennings, K. M. Evenson, and ]. ]. E.

Knigit, Proc. IEEE. 74, 168 (1986).

. M. Ohtsu, M. Murata, and M. Kourogi, J.
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. C. H. Shin and M. Ohtsu, Opt. Lett. 15, (in
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1988), p. 131.

. T. Kobayashi, T. Sueta, Y. Cho, and Y. Matsuo,

Appl. Phys. Lett. 21, 341 (1972).



CLEO '91

S
I
-~
N
z
»
107 . *
10 10° 10* 10° 10° 10" 10°
t (Hz)

CThR57 Fig. 2. Measured power-spectral den-
sity of the FM noise in the LD, under free-running
condition (A) and NEF condition (B). The curve C
represents the magnitude of the IM noise of the
LD,, which limited the FM noise detection. Broken
line D represents a FM noise level corresponding
to 300-Hz Lorentzian spectral linewidth.
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CThR57 Fig. 1. (a) Proposed frequency-meas-
urement system for a 1.5-um wavelength LD. D,
~ D;: Photo detectors. (SFG using, for example, a
LiNbOj crystal; DFG using, for example, an AgGaS,
or AgGaSe; crystal. (b) Schematic explanation of
the relative frequency locations of LD, (v,), LD, (v,),
and LD (v). vy, is the modulation frequency of the
LDy; n is the number of FM sidebands of LD, located
between v, and v,.
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CThR57 Fig. 3. Power-spectral density of hom-
odyne optical phase-locked loop (A). The curve B
represents the result for the unlocked condition. -
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TENTH INTERNATIONAL CONFERENCE ON LASER SPECTROCOPY
(Abstract)

SEMICONDUCTOR LASERS FOR HIGHLY COHERENT OPTICAL SWEEP GENERATOR

K. Nakagawa, M. Ohtsu, C.-H. Shin, and M. Kourogi
Graduate School at Nagatsuta, Tokyo Institute of Technology,

4259 Nagatsuta, Midori-ku, Yokohama 227, JAPAN

We review our recent activities on frequency control of
semiconductor lasers, which can be used as novel light sources
for laser spectroscopy and basic physics. Applications to
rubidium atomic clocks and photon STM will be also demonstrated
at the session. By negative electrical feedback ( NEF ), i.e., a
reliable and reproducible method, the linewidth of a 1.5 um
InGaAsP laser was reduced to 250 Hz with the power concentration
ratio ( PCR )»within the controlled bandwidth of 99 %. By adding
a high gain NEF loop to an optical feedback loop from a confocal
éavity, the linewidth of the AlGaAs laser was reduced to 7 Hz
with the PCR of 98 %. For heterodyne optical phase locked loop
( OPLL ), the frequency tracking error of O.4lmHz and the
residual phase error variance of 2 x 10~° radian? were obtained.
For homodyne OPLL; the bandwidth as wide as 134 MHz was achieved.
To realize a peta-Hz class coherent bptical sweep generatof.
organic nonlinear optical waveguides were fabricated for SHG and
OPO. Furthermore, a mﬁlti-longitudinal mode high power laser was
injection-locked to a narrow-linewidth master laser, by which the
FM noise of the h;gh‘power laser was reduced to that of the
master laser with the PCR of 99 %. Coherent addition between
these high power lasers were also realized. To calibrate the
optical frequency of this sweep generator, a highly accurate

optical frequency counting system was proposed.
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(Summary)

Semiconductor Lasers for Highly Cohercent Optical Sweep Generator

K. Nakagawa, M. Ohtsu, C. H. Shin®, M. Kourogi, and Y. Kikunaga
Graduate School at Nagatsuta, Tokyo Institute of Technology,
4259 Nagatsuta, Midori-ku, Yokohama 227, Japan

ABSTRACT
We review our recent studies on frequency control of
semiconductor lasers. We discuss a highly coherent sweep
generator realized by the present semiconductor lasers. We
also present several applications of present semiconductor
lasers under way.

1. Introduction

Recent progresses in semiconductor lasers have realized highly
coherent and high power light sources in wide wavelength region. These
lasers made it possible to realize novel advanced and sophisticated
experiments on laser spectroscopy and basic physics.

Here we present our recent studies of frequency control of
semiconductor lasers. We will show several techniques to realize
_highly coherent, high power and wide range frequency tunable lasers.
It is shown how a highly coherent optical sweep generator covering
from near-infrared to ultra-violet can be realized based on the use of
the present semiconductor laser and nonlinear frequency conversions.

Finally, we briefly show the applications of the present highly -

coherent semiconductor lasers.

2. Frequency control of semiconductor lasers
2.1. Linewidth reduction and optical phase locking

The spectral linewidth of the semiconductor laser is typically
several Mlz to several hundreds of MHz in free running. By using a

¥ National Mckpo Merchant Marine College, Monko, Chun-Nam, Republic of Korea
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optical feedback from a confocal cavityl, the linewidth can be reduced
to typically 10 kHz. This method is useful for the high resolution
spectroscopy of atoms and molecules.

Further linewidth reduction can be obtained by using an electrical
feedback methodz. The laser frequency is stabilized to the mid-point
of a reflection fringe in a high finesse Fabry-Perot cavity by using
a wide bandwidth current feedback. The linewidth of a 0.83um laser was
reduced to about 560 Hz. In the case of a 1.5um multi-electrode DFB

laser, its linewidth was reduced to about 250 z3. We also applied

both optical and electrical feedback method to a 0.83um laser and its
linewidth was reduced to as narrow as 7 Hz(Fig. 1)4. In the above
cases, the residual FM noise was mainly caused by the intensity
modulation(IM) noise at low frequency(<lkHz). This IM noise can be
suppressed by using a FM modulation technique(Pound-Drever method)s.
We applied it to the 1.5um'DFB laser by using current modulation at 20
MHz and its linewidth was reduced to less than 100 Hz. The linewidth
of less than 1 Hz will be realized in the near future. S

& 108 1
& h o T T T
E . - -
< 108 1 3 1
< 1 Zosf ]
& 10} 1 5t ]
{ £ [ :
10°f 1 © L 1 ] 0 i b et
102 103 104 105 10% 107 Frequency 50Hz/div
f - (Hz)
(a) (b)

Fig.1 Power spectrum density of FM noise(a). A: free runhlng, B: under
feedback, C: IM noisc level, D: FM nolse level corresponds to the
linewidth of 1 liz. Calculated fleld spectral profile(b).

The optical phase locking between two lasers have been carried out
by using the electrical feedback. The homodyne phase locking was
realized with a bandwidth as wide as 134 Mliz and a phase error
variance of 0.15 rad2 by using two free running 0.83um lasers®. The
heterodyne phase locking was also realized with a phase error variance



of 0.02 rad2 and frequency tracking error of 0.4mHz at an integration
time of 70 sec by using two optical feedback lasers’.

2.2 Injection locking and coherent addition .

High power semiconductor lasers show a multi-mode oscillation in
general. By using a injection locking method, high power single mode
oscillation can be obtained by these lasers. We applied this method to
1.5 gm high power(Pmax = 60 mW) laser by using a narrow linewidth( 700
kHz) multi-electrode DFB laser as a master laser. Single mode
oscillation was realized with its output power of 40 mW and its
linewidth of nearly 700 kliz(Fig. 2). We also realized a coherent
addition between the master and the injection-locked slave lasers
with a phase error of less than 0.2 rad.

i ’ (a) .

Relative Intensity
(10dB/div)

1530 1540 1550

Wavelength (nm) Fig.2 Spectra of the high power slave laser:

(a) free running, (b) injection locked.

2.3 Frequency tunability and sweep

Frequency tunability and continuous frequency sweep are very
important for atomic and molecular spectroscopy. By using an external
grating feedback, frequency tunability was extended to wider than 10
THz or 100 nm at 1.3 gm. This method was also helpful to obtain high
power (> 60 mW) single mode emission from high power lasers at 1.3um.

A continuous frequency sweep of wider than 1 Tllz was easily
obtained by sweeping the temperature of DFB lasers at 1.3 and 1.5um.
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2.4 Highly coherent optical sweep generator

Available wavelengths of the present semiconductor lasers are
roughly grouped into four regions, 0.75-0.9xm, 1.2-1.6xm, 0.63-
0.68xm, and recently available 0.9-1.1zm(Fig. 3(a)). Further
extensions of the wavelength are expected by using nonlinear
frequency conversions such as SIG, SFG, and OP0O. We expect efficient
frequency conversions by using nonlinear optical materials as LiNb03,
KTP, KNb03 and recently developed organic materials. We are
fabricating organic nonlinear waveguides for SHG, SFG and OPO.

By combining the present techniques of frequency control and
nonlinear frequency conversion, highly coherent optical sweep
generator will be realized and it will cover the wavélength range
from 0.32um to 1.6um(Fig. 3(b)). Highly coherent and high power
lasers will be realized by narrow linewidth( < 1kHz) master lasers and
injection locking of high power( > 100 mW) lasers. Precise frequency
tracking will be realized by using heterodyne optical phase locking.

(a) InGaAs
AlGalnP AlGaAs /AlGaAs InGaAsP
[ ' [ R et e R L LT e PR TR |
L R L J
1so;o ’ 10000 6000 cm-1
0.63 0.67 0.72 0.78 0.83 0.88 0.98 1.1 1.2 1.32 f1?55t pm
1.48 1.66
' SFG SFG SFG ‘
SHG SHG SHG SHG
g o e ————— P — b— - Pt —t - n
[ uv VISIBLE < NEAR IR |
t T T = T T H
0.31 0.4 0.5 0.6 0.8 1.0 1.66 pm
750 THz

Flg.3 Wavelengths gencrated by the semlconductor lasers(a) and
and nonlinear frequency conversions(b).

3. Applications of highly coherent semiconductor lasers
3.1 Optical frequency synthesis

Optical frequency standards and absolute frequency measurement are
needed in the near-infrared region of 1.3-1.5um. We propose a
optical frequency synthesis based on visible and infrared Iie-Ne
lasers to measure absolute frequency of 1.55um lasers(Fig. 4)8. At
first, the sum and difference frequencics between the 1.064m Nd:YAG



laser and two 1.5um semiconductor lasers will be compared with two
He-Ne lasers of 0.633um and 3.392xum respectively. Next, we will
measure frequency difference(—~ 1.5 Tilz) between two 1.5um lasers by
using a wideband optical comb generator, which can be realized by
using a electro-optic modulator inside a Fabry-Perot cavityg. Finally,
we will determine the absolute frequencies of both 1.064um and 1.5xm
lasers with an accuracy of two reference He-Ne lasers. The 1.5um
lasers can be stabilized by using the absorption lines of molecules
such as NH3, HCN, and C2H2. The present injection-locked high power
lasers will help to obtain saturation spectroscopy of these lines and
also efficient frequency mixings between 1.5um lasers and the Nd:YAG
laser.

I 3392nm}

He-Ne

1064nm > L DFG
Nd:YAG LiNbO,
| 1550nm { > I pDI

LD1
v F-P E/O

1561nm \ >

LiNbO,

LD2

| 633nm >

He-Ne

Fig.4 Schematlc diagram for the proposed optical frequency synthesls.

3.2 Laser cooling and high resolution spectroscopy of atoms and ions.

The laser cooling and trapping of atoms is suitable for the
application of semiconductor lasers because it is quiet easy to
prepare many tunable lasers for cooling, pumping and probing. Cooling
and trapping of Rb atoms in a small glass cell10 is now underway by
using optical feedback 0.78um lasers. We will study the cavity QED by
using the trapped atoms.
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High resolution spectroscopy is also attractive application for the
highly coherent semiconductor lasers. We are preparing a ultra high
resolution spectroscopy of 1laser cooled Sr* ions in RF trapll.
Cooling and pumping laser can be provided by frequency doubled 0.843um
AlGaAs laser and 1.09zm InGaAsP laser respectively. The narrow(0.4 Hlz)
transition at 0.674um can be probed by a AlGaInP visible laser whose

linewidth 1is reduced by the optical and electrical feedback method.

4. Summary

We have obtained narrow linewidth(7 Hz), accurate phase locking
between lasers(0.4 mHz), an injection-locked high power laser, wide
frequency tuning range(10 THz) by using semiconductor lasers. These
results encourage to realize a highly coherent frequency tunable light
source covering from near-infrared to ultra-violet, which will be
widely applied to atomic and molecular spectroscopies, optical
frequency synthesis, and quantum optics.
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Principle of operation of the coherent lightwave
transmission systems is essentially the same as that in the
microwave system. However, in order to realize thec practical
system, one has to solve several problems which result from the
very high optical carrier frequency, the large magnitude of
frequency fluctuations of semiconductor lasers and the variation
of the polarization axes of lightwaves transmitted through the

optical fibers. Based on these situations, following subjectis

will be reviewed for present and future coherent lightwave

communication systems.

1. Principle of coherent lightwave communications.

(1) Why are the coherent lightwave communication systems
required ? ( High carrier frequency, parallel transmission, long
transmission length )

(2) Relation between the transmission éapacity and modulation (
ASK, FSK, and PSK ) and demodulation ( heterodyne and homodyne )

schemes.
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2. Performances of the light sources.

(1) Narrow linewidth semiconductor lasers ( Fig. 1[1] )

Novel- devices, electrical feedback method, and optical feedback
method.

(2) Wideband tunable semiconductor lasers for FDM systems.

(3) Frequency stabilized semiconductor lasers.

(4) Otﬁer promising coherent light sources, e.g., LD-pumped solid

state lasers.
3. Optical phase locking.

(1) Heterodyne optical phase locked loops ( Fig.2 [2] ).

(2) Homodyne optical phase locked loops ( Figs. 3 [3] and 4 [4] )
5. Optical amplification.

(1) Semiconductor laser amplifiers.

(2)VFiber amplifiers.

(3) Novel semiconductor lasers for pumping the fiber amplifiers.

6. Possible coherent optical lightwave systems.

(1) Local area networks.

(2) Space communication systems.
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7. Related technologies

(1) Highly accurate optical frequency counting systems.

(2) Polarization diversity methods.
8. Toward the future

(1) Ultra-low loss optical fiber communications.
Performances of ultra-low loss optical fibers and semiconductor

lasers at several um wavelength region.
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Observation of Ramsey-Type Resonant Fringe
Using a Cylindrical Microwave Cavity
for a Diode Laser-Pumped Rb Beam Atomic Clock
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4259 Nagatsuta, Midori-ku, Yokohama, Kanagawa 227
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A novel Ramsey-type resonance signal is observed by using a simple microwave cylindrical cavity in a diode laser-
pumped rubidium atomic clock. Its linewidth is 1.1 kHz. The signal lineshapes depend on the modal profile of the
microwave magnetic field inside the cavity. The lineshapes are reproduced by numerical calculation. Conditions to
achieve the maximum frequency discrimination sensitivity are derived by the theoretical analysis.

KEYWORDS: diode laser, rubidium atomic clock, Ramsey-type fringe, frequency accuracy

Introduction .

§1.

Highly precise and compact rubidium (Rb) atomic
clocks have been required for various applications, e.g.,
the signal sources for GPS satellites, and ISDN systems.
For the improvement of their performances, Rb atomic
clocks pumped by diode lasers have been investigated.!-
By using a diode laser on a conventional gas cell-type
clock, Hashimoto and Ohtsu have demonstrated that the
stability of the microwave frequency has drastically been
improved.” To obtain high short-term stability, a sen-
sitive discriminator with a 20-Hz resonant linewidth has
been achieved by utilizing the effect of modulation
transfer in the optical-microwave double resonance.*”
For the improvement of medium- and/or long-term sta-
bility, the self-tuning system was invented to compensate
for the light shift due to the AC Stark effect by the pump-
ing laser.9

The accuracy of the microwave frequency has been
limited by the frequency shifts due to various origins.
The principal origins were the AC Stark effect and the col-
lisions between rubidium-87 (¥'Rb) atoms and buffer
gases. As mentioned above, the light shift (AC Stark
effect) has been compensated® or can be avoided by
spatially separating interaction regions of atoms with
lightwaves and microwaves. However, as long as the Rb
gas cells with some kinds of buffer gas are used for Rb
atomic clocks, it is impossible to remove the frequency
shift induced by the collisions of Rb atoms with the
buffer gases. When a Rb gas cell without any buffer gas is
used, the linewidth of the microwave resonance signal is
broadened by the Doppler effect and the self-collisions of
%Rb atoms. In the conventional Rb atomic clocks, ¥Rb
gas cells with the buffer gases have been used because the
collisional narrowing effect by the high-pressure buffer
gases reduces the Doppler effect and the self-collisions
and make the resonant linewidth narrower. It has also
been difficult to remove the collision-induced frequency
shift by the effect of collisions with walls of the gas cell.
Since such frequency shifts have deteriorated the fre-
quency accuracy of the atomic clock, conventional Rb

596

atomic clocks have not been employed as the primary fre-
quency standards. In this connection, we proposed a
diode laser-pumped Rb beam atomic clock for achieving
high frequency accuracy by eliminating the effects of colli-
sions.” '

The lineshape characteristics of microwave resonance
signal are important since it is used as the frequency
reference and discriminator for the microwave frequency
stabilization of an atomic clock. In the present work, a
novel method is proposed to obtain a Ramsey-type
resonance* signal by using a simple and compact cylin-
drical microwave cavity. This novel Ramsey-type
resonance signal can be advantageously used as a stable
frequency reference and discriminator. Ramsey-type
resonance can occur in a TEy,» mode cavity with its cylin-
drical axis perpendicular to the -atomic beam trajectory.
The occurrences of the Ramsey-type resonance can be at-
tributed to the spatial profile of the microwave magnetic
field in the microwave cavity. Compared with a U-shaped
cavity, which has been used for conventional cesium (Cs)
beam atomic clocks,® the present method is advan-
tageous in its compact size and simplicity of design. It
should be pointed out that DeMarchi et al. have recently
observed Ramsey-type resonances using a TEq; mode
cylindrical cavity.” This cavity was used in a preliminary
test of the optical pumping in a Cs beam atomic clock.

In this paper, the experimentally obtained Ramsey-
type resonance signals are fully explained theoretically.
By using the theoretical model, the optimal design
criteria of the resonance are obtained to achieve the max-
imum frequency discrimination. Also, even in the
presence of modal perturbations in the cavity, it is con-
firmed that the magnitude of the cavity phase shift is
negligibly small in this type of resonance.

§2. Experimental
Figure 1 shows the experimental setup of a diode laser-

*This resonance is a kind of Rabi resonance which has a signal charac-
teristic similar to that in Ramsey resonance. To distinguish this
resonance with the Ramsey resonance, **Ramsey-type’’ was used here.
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pumped Rb beam atomic clock. The vacuum chamber
was composed of a stainless steel oven, a PYREX glass
tube in which the atomic beam propagated, and a
stainless steel cold trap cooled by liquid nitrogen, where
Rb atoms were collected. The chamber was evacuated by
a diffusion pump to 107 Torr. The Rb atomic beam
from the oven was collimated by two small apertures,
i.e., the aperture at the oven and that 10 cm away from
the oven. Their diameters were 2 mm. The atomic beam
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interacted with a microwave and laser lightwaves during
the propagation in the glass tube. The length and the
inner diameter of the glass tube were 22 cm and 1.2 cm,
respectively. The inner diameter and the length of the
cylindrical microwave cavity were 10 cm and 5 cm, respec-
tively. The cavity mode used in the present experiment
was the TEo;; mode. The cylindrical axis of the cavity was
set perpendicular to the atomic beam trajectory. Figure
2(a) schematically illustrates the modal patterns of the
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Fig. 1. Diode laser-pumped Rb beam atomic clock.
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Fig. 2. Modal pattern of the cavity TE,,, (a) and magnetic field amplitude (b) corresponding to the line B-B’ o.f (a). The line P‘s-
A" represents the cylindrical axis of the cavity corresponding to that in Fig. 1, while (c) gives the approximated magnetic
field amplitude used for the calculation corresponding to (b).
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magnetic field in the TEy; mode cylindrical microwave
cavity. Here the cylindrical axis of this cavity is shown by
the line A-A’. As illustrated in Fig. 2(a), the modal pat-
terns of the magnetic field are symmetric with its cylin-
drical axis. When an atomic beam passes through the
cavity perpendicular to its axis, i.e., along the line B-B’
in Fig. 2(a), atoms interact with the microwave magnetic
field, whose amplitude has the profile shown in Fig. 2(b).
The amplitude is expressed by the Bessel function of the
Oth order. Since the magnetic fields of the 1st and the 3rd
zones of the cavity (see Fig. 2(b)) are in phase with each
other and the magnetic field in the 2nd zone is out of
phase to them, the interaction between the atoms and
microwave, during propagation through these zones, can
generate the Ramsey-type resonance. The loaded Q of
the cavity used in' the present experiment was 1,
600+100.

Figure 3 shows the energy level diagram of the ¥Rb D,
line. The optical pumping on the transition from F=2 to
F’'=2 of the ¥Rb D, line induces a population difference
between ground state hyperfine levels of ¥Rb |F=1,
mr=0> and |F=2, mr=0>. The diode laser LD1 (Fig.
1) was used for this pumping as is shown in Fig. 3. The
spectral lineshapes of the microwave transition at 6.834
GHz were measured by detecting the fluorescence from
¥Rb atoms pumped by the diode laser LD2 (Fig. 1). As is
shown in Fig. 3, the recycling transition between F=2
and F'=3 was used for the detection because the
fluorescence is enhanced at this transition without chang-
ing the population difference between the ground state
hyperfine levels. The frequencies of diode lasers LD1 and
LD2 for optical pumping and detection were stabilized to
each transition frequency by using absorption lines in
¥Rb gas cells.!?

Two curves in Fig. 4(a) show the observed and
calculated fluorescence signals of optically pumped
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Fig. 4. (a) Fluorescence signal of optically pumped *’Rb atoms and

calculated lineshape as a function of the laser frequency. (b) Phase-
sensitively detected microwave resonance signal as a function of
microwave frequency v. The modulation frequency of the microwave
was 420 Hz and the temperature of the Rb source Ty, was 433 K.
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atomic beam as a function of the laser frequency. These
figures show a good agreement with each other. The ob-
served hyperfine spectral lines were clearly resolved. The
full-linewidth at half-maximum (FWHM) of the spectral
line is 70 MHz. The divergence angle of the atomic beam
can be calculated from this value as 30 mrad, where a 40
MHz spectral linewidth of the diode laser was taken into
account in the calculation.

Figure 4(b) shows an experimental result of the first
derivative of the microwave resonance signal as a func-
tion of the applied microwave frequency v. This signal
was obtained by phase-sensitive detection by modulating
the microwave frequency. The linewidth A4v,, was
(1.1£0.2) kHz when the temperature of Rb source Tkp
was 433 K. This value can be transferred to the value of
FWHM of the central part of the resonance as 1.4 kHz
for the Gaussian or as 1.6 kHz for the Lorentzian profile.
In the conventional Ramsey resonance, the FWHM of
the resonant lineshape is expressed as 1/27 [Hz] (T tran-
sit time in drift space).® By using this relation, the
FWHM for the cavity used in this work was calculated as
2.5 kHz. The experimental value is. therefore, about half
as narrow as that in the Ramsey cavity with the same
value of 7.

§3. Theoretical Analysis and Discussions

3.1 Theoretical model

The amplitude of the microwave magnetic field across
the line B-B’ has the spatial modal profile given by the
Bessel function of Oth-order Jy(r), where r represents the
position of the atoms inside the cavity and depends on
time, i.e, r(¢). The interaction between atoms and the
microwave magnetic field can be described by using the
following time-dependent Bloch equations.

(d/dn)a(t) +Qoax(1)=0 )
—Qoa(t) +(d/ dr)ax(r) — bJo(r (1))as(t) =0 @
bJo(r ())ax(t)+(d/ dt)as()=0, (€)

where a,(t), ax(t), and a;(¢) are quantities related to the
density matrix elements p2(¢), p1,1(¢) and p22(¢) for the
ground state hyperfine levels |[F=1, mr=0> and the
|F=2, mg=0> as

p12(t)=(1/2)(a\(t) +iax(2)) exp (—iw?) “
and
P1i(0) = p2a()=ax(?) )
with the initial conditions
1(0)=a,(0)=0 and a;(0)=1, 6)

and b is the real part of the Rabi frequency and is propor-
tional to the amplitude of the microwave magnetic field.
The value r(f) is expressed as

r@)=lout—d/2I )

where vy is the most probable velocity of atoms* and d is
the diameter of the microwave cylindrical cavity. Qo is the

*In general, the velocity ¢ of atoms is used. In convenience remarking
velocity-averaged results, the most probable velocity vy of atoms is
used here.

angular frequency detuning from the microwave
resonance, defined as

Qo= w— Wy (8)

where w is the microwave angular frequency and w is
the atomic resonance angular frequency. The transition
probability giving the microwave resonance signal is ex-
pressed as

P(10)=(1/2)(1 —as(t)) ®

where 7o (=d/vv) is the transit time of the atoms with the
velocity vm. By using eq. (9), the spectral profiles of
microwave resonance signal can be calculated.

In the recycling transition for the optical detection, it
has been experimentally confirmed that the signal has the
Maxwellian distribution weighed by 1/v, where v is the
velocity of atoms.!" Thus, the transition probability
P(1y) is averaged over the velocity of atoms by using 1/v
weighed Maxwellian distribution. To simplify the calcula-
tions, the spatial profile of the microwave magnetic field
along the atomic beam trajectory was approximated as
shown in Fig. 2(c). Under this approximation, the solu-
tions of eqgs. (1)-(3) are

a\(to)
aZ(‘tO) =R(O'5ba Oa QOa T)R(_b9 0! Qo, T’)
a(7o)
0
XR(0.5h,0,Q,7) | O (10)
1

where 7 and 7’ are the transit times of atoms with the ve-
locity vm through the microwave magnetic field in the 1st
(and 3rd) and 2nd zones of the cavity in Fig. 2(c), respec-
tively, and tp=1+1’+17. R is the matrix which has been
given by eq. (5.2.23) of ref. 8.

3.2 Signal profiles

Figures 5 and 6 show the microwave resonance signal
profiles P(to) and their first derivatives, respectively,
which were numerically calculated by using egs. (9) and
(10). Horizontal axes are the frequency detuning of
microwave (v—vo)=%Q/2n. The results shown in Figs.
5(a) and 6(a) were obtained at br=0.27, where 7=0.08
ms at Try=433K, corresponding to the present ex-
perimental conditions. The calculated profile of Fig. 6(a)
shows a good agreement with that of Fig. 4(b), from
which it can be confirmed that our theoretical model ac-
curately describes the Ramsey-type resonance obtained
by the microwave cavity. The linewidth 4v,.,, shown in
Fig. 6(2) was (1.3%0.2) kHz.

The signal profile for br=1.17 is shown in Figs. 5(b)
and 6(b). The linewidth Av,, in Fig. 6(b) and the
FWHM of central part Av in the profile of Fig. 5(b) were
(2.3%0.2) kHz and (2.7 £0.2) kHz, respectively. The 2.7
kHz FWHM is approximately the same with the value
calculated from 1/27’ because the transit time 7’ is 0.17
ms in the approximation of Fig. 2(c). This corresponds to
the FWHM of conventional Ramsey resonance with a U-
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Fig. 5. The microwave resonance signals P(t,) as a function of fre-
quency detuning v—v,=0y/2n. The lineshapes were numerically
calculated at 57=0.27 (a), and at br=1.1x (b), when Ty,=433 K.

shaped cavity.

3.3 Optimization and improvement of the frequency
discrimination sensitivity

The optimum conditions of the frequency discrimina-
tion sensitivity were considered. The optimum condition
is defined here as the maximum steepness of the slope of
the derivative of the microwave resonance signal at the
resonance frequency.

The temperature of the Rb source T, was adjusted in
the range between 350 K and 450 K, where the moderate
intensities of the atomic beam were obtained. Figure 7
shows the peak-to-peak linewidth Av,, and the slope
(d*/dv?)P(t) at the resonance frequency (v=v,) of the
derivative of the signal as a function of the Rabi fre-
quency b. Here bt is used instead of b since the transition
probability P(7o) depends on bt in the conventional Rabi
and Ramsey interactions. From this figure, the optimum
value of b7 can be obtained. In the range of 0< br<27,
the maximum of the slope (d2/dv?)P(t;) was achieved at
br=1.1zn, i.e.,, point A in Fig. 7. The calculated
lineshape in Fig. 5(b) (and Fig. 6(b)) was obtained at this
condition. However, the peak value of (d*/dv?*)P(z,) at
br=0.27, i.e., point B, is almost the same with that of
point A. The measured and calculated lineshapes in Figs.
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Fig. 6. The derivatives of the lineshapes. (a) and (b) correspond to
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4(b) and 5(a) (and 6(a)) were obtained under the condi-
tion corresponding to point B. Consequently, the op-
timum signal lineshapes are obtained both at points A
and B of microwave magnetic field amplitudes, i.e., at
br=1.1n and 0.2n, at which the frequency discrimina-
tion takes the maximum sensitivity.

It is worth noting that, in a diode laser pumping
system, a little wider linewidth of microwave resonance
signal, compared with those in conventional Rb atomic
clocks, can be compensated by the reduction of N value
in S/ N of the signal to achieve the maximum frequency
discrimination. Since most of the noise is determined by
the optical pumping and detection and not by the signal
lineshapes of the microwave resonance, the N value can
be reduced by suppressing the frequency (FM) noise of
the diode lasers. In order to confirm this, we investigated
the improvement of the S/ N in the microwave resonance
signal by selectively reducing the FM noise at the modula-
tion frequency. Figure 8 shows the result obtained in the
preliminary test for a gas cell-type Rb atomic clock
pumped by a diode laser. Here 10 log(4S.p(fin)/ Sto(fi))
means the magnitude of FM noise reduction at the
modulation frequency f. through the band-pass filter
with Q=10. For the reduction of FM noise, the fre-
quency of the diode laser was stabilized to the slope of a
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Fig. 8. Improvement of S/N in the microwave resonance signal
(4(S/N)\) obtained by the selective reduction of FM noise of the
diode laser 4S,p(f,)/ Sio(fm) at the modulation frequency of the
microwave signal f,(=480 Hz).

resonant line-shape of a Fabry-Perot interferometer.
From this figure, it was confirmed that the magnitude of
the improvement of S/N for the microwave resonance

signal is proportional to the magnitude of the FM noise
reduction in the diode laser. In this result, 12 dB of the
S/N improvement was achieved. Ohtsu et al. have
demonstrated the FM noise reduction as low as —60 to
—70 dB relative to that of free-running condition.'? If
the same level of FM noise reduction is incorporated in
the present system, 60 dB of the S/ N improvement in the
microwave resonance signal will be possible.

3.4 Frequency shifts

Frequency shifts in the present system can be produced
by phase variations in the cavity or misalignment of
atomic beam trajectory, in analogy with the end-to-end
phase shifts in Ramsey cavities of Cs atomic clocks. Such
frequency shifts in the frequency discriminator reduce
the accuracy of the clock frequency. In highly accurate
frequency standards, these shifts must be considered.

The microwave phase variations inside the cavity can
cause the frequency shifts when they are associated with
other modes. In our cavity, however, other TE modes
have resonance frequencies far away from the TE,,;; and
have a mode symmetry that will not produce frequency
shifts. Even though other modes are fed in the cavity, the
effects of these modes are quite small, i.e., the floor inten-
sities caused by such other modes are less than a part in
10¢ relative to the resonant mode in our cavity. To
achieve the 107!? level of frequency accuracy, the fre-
quency shifts by the other TE modes do not cause any
problems. Furthermore, the degenerate TM,,, modes can
be eliminated by using a 1/4 mode filter.” Thus, the
phase variations inside the cavity cannot be a problem.

For the misalignment of atomic beam trajectory, the
numerical calculation for the microwave resonant
lineshapes was carried out including the effects of
misalignments. As a result, it was found that even if the
atoms flow 10 mm away from just the output point of the
cavity (the misaligned angle is about 0.1 rad.), the fre-
quency shift is less than a part in 10", Since it is easy to
adjust the atomic beam trajectory more precisely, the fre-
quency shifts by the misaligned angle would be much
smaller.

It is concluded that the present microwave resonance
would not cause any specific frequency shifts. It can,
therefore, be considered that the performance of the reso-
nant method in the present work is sufficiently high to
achieve a highly accurate laser-pumped Rb beam atomic
clock.

§4. Summary

A novel microwave resonance method for a laser-
pumped rubidium (Rb) beam atomic clock was propos-
ed. A microwave cylindrical cavity was used with its axis
perpendicular to the atomic beam trajectory. A Ramsey-
type fringe was observed in the microwave resonance
signal. Its linewidth was 1.1 kHz. The characteristics of
microwave resonance were theoretically explained by the
spatial modal profile of microwave magnetic field inside
the cylindrical cavity. The conditions for the maximum
sensitivity of frequency discrimination on this type of
resonance were discussed. The cavity frequency shifts for
the present work in analogy with end-to-end cavity phase
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shifts of conventional Cs atomic clocks were evaluated.
The results showed that the shifts are not a problem in
the present method. This novel method can be used to ob-
tain a high-accuracy performance in atomic clocks
because the atoms are free from collisions.
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COEDRFEILEGORREBESATHEDIE, <4
7087 —BREOGLRBICEDLTHEH»5TH 3.
LOMERRREI A=l umDFE(FE 572184, 05 nm I8
95, BE T A—sRBILICLD, L0BVDIEEE
DI 5. '
fBROT[EEHD—D L LT, PSTM *EBESSEML
REELTEITCEDNEZIONS. FEES I IFIHE



550 X i
TRERRZRERL TS, L-¥ZAOLEE

(optical molasses) DAY it & » CTHZEHTOEF
EFAEHEL, FFoREHOEMHEELFOH K £
TTHTHL., TZIRR-PSTMAED 77478 w2
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Photon Scanning Tunneling Microscope
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1. @ C & I

HRBEBEOLN - ARV X oI, EAREDBERET,
NAX YT s 8 —OHEE, EEMEREDY — M RER
B, file7oty ¥ SR EOHEDIDIC, BBKT
WAREN B DB DO +nm, ¥ om DA, LR,
JEHEM, RN, ERERFIRLEMSEOTRAMSREA
SHEICEE->TVS. RER, FEEHS, v -
§, BTHBE(SEM), EEE b v F VEBSESTM)?,
FEFENEESE (AFM)?, BEBEREIA TV S, L
»L, ThoDBEBETREFOLL, 4k AER
e, JEBEfh - JEBEBMAN S IOV TRRLICRT LI
WTFNb—E—EtH 5. ChoDRBESERERT B
DI, 74+ VEEL Y 2VEEHSE (photon scanning
tunneling microscope : PSTM )R B I N T 3.
CHIREFEBRSED R (KRF - JREs - JEuR)
LEE NV AVERSEO O ORR (BRI LS
AbEIcbDEEZLNS. AWTRZ D PSTM DR
B, AEORRK, A% OMEBRLBICOVTEE L DHAEN
BREEHETANM, oI, SBOEBERRICK
D, 1nm PUNOEHRENTRETH 5 26T 3.

2. PSTM /R

FFFERSE OB ERRAICL VEES N, BE
LEBEOMICE 2 ERAQOEEDTEHS. 05
IREERRRABZ 51-0IKiE, =4 7 o EOBEARRBREBE
EHER T (VLBD, BOAKE S EHEDNTY
3. Ldl, XEDOBA, EEAZ1um UTTH S/

b, ChoDFELEEERTSCEREETRE.
UL, Zr%yeY b (Fhbb, 74 b vO by
FVHR), ERvNEEOZE LD o T LEFIATHIE,
RBERTHERBALBL S C EMNAETHS. 2D
EZZFIESOTEREINICYRTFLNPSTM Th 5.
K 1ic PSTM oZXEFEEZRT?. REEERCH
> T xz-y il BREKEEFWIT = @2 & 3.
LARHRET TR, BREELOERIR 2«2 858
BECTEZ 3 &, RIEH » BHRICERERIICRD
U, /% vy PRHRETED. RE 74+ b Y ER
RUTCOREBEEZERT 5L, ZO2OEEDOEHFER
DEICE>THRESZ7 4 F VEALRADORF V¥ 4 VE
BEOEIIKELT, 74+ bYBr 2 vBRickdR
A UARETHRREEZEIONS. P YR Y VT 73
P OBRBERI >z 0EME & S ICERERMNICEET
370, BV BENESNhG. ¥, TOT7x LY
DBERXFEE ALV/NIVHEDER a (<) 2270
-V BFEBAESIN, 71+ b VOEFHEONESRE
(ChiZROBEEORIERE 42/2=0la) 1IZHF) X
AP=1k- 42 A=hla (1)
LA, T, Kl hf2n, RIZTF5VIER, kI3
KOBEKRTHB. N E/VTOREERRERREICKS
&, COBZCIVEOTREEINE 7+ b YOLEN
EOB/NREEEY 4z 13
dzx=a/2n (2)
&3, BOBER e TR MW RiEdB oI5
Tiibb, MEkOREFRESIIEIRICES S KiEE
HERIICRE S HRteE boDiexd L, ¢ 2 TR#vNEO



7+ PYEENIVENE (B BH - KD 135(3)
R 1 REESHBEERSEOBRELE (EANL Y X7 2DHEDRERE)
5 Bk
BeoumE| M = & i | 5 B o= B O
e #
SEF AR r = 0.5 um 1mm A&, &b
SEM = —REF 3nm | <5mm B Zech
STM = b ANVET 0.0lnm | 0.1nm| <lpm |EZEd, k&, #Hb
AFM A~ B FF5 0.01nm | 0.15nm <1pum K&d, #oh
PSTM r =E FRYV T TNV 1nm | <10nm | <10gm | HZd, K&d, &P
ZEBHT I, EESIRFK LY —-EHOTE
BB LUCRHLR] PSTM ZEE LB, SRiE%:
KD B 1-DDERIENT & FHROEREZT> TS, KET
TRINSDOPEBETHANT 5. BB, BZBFEICOWVT
Ev';:j;c':';";;: RELD & 2 7 A DRERMBFT O bhbh L iZIZER
Smwwmmﬂy Bz ENTOEY. CCTTRNTEHETRIERD
LD Light PSTM f7n—7 ofBEl@miciEbN TS STM 7

B 1 PSTM oXEXFEERW?

25270 —-TE2HVT, 74 P VOMBEDORI A=Y
YUETHLERIOESREENRE S, ULEENT
5 ¢&, PSTM »SEIRFRA% 2 /e e EH 9 2EH
Rxvk oy b3, SUNBED, AEFRE, ©RAL
T3 ETHAB.

ZDES1Z, 74 b VD Y EANVBROFEEEFA
LIt L ZEZO0NBDT, 7+ bvEEM VXNV
BHEL LTSI ONTVE. Lhl, ARICERTTO
REREBNE E S O T, HBFEKRE (near field
microscope : NFM) & I h 3. BED LA, +4
HEREHROEENLT LTRSS, 4BEHEX
NBR&ETH 3. :

3. PSTM Ov XRFLEERER

PSTMQEXRMWFHRLE LT, BEZ T, #EO»S
DS, BUNBEOIC K BRE Yy 7 T v 7THEO
EBBHIZEARINTVS. F/, 74 VDY in
$HRIEFERIE UMt iR 8R T 5 RmBAKE" P
BIMEINTNS. TN HDHETE S NI-DREED,
WEREZELIZALEYE, /0, BREELTEDNRT
WBRKEORH®KL —F —, F+/ 7 TFENEDD
DICEZT, £3kD STM OEED—D EEHO/NEY:

a—-7P"ERETHELEVLHIFELEFT 3.

BBED PSTM B v —F — Db 2D B, &
Ny —EE, ERFIEEGEERALCODOTHY, HH
EERROAEIZZ /N F vtV FD/T —2RIETS
TlickDfTbha. Lich-T, YR7LHKIIEE
THDH, BT —DI %yt Y PROREREICEL
D, HMEEBFHRINZEVIRBEEETS. —F,
RAHIRE RV - —DFa —L vy 2E2FBLLHO
Thy, RPEEHRIIAER Y 7 tOREICEDKRD
5h3. BEFRERTXTOYEENEDS BT,
ROEHEETHICLEZAMDEBDTHD, Lich-
T, BEEO b OREICET AMBESEMRT 50T
3. Thabb, Bl REMREEXEEYRT L&
ERISEEBE, ThEhBELR - EERESR, B
BEERA - ~T o514 YREFRICHIGT 5. BBET
REFEMOBHREREIZF T, RAHIRILE
RIGE®BEMICERIET, 2OBREZNET S L,
L 5ic, BERMEANXST, HERAT, TEMMRFTE
3. —F, REERER XL HOHEEEZE S DIERIER]
E, MRS ey vy, ok, BEFREREKROD:
HBO7=Eal—2REICbRIFTREEELONS.

3.1 ZHi@f PSTM

X2 icHEBF PSTM OEAREELRTY. RILL
—¥—DON%ET Y XLARFAATAHSES. 7YX
LD FEICBEEMNAE L THE0T, Eo&RmmERK
BT AT NG vy PRBRETS. COT/NEy
€Y MEAEBUNIBIOZ DR T 74T o —T itk »
THiEd 3. RARGTRRERERNLO—FELTL—
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K 2. %8B PSTM O X7 sHEHED

Y —rvy —OEHELEH - MEBRREFRRI O TH
205, Toidhic, REEECTOBRIACOZELRET
BicHic T e —7 0z BHAEEROD PZT 2EH#H LT,
BRBBRET 5 HR, S 5ic, RFHEERE, M
DFRNBTEETS 5. FBk L —¥ —DBEEL LRI
1GHz Y LR R 3D T, 1oL —+ —icH~, EFEAIE
OFERET 3. REEADZREHROBE - FRIC
DOTRIERDSTMELFROFEEES. Tibb,
Fo—7% z-y WHRICRESI LSS, Bl Lz~
FylV T ——FLEILBRD S —T D2 8
MMELEF@L, FlEr—-FDEEESKED, REE
EERENET 3. T1sbb, COESEHERKICKD
BYLEGMEBEEL%, CRT 4 X 74 Lic=
RIEHRERRT 3.
BOEAMREER B3 DIC3NEOE DR T 7 4
N Fo—TRRETHSE. COFu—TOREFER
RO OPEBINTHEH?, bhbhitibd
RBELBEFEERATNS. Tbb, B—e—F3%
77428 (ATRES5um, 75 v K& 125 um) D&Ex
T ovBERVIEBRI v F Itk > TROHES. RIC
E % 100~200nm 07 o AFEEEE L, ¥5Ic7/5 X
Ty FVIHB0ESTM Fo—7DEmkEiIckDd
HEERELT, 3 TRBICB/NEDEZEETS. K3
IR ER SR %0 SEMEREAERTY. K3 (b)ic
&0, a7 RBOMBELEIZINE0Omm EiEEIND. 7
o AHREOEE, SSIKBOBRICOVTIRELSKITL
STALHEREBESSATHIIL. LML, ¥+ nm M
TOMOEERNERTETH 3 & diEHIhTHEY,
%72, STM D7 o —7RHEKREI LD EDKRED LD
HEMBICEHR 2nm ORZHGEROBEShTH
516).

R4 (a)itRT&EINFY LD LHOESICESE L

Clad

Sharpened Core

Sharpened Core

(b)

K3 7748 Fa—70D5%H SEM EE®

X 4

(a) &8k LicaT%2 b7 7 4358
ERDOPSER LD, BROR T —
i 10 pum THEE. (b) Zegifb L =
TEERM» S BRIL-DD. BRDO R
r—wid 1pm Y.

1um (c)

SiO: HEDWERER'Y

(a) Y XLk SiO: HEWMTEOHEE
R. (b) =muTBRAES, EENTOD -
WEWEE (a) DRAITRY. (c) 7w
—7% z@AmoAC 1EREI Lics &
DFER.



7+ bUEBMIVERS &S0 - KB

7cBEE 15nm @ SiO: BEOHRAEZT 1. %
DT HERERZR4 (b)IKRYT. Fu—-7TRE3 IR
LIcbDERAWIH, CORKETIE, 7os@EEsEs
KUBOEKIRTOITIER L. K4 (c)icizFu—
7% z BFAOAICEE L #REERYT. 1520 SIN
H&b, RAEERH 2nm THEEHEEINTV S,
7e12U, ZOERMESRREFRicE T 3HERER

TH Ims OFADHRTH 5. CORERMEIIRERD
STM #EDZhITE~/AE . Thid LD pSEEE
RARETHACLE2FALLDOTHY, BEAEOR
RERLTVE. YRFAQRESRABESLIRET S
&, WAREEIR V2 IKhHIT B LIchsT, t&K
ETHIZ, ISBORSEESTRINS.

T, EARBERRIZO S0 —7 R IRE DH#EET
3&, 100nm PINTHBCERBEETH D, ¥+ om
VYAREFEINLTHS.

3.2 RgitiRiE

bhbhMNBLEL, T TTEMN 3 RELFER
PSTM RBERLD /NS VEZSOHOMSRENH ST
NE vy PRICKDEUIMEEEZREICE D ER
BHET2H0TH 3. 168, BUDEZFIcESLY
BHBTER <M1 7 oBEE L VA VEREL TR
REINTVBRZEZMELTEL.

B 5 iz R&43tiRH PSTM OXEABRERT®. L—
YR EHERELRBICAHIE, v —¥F B
HIRBOIBBRERIC—BET5LHIHBMLTH L. 4
REBDO_DDIFED S b, HEHCHE UISHEiciZ BN
O%%y, HRBERICELIEZ. oL &, BO
PoDINZy Y PRBEETIRBERICL-T,
BEES505. TORKR, HRBETOERRHBHR
HoEmERICL > TERAI N, HRFE¥SY 7+
5. ChitkD ERBOLV—F—DAEKRL Y7 T30
T, ChZ2BRAV -5 OERELD~F

Detactor D,
¢ S
Laser Reference
T
—— requency
Detector Dy e ) Counter
&) - Waveguide-Type
| x /Fdxy-Pe'otCavly
¥
|
m |‘v(‘
'\5'\ Evanescent Wave
Sample

5 R&H#IRY PSTM DA

137(5)

oX A4 VEERERY 7 rlERSICX kD B.
¥7, COYRTLONREEHET 210K, 7—
)z EE]ESOLHOTHRAER Y 7 + 4fF O¥E
BirefT-7c. BHEERTFEEREL:. K6 DEE
12 4f/FSR @ a/A {kEMAETRT™. €T, FSRIi3dt
REDOHHRA7 bVETHYD, HIRB[EF TR 5um
DE——F7 7 A EZAOTHETZERELTH
3. %7z, zla BBOBD 1.0x1073, 1.0x1072 TH
3. RhoBEBA~DIRLRED7 4+ 2 X F, K50k
BEE Di ~OAH/*7— P DEICIKELTRET S
Vay MEFICKXDEREIN B L —¥ -FiEHOLIRS
HIRBEBA~DEBHERRAERT. THubL, Chdid
4f ODHUEBEDY 2 v MEFRFIKHELTS. 10L&k
¥, F=1%x10%, P=10mW D& &, ¥ 3 v FESHER
i3 a/2=8.5x10"% |Tx4f5T 3. 2=800nm &F 35L&,
a=6.8nm THBDT, BIREDY 3 v FEFBRRR
#76.8nm L7533, ZD& &, L FSR=100GHz
HIRBBHESLETBE, COYa v MEFBRICHET
PEBEEY7 i3 14Hz Th 3. L-h-T, RitH
/Y PSTM 2ERTE-DDOEZERMELTEZ7 4 &
ADIGHIRBP, WI b — Ly REFEK L ——, FHir
HEMN - T BURETH 3.

BIb—L Yy RBEKL —F—E U TREESRTT
It - BER2ERMBEICKDRIIE THz 38k L —

a/A

HIRE BN 7 P BOMOER a (ki
DEEAERW

2 EE, z: BE o -7 LD,
FSR: 7u—7HERBEOHMR <7 +
V. BERA~DRILHRR7 42X F,

X5 DOHMRHE Di ~NDOALN/ <7 —hs
BOED 102, 10mW; 102, 1W ; 10,

10mW; 105, 1W DEADY 2 «» M
ERAEET.
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—RERLTED?, ~Foi 1 yERLERHHV -7
DRABHEEES IXIOB ZEF LTV 3. &5
i€, 1X10°8 QL —F —DFEREEESBREIITL
3%, chooENEFATNIERLED 14Hz OER
+aRERARETH D, RHIRE PSTM OERBHR
Eh3. Ft, UEDOYa o PEFRRI IUFVP i
HFIT 20T, OEED F, P DEICOVTHRIE %
TICHETE 3. ¥/, ThoDiHEIcky, BB
PSTM D54 LRAKICERIER (CZTRAEKY 7
MR A4f) Bz 0BME & biciERBEENREBLTEC
ELdbh-TEY, BOMRSRELHGTE 2.
R PSTM O BIfERERE DI D DREBRETT - 7c.
DO NOFHFITIIS LI A OB ISR ER R 3 1S
MHo1-DT, BE 4.4cm (B¥E% 6.8GHz) o<1 7
oEEBOVT, YIal—YaVvERET-7 HT
(a)icRTIEZ 27 IEREE UTHAL, R
BEz@HACBEHLTE > W A BRUERRER T
(b)iTRT™. REDOZODEE/ME 6 SHOEa LY
MNEVEHFEDLST, BT (b)TRZ20D € — 7 H38A%

12
Yo X
Aperture 3/ ///]] (////1}
— a — T
} p4
Sample - _-é
(a)
10
=
[=4
>
2
[\
=
£
Sost
2 ed
(7]
w
35
050702 03 04 05 06 07
X/N
(b)

24 7 nEick AREBIROUEZ R
(a) M EOOKEER. (b) iR
2% cEF MRS LTE o hicliEsk
8. (a)thD a, b, d, w, wr, =z, X
SICHERER c RIRD E B D : a/l2=
0.20, w1/2=0.13, w2/1=0.11, 2/A=
0.02, 4/2=0.09, z=10ms.

¥ W20EFEIS (19143 F)

KENTWA. ZOZE»D, HOERe EREEUT
O EOHRDBRIETREIS E HRAE%E DO T LSRR
Nz, TRz Ry 2y ROy —HEEOGULERIC
EHLTWBDEEIONS.

o, MEBER c®, KT7(a)hd a, b, d5F
DEZELZIET, —HOERET-CHER MR
tE, BAREEORRIELS LT, 30B®, 5x1073, 5%
10722 BBoNTVS. 4%, AERKEORBICLD,
Wo Z D D ERER EBHRI NS,

4. 5 0RS

4.1 PSTM oigER ED7-HDRE

PSTM DRE - SHREEE V- Z A LS EB oD I
1EY, AEFEIEFEROBUSLATHS. 0F
T CRABFEIFOEEND L 12100, AREF
BEEFERTO Maxwell FRERXLZEYIERRET
ROEEFESEFEBRRIRRELESEETS. BT
DREIBEOHMBRENERT 5 &, ey LThKkE
mEIA», BREEERMAL, BEITDOTOHEMNK
BREDBHKETHAH. HATRBEEMIENOHESIC
fEu, PSTM 73T, Bulote®, #/hHiRELV
—¥F - EOERRIZL D ERFEENFEROSLELE
BEL, SSIHRBEARTFERNF (cavity QED) O
MR DB EEbIT, FROBREIMNO-ZIERE
LW ->TWNA.
BLORBEIERERBINOEINLTH 5. BEEDS
BD7 7 ANBE, 2—7F4 v/, BUNEOEREWO
BRICK D RUNEOERBIN O LRI h 3. K&
HFFOH A, K& F BXU FSR $OHLR\BODE
B, SOIBE, RESEIZLZLBAERFYI 7LD
BEENSELTNEERBNTHS. E—E—F7 74
NERWT, FERSEEZREICKD, F=200, FSR2
100GHz (IRBE<2mm) DESHLEINTNES.
Ft, R—,t—3RETIZ F=120,000 43 TICERL
TWB*, A%BESIT, PL—F&R (14 X, 4
 VEA) X 2EEE, BRIAGEREEHIREDE
BBHGTE 5. %72, HRBORDIZ, 7o XEF
DOEFICLD, LEKL —F —F » TO~NSBHEORKE
DOFFRIC, ¥t om OBO%ED, KL —¥F—%,
BB EORHERE 7o -7 LTEI C LB
HFEIhTNB%D,

TDIEH, DRETERAOEERNOREE, BE LS
BEWBELILAS.

*1 J. Bergquist (NIST, USA) »50FL(E (199048 A)



7+ bVEEFVAVERSE & BH - Kl

4.2 WRELICAER

BED PSTM O 43 R 4E 13 R BAMEE & BFHME
(SEM, STM %2.&) Lotz LD, »OEFSE
REVLVOTIESAL - JERE - ERMBRAIERE LT
DOEWCHEREET 3. 9, ARBEESSOER
FERELEFTHEULIENS, REEELRE LTEE
| STORFNSHEESRITSTEELLSS. XoickasE
EIZRE LRETF, STFEONME SEEEREROT
&, BEMTETHS. Soic, EAEIEIFTRE
AR, DNA, BicEA DY 4 VAW E DR
FRETHETETHAS. 21, EEO S v-T%
ROTEGHERED ORIBO M OFTME, 7 —
BORY, BERRNERTILEEILND.

—%, PSTM %7cACBIE#E LTED O T,
MIEE LTORETHEENEETH 5. 3 Tic STM
Rde/ vOE—EFOBRECEIRLBHFEILTH
3®. —J%, PSTM TREY B ERONEFEL BT LE
FREZBOTEELEF (VYay, ¥re=v.,
R, HYva, B8 CLBERBMIKERDS 3.

ZO—HE LT, EEOMBREL TV BBE—[FHFRE
BLURBRROFEEZUTICESHT 2%, chii=B
B»rois. 7, F—BRECREEHCRARTFER
RU—F—RERHL, L—¥F—RHELOEEEDT
BtV EFOSREHOEMETFRELETT 2. BE
FTICHEINTVWAIREBEEEIRY 1K T 3%, §
ZBEELE UTREHFE] PSTM OF o0 —7 %22 04H
REFEHICESY 5. BARTFH e —THoHHT 2
INFy Y PRBICRCADIE, COERFIZZFy
Y P DS ODHGEACEBZRT V¥ v VOHFICHE
IN3. RELVHEOIDICRERICIINET 3EHD
7o -7 ORERANG. BEIhETFOMEHMI
2, EFREORREVICRMT 270 —T Itk U5
WREABYY 7 VEBF L3 K3 AEREV -7
WY, 7, BEEFEOE=2 —iciRCO&RAR
27 MEZRRIET S BELHEKIEEZhLDY
7 MEREEZECOBR LLE I — L v PREKL —
—BXORAERHN —Fic LD FARERTRTH BT
EDHERINTVEY., Ykicky, B—FEFEz NG
vy MRERICREICHETE 3.

FEBBELLT o —72BEHL, HMELIEFES
HERERECBETE. £LT, E5icd5—Do0H
LHELAZ7e—-72HELTEE, ThbhoXE s
3¥, BEFEE - mALTRULHBEL, SRERERAS
EF-BEESES. T, MEINIERTo-TICA

139(7)

HIEBZL—¥ =K/ T —DUREFETH 3.

INZE MBI DICEY Y AREFZHIzE > THE LI
BRZR8IZRTY. O, /5 4 —2 BHEED
EMEFEETTH 3. CORick3E, ELZTET
BE T=0.1mK o0&, IO a/i=1x10"2 733
Zo—72A0hE, XEAH/ 7 -3 1mW T
TEBbLDE. COEREEDREXRL ¥ —ckbhE
BAETH 5. TBE, COEBAFEXHTA08EE
BREESHRE SN, ChRXEEEIOETULEE
FrxtyY PRICKDBREL, EFOFF VR
) vEBEERTAIRAATHS. 121L, bhbhok
SRBNAD 7o —TEROTRVWIEVLOT, SEL—
F—rg—RBbhbhOFALVEL, 1W LULETH
s, LIchs-T, B—REFHEERRICIIEEEE LD
ICH/NBEO 7 0 — T BUABERTH L EVZ LS.
DX BEBBRIERREOERE LT, BRERE
CRFE2—@ET 2B A& LY, E—FEFLr oz
(whisker) JEEK, X HICTDiZHIzd BEEEERER
DrYIVS, BRIV —F— . T=—n, HEEEL
DOEFHD sp BREEOHDFHD SXEITBRAAT
ZRETFERHIE AT, HEBELSN5.

—F, HlRFSety ¥ Y SOREFTE, ERLOED
T —¥-BFEBE ORIz PSTM D070 —
TEREN, HROBEDMNEIC L —¥ —XERHN L TH
it RZHO T, #MiE~D DNA O bLAAFEH
MET5THAS. :

107

P (W)

107
107

107®

-7 1 1
10% 10® 107 107 10°

a/A
B—FFOMBIc ABEZAS L —¥F -
/27 — P OEEE®
WER Yo —THOER 2 REE AT
FRILLI-BD. /95 4 — 4 TI3RER
hOEMEFRE.
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4.3 BESEEEBRELT

PSTM vz 7a#iREBFCHELTSD, &<
KRHEHEER TR STM ELASULEOSRBELHFT
3. ¥5it STM REoHEEZBVEL, BESRE
BEERTIDIIBOVLSODOEEMSEIOLNS. %
T, =4 7 oBERESF TRAIN TV AHOAKED
BERTHEETS 3. TTRBEIATOEwLFaT -
774N FhRFr—F - FoBEHRERHONT
FEUVIEBEDO e -T2/ YV y 7 KBET L
EWFEETH B, CO7NF - Fu—TickhBohic
HEERAERERICETNEE S o —THOHEBEZHIH
TRLERKD, B—Fo—7 XD BV REELR
Ehs. FAROFHEEIRMERD STM Fa —7 &#ficEH
FOEBEDS 2B BB ONZCLMBbI>TH 3.
COHE, ETV - 2 -V EUDEENESN B0
T, HEBLEICED STM OSBRSS St EL
3%. PSTM kB3 EEOwF - Fuo—TkidC
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The realization of the heterodyne optical phase-
locked loop with the frequency stability of 1 x
10-'8,! can guarantee this shift detection. To
confirm our proposal, a simulative measure-
ment using 4.4 cm wavelength microwave is
carried out. The result is shown in Fig. 3. Two
peaks clearly seen in this figure imply that a
lateral resolution higher than the aperture di-
ameter is achieved, because the evanescent field
power is concentrated around the aperture cen-
ter. By a series of measurements for various
parameters in Fig. 3, the highest normal and
lateral resolution were 5 X 10-3 X, 5 x 10-2 A
respectively. These preliminary resolutions are

4:15 pm already high enough to confirm the validity of
CThOS5 Super-resolution photon the present proposal.
e b . :
f;?:'g"gﬁ,d‘;"]';i’;& microscope 1. C. H. Shin and M. Ohtsu, Photon. Technol.

Lett. 2, 297 (1990).
S. Jiang, N. Tomita, K. Nakagawa, and

M. Ohtsu

Graduate School at Nagatsuta, Tokyo Institute
of Technology, 4259 Nagatsuta, Midori-ku,
Yokohama, japan

In this paper, we report the experimental results
of transmission type Photon Scanning Tunnel-
ing Microscope (T-PSTM), and propose for the
first time a novel reflection-resonance type PSTM
(RR-PSTM), with higher sensitivity and higher
resolution. The diode lasers which can be di-
rectly high-speed modulated make the system
compact with high performarice.

Figure 1(a) shows the T-PSTM system. The
evanescent filed tunneled photon (depending
on the topography of the sample) is picked up
by a probe on which the sub-wavelength ap-
erture is fabricated. The top of a fiber probe was
sharpened by HF selective etching to achieve 80
nm radius of curvature (Fig. 1(b)). Figure 1(c)
shows the two-dimensional profile of 15 nm think
SiO, film measured by the phase sensitive de-
tection with the time constant 7 of 1 ms. The
normal resolution is estimated as 2 nm from the
noise magnitude of the signal in Fig. 1(c). Be-
cause the detected noise magnitude is propor-
tional to '3, higher normal resolution is ex-
pected by increasing 7. The lateral resolution
which is determined by the aperture diameter
in the near filed region is estimated as 80 nm.

For solving the problem that the low power
picked up in T-PSTM which limits the measure-
ment sensitivity, a RR-PSTM is proposed (Fig.
2(a)). A waveguide-type short Fabry-Perot cav-
ity is used as a probe which has a sub-wave-
length aperture on one facet. The incident laser
frequency is locked to the cavity resonance fre-
quency. The evanescent field is generated at the
aperture and is perturbed by the sample. This
perturbation varies the effective complex reflec-
tance of the resonator facet, and thus the res-
onance frequency shifts depending on the to-
pography of the sample. Performance of this
system is analvzed theoretically for the plane
sample. The exponential decrease of the reso-
nance frequency shift, as in the case of the trans-
mission type, assure the high normal resolution
in the RR-PSTM. The relationship between the
frequency shift and the aperture diameter is
shown by A,B in Fig. 2(b). Lines C ~ F show
the shot-noise limit for several values of cavity
finess F and detected laser power P. Since super-
cavity with high finesse up to 1 x 10° and the
diode laser with the power up to 1 W are avail-
able, shot-noise limited lateral resolution up to
1.0 x 10" * A can be expected, which corre-
sponds to the frequency shift of 0.1 mHz for
the cavity free-spectral range (FSR) of 100 GHZ.
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CThO5 Fig. 1. (a) The system of T-type PSTM.
(b) Sharpened fiber probe. (c) Measured two-di-
mensional profile of SiO; film with the thickness
of 15 nm.
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CThO5 Fig. 2. (a) Basic setup and calculation re-
sults of RR-PSTM. (b) The relationship between the
frequency shift and the aperture diameter. Where
\ is the wavelength, z is the sample-aperture sep-
aration, FSR is the free spectral range of the cavity.
Lines A,B correspond to the frequency shitt where
ZA =1 x 107% ZA = 1 x 10" respectively. Lines
C ~ F correspond to the shot-noise limits depend-
ing on finesse F of the cavity, and the power P
which is detected by a photo-detector DI in Fig.
Aa) CG:F=1x105P=10mW;D:F =1 x
1P =1W,EF=1x10,P=1mW;and F:
F=1x 105D = 1 W, respectively.
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CThO5 Fig.3. The result of the simulative meas-
urement by microwave, where a/A = 0.2, bix =
0.13, wyX = 0.13, wok = 0.11, ZA = 0.02, d/A =
0.09, and 7 = 10 ms.
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