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PREFACE

In order to realize the ultimate status of light and matter, M. Ohtsu aims

at the following three research subjects:

(1) Laser frequency control

(2) Application of highly coherent semiconductor lasers .
(3) Photon scanning tunneling microscope.

The papers related to the subject (1) cover several progress in the
study on high—Tc oxide super-conducting film for an ultrafast photo-detector
and development of a highly accurate optical frequency counting system,
which have been made recently. Furthermore, studies on nonlinear optical fre-
quency conversions of semiconductor lasers and on the frequency control of a
semiconductor laser-pumped YAG laser have been started to realize a Peta-Hz-
class coherent optical sweep generator and a master oscillator for the inter-
ferometer of the gravitational wave detection. and these two results will be
reviewed in the forthcoming volume. The papers related to the subject (2)
cover the development of commercial products of a semiconductor laser-pumped
rubidium atomic clock and a passive ring resonator-type fiber gyroscope,
which are supported by Research Development Corporation of Japan ( JRDC )
with the cooperation of industries. The subject (3) is devoted to develop a
super-resolution optical microscope for diagnostics of micro-devices and biolog-
ical samples, high-density optical recording, spatially localized spectroscopy,
and so on. The final goal of the subject (3) is the manipulation of a single
neutral atom by using an optical fiber probe of the photon scanning tunneling
microscope as an optical tweezer.
August 1992

gu Liiggzﬁféﬁjz/ éﬁizz,,_.)
Motoichi OHTSU

# Back numbers of the collected papers are still available on request.
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Injection locking of a highly coherent and high-power diode
laser at 1.5 um

K. Nakagawa, M. Teshima; and M. Ohtsu
Graduate School at Nagatuta, Tokyo Institute of Technology, 4259, Nagatsuta-cho, Midori-ku, Yokochama 227, Japan

Received June 10, 1991

Injection locking has been employed to improve the coherence of a high-power diode laser at 1.5 um. The in-
jected high-power laser emitted in a single mode with a side-mode suppression ratio of larger than 30 dB and an
output power of 40 mW. The FM noise of the slave laser was nearly the same as that of the submegahertz-
linewidth master laser. We have also demonstrated the coherent addition of the master and the injection-
locked slave laser with a residual phase error of §¢ < 0.2 rad.

There are growing needs for high-power and highly
coherent diode lasers in many applications such as
second-harmonic generation, optical communica-
tions, and laser spectroscopy. Recent advances in
diode-laser devices enable one to achieve a spectral
linewidth of less than 1 MHz in the free-running
condition,' and an active frequency stabilization
technique makes it possible to achieve a linewidth of
as narrow as 7 Hz.?> The output power of diode
lasers has been continually increasing, and more
than 3-W cw output power can be obtained by high-
power gain-guided diode-laser arrays or broad-area
diode lasers. However, in general, these high-power
diode lasers show multitransverse- and longitudinal-
mode oscillation. By using an injection-locking
technique, the spectral and spatial coherence of
these lasers can be drastically improved, and single-
mode and single diffraction-limited lobe emission
can be obtained.>® Further high power is expected
by using the coherent addition of two or more
injection-locked high-power diode lasers.®

In contrast to many studies of injection-locked
high-gower GaAlAs diode lasers in the 0.8-um re-
gion,*® there have been few studies of injection lock-
ing of InGaAsP high-power diode lasers in the
1.3-1.5-um region. In this wavelength region,
available tunable cw high-power lasers are only color-
center lasers, which generally require cryostats and
high-power ion lasers as pumping sources. If the
diode lasers have high power and highly coherent
properties in this wavelength region, these diode
lasers will be useful light sources for many applica-
tions such as the nonlinear spectroscopy of atoms
and molecules, the frequency-stabilized laser at the
landmark of the frequency chain between infrared
and visible lasers,? and the local oscillator of coher-
ent optical communication systems.

Here we present what is to our knowledge the first
demonstration of the injection locking of a high-
power diode laser at 1.5 um. The master laser is a
multiple-quantum-well distributed-feedback (DFB)
diode laser,! which emits as much as 10 mW of power
at 1.54 um in a single mode with a linewidth of
~680 kHz in the free-running condition.’® The

0146-9592/91/201590-03$5.00/0

high-power slave laser is a single-stripe diode laser
(Oki OL503A-65)," which emits as much as 65 mW
of power at 1.54 um in a multilongitudinal mode. A
schematic diagram of the injection-locking experi-
ment is shown in Fig. 1. The output of the master
laser was introduced into the slave laser through
two-stage optical isolators (isolation ratio >60 dB) to
avoid optical feedback. A Faraday rotator and po-
larization beam splitter were used as the optical cir-
culator. The temperature fluctuations of both
lasers were reduced to less than 1 mK for stable in-
jection locking. A part of the slave-laser output was
introduced into the optical spectrum analyzer to
measure the spectral profile of the slave laser.

Figure 2(a) shows the multilongitudinal-mode os-
cillation of the high-power slave laser in a free-
running condition. Under injection locking, the
spectrum of the slave laser was single longitudinal
mode with a side-mode suppression ratio of larger
than 30 dB [Fig. 2(b)]. In this case, the slave laser
was biased at I/Itg = 5.9, and the output power was
~40 mW, which was measured in front of the slave-
laser collimator lens. The injected master laser
power was 1.5 mW, which was measured in front of
the slave laser. Estimated by the relative power
of ~30 longitudinal modes around the main
mode [Fig. 2(b)], the main mode power contained
~99.6% of the total output power of the slave laser.
Figure 3 shows the dependence of the power concen-
tration ratio on injection power. The power concen-
tration ratio is defined as the ratio of the main mode
power to the total output power. At a low injection
power of less than 0.8 mW, the side modes were not
completely suppressed, and the side-mode power
decreased as the injection power increased. A maxi-
mum power concentration ratio of 99.6% was ob-
tained when the injection power was larger than
0.8 mW. The locking bandwidth was wider than
1 GHz at an injection power of ~1 mW, which was
estimated by measuring the capture range of the
slave-laser injection current.

We have measured the frequency noise (FM noise)
of the injection-locked slave laser. The laser
FM noise was converted to intensity noise by using

© 1991 Optical Society of America
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Fig. 1. Schematic diagram of the injection-locking exper-
iment. ML, master laser; SL, slave laser; HWP, half-
wave plate; PBS, polarizing beam splitter; HM,
half-mirror; LD, laser diode; M’s, mirrors; PZT, piezoelec-
tric transducer.
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Fig. 2. Spectra of the high-power slave laser: (a) free
running, (b) injection locked. The measurements were
limited by the 0.1-nm resolution of the optical spectrum
analyzer.

the side of a reflection fringe of a 2-GHz étalon
(finesse 20).° Figure 4(a) shows the FM noise
power spectral density of the master laser. We have
derived the field spectral profile from this FM noise
spectrum and have estimated its spectral linewidth
to be ~680 kHz."® The FM noise spectrum of the
injection-locked slave laser was nearly the same as
that of the master laser [Fig. 4(b)]. As a result, we
have estimated that the spectral linewidth of the
slave laser was nearly the same as that of the master
laser (~680 kHz). v

The relative phase noise between two lasers was
estimated by the interference signal between the
master and slave lasers (Fig. 5, right side). There is
large phase noise in the low-frequency region. This
phase noise is caused by the fluctuation and drift of
the optical path length. The active servo system ef-
fectively reduced this low-frequency phase noise
(Fig. 5, left side) to achieve coherent addition be-
tween the master and injection-locked slave lasers.
We applied a small modulation at 1 kHz and a

 observed value was ~0.43 (Fig. 5).

low-freqency feedback signal to the piezoelectric-
transducer-mounted mirror. The residual phase
noise was less than 0.2 rad for over 40. min by
estimating the fringe (Fig. 5, inset). This method
enables one to maintain a dark fringe at the
photodetector side of the beam splitter, whereas the
other side has a bright fringe. The coherent addi-
tion of two laser powers is given by I, = TI, +
RI, + 2(RTI,I,)"?, where I, and I, are the master-
and slave-laser powers, respectively, and T and R
are the power transparency and reflectivity of the
beam splitter, respectively. If we use a power ratio
I./I, of 0.33 and the 50% beam splitter (T = R =
0.5), the fringe visibility, defined as V = (Inax —
Iin)/(Imax + Imin), is expected to be 0.87, whereas the
‘ This dis-
crepancy is mainly due to the imperfect mode match-
ing between two lasers.

This injection-locked high-power laser can be em-
ployed in the saturation spectroscopy of molecular

- absorption lines in the 1.5-um region, which will be

used as the stable frequency references in many ap-

plications such as optical frequency standards and
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Fig. 4. Power spectral density of the FM noise of (a) the
master laser and (b) the injection-locked slave laser.
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Fig. 5. Relative phase noise between the master and the
slave lasers under free-running condition and with the
servo control on. The inset is a vertically magnified
(15x) trace of the left side.

optical communication.*? Previous studies showed
no saturation effects in the case of NH; (Ref. 13)
and HCN (Ref. 14) molecules when using low-power
(<5 mW) modest-linewidth (>30 MHz) DFB lasers.
The required saturation conditions are estimated to
be more than 50 mW of power and less than 1 MHz
in linewidth, which are nearly satisfied by use of the
present lasers. This laser will also be applied for an
efficient frequency doubling of 1.5-um lasers, which
are used for the frequency chain between 1.5- and
0.78-um diode lasers'® and also the recently pro-
posed novel frequency chain methods.’®-®

In conclusion, injection locking of a high-power
laser at 1.5 um has been achieved with an output
power of 40 mW in a single mode and a linewidth of
less than 1 MHz. We have also achieved the coher-
ent addition of master and slave lasers with a resid-
ual phase error of less than 0.2 rad.

We thank M. Okai of Hitachi Central Laboratory
for supplying the submegahertz-linewidth multiple-
quantum-well DFB laser and N. Kitabayashi of
Japan Radio Company, Ltd., for the loan of the opti-
cal spectrum analyzer. We also thank M. Kourogi

of the Tokyo Institute of Technology for helpful ad-
vice and discussions about the experiments.

*Present address, NTT Transmission System
Laboratories, 1-2356, Take, Yokosuka 238-03,
Japan.
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Direct modulation of blue radiation from frequency-doubled AlGaAs laser
diode using the electro-optic effect in a KNbO; nonlinear crystal

T. Senoh, Y. Fujino, Y. Tanabe, and M. Hirano
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M. Ohtsu and K. Nakagawa
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A novel method for modulating frequency-doubled blue radiation from an AlGaAs laser
diode was developed utilizing the electro-optic effect in a KNbO; nonlinear crystal. Stable blue
radiation was obtained from an external ring resonant cavity containing a KNbO;

crystal. The weakly excited counterpropagating mode in the resonant cavity was re-injected
into the laser diode to establish self-locking. Nearly 100% intensity modulation was

observed when a 3 kV/cm ac electric field was applied parallel to the c axis of the KNbO,

crystal.

Since several demonstrations of direct doubling of the
frequency of radiation from a laser diode utilizing a reso-
nant cavity containing a KNbO; crystal together with ei-
ther an electrical or an optical feedback technique,'~ blue
lasers realized by these techniques have been considered
promising for practical applications. They are simple in
structure, small in size, and in particular, they have high-
conversion efficiency. However, direct or internal modula-
- tion of the blue-doubled radiation, which greatly enhances
some applications including optical data storage* and laser
printing, has not been reported so far.

In this letter, we report a novel method for dnrect mod-
ulation of the frequency-doubled blue radiation.’ Very sta-
ble radiation. up to 6.6 mW was obtained by an optical
feedback self-locking technique using a ring buildup cavity.
The blue radiation was directly modulated, for the first
time, utilizing the electro-optic effect (EO effect)of a
KNbO; nonlinear crystal.

An g-cut KNbO; crystal, having a high nonlinear sus-
ceptibility, was used as a second-harmonic generation crys-
tal, which was grown by the top-seeded solution growth
method in our laboratory.®® The crystal size was 3 X3 X2
mm. Phase matching was achieved by temperature tuning;
that is, noncritical phase matching for 860 nm fundamen-
tal radiation of the laser diode was realized at room tem-
perature, where the nonlinear susceptibility di;, was
used.b® :

The experimental setup for modulating the frequency-
doubled radiation is schematically shown in Fig. 1. An
AlGaAs laser oscillating in the single-mode at 862 nm with
about a 100 mW output was mode-matched to a triangular
ring-buildup cavity. A 3-mm-long KNbO; crystal was
placed in the beam waist of the cavity. The locking of the
laser diode to the cavity resonance frequency was achieved
by an optical feedback technique, where the counterprop-
agating fundamental mode excited at one facet of the
KNbO; crystal was reinjected into the laser diode. To sta-
bilize the self-locking, the optical path length between the
diode laser and the ring cavity was precisely controlled by
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employing proportional and integration (P-I) feedback

"PZT mounted mirrors. The maximum output of the second

harmonic was about 6.6 mW when fundamental radiation
of 90 mW is introduced into the resonant cavity.

Figure 2 shows the fluctuation of the second harmonic
output power fluctuates with time. When the P-I control
loop was closed, the fluctuation was remarkably reduced to
less than 0.1% over several hours.

In order to modulate the stable CW output, an electric
field was applied to the KNbO; crystal in the cavity. As
shown in Fig. 3, electrodes were fixed on c¢ planes of the
crystal so that an applied electric field was directed parallel
to the ¢ axis. The laser beam propagated along the a axis
with the polarization parallel to the b axis. Thus, the sec-
ond harmonic was polarized parallel to the ¢ axis.

When the electric field was applied, the refractive in-
dex n,, for the fundamental radiation, remained practically
unchanged, while n,, for the second-harmonic generation
changed because the electro-optic coefficient ;3 for the
blue radiation is about 50 times larger. than 7,3 for the IR

Blue Laser
431nm

LD 862nm PI'E,
100mwW —
10MHz

|| pzT @ P-l | lLock~in]|]
Driver X | Controller Amp.
o—

FIG. 1. Experimental setup for modulating frequency-doubled radiation.
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FIG. 2. Fluctuation of the second-harmonic output with and without P-I control.

b
9 /" S.H. WAVE
a/

ELECTRIC
FIELD

FUNDAMENTAL /
WAVE

FIG. 3. Geometric configuration of light propagation and applied electric
field with respect to crystal axes.
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FIG. 4. Oscilloscope traces of the second harmonic and the fundamental
when the electric field is applied to the KNbO; crystal.
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radiation. Therefore, the phase-matching condition for the
frequency doubling was violated by applying the electric
field, while the very stable frequency locking remained. As
a result, the blue radiation was selectively modulated due
to the electric-field application. »

Figure 4 shows oscilloscope traces of the second har-
monic as well as the fundamental when a rectangular elec-
tric field of 3 kV/cm was applied to the KNbO; crystal. It
can be clearly seen that the blue radiation was deeply mod-
ulated, keeping the frequency locking unchanged. Figure 5
shows the applied field dependence of the modulation
depth. The depth increased with the electric field, and the
second-harmonic radiation was fully modulated when the
field exceeded more than 3 kV/cm. The repetition rate in
this figure was 0.3 kHz, which was limited by switching
frequency of the driving circuit. Wideband characteristics

--
(=]
(=]
¥
L

REPETITION : 0.3kHz i

S. H. Modulation Depth ( % )
o )
i 1

1 1 i 1
0 1 2 3
Applied Voltage ( kV/cm )

FIG. 5. Applied electric-field dependence of the modulation depth.
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are generally expected in the switching mechanism due to
the electro-optic effect. Therefore, improvements of the
electric circuit will allow the increase of modulation fre-
quency up to GHz range.

Modulated small size blue lasers with high-conversion
efficiency and stable output are very promising for practi-
cal applications such as optical data storage and printing
light sources. "
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Frequency noise reduction of a diode laser by using the
FM sideband technique
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The frequency of a 1.5-um three-electrode multiple-quantum-well distributed-feedback diode laser was stabi-

lized to a reference Fabry-Perot cavity by using a current-modulated FM sideband technique.

The low-

frequency AM noise imposed on the frequency error signal was effectively reduced with this technique, and the
power spectrum density of the FM noise was reduced to less than 25 Hz%/Hz at a Fourier frequency of less than
10 kHz, which corresponded to a Lorentz spectral half-linewidth of approximately 80 Hz.

Improvement of the spectral purity in diode lasers
has been an area of growing interest in many appli-
cations such as optical communications, optical
precision measurements, and high-resolution spec-
troscopy.! The spectral linewidths of commercial
diode lasers are typically 5-100 MHz, which is
mainly due to the low-quality factors of laser cavi-
ties. Optical feedback from a high-finesse cavity is
one of the effective methods to reduce the linewidth
of diode lasers to approximately 20 kHz.2 The
negative electrical feedback (NEF) method, which
uses injection current feedback and an external ref-
erence Fabry-Perot cavity, also makes it possible to
reduce the linewidth to 250 Hz.> Recently a line-
width of 7 Hz has been achieved by using the NEF
method, in which the optical feedback was employed
in an auxiliary way to extend the feedback band-
width.* In addition, recent improvements in semi-
conductor fabrication techniques have resulted in
the development of submegahertz diode lasers.®

Here we present a novel frequency-noise-
reduction technique of diode lasers by using a FM
sideband technique known as the Pound-Drever
method.® The laser frequency was modulated by
the injection current instead of using an external
electro-optic modulator. In our previous experi-
ments on frequency noise reduction with the NEF
method we locked the laser frequency to the side of
the fringe of a reference cavity for use as a fre-
quency discriminator, and the residual frequency
noise under the feedback was due mainly to the low-
frequency laser amplitude noise.>* The advantage
‘of the FM sideband technique is that one can easily
obtain shot-noise-limited high sensitivity. We could
effectively reduce the amplitude noise in the fre-
quency error signal and obtain better frequency sta-
bility by using this technique.

A schematic diagram of our experiment is shown
in Fig. 1. We used a three-electrode multiple-
quantum-well (MQW) distributed-feedback (DFB)
diode laser operating at 1.54 um.* A dc injection
current was divided and fed into all three elec-
trodes. This laser showed stable single-mode. oscil-
lation with its output power of as much as 10 mW at

0146-9592/92/130934-03$5.00/0

current
source

the bias level of I/I,, = 3. Its spectral linewidth was
approximately 680 kHz under the free-running con-
. dition.® The output of the laser was introduced into
a reference Fabry-Perot cavity through two-stage
optical isolators (isolation ratio >60 dB). The refer-
ence cavity was a commercial confocal spectrum
analyzer with a free spectral range of 300 MHz and
a finesse of greater than 150. The efficiency of the
reflection mode of this cavity was approximately
60%. Considering the cavity linewidth of approxi-
mately 2 MHz and the wide feedback bandwidth, we
used a FM modulation frequency (f.) of 20 MHz.
The modulation current was fed into a side elec-
trode. The FM responses of the middle and side
electrodes are approximately 600 and 80 MHz/mA,
respectively.® A reflected light from the reference
cavity was detected with an InGaAs p-i-n photo-
diode. Typical detected power was 1 mW. The
photocurrent was amplified with a low-noise pre-
amplifier and demodulated with a double-balanced
mixer (DBM). The 2f,, (40 MHz) component was
eliminated with a band-elimination filter (BEF') be-
fore the mixer. The high-frequency (f > 10 kHz)
component of feedback signal was directly fed
back to the middle electrode. The low-frequency

spectrum
analyzer

BEF

pre amp.

|rf oscillator | s
=::():::15::}:&:1}::::0:::::{(::::::::::: S

MQW-DFB optical PBS QWP reference cavity
LD isolator
Fig. 1. Schematic diagram of the experimental

setup. LD, laser diode; PBS, polarizing beam splitter;
QWP, quarter-wave plate; PD, photodetector; BEF, band-
elimination filter at 2f,.
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20 MHz

Fig. 2. Oscilloscope trace of the demodulated dispersion
signal of the reference cavity.

(f < 10 kHz) component was amplified and fed back
to all electrodes through a dc current source.

The demodulated signal is shown in Fig. 2. The
modulation index was approximately 0.5. By adjust-
ing the length of a coaxial cable between a rf oscilla-
tor and the DBM, the dispersive resonance signal
profile of the reference cavity was obtained. This
signal shows a sharp carrier component at the cen-
ter and clearly resolved FM sideband components at
both sides.

The problem of the injection current modulation
of diode lasers is that it causes a simultaneous
frequency and amplitude modulation of the laser
output.” As a result, the detection sensitivity is
limited by this AM effect in current-modulated
diode-laser FM spectroscopy. The amplitude-
modulated and frequency-modulated laser light field
is given by

E(t) = Eo[1 + A cos(2nf.t + )]
X expli2nvot + iM sin@wf,t)], (0]

where v, is the laser carrier frequency, f, is the
modulation frequency, A is the AM index, and M is
the FM (or phase-modulation) index. Considering
the instantaneous laser frequency v(¢) = v, +
Mf,, cos(27f,t), we define § as the phase difference
between AM and FM. After the reflection from the
reference cavity, this amplitude-modulated and
frequency-modulated light possesses the informa-
tion of the response characteristics of the reference
cavity, which is represented by a complex transfer
function Hpp(vy). When v, is near the cavity reso-
nance frequency, and the cavity linewidth is nar-
rower than f,,, the ac component of the photocurrent
at f, is

I(t) = 21,(Re[Hpp(vy)JA[—sin 8(1 + M?/2)
X sin2wf,t) + cos § cos(2wfnt)]
+ Im[Hrp(vo)IM{[1 — (A? sin® 8)/2]
X sin(2wf,t) + (A? sin 8 cos 8)/
2 cos(2mf.t)}), (2)

where I, is the dc component of the photocurrent.
The imaginary part Im[Hgp(vy)] gives the dispersive
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signal used as the frequency discriminator. How-
ever, the real part Re[Hrp(1y)] gives the nonzero
background signal that contains the low-frequency
AM noise. If the phase difference § is zero, the real
and imaginary parts of Hrp(1) are out of phase, and
the pure disgersive signal can be obtained with no
background.” On the other hand, if the AM index
(A) is much smaller than the FM index (M), the
background contribution is also negligible. In
Fig. 2, this AM-induced background signal is suffi-
ciently small. We believe that this was because the
real and imaginary parts of Hrp(v) are out of phase.
This was confirmed by the FM response character-
istic of this three-electrode DFB diode laser, which
showed a nearly flat FM response and a phase dif-
ference 8 of nearly zero up to 100 MHz.>* We
believe that the sensitivity of the frequency error
signal is limited by the AM noise at the modulation
frequency f. = 20 MHz, where the AM noise of the
diode laser is within 10 dB above the shot-noise
level.

Figure 3(a) shows the power spectrum density of
the frequency noise under free-running (upper trace)
and feedback (lower trace) conditions, respectively.
The feedback bandwidth was approximately 6 MHz,
and the 60-dB frequency noise reduction was
achieved at a Fourier frequency of f = 1 kHz. For
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Fig. 3. Power spectral density of the frequency noise.
The upper and lower curves in (a) show the frequency
noise of the free-running and stabilized laser, respec-
tively. The low-frequency (1-100 kHz) component of the
frequency noise is shown in (b).
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f <10 kHz [Fig. 3(b)], the frequency noise was fully
reduced to lower than approximately 25 Hz2?/Hz.
Our previous experiment, which used fringe side
locking, showed that the frequency noise was in-
creasing at f < 10 kHz and was approximately 40 dB
higher than the present noise level at f = 1 Hz be-
cause of the low-frequency AM noise.® The laser
half-linewidth under feedback was estimated to
be approximately 80 Hz from the relation between
the power spectral density of the frequency noise
S (Hz?/Hz) and the Lorentzian spectral half-
linewidth Av (Hz) of Av = #S. This is to our knowl-
edge the narrowest linewidth achieved by the NEF
method. The power concentration ratio within the
feedback bandwidth (6 MHz) was estimated to be
roughly 99%.* The residual frequency noise was
still higher than the calculated shot-noise limit of
approximately 1073 (Hz2/Hz). This is partly due to
the residual AM noise caused by the inadequate
phase adjustment of the rf oscillator. Further im-
provement of the frequency stability should require
not only the accuracy of the phase adjustment but
also the acoustic, mechanical, and thermal isolation
of the present reference cavity, which was made
of super Invar and was directly mounted on the opti-
cal stage.

The present narrow-linewidth FM diode laser is
useful for highly sensitive and high-resolution spec-
troscopy as Doppler-free FM spectroscopy.’®! The
absolute laser frequency can be stabilized with high
accuracy by using saturation absorptions of atoms'?
or molecules in the 1.5-um region. When the FM
output is an obstacle to some applications, one can
use a transmitted light from a reference cavity.
The cavity acts as the passive bandpass filter, and

- the sideband components can be effectively reduced
when the modulation frequency is high enough com-
pared with the cavity linewidth.

In conclusion, we have demonstrated fre-

quency noise reduction of a three-electrode multiple-
quantum-well distributed-feedback diode laser by
using the FM sideband technique. The frequency
noise under the feedback was not affected by the
low-frequency AM noise on the laser and was re-
duced to less than 25 Hz?/Hz below 10 kHz, which
gave the Lorentzian half-linewidth as narrow as
80 Hz. ‘

The authors thank N. Chinone and M. Okai,
Central Research Laboratory, Hitachi, Ltd., for
supplying the distributed-feedback diode laser and
their helpful discussions. This research was sup-
ported by a Grant-in-Aid for Scientific Research
(No. 03250205) from the Ministry of Education, Sci-
ence, and Culture of Japan.
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Optical Response of YBa2Cu307— Epitaxial Thin Films
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ABSTRACT

We have studied the optical response of epitaxial thin films of DyBapCu307-x by irradiation of semiconductor laser at

the wavelength of 830 nm. DyBasCu3O7.x superconducting thin films are prepared on MgO (100) by molecular beam
epitaxy (MBE). These are confirmed c-axis oriented epitaxial thin films using X-ray analysis and in-situ RHEED
observation. We have investigated the output signals (i.e. optical response) under the irradiation of laser light, whose
frequency can be modulated up to 100 MHz. We have obtained the evidence of nonbolometric response under
irradiation of laser at the modulation frequency of 100 MHz.

KEY WORDS: optical deteétor, DyBaCu301.x thin film, nonbolometric response

INTRODUCTION

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

In this paper, we have investigated optical response of cpltaxnal DyBazCu307.x superconducting thin films under the
irradiation of laser light at the wavelength of 830 nm. DyBapCu307.x superconducting epitaxial thin films are grown by
molecular beam epitaxy (MBE). We have investigated the optical response under the irradiation of laser light, whose
frequency can be modulated up to 100 MHz. We have obtained the evidence of nonbolometric response.

EXPERIMENTAL

DyBasCu307.x superconducting thin films are deposited on MgO (100) substrate by MBE in an ultrahigh vacuum
system [10]. We set the temperature of the effusion cells for Dy, Ba, and Cu to about 950 °C, 600 °C, and 1000 °C,
respectively. The substrate is heated to 650 “C with a graphite carbon heater. Activated oxygen species by rf-discharge
plasma are introduced to the substrate. The growth rate is 0.06 nm/sec. The critical temperature of these films with a
thickness of 30 nm is 88 K measured by standard four-point probe method. From the X-ray diffraction pattern, these
films are a high degree of c-axis orientation with a c-axis parameter of 11.71 A. By means of in-situ RHEED
observation, fine streak patterns appeared from the initial crystal growth, so it has been proved that an atomxcally
smooth surface is epitaxially grown.

Fabrication process of samples is the following way. DyBayCu307.x superconducting thin films on MgO (100) with
the thickness of 100 nm is prepared by MBE as mentioned above. Patterning of sample’s configuration is used
standard photolithograpy and Ar ion milling. Fabricated samples have constrictions with a size of 20 um width and 400
pm length. The critical temperature of samples is 65 K. As samples are damaged during the fabrication process, its
critical temperature is low compared with that of thin films.

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

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

signals to 10 kHz. .
7 L.D. oy Laser Light

~« Bias current

Sample

Modulation| \
= frequency

1 ® 2
- Modulav.io;l_ Reference ” odl lsﬂ)t_. L put
C ulation
> ‘ﬁequen 4 frequency f Lock-in Amp.
Fig. 1 Arrangement of optical response in Fig. 2 Arrangement of optical response in
DyBasCu307.x superconducting thin films by DyBaCu307.x superconducting thin films by
irradiation of laser light whose frequency can be irradiation of laser light whose frequency can be
modulated up to 200 kHz. modulated from 200 kHz to 100 MHz.
RESULTS AND DISCUSSIONS

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

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

_ 3500 .......'.........m,.......J l.SE
R 1 C 3000 | ] I
5V=Iz RaT+ R L AT = 00 |- -
3T aT 3 ; 1t g
) 1 Y 2000 - i &
a8 1500 | ; 1 n
where 3V represents the output voltage produced from 3 1000 (< s 10.5 5
the laser irradiation, Ig and R are a bias current and the é 500 / - > | &
resistance of a sample, respectively. AT means the e e | 8
rising temperature by heating effect due to the laser —_ 1 .
irradiation. The first term of right hand in this equation 3 SRR
indicates bolometric response which result from an S 08k Nonbolometric _|
increase of the sample's temperature by the laser » . Response
irradiation. On the other hand, the second term of right g 0.6r - -
hand in this equation means nonbolometric response. E%" :
Recently some theories are suggested as the 0.4 |-
explanation of the mechanism on nonbolometric '§ 0.2 [ Bolometric |
response [11-13]. = - Responsg .
g 0 Cia ol iy Lol -'_a_;‘l aboern e | o]
The lower part of Fig. 3 shows the magnitude of both 5 0 20 40 60 380 100 120 140
the bolometric and the nonbolometric signal under z Temperature [K]
laser irradiation. Both signals are normalized by some
factor. These values are calculated according to the -
expression (1). It is assumed that at the region of high .
temperature beyond Tc, the total signal equals the Figs. 3 The optical response of a sample under the
bolometric signal. From this figure, it is found that irradiation of laser at the wavelength of 830 nm with

when the modulation frequency of the laser diode is 1 the modulation frequency of 1 MHz.



MHz, the nonbolometric response is about 5.5 larger
than the bolometric one. It is considered that the
bolometric signal is so late that it can't follow the
modulation of the laser source.

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

To confirm this assumption, we have investigated the
frequency dependence of the ratio, Sg/ STOTAL
(STOTAL=SB+SN), as shown in Fig. 5. At the region
of low modulation frequency, this ratio is constant.
This is because the bolometric signal dominates over
the total signals and the nonbolometric signal doesn't
contribute because of its rapid response. But it is
found that the bolometric signal gradually decrease
from the modulation frequency of about 100 kHz and
in stead of bolometric signal, nonbolometric one
dominates at the higher frequency. According to the
theory of nonequilibrium superconductivity, which is
based on the BCS theory, it can be calculated that
nonbolometric response time is about several ten
picosecond, which corresponds to several hundred
GHz [14].

As additional facts, it is found that the peak
temperature of the nonbolometric response is shifted
toward a lower temperature compared with that of the
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Figs. 4 The optical response of a sample under the
irradiation of laser at the wavelength of 830 nm with
the modulation frequency of 100 MHz. Bias current of
this sample is 0.5 mA.

LLLLL man

LRALLL BRN A AL e e

— 1k Bias Current=0.5 mA |
=3 : b
. [ ]
(5] - J
S L o
5 $
w 01f 3
~  f L I
wo oo :
TRTII BRI BN ETI NI ST W ETI BT
10 10 10° 10°

Modulation Frequency [Hz]

Fig. 5 Modulation frequency dependence of ratio of a bolometric signal to the total one, Sp/ STOTAL.

bolometric response. This reason is not evident, but it may be related to the mechanism of the high-Tc
superconductivity. We have also studied the bias current dependence of the optical response. Up to now, the evident
relations between the bias current and optical response can't be observed.

CONCLUSIONS

We have investigated the optical response of DyBazCu307.x thin films under the irradiation of laser light (A=830 nm).
whose modulation frequency can be varied from 1 kHz to 100 MHz. DyBayCu307.x thin films are prepared by MBE
and they are highly c-axis oriented epitaxial thin films. We have observed both bolometric and nonbolometric signal
from DyBayCu307.x thin films under the laser irradiation. At the lower modulation frequency, the bolometric signal
dominates the total optical response by the irradiation of laser light, but as the modulation frequency goes up, the
bolometric signal decreases. At the modulation frequency of 100 MHz, the large part of total optical response is the
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nonbolometric signal. To confirm this fact, we have also investigated the frequency dependence of the ratio Sg/
STOTAL. It is found that this ratio becomes small as the modulation frequency becomes higher. As the result, we have
obtained that the optical response includes the nonbolometric signal in evidence. However origin of the nonbolometric
signals is not obvious. From our experiments, it can be stated that the nonbolometric response time is shorter than 10

ns and the bolometric response time of our sample size (constriction with the size of 20 pm x 400 m) is within several
nanoseconds.
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A DFB 1nGaAsP lasers with a 250 Hz spectral lincwldih has
been achieved by using the negative clectrical fcedback(NEF)
method. The power concentration ratjo within the controlled
bandwidth was higher than 99 %. By NEF and optical fcedback from
an external confocal cavity. the linewidth an AlGaAs laser was
reduced to 7 Hz with the power concentration ratio higher than 98
%. It was estimated Lthat the shot noise-limited linewidth of the
order of 1 miz would be realized in the near futurc by utilizing
an optical balanced detector. Homodyne and heterodync optical
phase locked loops ( OPLL_) were realized to recduce the phase
error varjance to 0.02 rad“. The bandwidth of the homodyne OPLL
was expanded to 134 MHz by using the NEF method. An accuratc and
wideband optical frequency sweep generator was proposcd by
combining the coherent semiconductor lasers, methods of OPLL and
nonlinear optical fregquency conversion. Organic nonlinear
optical waveguides were fabricated for this frequency conversion.
The frequency sweep range as wide as 700 THz s expected, ranging
from the near infrared to the ultraviolet regions.

As applications of these lasers to advanced photonlcs
systems, performances of our photon STM for super-resolution
microsope and for single-atom-level crystal growing machine. an
optical frequency counter, & rubidium atomic clock, and a passive
ring resonator filber gyro will be demonstrated.
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We have already proposed the appllcation of a vislble semlconductor laser
(VSL) to lsotope separatlon, especfally of uranfum {L]. As the absorptlon band
frequencies of isotopes are close to each other and often have hyperfine
structures (hfs). chirplng reductlon of the pulsed VSL and frequency tuning to
the hfs are strongly required. A pulsed laser with a pulse duration of about SO
nsec {s required to obtain high peak power In amany cases of laser {[sotope
separation. However. to achleve efficient lsotope separation employing a VSL.
it Is very lamportant to suppress frequency chirping when the VSL (s pulse
operated.

in order to realize narrow. llnewidth of a pulsed VSL, we propose an
optical fecdback systea utilizing a phase conjugate wave (PCW) (2] generated by
four-wave mixing (FWM) from another VSL. At the first step, to demonstrate the
above-mentioned system, we made what is to our knowledge the first successful
attempt to generate a PCY froa a visible AlGalnP laser. as shown In Fig.l. The
PCY was generated with a bandwidth as wide as 2.8 GHz. The PCW reflectlvity at
the resonance peak observed at detuning of about :1.5 GHz. which was referred
to relaxatlon oscillation, was about 100 times. The bandwidth and reflectivity
of the PCW werc sufficlently broad and high to reduce the linewldth by Its
optical feedback. Although the above-mentloned FW is induced by (nterband
relaxation, we have also succeeded In generation of a PCW with a bandwldth of
more than 1Tiz by a FWM [nduced by intraband relaxation using an AlGaAs laser.

Next, we propose an easy and L
convenient method of frequency tuning P. T
to hfs using a frequency shift of the
VSL by high-speed and high-efficlency ’{ \
dicect modulatlion. Time-resolved .
mcasurement of the frequency shift of a \_
visible AlGalnP laser with slnusoldal 10~
direct modulation has been carrled out
by observing the recal-time variation of
the interference fringe obtained with a
Fabry-Perot etalon by mecans of an Image
{ntensificr and a camera. Figure 2
shows the frequency shift agalnst time 18- J
on the 2-Miiz sinusoidal dlrect e
modulation. The laser (requency varled 5
stightly ~following the —curreat . ... mt::;ur::q(al::{ rlng betwcen
varlation, and a frequency shift of 7 R reflectiv rsus detu "
Gliz within 300 nsec was achieved. I[n ::::: ;‘fe:u:’:.ﬁ;.:}mp?::-?o;:; ;ov::’. s P
the case of uranlum Isotope separation,
a frequency shift of 1-10 GHz Is B
required within 30 nscc, which (s the
laser pulsc duratlion. Froa this result,
it Is expected that the broad bandwidth
frequency shift required for uranium
isotopc scparation will be reallzed
with dircct modulation of a VSL.
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Abstract 4

A limit of the frequency modulation (FM) noise in a negative frequency feedback laser using a Fabry-
Perot interferometer (FP) as a frequency discriminator is equal to the modified Schawlow-Townes limit
of the laser having the same Fabry-Perot resonator by a correction factor. We show that this correction
factor is 1/8 which results from no gain noise, half vacuum noise and doubled energy of resonator as

compared with a laser resonator. -

1. Introduction

A limit of the frequency modulation (FM) noise in a negative frequency feedback laser using a Fabry-
Perot interferometer (FP) as an optical frequency discriminator has been well known. The limit, which is
determined by the zero-point field fluctuations introduced by the discriminator and the power divider(1},
is equal to the modified Schawlow-Townes limit of the laser having the same Fabry-Perot resonator by a
correction factor which is ambiguous for various ways of parameter definitions. This correction factor is
important for practical use of such a laser in a gravitational wave detection, coherent optical transmission
system, and so on. We point out that this factor is 1/8 which results from no gain noise, half vacuum
moise and doubled energy of resonator as compared with a laser resonator.

2. Schawlow-Townes limit of FM noise
When we we can ignore the relaxation oscillation in a laser, we have

da/dt = —(iwc + (Tc - G(n))/2)a + \/;:(fl+ fy), fo = \frea - fi, (1)
[e,a*] =1, [fuf.ﬂ = [fo'f:] =8(t—s), relfy f;.] = —(dRe(nG)/dn)é(t — s)
where we, T¢, @ and n are an angular frequency, a power damping rate, an annihilation operator and a
photon number a*a of the resonator’s quasi-mode respectively. G is a gain, f is the gain noise, f; is an

incoming photon flux and f, is an outgoing photon flux[2]. Furthormore, if f; is in a vacuum state, the
so-called o parameter is zero and a pumping level is high, then we get

<Re*(f:)>=<Im2(f;)>=<Re*(f,)>=<Im?(f,)>=1/4,
<dRe(nG)/dn>=0, <dIm(G)/dn>=0

where Re (I'm) is a real (imaginary) part, and the averaged value <XY> means
<X(1)Y(s)>=<XY> §(t - s).

Fig.1(a) shows a laser nsing 2 EP resonator with two outpnt ports, and fi and fo in eq.(1) are
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fi =(fvl+f«2)/\/§y fo=(fal+fo'.’)/\/§0 .
For small fluctuations of (4, F}, Fy,, Fy) := exp(iwt)(a, fi, fo, fg) where w is an optical angular fre-

quency(’:=" means a definition), we can linearize eq.(1) about the steady-state mean values, and get
A= Vne ' m<A> (14 6n) <2n> —i68), F, = VNe 'V n<F,> (14 6N/ <2N> —is¥), (2)
dép)dl = —(ro[n) P Im(F; + F,), 6V = 6¢ + (ren)~ 2 Im(F}) (3)

where we take <A> as real(§ means a fluctuation part). Therefore, the side-band power spectrum S, of
the angular frequency fluctuation d60/dt of out-going light is

Sy =<N>7V (12 + (27v)2[2)dv = (hw/P,)r2dv (27v << 1.) (4)
where Aw is an energy of a photon, P, is a power of the out-going light of the laser, and » is a Fourier
frequency. The r2/ < N> is called the Schawlow-Towns limit of FM noise revised by [3), and the
(27v)?/ <2N > is the so-called shot noise which can be ignored when 27y << r.. The intensity

fluctuation §N, which is a shot noise, can be also ignored when 27v << 7. because the power spectrum
of d(6N/ <2N>)/dt in eq.(2) is (27v)?] <2N>.

3. Limit of FM noise in a negative frequency feedback laser

Fig.1(b) shows a negative frequency feedback laser with detection of the reflected light from a FP
resonator which is used as-an optical frequency discriminator. The laser’s angular frequency w is locked
to wo using a slope of resonant profile of the FP where wy is slightly detuned from the FP’s resonant

angular frequency w.. The output current i(¢) of the photo detector with the unit quantum efficiency is.
i(1) = (eP [hw)[(1 + r2[4(w — we)?) + i (1) = (eP: [hw)(2Aw, [r:)2(1 — 28w/ Aw,) +in(1)  (5)
ifre >> |Aw| >> |Aw| where Aw, 1= w, — wp, Aw = w — wy, 7 is the FP's power damping rate, P; is
a power of in-coming light to FP, #,(t) is a shot noise by photo-electrons, and e is a electron charge. We
lock w to wp by maintainig i(¢) constant, and have
Aw = (Aw./ <2>)ip, S, = (hw/8P;)ridv = (Schawlow-Townes's limit) /8 (6)
because the_side-band power spectrum of shot noise 7, is 2e <i>dv.
In order to explain why the factor 1/8 appears in eq.(6), we re-calculate the power spectrum S, of
FM noise by using quantum theory. In Fig.1(b), f, is a photon flux(zero-point field fluctuation) incident

on one mirror of the FP resonator. By the same definitions as above, we have

dA/dt = —(iAw, + 1. [2)A + /T(Fi + F,)[V2 (A := exp(iwot)a, elc), (7

F, = \/1.]2A - F; = 2i(Aw - Aw,) <F> Jre +F, (8)
(Aw:= dé¥/dt, F; =<F:>(1-i60), P;=hw|<F>]?),

i(1) = eF*F, = (P [hw)(28we/r2(1 = (28w+ <re/F> Im(F,))/Aw) (9)

where we take <F;> as real(we ignored the intensity fluctuation §N). Eq.(8) is derived from
F = —\/2fru(d]dt +iBw)A+ Fey A= J2ro(Fi + Fo) - (2/re)(d]dt +iAwe) A
in which F, and (d/dt + iAw,) are small quantities. By maintaining i(¢) constant, we have
Aw = = <r[2F;> Im(F,), S, = (hw/8P,)r.2dv = (Schawlow-Townes’s limit)/8 (10)
which is equal to eq.(6) in a classical treatment. Deleting the F; in eq.(7), we get a following equation
dép/dt = —(rc/20) 2 Im(F,), ro|<A>]? = 2|<F;>|? (11)

which corresponds to eq.(3) in case of a laser, and is derived from
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—1.A[2 + \/7[2F; = —\/7.[2F, % 2 <F;> Aw,/[r. — Re(F,).
Eq.(11) explains that the correction factor 1/8 in eq.(10) results from no gain noise, half vacuum noise
and doubled energy of resonator as compared with a laser resonator.
Even if Fabry-Perot resonator has one output port, we can realize the same factor 1/8 by combining
Mach-Zehnder interferometer and balanced detector with the FP resonator as Fig.1(c). Although we
must adjust the arm length difference of the interferometer, we can lock the laser frequency to the center

of a resonant spectral profile of the FP. From Fig.1(c), we have

dAfdt = =1, A[24 Ry, F, = icA-F (Fi:=(F +F,)/V?, F:=i(F;-F,)/V?),

(1) = (B By~ FFFY), (Fyi= (F 4+ B)VE, Fui=(F, - B)VI) (12)
With the linearization and the Fourier series analysis[2], Eq.(12) leads to

F,=T"'/? Zakezp(—-iAwkt) =<F;> (1+ 6N/ <2N> —i6¥), [ax,af] =1,

F,=T"/? zwezp(-iAwkt), TRNERS <v;"vk>= 0 (Awp = wp —w,),

ity =T7'/? z <eF;[2i> (rc/2 — iBwe) " (2iAwk(ar = af,) + re(ve — v))ezp(—iAwpt)  (13)

where we take <F;> as real, and Awyr := —Awi. We control §¥ to maintain i(¢) constant, and have
80y = (ar — af)/ < 2F; >x re(vr — )] <4Aw Fi> (89 = T-1/2 z 60 exp(—iAwit)),
S, = 2r2 <Im?®F,> dv/ <4N>= r2dv| <8N> . (14)

In eq.(14), the correction factor of the same 1/8 appears again and S, = 0 if F, is in a squeezed vacuum-
state (< Im?F, >=~ 0). It is also remarkable that the FM noise of F; has no shot noise component.
Therefore the fluctuation of Im(F;) is below the shot noise limit at 2xv >> r.(squeezing. see appendix),
while we can not take it out from this feedback system.

Finally, we point out that FM modulation method with FP resonator having one output port also
leads to the same correction factor 1/8 as above when the modulation index is nearly zero. A method
using a A/4 plate in the FP resonator which does not need any modulation techniques and adjustments
of optical path-length is known[4], and leads to the same factor 1/8.

fu2 / gfg N fo1

1

f02 \ / folA

(a) laser resonator

. / N\
£ f,
i@ 2 7. | ‘)

N / (c) discriminator with MZ
(b) frequency discriminator

|

Figure 1: Photon flux at FP resonator
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Appendix:FM noise and squeezing
The power spectrum of phase fluctuation is also the squeezing spectrum. In fact, for a photon flux

F(t), we have with the linearization and the Fourier series analysis
F(t):=T7?Y " apexp(—iAwit) <F> (14 6N/ <2N> —i6¥), [ax,af] = 1.
6N =<F>* ax+ <F>af,, 6§ = (<F>* ax— <F> af)/ <2iN> (Awp 1= —Awy).
X(1):= Re(e™AF) = T™?) " zyexp(—iduwyt), zi := (e ar +’af)/2 =2} (k#0).
A squeezing spectrum S(Awy, ) which is defined as a Fourier transform of <: X (t)X(0) :> [5], and a
side-band power spectrum S, of FM noise are
S(Awk,ew) =< zkik' D>=<TETEe> —1/4,
Sy =2 <|Aw 8> dv = 2 <Aw? /N> (1/4 + S(Awg, i <F> [|<F>[))dv.
Squeezed state can be generated by a degenerate parametric oscillator(DPO). However if we pump it by

a laser light which has a large FM noise, then the FM noise of output light is not reduced. In fact, as is

shown by ref.[6], we have Langevin equations and its linearizations such as
dA[dt = —11A1[2 + gAT Az + /riF, dAa[dt = —r2A2[2 — g* A} )2 + /T2 Fa,
Fo1 = \/riA1 = Fu, Fo2 = \/r2A; - Fis.
<Nip>= (11 + pn)?[8p, <Ny>=riny (p:=2lg)?/r2, m1:=<ATAD),
Im(8Fp) = Im(—pn1 Fiy 4 /2r10m16F2)[(uny +71)  (JAwe| << r1,72)
where Fj; is a pumping flux(wz = 2w;). Therefore, when F;; has a large FM noise, we get
<602 >= K[4Aw? 4+ (1 = v [(uny 4+ 11)?)/ <4N,1>  (<6¥%>:= K[Aw? + 1/ <4N;2>)
which means that we should use a DPO as a vacuum squeezer (<Im2F,; >=<N,;§¥2, >~ 0) when we

pump a DPO by a light with large FM noise. The squeezed vacuum is valuable because the classical shot
noise usually results from one quadrature component of zero-point fileld fluctuation of the vacuum.
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QTuG2 Linewidth reduction and
fine detuning of a
semiconductor laser,
using velocity-selective
optical pumping of atomic
resonance line

M. Kozuma, M. Kourogi, M. Ohtsu, H. Hori’
Graduate School of Nagatsuta, Tokyo Institute
of Technology, 4259 Nagatsuta, Midori-ku,
Yokohama 227, Japan

This paper reports on a novel optical feed-
back method to control a semiconductor laser
frequency by utilizing the velocity-selective
optical pumping’ of an atomic resonance line
in order to meet the requirements of laser
cooling and optical molasses experiments.
These requirements are: (1) lasing frequency
v should be stabilized and detuned from the
atomic resonance frequency v, with detuning
of v - v, = £ v/2 ( y = natural linewidth of
atomic resonance spectral line); and (2)
linewidth must be narrow.

The present method has several advan-
tages over previously reported optical feed-
back_methods using atomic resonance
lines.™” It casily meets the two requirements,
the setup is simple and compact, and the
magnetic field does not have to be applied to
the atom, by which the stabilized laser fre-
quency is free from the magnetic-field fluctu-
ations. <

Figure 1 shows the experimental setup.
An AlGaAs laser and a Rb vapor cell were
used at room temperature. The total length of
the setup was as short as 300 mm. The polar-
ization of the probe beam was converted from
linear to elliptic by passing it through the Rb
vapor, because the circular dichroism was
induced in the Rb vapor by a nonlinear inter-
action with the strong pump beam. Further-
more, the circularly polarized strong pump
beam produces velocity-selective polariza-
tion in the Rb vapor and induces velocity-se-
lective circular dichroism and birefringence
in the probe beam reflected by a mirror (M3).
In order to feed back the spectral selective
probe beam to the laser, the Faraday rotator
with rotation angle of 45° was used.

Figure 2(a) shows the Doppler-free spec-
tral profile of the Rb-D, line due to hyperfine
transitions from the F = 2 level in the ground
state measured by sweeping the laser injec-
tion current. Since this spectral profile took
the peak at the resonance frequency, stable
resonant optical feedback was achieved by
injecting the reflected probe beam to the laser,
i.e., v was locked v,. Figure 2(b) shows the
deformed Doppler-free spectral profile mea-
sured while injecting the reflected probe
beam to the laser. The plateau at the center of
the profile proves that v was locked to v, and
the locking range was as wide as 200 MHz.
The field spectral linewidth of this optical
feedback laser was measured as 1 MHz,
which was 20 times narrower than that of the
free-running laser. While the series of mea-
surements described above were performed,

the laser frequency stayed in the locking
range so that the optical path length did not
have to be controlled in this compact setup.
The stabilized frequency could be
detuned from v, - /2 to v, + /2 by changing
the Faraday rotation angle from 45° since this
rotation could. provide a dispersive spectral
profile of Rb owing to the circular birefrin-
gence. Figure 2(c) shows the profile measured
while injecting the reflected probe beam to
the laser. The laser frequency v was locked at
the plateau, which means that the stabilized
laser frequency was detuned from v, with the
magnitude of half the natural linewidth of the
gtomic resonance line, i.e., v - v, =-y/2.
Faculty of Engineering, Yamanashi
University, 4 Takeda, Koufu-shi, Yamanashi
400, Japan
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QTuG2 Fig.1. Experirhental setup: FR, Far-
aday rotator; PD, photodiode for monitoring
the spectral profile of Rb vapor.
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QTuG2 Fig.2. Doppler-freespectral profile
in Rb vapor measured as a function of the
laser injection current: (a) Measured circular
dichroism spectral profile by using a free-
running laser. Spectral lines A, B, and C cor-

- respond to the transitions FF=2-1,2-2,2-

3, respectively. Spectral lines D and E corre-
spond to the crossover resonances. (b) The
result measured by injecting the reflected
probe beam into the laser. For (a) and (b), the
Faraday rotation angle was fixed at 45°. (c)

" Measured dispersive spectral profile while

injecting the reflected probe beam into the
laser. The Faraday rotation angle was
changed from 45°.
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MoL3 Using Resonances Induced
by Coherent Population Trapping for
Frequency Difference Stabilization and
Microwave Generation

A. M. AKULSHIN, A. A. CELIKOV, K.
NAKAGAWA* M. OHTSU* V. L.
VELICHANSKY, and V. V. VASILJEV,
P. N. Lebedev Physics Institute, Academy

of Sciences, Leninsk‘y prospect 53, 117924
Moscow, Russia; 'Graduate School at
Nagatsuta, Tokyo Institute of Technology,
4259 Nagatsuta, Midori-ku, Yokogama
227, Japan

Laser diodes (LD) are comparatively simple
and inexpensive devices so that it makes sense
to use two LD with closely spaced optical
frequencies for microwave generation."?,
Atoms of alkali metals provide a set of refer-
ence lines which are convenient for frequency
stabilization. Many of the corresponding stabi-
lized frequency differences fall within the mi-
crowave region with many possible applica-
tions in meteorology and communication sys-
tems.

We present results on investigating and
using Doppler-free resonances in copropagat-
ing beams of the two highly coherent LDs as
well as A-resonance induced by the coherent
population trapping (CPT) for frequency
difference stabilization and microwave genera-
tion. The experiments were carried out on D),
2 lines of Rb.

The main results are the following:

1. Peculiarities of the Doppler-free reso-
nances in copropagating waves of the two LDs
lines were analyzed. The absorption of bichro-
matic radiation was displayed as a function of
frequency of the one laser while the frequency
of the second one was not varied (Fig. 1). There
are three and seven peaks due to optical pump-
ing compensation on D; and D lines respec-
tively. The Doppler background is strongly
suppressed and the contrast is actually larger.
The resonances occur for definite differences
of laser frequencies with frequencies itself
being not fixed. The distances between adja-
cent resonances are equal either to HF split-
tings or their differences.

2. Various form (dispersion-like, different
signs) of the narrow high contrast A-reso-
nances have been observed in polarization
scheme.

3. Frequency difference of the two LDs has
been stabilized to the Doppler-free resonances
induced by optical pumping compensation (the
width is about 10 MHz) and by resonances oc-
curring because of CPT (the width is about 100
kHz) with the frequency or Zeeman modula-
tion technique. The beat note of the two lasers
stabilized by A-resonance is shown in the
Fig. 3.

1t will be possible to narrow the linewidth of
microwave signal to ~10 Hz if the high contrast
A-resonance and wide bandwidth servo system
are utilized according to Ref. 3. To find out the
limiting parameters of the ji-wave generator
and to compare them with the parameters of
commercial Cs and Rb atomic clocks some ad-
ditional experiments are to be carried out.

1. M. Tetw, B. Villence, N. Cyr, P. Tremblay, S.

Theriaultand, and M. Breton, J. of Lightwave

Techn. 7 (1989) 1540.

A. Akulshin, A, Celikov, and V. Velichansky,

Opt. Comm. 84 (1991) 134.

3. C.-H.Shinand M. Ohtsu, Opt. Lett. 15, (1990)
1455.
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ABSORPTION (arb. units)
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MoL3 Fig. 1: Absorption spectrum on Dj-line
of “Rb displayed simultaneously: a) in the ref-
erence cell with the two counter propagating
beams of the first laser; b) in the cell with the
two copropagating beams of both lasers. The
frequency of second LD was fixed while the
first one was tuned over the Doppler profile of
the transition 5S12(F=3)-5P12(F=2.3).

P PR

MoL3 Fig. 2: High contrast A-resonance on D2
line of ™Rb, to provide frequency scale one of
the lasers was FM modulated at 3 MHz.

MoL3 Fig. 3: Frequency of microwave signal
corresponding to HF splitting of the ground
state of “Rb. :
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TuM5 A Wideband  Optical
Frequency Comb Generator for a
Highly Accurate Laser Frequency Meas-
urement

M. KOUROGI, K. NAKAGAWA, and M.
OHTSU, Graduate School at Nagatsuta,
Tokyo Instinite of Technology, 259 Na-
gatsuta, Midori-ku, Yokohama, Kanagawa
227, Japan

We have proposed recently a novel laser
frequency measurement system at 1.5 pm
wavelength region with 1x10™ accuracy."
This system is composed of two parts. One is
the nonlinear optical frequency convertors to
phase-lock a 1.5-pm wavelength semiconduc-
tor laser, used as a secondary standard, to two
frequency-stabilized He-Ne lasers used as pri-
mary standards. Note that a similar phase lock-
ing has been also proposed by Telle, etal.”” The
other part is an “optical frequency comb gen-
erator” as a local oscillator to measure the
frequency difference between the sccondary
standard laser and the laser under measure-
ment.

A wideband optical frequency comb gener-
ator for the system mentioned above is demon-
strated by employing an electro-optic (EO)
modulator installed in Fabry-Perot (FP) cavity
(i.e., FP-EO modulator'™).

Experimental setup is shown by Fig. 1. The
LDc and LD, were used as a laser for the comb
generator and a reference, respectively. The
modulation frequency (fm) of the FP-EO mod-
ulator was equal to twice the free-spectral-
range of the FP cavity. The heterodyne signal
between'the LDy and the N-th sideband of the
LD. generated by the FP-EO modulator was
observed by a microwave spectrum analyzer.
Figure 2 shows the signal-to-noise ratio (S/N)
of the heterodyne signal measurement. Agree-
ment between the experimental and calculation
confirms the high reliability of the FP-EO mod-
ulator. The highest measured N was 400, corre-
sponding to the absolute value of the frequency
difference (fa) between the LD, and the optical
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TuMS Fig. 2: Relation between the signal-to-
noise ratio of the heterodyne signal measure-
ment between the LDr and the N-th sideband of
the LCc. Open circles and a solid line represents
the results measured by a microwave spectrum
analyzer with the resolution bandwidth of 10
kHz. A solid line represents the theoretical re-
sults.
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TuMS5 Fig. 1: Experimental setup. LD¢ LDx:
10kHz linewidth 1.5um DFB lasers. FP-EO-
M: FP-EO modulator consisting of an EO mod-
ulator and FP cavity (Finesse = 150, Efficiency
=8 %). EO-M: EO modulator using a LiNbO3
crystal installed in a microwave cavity (Modu-
lation frequency = 1.25GHz. Modulation

index = w/2-rad.). BS: Beam splitter. PBS:.

Polarization beam splitter. FR: Faraday rotator.

PD: Photodiode.
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TuMS Fig. 3: Theoretical result of the meas-
urable upper-limit of the frequency difference
fau given as a function of fm. The curve A rep-
resents the result obtained by using the S/N
value obtained by the present work. The curves
B and C represent the values by assuming that
additional increases of 20dB and 40dB, respec-
tively. '
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carrier component of the LD. as high as 500
[GHz], which was limited only by the tunable
range of the laser used. The S/N of 18-dB was
obtained even though the 400-th sideband
power was several 10-pW, due to low FM
noises of the lasers. Such a S/N is sufficiently
high' for optical phase locking in our laser
frequency measurement system. The Nmax, de-
fined as the maximum of N corresponding to
S/N =0-dB, is estimated as 680, corresponding
to' the measurable upper-limit of fg (i.e., fau
given by Nmax X fm) as high as 850-GHz. This
is, to our knowledge, the largest among the
directly measured values documented so far. If
the shot-noise-limited detection and further FM
noise reductions of the laser by employing our
servocontrol method"! are realized, additional
40-dB increase of the S/N is expected and Nmax
can be increased to 1380, corresponding to fau
as high as 1.73-THz.

For a higher-order operation of the micro-
wave cavity,” a highly efficient EO modulator
was designed to increase the values of fm and
thus, fa,u. Figure 3 shows the expected value of
- the fg,u as a function of fm. Due to the dispersion
characteristics ot the EO crystal, f4,« keepscon-
stant for fm > 10-GHz. )

The value of |fan| as high as 10-THz is ex-
pected from this figure for fm > 10-GHz. It
means that the optical frequency comb gener-
ator here can be used for laser frequency meas-
urement system which covers the 20-THz wide
window region around 1.55-pm wavelength,
and thus, can be used as a highly accurate laser
frequency calibrator indispensable for ultra-
large capacity FDM coherent optical transmis-
sion systems.

1. M. Kourogi, K. Nakagawa, C. H. Shin, M.
Teshima, and M. Ohtsu, Proc. CLEO'91, Bal-
timore, May 1991, paper number CThRS57.

2. H.R.Telle, D. Meschede, and T. W. Hinsch,
Opt. Leut. 15, 532 (1990).

3. T.Kobayashi, T. Sueta, T. Cho, and Y. Mat-
suo, Appl. Phys. Lett. 21, 341 (1972).

4. M. Kourogi, C.-H. Shin, and M. Ohtsu, IEEE
Photon. Technol. Lett. 3, 496 (1991).
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PWe091 Nonbolometric Optical Re-
sponse of DyBa;CuzO7x Epitaxial Thin
Films for a Wavelength-Insensitively
Fast Photo-Detector

Y. HARADA, K. NARUSHIMA, M.
SANO, M. SEKINE, and M. OHTSU, The
Graduate School at Nagatsuta, Tokyo Insti-
tute of Technology, 2459 Nagatsuta
Midori-ku, Yokohama 227, Japan; Y.
HIGASHINO, Yokogawa Electronic Cor-
poration, 2-9-32 Nakacho, Musashino-shi,
Tokyo 180, Japan

Since the discovery of high-Tc superconduc-
tors, the feasibility of optical and infrared su-
perconducting detectors has been much inves-
tigated as one of the promising electronic ap-
plications.™ # In this paper, we have
investigated optical response of epitaxial
DyBa2Cu307-x thin films to a GaAlAs diode
laser light at the wavelength of 830 nm in order
to use the thin film as a fast photo-detector for
our laser frequency system with the accuracy
ashighas 1 x 107°.") We have, for the first time,
succeeded in observing the optical response at
the modulation frequency up to 100 MHz.

DyBazCu307-x superconducting thin films
are deposited on MgO (100) substratc by MBE
in an ultrahigh vacuum system."! The samples
with the Tc=88 K have constrictions with a size
of 20 pm width, 400 pm length and 0.1 pm
thickness, which were fabricated by standard
photolithography and Ar ion milling.

The modulation frequency of the dc-biased

GaAlAs laser was varied from 1 kHz to 100
MHz. The sample is biased by constant dc cur-
rent from the current source, and the output
electrical signals were measured through the
lock-in amplifier under the irradiation of modu-
lated laser light. :
The upper part of Fig. 1 shows the tempera-
ture dependence of resistivity of a sample film

. (solid line) under the irradiation of laser light

(break line) and the output voltage (i. e. photo
response). The modulation frequency of the
laser is IMHz, and the biased current of the
sample is 0.1 mA. This optical responsc (break
line) includes both the bolometric and non-
bolometric ones. This relation is expressed as
the following way,

JdR dl
SV—InaT AT+RaTAT. 0

where 8V represents the output voltage arisen .
from the laser irradiation, Is and R are a bias

current and the resistance of a sample, respec-
tively. AT means the rising temperature by
heating effect due to the laser irradiation. The
first term of right hand in this equation indicates
bolometric response which result from an in-
crease of the sample’s temperature. On the
other hand, the second term of right hand in this
equation means nonbolometric response. The
lower part of Fig. 1 shows the magnitude of
both the bolometric and the nonbolometric
which is normalized to peak value. These
values are calculated according to the expres-
sion (1). We have investigated the frequency
dependence of the ratio of a bolometric signal

to the total one, Sp/StotaL, as shown in Fig. 2.

At the region of low modulation frequency, this
ratio is constant. because the bolometric signal
dominates over the total signals. But it is found
that the bolometric signal gradually decreases
from the modulation frequency of about 100
kHz and the nonbolometric one dominates at
the higher frequency.

According to the noncquilibrium theory of
Kaplan er al® which is based on BCS theory,
it is estimated that modulation frequency of the
laser to 20 GHz can be achieved. Moreover, if
the pairing mechanism of electrons in high-Tc
superconductors is based on the electron-elec-
tron interaction, not an electron-phonon one, it
can be expected that optical response time be-
comes much shorter. Therefore, it is expected
that this constricted superconducting film can

be used as-a novel wavelength-intensitively
ultra-fast detector for accurate frequency meas-
urement.

1. M. G. Forrester er al, Appl. Phys. Lett. 53,
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Estimation of Frequency Accuracy and Stability
in a Diode Laser-Pumped Rubidium Beam Atomic Clock
Using a Novel Microwave Resonant Method

Hiroyuki FURUTA and Motoichi OHTSU

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

(Received August 6, 1991; accepted for publication September'ZI, 1991)

Experiments on a diode laser-pumped rubidium (Rb) beam atomic clock are carried out. A novel microwave
resonance method (HORR) with a conventional cylindrical cavity is used. On the basis of the experimental results, the ex-
" pected frequency accuracy of 1.4x 107" is theoretically estimated with this clock. A frequency stability as high as

7.8x 107" 772 js also estimated.
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§1. Introduction

Highly precise and compact rubidium (Rb) atomic
clocks have been required for various applications, e.g.,
the signal sources for the Global Positioning System
(GPS) satellites, and the Integrated Services Digital Net-
work (ISDN) systems. For the improvement of their per-
formance, Rb atomic clocks pumped by diode lasers have
been investigated.'"® Consequently, the frequency stabil-
ity of Rb atomic clocks has drastically been improved.

On the other hand, the frequency accuracy of Rb
atomic clocks is still limited. Owing to the AC Stark
effect and the collisions of Rb atoms, e.g., the collisions
between Rb and buffer gas atoms, frequency shifts are in-
duced. The light shift (AC Stark effect) can be compen-
sated,” or can be avoided by spatially separating interac-
tion regions of atoms with lightwaves and microwaves.
However, as long as the buffer gases are used in small
glass cells, it is impossible to remove the frequency shifts
induced by the collisions of Rb and the buffer gas atoms.
It is also difficult to remove the frequency shift induced
by the collisions of Rb atoms with glass cell walls. Since
such frequency shifts have deteriorated the frequency ac-
curacy of the clocks, conventional Rb atomic clocks have
not been employed as primary frequency standards. In
this connection, we proposed a diode laser-pumped Rb
beam atomic clock for achieving high frequency ac-
curacy.”

The lineshape characteristics of a microwave
resonance signal are important since it is used as the fre-
quency reference and discriminator for the microwave
frequency stabilization of an atomic clock. We proposed
a novel Rabi magnetic resonance method using modal
patterns of microwave magnetic fields inside a cylindrical
cavity.® This method has the advantage that Rabi
resonance spectral lineshapes similar to those in Ramsey
resonance can be generated with the help of a compact
and simple microwave cavity, which is stable against am-
bient changes and easily designed. We call this novel
resonance a higher-order-mode-attributed Rabi magnetic
resonance (HORR).
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In this paper, we discuss the frequency accuracy of a
novel Rb atomic clock frequency-stabilized onto a
HORR spectrum. So far the frequency accuracy of Rb
atomic clocks has not been estimated nor evaluated well.
This is the first demonstration of its estimation. The fre-
quency shifts and stability of the clock are also evaluated
from the results of both experimental and theoretical
analyses.

§2. Experimental Setup and Operation of Clock

A diode laser-pumped Rb beam atomic clock using
HORR is shown in Fig. 1. Here only the main body of
the system is shown, since the details of the system are
given in Fig. 1 of ref. 6. The essential points are as
follows. The cavity mode was the TEq; mode; the cylin-
drical axis of the cavity (Line A-A’) was placed perpen-
dicular to the atomic beam trajectory (Line B-B’) (see
Fig. 1(a)).

Figure 2 shows an energy level diagram of rubidium-87
(¥Rb) and the definitions of the symbols for each transi-
tion of the ¥Rb D, line. Optical pumping of Rb atoms
was done using the transition F=2—F’=2 (transition p,
see Fig. 2) of the ¥Rb D, line with the diode laser LDI.
The optical pumping changed the population difference
between the hyperfine levels |F=1, mr=0) and |F=2,
me=0) (clock transition) in the ground state of $Rb
atoms. The atoms make magnetic dipole transitions at
6.834 GHz while going through the microwave cavity.
The spectral lineshapes of the magnetic resonance were
observed through the detection of the population change
in one of the hyperfine levels in the ground state. Hence
effective state selection by optical pumping with LD1 was
important for the microwave interaction. The population
change was detected through the change in the
fluorescence intensity of ¥Rb atoms pumped with the
diode laser LD2. The frequency of LD2 was tuned to the
recycling transition F=2—F’=3 (transition q). The op-
tical pumping on this transition increases the
fluorescence intensity, which increases the signal-to-noise
ratio (S/N). The frequencies of diode lasers LD1 and
LD2 for the optical pumping and detection were stabiliz-



2922 Hiroyuki FurRuTA and Motoichi OHTSU

LD2 [------

Microwéve
Cylindrical Cavity

1] | —

Rb beam

Rb oven

< PRt
v g \
v - \
S N !
0 ]
\
RA Y |
y Y \ ! )
[] U
g N N
[ . l
A N
7 - - ’
“ PR, / \
\ ’ Y
7 M
v
“ " " \‘ '
VAAT Yy
R Y B
; L \s¢' !
;s\ /
U N U
o’ Seaad’

(b)

Fig. 1. Experimental setup for a diode laser-pumped Rb beam atomic clock with the novel microwave resonance method
HORR, and cross-sectional view of cavity: modal pattern (a); misalignment of atomic beam trajectory (b).
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Fig. 2. Energy level of a ¥Rb atom.

ed electrically to the linear absorption spectral lines of
8Rb atoms in glass cells.”

Figures 3(a) and 3(b) show examples for experimental
and calculated results of HORR spectral lineshapes, re-
spectively. Figure 3(a) is a copy of the center part of the
spectral profile of Fig. 4(b) in ref. 6. Experimental result
(a) was a phase-sensitively detected signal from a lock-in
amplifier. Calculated result (b) was obtained as a result
of the numerical calculation given in ref. 6. It is worth
noting that Fig. 3(b) represents the precisely calculated
resonance curve of the Rb beam interacting with the
microwave magnetic field. The amplitude of the field has
a profile of the Ist kind of Bessel function of Oth order,
whereas the calculated results in ref. 6 were obtained us-
ing the approximated modal profile of microwaves com-
posed of three constant fields (see Fig. 2(c) of ref. 6).
Figures 3(a) and 3(b) show good agreement between the
calculation and the experiment.

The frequency of a voltage-controlled crystal oscillator
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Fig. 3. Examples of the derivatives of HORR spectral lineshapes: ex-
perimental (a) and calculated (b) results. The experimental result was
obtained by phase-sensitive detection at modulation frequency 420
Hz. Rb oven temperature was Ty, =433 (K).

(VCXO0) was stabilized using the resonance spectral
lineshape obtained in the experimental setup of Fig. 1.
The frequency of VCXO (5 MHz) was measured with a
time interval counter (SRS, SR 620-01). A commercial
Rb atomic clock (Fujitsu, FC 6017 A) was used as a
reference oscillator. The frequency of the Rb atomic
clock was calibrated with the TV color subcarrier
(NTSC, 3.58 MHz) and the rf standard (JG2AS: 40 kHz).
The output signal from the time interval counter was sent
to a personal computer (NEC, PC-9801 VM) through a
serial interface RS-232 C. The frequency fluctuation/sta-
bility was evaluated from the results processed by the
computer.

Figure 4 illustrates the results of the square root of the
Allan variance® as a function of the averaging time 7.
The frequency stability of 1.2x107!! was obtained at
t=100 (s). The results show that the frequency fluctua-
tions of the stabilized VCXO were reduced to about one-
tenth of those in free-running VCXO over the range
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Fig. 4. Measured results of frequency stability of VCXO frequency
locked to a HORR lineshape. The results are square roots of Allan
variances of measured frequency fluctuations against the referénce
frequency of conventional Rb atomic clock, and plotted as a func-
tion of integration time 7. The symbols O and ® correspond to the
results under frequency-stabilized and free-running conditions, re-
spectively.
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Fig. 5. Measured results of frequency fluctuation of VCXO frequency
locked to a HORR lineshape. The results are plotted as a measuring
time sequence. The reference frequency from a conventional Rb
atomic clock was calibrated by comparing with the frequency of TV
color subcarrier.

100(s) = 7= 10000 (s).

Figure 5 shows the measured result of frequency drift
characteristics for our clock in comparison with the
reference. From this figure, a frequency drift of
3.6 x 10~ '2/hour was seen. The standard deviation of 500
samples with the gate time of 100 s was calculated to give
the fractional frequency fluctuation of 3.0x 10~!!. This
can be understood as the medium-term frequency stabil-
ity. The frequency slip seen at 20000 s was ascribed to an
accidental surge or signal offset. Except for this slip, the
frequency of stabilized VCXO was maintained very
stable.

Generally, the frequency accuracy is evaluated in com-
parison with a precisely calibrated standard frequency.
The frequency of cesium (Cs) atomic clocks have been
calibrated by the international time comparison. On the
other hand, in Rb atomic clocks, no time comparison has
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been carried out. There is no international agreement on
their resonance frequencies. Only one document
reported a measured frequency of Rb magnetic
resonance with an accuracy of 0.5 Hz.” Therefore, we
tried to estimate the frequency accuracy of our Rb beam
atomic clock. Provided that an averaged value of
measured frequency in Fig. 5 was a true value of
resonance frequency, the frequency stability. represented
by a standard deviation ¢ of frequency fluctuation in the
figure gave the frequency accuracy of 36 = 107'? as the ac-
curacy in the present work.

§3. Estimation of Frequency Accuracy/Shift

3.1 Effect of collisions of Rb atoms

Collisions between alkaline atoms cause relaxations of
the population of the energy levels and of the coherence
between quantum states. These relaxations induce
hyperfine transition frequency shifts, which are propor-
tional to the atom density.

The angular frequency shift Aw, due to the spin-ex-
change collision is calculated from the following equa-
tion:'?

l -
Awe= =7 (P11 =P2.2) N0 Aexs M

where 7, is the mean relative velocity of the atoms and 1.
is the spin-exchange frequency shift cross section. In
accordance with the discussion presented in ref. 10, A is,
at most, as large as that of spin-exchange cross section
Gex- In Rb atoms, G is 2.54 x 1078 (m?).'? Collisions in
an atomic beam are approximately one-third as frequent
as in a gas cell, i.e., n=0.336 np.'” In the perfect state
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Fig. 6. Frequency shifts caused by collisions of atoms as a function of
Rb oven temperature. A dashed-and-dotted line and broken lines cor-
respond to frequency shifts caused by collisions of Rb atoms in an
atomic beam with Rb atoms of the beam and atoms of several
background pressures, respectively. The shifts were estimated from
the spin-exchange effect. Collisions with the background atoms were
assumed all as Rb atoms considering the worst situation. The oven
aperture was 3 mm, and the atomic beam 15 cm away from the oven
was considered. The broken lines A, B, C and D represent the results
for the background pressures of 1.0% 1077, 1.0x 1073, 1.0x 10~° and
1.0x 107" Torr, respectively. An example of total collision is shown
as a solid line for the vacuum pressure of 1.0x 10~° Torr.

selection by optical pumping, | Aw. | has been calculated
and is shown with a dashed-and-dotted line in Fig. 6 as a
function of the oven temperature Try,. Here the fre-
quency shift was normalized to the angular frequency ww
of the microwave transition. From this figure, one can
see that the frequency shift caused by collisions of atoms
in the atomic beam is about 5x 107" at Ty,=430 (K),
and is small enough to obtain a frequency accuracy of
1x107"2, which is the typical value for commercial Cs
atomic clocks.

Background atoms exist in the vacuum chamber (or
the beam tube), and their densities are not negligible in
the estimation of the frequency shift. The magnitude of
frequency shift cross section Gy, for the collision between
Rb atoms and nitrogen molecules (N,) is 7.4 % 1072
(m?),' and is negligibly small as compared with the cross
section A. In the worst case where most of the remaining
background pressures are of Rb atoms and the vapor
pressure of background Rb atoms is the same as the
vacuum pressure of 1.0x107¢Torr, the density of
background Rb atoms is 3.1 x 10'® (m~?%). Using eq. (1)
and 7=3.8%x10?(m/s), the normalized fractional fre-
quency shift is estimated as 1.8 X 107!°. The frequency
shifts corresponding to other pressures are shown by the
broken lines A~D in Fig. 6.

An example of total collisions is shown as a solid line
for the vacuum pressure of 1.0x 10~° Torr. A frequency
accuracy of 1 x 107'2 can be obtained under the condition
in which the vacuum pressure is 10~° Torr and the oven
temperature is less than 400 K.

3.2 Cavity phase shift in HORR spectra

The frequency shift induced by the HORR spectral
deformation is discussed in this subsection, since it is
used as a frequency discriminator for the frequency
stabilization of VCXO. In what follows, the effects of col-
lisions of Rb atoms with other gases, other Rb atoms,
and glass/chamber walls are neglected. The considered
frequency shifts correspond, therefore, to the frequency
shifts caused by the cavity phase difference, just as end-
to-end phase shift in conventional Ramsey resonance.
We consider two kinds of frequency shifts here, i.e.,
those due to 1) distribution of the cavity modal pattern
and 2) misalignment of the atomic beam trajectory.
3.2.1 Cavity pulling effect and contributions from

other cavity modes

A frequency shift is induced from overlaps of various
cavity resonance modes, i.e., the overlaps between the
desired TE; mode and other TE modes. There are no fre-
quency shifts in each resonance spectrum coupled with
any one of the resonance modes of the cavity. To confirm
this, representative resonance spectra for the TE,;; mode
and the TE,;; mode were calculated. Figures 7 and 8 show
examples of the calculated (a) and the experimental
results (b). They confirm that these lineshapes are sym-
metric with respect to the centers. If the cavity phase
difference in each mode is always 0 or z, the resonance
frequency shift is not induced, noting that the resonance
signal with the phase difference 7 takes a minimum at the
center frequency, i.e., the center is observed at a bottom
(or a valley) of the lineshape.
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Fig. 7. Examples of the derivatives of HORR spectral lineshapes us-
ing a microwave cavity of TE,,, mode: calculated (a) and experimen-
tal (b) results.

However, overlap of two resonance spectra induces fre-
quency shift because there are cavity pulling effects.
When the desired TE,;; mode is tuned, the other modes
must be detuned. The frequency shift caused by the cavi-
ty pulling effect for a passive oscillator is expressed as'®

2
wr—wo= (—) (we=w), @)
Om
where wo, w. and wg are the transition angular frequency
of the atom, the resonance angular frequency of the cavi-
ty and the resonance angular frequency of the atom, re-
spectively. The values Q. and Qu are the quality factors
of the cavity and the atomic microwave resonances, re-
spectively.

The nearest resonance mode is TE;;2. At Q.=1500 and
Ouw=6.8 (GHz)/3 (kHz)~2.3 x 105, the frequency shift
in the resonance lineshape for the TE,;; mode, which is
400 MHz away from the TEq; mode, is 3.9 % 107°. The
overlap of the TE;;; mode on the TE,y; mode spectral
lineshape induces a frequency shift of 1.3 x 10~ provid-
ed that each resonance mode has a Lorentzian lineshape
with the same intensity. The effects of the other TE
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Fig. 8. Examples of the derivatives of HORR spectral lineshapes us-
ing a microwave cavity of TE,,, mode: calculated (a) and experimen-
tal (b) results.

modes are neglected since they are farther away and their
relative intensities are much smaller. Thus the overlap
effect of other cavity resonance modes cannot be the
main causes for deterioration of the frequency accuracy
to as low as 1 X 10712,

In the higher Q. of the cavity, the frequency shift
becomes larger and the more sensitive cavity tuning is
necessary. On the contrary, for instance, at Q.=1000
and with 0.1 MHz of cavity detuning, the frequency shift
caused by the cavity pulling effect becomes 4 X 1073, and
the frequency shift caused by the overlap of the TE,p;
mode reaches 3 x 107!3, This means that such undesired
modes must be suppressed in the cavity design. It has
been known among microwave engineers that, such
undesired modes can be reduced using A/4 mode
filters.'?

3.2.2 Misalignment of atomic beam trajectory

A frequency shift is induced by a cavity phase shift due
to the misalignment of the atomic beam trajectory. The
magnitude of microwave magnetic field amplitude varies
with a change in the atomic beam trajectory, by which
the HORR spectral lineshapes are deformed. However,
as long as the phases of magnetic field do not change in
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Table I. Frequency shifts on a diode laser-pumped Rb beam atomic
clock using a HORR lineshape for the frequency stabilization.
Item Present Improved
Collisions of atoms 1.8x107" <3.0x107"
. at 107° Torr,
(at 107° Torr) ( T, <400 (K)
Cavity pulling 1.0x 107" —

( at Q.=1500,
0.1 MHz detuning
1.3x107" —
1.6x107' —
(at z,=1 (mm))

Neighboring modes
Misaligned atomic beam

the cavity, the deformation of HORR lineshapes induces
no frequency shift. Only the phase variation causes a fre-
quency shift in HORR spectra. The phase variation of
the field at the end of the cavity is expressed as
(Zy)"ayzy tan /19/2 ’ ( )
where z, is the magnitude of the misalignment (defined in
Fig. 1(b)), A, is the wavelength in the cavity along the
axis, and oy is the loss of energy in the cavity.'” For the
cavity of Q.=1500, A=4.4(cm), and 1,=5.2 (cm), oy
takes 5.6 X 1072 (m™'). The misalignment of z,=1 (mm)
(10 mrad.) yields the phase difference ®(z,)=6.8x107¢
(rad/s). It corresponds to a negligibly small frequency
shift of 1.6 1076,
3.2.3 Frequency accuracy

Table I shows the list of evaluated frequency shifts.

The frequency accuracy has been defined as ‘‘frac-
tional uncertainty in determining an atomic transition fre-
quency of the free atom’’ and is expressed by 3o limits
for statistically determined frequencies.!® The ‘‘atomic
transition frequency of free atom’’ is, in general, an
unknown value. The frequency accuracy is estimated
statistically, on the basis of the assumption that the repro-
ducibility is sufficiently high. Therefore, the frequency ac-
curacy, as well as the frequency reproducibility, is esti-
mated by evaluating the frequency shift of the statistical
value observed with certain fluctuation.

To summarize the above discussion, a frequency shift
of 1.8x 107 in Table I was estimated as the frequency
accuracy in the present experimental situation. When the
ultrahigh vacuum chamber reaching 10~° Torr is used,
we can expect the frequency accuracy to be 1.4x 10712
for the present Rb atomic clock frequency-stabilized
onto HORR spectra. It is worth noting that the
magnitude of frequency shift caused by cavity pulling,
which limits the present accuracy, can be reduced to the
value determined by the frequency tuning technique of
cavity resonance. So far, the frequency accuracy of Rb
atomic clocks has not been estimated nor evaluated well.
This is the first demonstration of the estimation.

§4. Improvement of Frequency Stability

Improvement of frequency stability is expected by in-
creasing S/N of frequency discrimination with effective
optical pumping and detection. Optical pumping by
diode lasers can improve detection sensitivity of the
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microwave resonance line and the microwave frequency
stability through two techniques, i.e., 1) increase in

_ signal intensity with the use of more atoms effectively

state-selected, and 2) reduction of noise by suppressing in-
tensity and frequency noise of diode lasers. In ref. 6, the
latter has already been mentioned. Here, the former, i.c.,
increase in signal intensity is mainly described.

4.1 Increase in signal intensity

The effect of diode laser optical pumping for the state
selection of *Rb atoms was derived using the time-depen-
dent rate equations of ref. 14. The time-dependent
results of the population difference An are shown in Fig.
9. 4n is the fractional population difference between the
clock transition levels, i.e., the mr=0 ground-state
hyperfine sublevels, of the total population of ¥Rb
atoms. The results were obtained for one-laser pumping
of several tunings and polarizations. Figures 9(a) and
9(b) represent the results for z-polarized and o-polarized
light, respectively. The laser power density P, and the
field spectral linewidth Av, are assumed to be 10
(mW/cm?) and 20 (MHz), respectively. 4n quickly
reaches a steady-state value after a lightwave-atom in-
teraction time of 3us. Then an almost complete

0.3 T T T '

™

=
(7]
(]

0 1 2 3 4 5
Time [Lusl
(b)

Fig. 9. Time evolution of the fractional population difference 4n be-
tween the m=0 ground-state sublevels. Optical pumping is perform-
ed with one laser. Optical power density P =10 (mW/cm?) and
linewidth 4v, =20 (MHz). n- (a) and o-polarized (b) transitions of
optical pumping.
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depopulation of one of the two mr=0 sublevels is
achieved, except for the two transition schemes, i.e.,
those on transitions F=1—F’'=1 (transition s, see Fig.
2) and p, which are both with n-polarized lights. In these
two cases AF=F'—F=0 transitions occur and, irrespec-
tive of the laser intensity, no mr=0 sublevels can be
depopulated because the transition probability is zero for
AF=0, mg=0 transitions. The maximum pumping
efficiency is obtained with the transition p: g-polarized
light, when An reaches —27%. Compared with —15.5%
of Cs atoms pumped by a single laser,'¥ the result of Rb
atoms is larger. With a z-polarized light, for the transi-
tion F=1—F’=2 (transition t), it yields the maximum
An of 20%. It should be noted that optical pumping was
observed in the Zeeman sublevels even for the recycling
transitions. Figures 9(a) and 9(b) show this effect; i.e.,
one of the mr=0 sublevels depopulates and the change in
the fractional population difference 4n between the clock
transition levels is not negligible.

In the two-laser pumping scheme, the results of 4n are

seen in Fig. 10. The two-laser pumping scheme is, in
general, used with the following concepts. One laser
populates one of the hyperfine levels in the ground state.
Then the other laser of m-polarization depletes all the
ground-state sublevels except for that of mr=0, accord-
ing to the transition probabilities.’ It is worth noting
that the second laser must be tuned to an optical AF=0
transition and n-polarized. On this transition, since the
probability of transition between mr=0 Zeeman
sublevels is zero, an efficient population transfer to a
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mr=0 ground-state sublevel is achieved. Figure 10 shows
all the possible schemes of the time evolution of An when
the values of P and 4, are the same with those of Fig.
9. From this result, the essential features of two-laser
pumping are confirmed and examined. The discussions
are as follows.

(i) As compared with one-laser pumping, it takes
longer periods of interaction -until the population
difference 4n reaches its steady state. In this respect, the
most efficient pumping scheme shall be chosen to obtain
larger An. As seen in Fig. 10, in the interaction periods of
20 ps, the larger values are obtained with the two pump-
ing schemes, i.e., those on 1) transitions s: n-polarized
and p: g-polarized, and 2) transitions t: n-polarized and
p: m-polarized. The values of An for each optical pump-
ing are as large as —68% and 80%, respectively. It
should be noted that, only with the second optical pump-
ing scheme can An reach almost 100% with the adequate
condition changes of lasers.

(ii) Note that, compared with Cs atoms, the con-
figurations with the pumping on transitions s: g-polariz-
ed and p: n-polarized cannot reach a 50% fractional
population difference in ®Rb atoms. The transition
probability of spontaneous radiation from the excited
state F' =1 to the ground state F=1 is five times as large
as that to F=2, and the population of atoms is concen-
trated to the Zeeman sublevel |F=1, m=1) or |F=1,
mr=—1), which has no corresponding sublevels to be
transferred.

(iii) As mentioned in (i), two-laser pumping schemes

1.0 .

't:n,p:n

t:o,p:n

s:o,p:n

s:n,p:n

S:n,p.0

Time

10 15

[ ps ]

20

Fig. 10. Time evolution of the fractional population difference 4n in two-laser optical pumping. P =10 (mW/cm?) and

Av =20 (MHz) for each laser.
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need longer interacting periods to approach the steady
state as compared with the single-laser pumping scheme
of Fig. 9. The pair of transitions t: z-polarized and p: n-
polarized is the most efficient pair of pumping transi-
tions, with which the population difference 4n reaches
98% in the steady state after an adequate interaction
period (excitation period). The excitation period is varied
with the change of the ratio between the optical power
density and the spectral linewidth of the laser, i.e.,
P/ Av,. The excitation period becomes shorter as P
becomes larger or as Av; becomes narrower. In practice,
large P; induces power broadening due to the saturation
of pumping, where the efficiency of optical pumping
decreases. The leakage of optical pumping takes place
with the neighboring transitions owing to the spectrally
broadened atom-lightwave interactions. In this connec-
tion, diode lasers of the narrower spectral linewidths
shall be used; i.e., smaller Avy is required to shorten the
excitation periods. In order to have a steady-state value
of An after 3 us of excitation at P =5 (mW/cm?),
Avy=0.5 (MHz) is required. Such coherent diode lasers
can be obtained stably and easily by using the electrical
feedback'® or the optical feedback technique with a con-
focal Fabry-Perot interferometer.!”:'®

Some results of optical pumping were experimentally
examined. In the present work, the state selection was
achieved with a one-laser pumping scheme. In this
scheme, the largest population difference is produced by
the pumping on the transition p: o-polarized. The com-
parison with the results pumped on the other transitions
is seen in Figs. 11(a) and 11(b). The microwave resonance
signal intensities are plotted as functions of frequencies
of pumping lasers of n- and o-polarizations, respec-
tively. The number of atoms in the hyperfine sublevel
|F=2, m=0) does not decrease by the excitation of
transition p: n-polarized since the transition probability
for this transition is zero. Consequently, the population
difference between the levels |F=1, m=0) and |F=2,
mr=0) cannot be produced. No increase in the observed
signal intensity can be expected. On the contrary, the
transition p: og-polarized excitation can depopulate the
sublevel | F=2, mr=0) to zero. Much larger signal inten-
sity can be obtained by this transition as compared with
other transitions.

In order to increase the effects of optical pumping, the
optical intensity and the field spectral linewidth of the
diode laser, as well as choosing the transition lines,
should be optimized. Since we used the lasers with free-
running spectral linewidths in this work, the laser power
density dependence of the microwave resonant signal in-
tensity (population difference) was investigated. Figure
12 shows the results. The microwave resonant signal in-
tensity was increased by increasing the laser intensity,
and the saturation of signal intensity was observed at
Pipump=10 (mW/cm?). The comparison of transition
schemes in Fig. 12 confirmed the theoretical analysis. The
transition p: o-polarized excitation achieved the max-
imum signal intensity of microwave transition with the
maximum population difference. The magnitudes of the
signal intensities by the optical pumping schemes on the
transitions | F=2—F’=1 (transition o0): n-polarized and
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Fig. 11. Examples of HORR strength as a function of pumping laser
frequency: for 7- (a) and g-polarized (b) transitions.
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o: o-polarized were both about 60% that of the transi-
tion p: o-polarized excitation. The value obtained with
pumping by the z-polarized transition agreed with the
theoretical value, while that by the g-polarized became
much larger. This difference was attributed to the leakage
of optical pumping by the transition p: g-polarized due
to the broader spectral linewidth of the diode laser.

4.2 Frequency stability

A HORR spectral lineshape has the form shown in Fig.
13, whereas Fig. 3 shows the derivative of a HORR spec-
tral shape. In a passive-type atomic clock whose VCXO
frequency is stabilized to this spectral lineshape, we in-
vestigated the attainable frequency stability. As il-
lustrated in this figure, the detected fluorescence intensity
and the background light intensity are represented by I,
and I, respectively. Then the microwave resonant signal
is given by I,,=1I,,— I,,. The strength of the resonance fr-
inge defined as the height between the central peak and.
an adjacent bottom of the central fringe is given by I,,.
The linewidth Avy of the resonance spectral lineshape is
defined as the ‘“full width at half-maximum (FWHM)’’
of the fringe. vy is the microwave resonance frequency
of the clock transition of the ¥Rb atom and is 6.834
GHz. In this case, the microwave frequency stability of
the atomic clock is expressed as'®?®

0,(1)=(V2 Mvo9)~'17'"2, @

where ¢,(7) is the square root of the Allan variance, 7 is
the integration time, and M is a parameter given by

Lp+1, ]Im, B'?

. 5
20+ 1| 0r Av ©)

=
Here, g, is the standard deviation of the noise at the fr-
inge peak and B is the noise bandwidth. In eq. (5), I,»/ a1
can be considered as S/N.

If the intensity and the frequency fluctuations of diode
lasers can be neglected, the S/N of microwave resonance
signals is limited by the shot noise of the atomic beam,
the atom-to-photon conversion noise, the photon-to-
photoelectron conversion noise, the stray-light-added
noise, and the photodiode noise. It is expressed as?)

Avy

> V
VOQO

Fig. 13. A model 6f HORR spectral lineshape and definition of each
parameter.
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where I, is the atomic beam flux, and F is the noise factor
of the particle conversion process and is given as
1
F=14+—. ©)
Byn .
f is the mean number of fluorescence photons emitted
per atom, y and 7 are the collection efficiency of
fluorescence photons and the quantum efficiency of the
photodetector, respectively. The quantum efficiency # of
the photodiode for the 780 nm wavelength is 79.5(%). I{
and I, are the fictitious atomic fluxes equivalent to the
effects of the stray-light-added noise and the photodiode
internal noise, respectively, and are given by

_ I
[l=—>—— 8
B*y*n+By ®
and 9
2
- (P.R) 10

t2e(BYy i +Byn)
Here, I, is the flux of the stray photons, which is esti-
mated as ,=1.2%10°(s™!) in the experimental situa-
tion.?” P, and R are the noise equivalent power and the
radiative sensitivity, respectively. In the present
photodiode (Hamamatsu Photonics S2387-66R), P, and
R are 2.2x107% (W/Hz) and 0.5 (A/W), respectively.
F, is the noise factor of the amplifier used for current-
voltage conversion of the photodiode detected signals.
The practical value Fo=4 is used here.

The observed microwave resonance signals are con-
sidered to vary with the change of optical pumping
efficiency for the initial state selection and for the signal
detection. The efficiency of optical pumping is taken into
account in the following. The fluorescence signal Fj i
calculated as'¥ '

T
Fd=S FZ ney; dt.

0 i

(1n

I' is the spontaneous emission decay rate and is given as
the inverse of the lifetime in the excited state (7,=27 (ns)).
ne; is the temporal population of atoms in the excited
state during the time dz. When the stray-light-added and
the photodiode noises can be neglected, I, is the Fy of
on-resonance for the microwave transition, while I, is
the Fy of off-resonance.

The photon number emitted per atom B was figured
out with the calculated values of I,; and 4n. The optical
power density Piyobe and the field spectral linewidth
AVipove Of the laser (LD2 in Fig. 1) used for the signal
detection were considered to be 10 (mW/cm?) and 20
(MHz), respectively. The interaction time for the detec-
tion was 3.3 us. The transition q (F=2—F’'=3): ¢-
polarized was chosen for the optical pumping with LD2.
Thus, #=6.6 (photon/atom) was calculated using the
relation

Lps

A=%11an’

(12)
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where the factor 0.611 is the microwave transition rate of
the HORR at the optimal condition.®

As was discussed in §4.1, it was assumed that the state
selection of atoms was carried out with nearly 100%
efficiency by two-laser pumping. The S/N calculated
from eq. (6) is 1.8 x 10° (105 dB) in the noise bandwidth
of 1 Hz. The transitions for the state selection were the
transition t: n-polarized and the transition p: m-polariz-
ed. The values for the atomic flux 7, and the collection
efficiency y were fixed to be 1.5x10" (atom/s) and
15%, respectively, which were chosen for the experimen-
tal situation. Inserting I,,=0.2I, and I, (obtained from
eq. (11)) into eq. (4), the frequency stability

0,(t)=7.8x 10" B¢~/

(13)

was obtained where Avy=2 (kHz) was used.

Improvement of photodiode noise characteristics, in-
crease in collection efficiency of fluorescence, and reduc-
tion of stray light achieve the ultimate frequency stability
of this system, which is limited by the shot noise of the
atomic beam. In this case, S/N reaches

Sy 1,
N) 2B’
With the same condition of optical pumping, S/N in the

1 Hz noise bandwidth is 2.7 x 10° (109 dB). Then the fre-
quency stability reaches

0,(t)=3.9x10"1377!/2, 15)

An additional method to improve the S/N for the fre-
quency discrimination of microwaves is the reduction of
the noise N, as described at the beginning of this section.
Coherence characteristics of a diode laser are superior to
those of a conventionally used rf Rb lamp. Introduction
of center frequency stabilization of a laser reduced the
fluctuation of its frequency. Considering the result of
ref. 7, however, the residual frequency fluctuation of the
pumping laser still causes the intensity noise of the
microwave resonance signal of a clock, and about 20 dB
of frequency (FM) noise should be reduced additionally.
An FM noise reduction of a diode laser in the restricted
bandwidth near a modulation frequency presents an
idea. In a preliminary experiment of a diode laser-
pumped Rb atomic clock, the improvement of S/N in
the microwave resonance signals was examined with such
an FM noise reduction of the pumping laser.® That is,
the frequency stability of an atomic clock was improved
in accordance with the FM noise reduction of the laser.
When such a partial FM noise reduction is employed
with the center frequency stabilization of the pumping
lasers, according to the discussion in ref. 6, it is possible
to realize the microwave frequency stability shown in eq.
(13) or (15).

(14)

§5. Conclusions

In order to obtain a highly frequency-accurate Rb
atomic clock, a diode laser-pumped Rb beam atomic
clock was proposed. The novel microwave resonance
method HORR was introduced in this clock. The
microwave resonance signal characteristics similar to that
of Ramsey resonance was obtained in a compact- and

Hiroyuki FuruTA and Motoichi OHTSU

stable-cavity system. The improvement of frequency ac-
curacy in the novel atomic clock was confirmed.

Clock operation experiments in a preliminary setup of
a novel Rb atomic clock were carried out. Characteristics
of the HORR spectrum were examined as a practical can-
didate of the discriminator for the microwave frequency.

Frequency shifts observable ini the system were esti-
mated. The results are as follows:

1. Collisions of Rb atoms: 3.0x 107", at 1.0x10°°
Torr of vacuum.

2. Cavity pulling: 1.0 x 1072, at Q. (cavity)=1500 and
Owm (atomic resonance)=6.8 (GHz)/3 (kHz) with 0.1
MHz of cavity resonant frequency detuning.

3. Combination of other resonance modes cavity-pull-
ed: 1.3x 107", for TE; mode. .

4. Misalignment of Rb atomic beam trajectory:
1.6 x 107", at 10 mrad of misalignment.

Therefore, by using the present microwave resonance
method, a frequency accuracy of 1.4 x 1072 is expected.
It is worth noting that the magnitude of frequency shift
caused by cavity pulling, which limits the present ac-
curacy, can be reduced to the value determined by the fre-
quency tuning technique of cavity resonance.

An optical pumping scheme with diode lasers improves
the microwave frequency stability of the Rb beam atomic
clock. The following frequency stability was derived as
the expected performance with the practical techniques:

0y(1)=7.8x 10" 13771/2,

As stated above, the frequency accuracy of a Rb
atomic clock was investigated for the first time. Construc-
tion of a practical system for the present Rb beam atomic
clock, which has a high-vacuum chamber, small stray
light and high collection efficiency of fluorescence, will
improve the frequency stability, and the time comparison
as with Cs atomic clocks will reveal the high frequency-ac-
curacy as seen in this work.
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The Passive Ring Resonator Fiber Optic Gyro
Using Modulatable Highly Coherent Laser Diode Module

Tohru Imai, Ken-ichi Nishide, Hideo Ochix, Motoichi Ohtsux
Tokyo Aircraft Instrument *Tokyo Institute of Technolo-
Co.,Ltd, Komae city, Tokyo gy, Yokohama city, kanagawa
201, Japan 227,Japan

ABSTRACT

For the light source of the passive ring resonator fiber
optic gyro (RFOG), we have developed 1.3 um highly coherent
laser diode module (HCLDM) using resonant optical feedback from a
compact hemispherical reference cavity. The HCLDM had the 100
KHz linewidth and was frequency-modulated by directly modulating
the injection current. A FM spectroscopy technique was employed
for the rotation sensing. The reﬁggution of the present RFOG
system was estimated to be 0.9% 1 ~ (deg./hour) ( where 7T |is
the integration time of measurement ) from the signal-to-noise
ratio of the demodulated signal.

1. INTRODUCTION

Various types of fiber optic gyros (FOG's) based 9? the
Sagnac effect have been developed for rotation sensing 1- . Among
them, a passive ring resonator fiber optic gyro (RFOG) is advan-
tageous because of its high sensitivity. However, the RFOG re-
quires a high-coherence light source as well as a high finesse
ring resonator. A laser diode (LD) possessing highly efficient
direct FM capability is a useful light source for RFOG because
the power consqrption is low and the volume of the gyro system
can be reduced *. However, a solitary LD does not have a suffi-
ciently narrow spectral linewidth for the RFOG, and has a large
magnitude of FM noise which seriously deteriorate the gyro sensi-

tivity. Thus, in the early stage of the works on RFOG Y, a He-Ne
laser was used to achieve the sensitivity as high as 0.5
deg./hour.

In this paper, we describe a light source and a rotation rate
measurement technique. For the 1light source of RFOG, we have
developed a highly coherent laser diode module (HCLDM) with the
100 kHz linewidth using the optical feedback from a hemispherical
reference cavity. We employed a FM spectroscopy technique in
order that the system was free from the IM noise of the LD.

2.DEVEL.OPMENT OF HCI.DM

For the light source of the RFOG, a LD should meet the fol-
lowing requirements: ‘
High coherence ;s the iinewidth must be narrower than 100
kHz
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Stability s laser frequency must be free from the
effects of ambient temperature varlatlons
s and mechanical vibrations.
Modulation capability ;: the optical frequency must be controlled
' and modulated by varying the injection
current.
The conventional methods of improving coherence by optical feed-
back from an external reflector have several problems, i.e., they
could: induce chaotic instabilities and external cavity modes, by
which it is difficult to maintain the coherence very high for a
long time and to modulate lasing frequency. In order to solve
these problems, wg employed the optical feedback from an external
reference cavity

2.1 Structure of a HCLDM

A HCLDM employed 8ptica1 feedback from a compact hemispheri-
cal reference cavity °. Figure 1 shows the structure of the HCLDM
for which a 1.3 um wavelength DFB-LD was used. The hemispheri-
cal cavity was made of BK7 glass and its diameter was 10 mm,
which corresponded to the free spectral range of 10 GHz. The
reflectivity of the two surfaces was 90 %, and the measured value
of the finesse was 10. The backward output radiation from the
temperature-controlled LD was couprled off-axis with the hemi-
spherical cavity via a collimator lens, a mirror attached to
PZT, and a mode-matching lens. This cavity acted as an optical
bandpass filter and, thus, the laser light was spectrally puri-
fied. All the elements were installed on a Super-Invar plate.

Since the light built-up in the cavity returns to the LD, the
lasing frequency is locked to the resonance frequency of this
cavity. Thus, the field spectral linewidth becomes very narrow
and the center frequency of the field spectrum is also stabi-
lized. Under this optical self-locking condition, we observed
the resonance spectral profile of the cavity by sweeping the
injection current of the LD. By this observation, it was found
that frequency locking range of the HCLDM was about 4.5 GHz which
depended on the feedback optical power.

It should be noted that the strict phase coincidence between
the feedback and emitted lights is not required in the present
optical feedback scheme because of 1its optical self-locking
nature. Although the phase could be controlled by varying the
voltage applied to the PZT attached to the mirror, the optical
feedback was maintained very stable by the present module for a
more than 5 hours without controlling the PZT voltage. This is
because the total system of the HCLDM was made very compact.

2.2 Performances of HCL.DM

Figure 3 shows the field spectral profile of the HCLDM which
was measured by the delayed self-heterodyne method. The linewidth
of about 100 kHz was obtained, which was 2,000 times narrower
than that of the free-running laser. Among several HCLDM's
fabricated in the present study, the narrowest linewidth was 25
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kHz.

Figure 4 sgows the magnitude of the reduced FM noise achieved
by the HCLDM ®, which was calculated by using numerical wvalues
for the presently fabricated HCLDM system. It is found that the
FM noise reduction ratio was 30 dB, which agreed with the experi-
mental results within the Fourier frequency range lower than 400
MHz. It is also seen from this figure that the peak of the FM
noise at the relaxation oscillation frequency was reduced because
the feedback bandwidth, limited by the free spectral range of the
cavity, was larger than this frequency.

The direct FM efficiency of the HCLDM was measured to be 100
MHz/mA and 10 MHz/mA at the modulation frequency of 100 Hz and 10
MHz, respectively. Although, these values were 1/15 times that of
the free-running LD, they were sufficiently large for the appli-
cation to the present RFOG system. As is shown by Fig. 5, the
HCLDM has the volume of 216 cc and was operated in a stable
manner without applying the phase-control-feedback even though
the ambient temperature varied from 20°C to 30°C.

3. FIBER RING RESONATOR

Figure 6 shows the transfer functions of the transmission-
mode and reflection-mode Fabry-Perot interferometer ¥. Since the
transfer function of the reflection-mode has a wider bandwidth
and a smaller phase change than that of the transmission-mode, it
is advantageous to design a wide-band negative electrical feed-
back loop to track the resonance frequency to the laser frequen-
cy. In addition, by considering the loss of the resonator, this
mode is also advantageous because its throughput is larger than
that of the transmission-mode. Based on these characteristics,
the reflection-mode was employed for the RFOG system.

We fabricated a fiber ring resonator shown in Fig. 7 by using
a polarization-maintaining fiber of 4.7 m long ( free spectral
range is about 44 MHz ). The value of the finesse was calculated
to be 50 by considering the values of the coupling ratio and
excess loss in the coupler, and of the loss of the fiber itself.

At the splice point in the resonator, the principle axes of
the fiber w%re rotated by an angle of 90 degree with respect to
each other 10,11 As will be shown in Fig. 9, two polarizers
were installed in front of the input-output fiber ends to produce
the same polarization as the incident light and to prevent the
other eigenstate of polarization induced by 90 degree rotation in
the resonator.

4. FM SPECTROSCOPY TECHNIQUE

When the optical carrier frequency v c (=u)c/21t) is modulat-
ed by modulation frequency fu(=w /271 ) with a maximum frequency
deviation of A w/2n, the instan?aneous angular frequency w is
given by

w=wC+Aw*coswmt (1)
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The electric field of light is expressed as

Em(t)=exp(Ju>t+m*sina>mt)

00
= _EMJn(m)*exp(jw t+inw yt) (2)

where m is the modulation index (=A wW/w®,).
The transfer function of the reflection-mode of the resona-
tor, normalized to A v /2 and A v is the FWHM, is given by

JCy o-f)
R(f)= 0

, (3)
1+jCvy o-f)

where v 0 is the resonance frequency and f is the detuning from
the resonance frequency. By noting that the amplitudes of the
sidebands higher than the 3rd order is negligibly small for m =
1, the electric field emitted from the resonator is expressed as

j(f+nfpy) |
Es(t)= }3 Jp (m) % *¥exP(jw t+jnw pt). (4)
n=-2 1+£ (£40f )

Detecting this electric field by a photo detector, the output
signal from the detector, possessing the frequency u)m/2n , 1s
given by

. 2%Jp*dpy g

S L1+ (f+nf, ) 21%[1+(f+ (01D £,) 2]

2 2
. ( [(f+nfm) *{f+(n+1)fm} +(f+nfm)*{f+(n+1)fm}]*cosa>mt 5)

SLCE+nf ) 2% £+ (n+ 1D £} - (f+4nf ) *{f+(n+ 1} 2Ixsinw pt

As is shown by Fig. 8, the spectral profile of the quadrature
component in this expression represents the dispersive shape,
which can be used as a frequency discriminator to lock the laser
frequency to the resonant frequency of the fiber resonator. To
improve the accuracy of calculation, the sidebands up to the
ninth components were taken into account, by which it was found
that the maximum slope of the dispersive shape is achieved when

FSR/2 > f, > 2.5%A vy and m = 1.08. (6)

Figure 8 shows the spectral profiles of the in-phase and
quadrature components of the photo detector output by u?in? these
values of the parameters. As has been popularly known » 13 the
FM spectroscopy technique has several advantages, e.g., the
effects of the FM and IM noises of the light source can be re-
duced by using a high modulation frequency, wide bandwidth of the
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system cén be realized, and so on. By these advantages, this:
technique is promising to achieve a very high sensitivity of the
RFOG. : ‘ '

5. GYRO SYSTEM

Figure 9 shows a block diagram of the present RFOG system.
After the laser light from the HCLDM passed through a 60 dB
optical isolator, it was splitted into the two beams by the fiber
coupler Cl. An E/O modulator (EOM) was used to modulate the phase
of the one beam in order to improve the bias stability by sup-
pressing the optical carrier frequency component under the appro-
priate rf voltage applied to the EOM.

The output beams from the fiber resonator, i.e. a sensing
loop, were detected by photo detectors PD1 and PD2. Double bal-
anced mixers DBM1 and DBM2 were used to extract the quadrature
component of the demodulated output signals from PD1 and PD2. The
output from the DBM1 was used to lock the laser frequency to the
fiber resonator by controlling the injection current of LD, and
that from the DBM2 was used as' the output signal from the gyro
system to measure the rotation rate.

Figure 10 shows the profile of the quadrature component from

the photo detector PD1 measured by fixing fm = 5MHz and m = 1.0,
which agreed with the optimum condition given by eq.(6).
To estimate the sensitivity of the RFOG, the S/N value of the
demodulated signal from the DBM1 was measured. Figure 11 shows
the measured result by the rf spectrum analyzer with the
resolution bandwidth of 3 KHz. The peak at the center of this
figure represents the demodulated signal. From this figure, it is
found that S/N = 38 dB, which means that the S/N = 55 dB under
the unity bandwidth of the spectrum analyzer. By using this value
of the S/N, residual tracking error of the laser to the reson?ﬂce
frequency of the fiber resonator, was derived from a formula

0.11%A v
6 y (7) = —x 71 -1/2 0.35% 7 -1/2 (Hz), (7)
(S/N)

where 6 y (7)) and 7 represents the square root of the Allan
variance and the integration time of measurement, respectively.
Thus, the sensitivity of the RFOG, limited by the tracking error
of the laser frequency was estimated by using eq.(7) as

A
Quin = 8 y ()% — = 0.9%x7 "1/2 (deg./hour), (8)
2R

where the wavelength (A ) of LD was 1.3 um and the diameter (2R)
of the fiber resonator was fixed to be 10 cm. This value shows
that it should be possible to measure earth rotation in the
integration time of less than 1 sec.

For reference, The shot noise limited tracking error of the
laser frequency was estimated as
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e (1-ExJg2(m3A v 2

- - xp 172
81 2xJg2(m)*J 2 (m)*E2

5.6%107° ¢ "1/2  (Hz), W

where E is the throughput of the reflection-mode of the ring
resonator, I is the dc photo current, and e is the electron
charge. By this value, the shot ngise l)fnted sensitivity of the
RFOG is estimated to be 1.5%10 4% 7 ~1 which means that the
present system is promising to achieve a very high sensitivity of
rotation sensing. It should be noted that the FM spectroscopy
technique is promising for achieving the shot noise 1limit, be-
cause the system is free from the effect of the IM noise of the
light sources. Based on this property, it can be expected that
the sensitivity as high as given by eq.(9) can be achieved in the
near future, by improving the performances of the servo-control
circuits of the present systen.

6. CONCLUSION

We have developed the coherent light source, HCLDM, with the
linewidth of 100 KHz and used it in the RFOG system. Among the
two modes of the fiber resonator, the reflection-mode was pre-
ferred. ;?e sensitivity of the RFOG system was estimated to be
0.9%7 1 (deg./hour) by the evaluation of the S/N value of the
demodulated signal, which was obtained by employing the FM side-
band locking technique. Tge shot noise limited sensitivity was
estimated as 1.5%10" *t"l/ (deg./hour).
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Fig. 7 Photograph of the fiber ring

resonator with a PANDA fiber of
4.7m long. Its free-spectral range
and finesse were 44 MHz and 50,
respectively.
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Fig. 10 Measured spectral profiles
of the in-phase component of the
demodulated signal. The modulation
frequency and index were fixed to

be 5 MHz and 1.0, respectively. A:

For the main polarization mode of
the fiber. B: For the quadrature
polarization mode of the fiber.
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CRT display trace of
the rf spectrum anaiyzer ob-
served to estimate the S/N
value of the demodulated
signal, where f and reso-
lution bandwidth were 5 MHz
and 3 kHz, respectively.
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A Photon Scanning Tunneling Microscope Using an AlGaAs Laser
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A novel super-resolution photon scanning tunneling microscope (PSTM) using diode lasers and optical fibers was
demonstrated to measure the samples with submicron structure in a noncontact and nondestructive manner. A reproduci-
ble method for fabrication of the fiber probe with the tip curvature radius of 80 nm is reported. The step with the height
of 9 nm, optical disk with submicron-sized pits similar to moth-eye structure, and latex particles with 80 nm in diameter
have been observed. To the best of our knowledge, this is the smallest particle size resolved by the PSTM.

KEYWORDS:
aperture, diode laser, fiber probe

§1. Introduction

In recent years, the remarkable progress in
biochemistry and semiconductor device fabrication has
made the development of noncontact, nondestructive
microscopy with high resolution necessary. The photon
scanning tunneling microscope (PSTM), which combines
the advantages of both a conventional optical
microscope and a scanning tunneling microscope, has
received much attention. There are two kinds of PSTM
(also known as the near-field scanning optical

microscope (NSOM)) with the ability to circumvent the

diffraction limit which have been reported by several
research groups. For example, One type known as
NSOM, forces incident light through a submicron-sized
aperture and obtains the submicron resolution.'™
However, even in the ideal case, it has been proven that
the total flux transmitted by a small aperture is propor-
tional to @ ~* (a is the radius of aperture).”? As a result, a
high-power laser, photon counting, and prolonged in-
tegration time of measurement had to be used in the
system, but the improvements in resolution and sensitivi-
ty are still below the expectations. Another type, known
as PSTM, uses a probe with a submicron-sized aperture
at one end to detect the evanescent field modified by the
sample surface.’® However, the use of the bulky
gaslaser, which is the only form reported hitherto, makes
the PSTM more cumbersome than the compact STM,
and the technical difficulty in fabrication of the probe,
which is the key component in lateral resolution deter-
mination, prevents high resolution being achieved.

In this paper, we report a novel PSTM system” in
which the diode lasers can be directly high-speed-
modulated to make the system more compact
(25 X 20 X 12 cm®) and reduce the measuring time. In ex-
periments, a step of 9 nm in height, a moth-eye structure
optical disk with submicron sized pits, and latex particles
with the diameter of 80 nm were successfully resolved.
This is the smallest particle size resolved by PSTM to the
best of our knowledge. The reproducible fabrication of a

60 very sharp fiber probe with a tip radius of curvature of

optical microscope, nm-resolution, near-field, tunneling photon, evanescent wave, sub-micron

80 nm is also reported.

§2. Experimental

It is well known that when a laser beam is incident to a
boundary between two homogeneous media of different
refractive indices under the condition of internal total
reflection, an evanescent field is generated within the
range z<A, where z is the normal distance from the
boundary. When the light wave is treated as photons, the
evanescent field generation can be regarded as a tunnel-
ing effect in which the photons cross the boundary of the
potential barrier. The height of the potential barrier
which confines the photons is determined by the
difference between the refractive indices of the two
media. A high normal resolution may be expected
because the observation probability of the tunneling
photons decreases exponentially with increasing as. the
distance. On the other hand, when the field of the photon
is destructively measured by an probe with a aperture
smaller than the wavelength, the accuracy of measure-
ment of the photon momentum can be expressed as"

Ap=hk-(AA[/A)=h/a 1)

where A=h/2n, h is the Planck constant, k is the wave
number of the light and a is the aperture diameter. Ac-
cording to the Heisenberg uncertainty principle, the
minimum uncertainty of the position measurement of the
photons is determined by the aperture and becomes

Ax=a/2n . 2

From eq. (2), it can be understood that the lateral resolu-
tion is higher than the diffraction limitation, and is only
dependent on the aperture diameter.

Figure 1 shows the schematic diagram of the presently
proposed PSTM. The light source is a 30 mW AlGaAs
diode laser with the wavelength of 780 nm (LT024MD,
TOSHIBA). As the beam is incident to the surface of the
prism on which the sample is set under the total internal
reflection condition, the evanescent field is generated.
Such a field, depending on the topography of the sample,
is picked up by a fiber probe which has a subwavelength
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aperture at one end, and is detected by a photomultiplier
(R928, HAMAMATSU) using synchronous phase-sen-
sitive detection. Scanning is realized in the monolithic
high-precision wide-range translation condition'® by a
multicompound parallel spring on which the prism is set,

Lock-in
Amp.

F

«——LO

z

Micro—
computer

Fig. 1. The setup of our PSTM. Power of the diode laser is 30 mW.

( X50 )
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and the scanning scope is 15 um X 15 um laterally and 5
pm normally. The probe is driven close to the sample in
the z direction by the piezoelectric device on which the
fiber probe is mounted.

Reproducibility of a very sharp fiber probe is indispen-
sable to fabrication of the submicron sized aperture for
the high lateral resolution. A single-mode optical fiber of
800 nm wave-length processed by a selective etching
technique using ammonium-fluoride-buffered
hydrofluoric acid is used to fabricate the probe. The
diameters of core and cladding are 5 um and 125 pm re-
spectively. Because of the difference in the GeO, doping
concentration, the etching rate of the cladding in this
buffered solution is higher than that of the core, and so
the fiber end becomes conical. The base of the fabricated
cone is equal to the core cross section, and the height and
the curvature radius of the tip end can be adjusted by
varying the etching time, the concentration of
hydrofiuoric acid, and the solution temperature. From
the results of a series of measurements, the optimum etch-
ing solution was found to consist of 1 part 50%
hydrofluoric acid buffered in 3 parts of 40% ammonium
fluoride and 1 part of water. Figure 2 shows SEM images
of various probe end sharpness versus etching time. The
ingredient ratio of the solution is NH,F:HF:H,0=3:1:1

1t

%15, 384

(b)

WDl

eter)

Sum ( core di

=
I

Lvn UD13
( X10000)

60min
(e)

Fig. 2. SEM images of the probe end sharpness versus etching time. The diameters of core and cladding are 5 ym and 125 ym,
respectively. The ingredient ratio of the solution is NH,F:HF:H,0=3:1:1. The etching time is (a) 30 min, (b), (c) and (e) 60

min, and (d) 120 min.
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and etching times are 30 min, 60 min, and 120 min, re-
spectively. Comparing Fig. 2(a) and Fig. 2(b), we can see
that in the case of 30 min., the end of the fiber is still
trapezoidal, but in the case of 60 min, the end of the fiber
becomes conical. With longer etching (e.g., 120 min, see
the comparison between Fig. 2(c) and Fig. 2(d)), the
radius of curvature of the top is rarely changed further,
but the etching of the cladding along the fiber still occurs,
and this increases the undesired scattering of light from
the side of the fiber and impairs the signal-to-noise ratio
(SNR). Using this ingredient ratio, the optimal etching
time is about 60 min. Figure 2(e¢) shows the SEM image,
with the magnification of 1.8 X 10%, of the probe top in
this optimum case. The curvature radius is estimated as
80 nm by measuring the geometrical profiles of the SEM
images of a number of fiber probes which are fabricated
by the same method. As far as we know this is the
smallest fiber probe tip in PSTM. Experiments!'” also in-

dicate that smaller curvature of the fiber end can be.

fabricated by further optimizing the ingredient ratio of
the solution.

§3. Results and discussion

As the evanescent field decays exponentially in the z
direction, the sharpened fiber tip can also be considered
as an effective aperture. The fiber probe, shown in Fig.
2(e), which is used in the experiment described later, is
only sharpened without making aperture. From the
results of the experiment, the effective aperture radius is
estimated to be nearly the same order of curvature radius
as the fiber tip. In the experiments, all of the observa-
tions are in the height-constant condition, i.e., the z direc-
tion open feedback, and the height of the fiber probe re-
mains constant during the scanning.

"The first experiment demonstrated the decay of the
evanescent field for various sample-tip separations. The
incidence angle of the laser beam is 45°, and the separa-
- tion is changed by the PZT voltage. From the results
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Fig. 3. Decay of evanescent field with separation variation between
sample and tip. The dots are measured values.
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shown in Fig. 3, we can see that the intensity of the
evanescent wave decays exponentially with the increases
separation between sample and tip, and the maximum
pick-up power is 30 pW. :

An example of the high normal resolution of our
PSTM is given in Fig. 4. The sample under test is a prism
with half its surface coated by a SiO, thin film with a
thickness of 9 nm. The time constant T of the phase-sen-
sitive detection is 12.5 ms and the modulation frequency
of the diode laser is 5 kHz. The edge of the film was ob-
served, and the scanning range was 7 um X 12 yum. From
Fig. 4, it can be seen that because a step as thin as 9 nm is
resolvable, the detailed information on the local struc-
ture of the edge of the coating can be obtained; this could
not be obtained by other microscopes such as the laser in-
terferometric microscopes. Furthermore, higher normal
resolution also can be expected by increasing T, because
the detected white noise magnitude is proportional to
1 / T—I/ 2.

Proof of our ability to obtain information over a wide
range with the shorter measurement time of our PSTM is
given in Fig. 5, which shows the measured results of the
optical disk with submicron sized pits similar to the
moth-eye structure. Figure 5(a) shows the SEM image of
such a disk. The pitch of the gratinglike profile used for
laser beam tracking is 1.4 um, and the diameter of the pit
is about 300 nm. Figure 5(b), (c) and (d) display the
PSTM images with different scanning ranges of 5.5 x4.5
pm, 2.8 X2.0 um, and 1.4 X 1.0 um, respectively. The pits
correspond to the blue holes in the color photograph
(Fig. 5(c)). From (b), the pitches of the grating are found
to be 1.4 yum from the full scanning scale of 5.5 um, and
the diameter of the pit is 280 nm, estimated from the full
scanning scale of 2 um. Since the submicron structures
on the CD surface lead to scattering and produce serious
background noise in the pick-up signal, the fluctuating
profile besides the pits in the figure can be regarded as the
result of such noise.

Figure 6 shows the measured results of latex particles
of 80 nm diameter. However, the latex particles were
distributed on the prism, as is explained schematically by
Fig. 6(a). The measured image is shown in Fig. 6(b). The
scanning area is 1 um X 1 pm, and the time constant is 4
ms. The particle diameter is 80 nm-100 nm as estimated
from the full scanning scale of 1 um, which coincides
with the known size of the particle. From these results, it

9nm

7umX12um

Fig. 4. The image of a 9 nm step height.
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100nm

2.8|.|m)(.0pm
(c)

Fig. 5.

100nm

.5|1m><4.5|.|m
(b)

100nm

1.4umX1.0pum
(d)

The measured results of the optical disk with submicron sized pits similar to moth-eye structure. (a) The SEM image of

such a disk. The pitch of the gratinglike profile is 1.4 um, and the diameter of the pit is about 300 nm. (b) (c) and(d) The
PSTM images with different scaling ranges: 5.5%X 4.5 um, 2.8 X2.0 um and 1.4 X 1.0 um, respectively.

Latex Particles
(d = 80nm)

(a)

1.0umX1.0um
(b)

Fig. 6. Measured results of latex particles with diameter of 80 nm.

can be seen that a lateral resolution smaller than the
radius of the curvature of fiber tip(80 nm) can be ob-
tained.

§4. Summary

A novel photon scanning tunneling microscope using
diode lasers and optical fibers is described and samples
with submicron structure were measured in a noncontact
and nondestructive manner. The fiber probe with the
radius of curvature of 80 nm sharpened by etching is
used in the experiment. The step height of 9 nm, optical
disk with submicron-sized pits similar to moth-eye struc-
ture, and latex particles 80 nm in diameter have been
measured. Future improvement of the lateral resolution
of the present PSTM requires reliable and reproducible
fabrication technology to produce a fiber probe with a
nm-sized aperture.

On the other hand, for solving the problem of the
limitation of the resolution resulted from the low pickup
power in the PSTM system described above, a type of
reflection-resonance  PSTM has been proposed.''¥
Details will be examined in a later paper.
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Nanometric Scale Biosample Observation
Using a Photon Scanning Tunneling Microscope
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A T4 bacteriophage with a tail diameter of about 9 nm was observed for the first time in an atmospheric condition
without a metal film coating, by means of a superresolution photon scanning tunneling microscope (PSTM) using a fiber
probe. Fiber probes with cone angles of 25°-100° and their minimum curvature radii less than 10 nm were fabricated
and the angle variance was less than 0.5°. The normal resolution of such a PSTM was evaluated to be less than 1 nm, and
the lateral resolution, limited by the curvature radius of the fiber probe, was estimated to be within 20 nm.

KEYWORDS:

§1. Introduction

Because of the diffraction limit of conventional optical
microscopes, submicron sized biological samples must be
measured by means of electron microscopy or scanning
tunneling microscopy. In preparation for measurement
using these microscopes, samples must be processed,
e.g., by coating with metal films, and they must be
installed in a high vacuum chamber or fixed on metal
coated substrates."” On the other hand, photon scanning
tunneling microscopy (PSTM) offers the capability of
measuring live biosamples in a nondestructive, noncon-
tact manner.

We have previously reported such a system and some
of its measurement results. The system, which utilized a
300-nm pits diameter moth-eye optical disk, and 80-nm-
diameter latex particles, employed a diode laser and a
sharpened fiber probe.>* In this paper, we present for the
first time, an evaluation of the normal and lateral resolu-
tions of the PSTM system, and demonstrate the results
of submicron-sized T4 bacteriophages observed by such
an optical method. Since the lateral resolution of the
PSTM depends on the cone angle or the curvature radius
at the top of the sharpened fiber probe, fabrication of a
sharpened fiber-probe is indispensable. Therefore we
also show improved fiber probes which were fabricated
by ourselves.

§2. System and Pick-up Efficiency

The experimental setup for our biosample observation
was virtually identical to the system shown in Fig. 1 of
ref. 4. The diode laser light (15 mW power and 780 nm
wavelength) is incident to a prism on which the T4
bacteriophage is fixed by a drying technique. Since the
spatial power distribution of the evanescent field,
generated on the sample under the condition of total in-
ternal reflection, depends on the three-dimensional

optical microscope, biosample, nanometric resolution, near-field, tunneling photon, evanescent
wave, submicron aperture, fiber probe

topography of the sample, the evanescent field power was
picked up by a fiber probe and detected by the phase-sen-
sitive detection method in order to measure the sample
profile, for which the diode laser power was directly
modulated with a modulation frequency of 5 KHz.

For estimating the pick-up efficiency of this system, the
model shown in Fig. 1 is used, where E, is a
monochromatic optical electric field, and n;, n,, and n;
are the reflective indices of the media 1, 2, and 3 respec-
tively. The evanescent field is picked up by a probe with a
cone angle 8, and considering the symmetry of such a
model about the z-axis, tunneling of the evanescent field
can be simplified two-dimensionally. A completely flat
sample surface is also assumed for simplicity.

When E| reaches the boundary between media 1 and 2
with an angle ¢; which satisfies the total internal reflec-
tion condition, the transmission field in medium 3

x ¥

Fig. 1. Model of the estimation of pick-up efficiency of the probe with
the cone angle.
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created by the tunneling effect can be obtained by the
boundary conditions imposed at z=0 and z=d+x/tan
(8/2)(=D).

The wave number vectors (k vector) of E;, E,, and E;
are supposed to be independent of the #; and supposing
n=n;=n, n,=1, we derived the theoretical expression
for the intensity ratio of Ej to E, as
E;|?

E,

_ 4y2n? cos ¢;
" 4y2n? cos? i+ (1 —n?)? sinh? QnyD/ A)
1)

where A is the wavelength of the incident light, ¢;is the in-
cident angle and y=((n sin ¢;)*—1)"/2. Then, the pick-up
power of the evanescent field can be expressed, through
integrating the electric field contribution over the entire
side of the cone, as

Tx)=

e g
P= > |E; | So cos(d{S:T(x)xdx 2)

where ¢ is the permittivity in vacuum, and a is the core -

radius of the fiber which is 2.5 um when the single-mode
fiber is used.

The estimations obtained by egs. (1) and (2) are shown
in Fig. 2. Figure 2(a) shows the pick-up power versus the
sample-probe separation. It can be seen that the power
decays exponentially when the sample-probe separation
increases, and the decay rate is independent of the cone
angle, which is confirmed by our experimental results de-
scribed in Fig. 4. Figure 2(b) shows the relative pick-up
power, which is normalized to the value of the pick-up
power by the entire probe, as a function of r (see Fig. 1
for its definition). With the increase of r, the relative
pick-up power increases more slowly. From the result
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given in Fig. 2(b), a probe with a cone angle 6 can be con-
sidered to have a sub-wavelength effective aperture which
implies that the pick-up power is dominantly received by
the top of the probe and the diameter of such an aperture
becomes smaller with smaller 6.

§3. Experiment and Discussion
To fabricate fiber probes with small cone angles for

“higher resolution, a selective etching technique using am-

monium fluoride (NH,F)-buffered hydrofluoric acid (HF)
solution was used. Several types of GeO,-doped single-
mode fibers for the 800 nm wavelength with different dop-
ing rates have been investigated. Because the etching of
the SiO, cladding is faster than that of the core in which
the GeO, is doped, the cladding was removed and the
core end becomes conical. The cone angle or the cur-
vature radius at the top of the sharpened core can be ad-
justed by varying the GeO, doping concentration in the
fiber core, the etching time, and the concentration of the
etching solution.” Examples of the fiber probe which
were fabricated using the different concentrations of etch-
ing solution and GeO, doping rates are shown in Fig. 3.
The GeO, doping concentration in the core of the fiber
shown in Fig. 3(a) is 3.6 mol%, and that of the fibers
shown in Figs. 3(b), 3(c) and 3(d) is 23 mol%. It can be
seen that the cone angles are 100°, 45° and 25°, respec-
tively, and the fibers with larger doping rate have smaller
cone angles. By increasing the magnification of the scan-
ning electron microscopic (SEM) pictures (see Fig. 3(d)),
the smallest curvature radius at the top of the core of
these fiber probes was roughly estimated to be less than
10 nm. However, it should be noted that the SEM resolu-
tion was not sufficiently high so as to obtain the value pre-
cisely. Via a series of etching experiments, these fiber
probes were found to be fabricated with a reproducibility
of 460=0.5°. Details of the relationships between cone
angles and the etching time, the concentration of the

10 T — T
- o
-,:.2_,, 08 20 60°
% ’ 0=100°
5 06 |- v =
3
g
a 04 -
T
S d=10nm i
o 02 P=45°
0 ] | 1 1

0 200 400 600 800 1000

r (nﬁl)
®)

Fig. 2. Estimation results of the pick-up efficiency. (a) Pick-up power versus the sample-probe separation. (b) Relative pick-up
power, which is normalized to the value of the pick-up power by the entire probe, as a function of r.
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etching solution and the solution temperature will be
published elsewhere.* :

Fig. 3. The SEM image of the fiber probes which were fabricated by
different concentrations of the fiber core and etching solution. The
etching solution temperature is 22°C. (a), (b), and (c) The probes
with the cone angle of 100°, 45°, and 25°, respectively. (d) The SEM
image with larger magnification of the probe with the cone angle of
25°,
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Fig. 4. A comparison of the pick-up performance of the probes with
different cone angles.

*T. Pangaribuan, K. Yamada, S. Jiang, H. Ohsawa and M. Ohtsu: sub-
mitted to Jpn. J. Appl. Phys.
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For comparison of the pick-up efficiency and the nor-
mal resolution of the system using the fiber probes with
different cone angles, the evanescent field at different sam-
ple-probe separation was picked up and its power was
measured by the fiber probes shown in Figs. 3(a), 3(b)
and 3(c) (probes 1, 2 and 3, respectively). Figure 4 shows
that the pick-up power decays exponentially with increas-
ing the sample-probe separation, and the decay rate
which is determined by the incident angle ¢{=45°) is in-
dependent of the cone angle.

The normal resolution Az depends on the normally
resolved intensity variation, which can be expressed as

50
1=12.5ms

40

30

i

20
100 200
Sample—Probe Separation (nm)
(@)
15
1=12.5ms

-
o

(8]

Normal Resolution (nm)

0 i
0 100 200
Sample-Probe Separation (nm)

()

Fig. 5. Measurement results of SNR and the normal resolution of the
PSTM. Measured values by fiber probes with cone angles 100°, 45°,
and 25° are marked with triangles, squares and circles, respectively.
(a) Measurement results of SNR at the different sample-probe separa-
tions. The measurements were carried out by using a lock-in amplifier
with a time constant of 12.5 ms. (b) Results of the normal resolution
in various probing positions using different probes.
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Az=(1/n)(1/SNR). 3

In this expression, 7 is the slope of the line in Fig. 4 and
SNR is the signal-to-noise ratio of the system under the
condition of particular time constant 7 of the lock-in
amplifier used for the measurement.

Figure 5(a) shows the measurement results of the SNR
in the case of 7=12.5 ms at the different sample-probe
separations. At the same sample-probe separation, the
SNR obtained by the probe with a larger cone angle by
which larger power can be picked up is higher than that
of the probe with a smaller cone angle. By the same
probe, SNR decreases as the sample-probe separation in-
creases because the evanescent field decays exponentially.
Furthermore, it should be noted that the value of Az is
proportional to 7~'? in measurement® because the
system noise is mainly generated from the detector and
can be approximately considered to be white noise.
However, considering the thermal drift of the system

caused by environmental temperature variation, the max-

imum time constant was empirically found to have an op-
timal value at 12.5 ms under the present experimental
conditions.

Results of normal resolutions at various sample-probe
separations using probes 1, 2 and 3 are shown in Fig. 5(b).
At the same sample-probe separation, the normal resolu-
tion is lower using the probe with a smaller cone angle
while the lateral resolution can be higher. Therefore, it
can be seen that there is a trade-off between the lateral
resolution and the normal resolution of the system.

Figure 6 gives the limitations of the SNR determined
by a light source and photodetector. The values marked
with triangles, squares and circles are the measured SNR
values using probes 1, 2 and 3, respectively. Line A is the

h
#
«

000 Ubg9  XAL

1.0X1.0pm?

(c)

(d)
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140 o Probes 1=12.5ms
120 F ® Probe3
~100 A

80
60
40
20

S/N (dB

S (pW)

Fig. 6. Limitations of SNR determined by a light source and
photodetector. The values marked with triangles, squares and circles
are the measured SNR using probes with different cone angles. Line
A is the measured equivalent SNR of the magnitude of the laser
power fluctuations, and line B is the calculated SNR of the
photomultiplier.

measured equivalent SNR of the magnitude of the laser
power fluctuations, and curve B is the calculated SNR de-
termined by the photomultiplier. The measured values of
the SNR of our system are more than 20 dB lower than
that limited by the detector noise and can be considered
as the effects of environmental mechanical vibration and
sample-probe separation variation resulting from temper-
ature fluctuation. We can also conclude that the normal
resolution will be improved tenfold after the influences
from the environment are well isolated, and will be fur-
ther improved by reducing the noise of the photodetec-
tor.

To confirm the improvement of the lateral resolution

0.5X0.5um

Fig. 7. Measured results of the optical disk with submicronsized pits similar to the moth-eye structure using probe 2. (a) The
SEM image of such a disk. (b), (c) and (d) The PSTM images at different magnifications.
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by using the fiber probe with a small cone angle, an op-
tical disk with submicron-sized pits similar to the moth-
eye structure was measured. using probe 2. Figure 7(a) is
the SEM image of such a disk. The pitches of the grating
like profile in the y and x direction are 1.5 pm and 300
nm, and the diameter of each pit is about 300 nm.
Figures 7(b), 7(c) and 7(d) are the PSTM images at
different magnifications. We can see the grating-like struc-
ture in the y and x direction in the magnifications of Figs.
7(b) and 7(c), respectively, and the pit in the magnifica-
tion of Fig. 7(d). Comparing Fig. 7 with the results in
Fig. 5 of ref. 4, which were measured by probe 1, it is
clearly seen that the resolution is improved by using the
probe with a small cone angle.

Using probe 3, T4 bacteriophages were observed. The

(b)

Fig. 8.

S. JIANG et al.

structure of T4 is schematically given in Fig. 8(a). The
nominal size of the icosahedral head is 85 nm by 115 nm,
and the diameter and the length of the tail are about 9 nm
and 98 nm, respectively.” The sample was prepared by
depositing a droplet of dilute phosphate-buffered saline
(PBS) (50 mM Na,HPQ,, 25 mM KH,PO,, 70 mM NaCl,
1 mM MgSO,, pH 7.2) onto a prism in air and drying
with an aspirator. The number of T4 bacteriophages con-
tained in the solution total about 2.7 x 10'*/ml. Figure
8(b) shows the SEM image of the diluted T4
bacteriophage sample. The PSTM image is shown in Fig.

1.01
E -
I .
2 ost N
ol
7}
c
© .
=
O L s L I 1 i S|
0 03 0.6

Images of the T4 bacteriophage. (a) The structure of the T4. (b) SEM image of the T4 sample. (c) PSTM image using

the probe with a cone angle of 25°. The scanning range is 0.6 X 0.6 um?. (d) Relative intensity in the cross section corre-
sponding to the tails of the two observed T4 bacteriophages.
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8(c). The scanning range is 0.6 um X 0.6 um (=64 X 64
pixels), the line-scan speed is 1.5 s and the time constant
of the lock-in amplifier is 12.5 ms. Heads and tails of two
T4 bacteriophages were clearly identified. Figure 8(d)
gives the relative intensity in the cross section corre-
sponding to the tails of the two observed T4
bacteriophages along line A-A’ in Fig. 8(c). The lateral
resolution of such an observation is 20 nm; the lateral
resolution here is defined as the full width at the half-max-
imum of the detected signal intensity. It should also be
noted that such a lateral resolution was affected by the
scan step length, which was about 9.4 nm in the measure-
ment, and the lateral resolution limited by the curvature
radius of the fiber probe can be estimated to be within 20
nm.

§4. Conclusions

A Bacteriophage T4 with a tail diameter of about 9 nm
was successfully observed for the first time by means of

the photon scanning tunneling microscope. Such a suc- -

cessful observation resulted from the fact that a fiber
probe with a cone angle as small as 25°, and a curvature
radius of smaller than 10 nm has been achieved. The fiber
probes used in our experiments were reproducibly
fabricated with an angle variance of less than 0.5°. The

S. JIANG et a). 2287
normal resolutions of our PSTM were evaluated to be
less than 1 nm, and the lateral resolution, limited by the
curvature radius of the fiber probe, was estimated to be
within 20 nm. '
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Photon Scanning Tunneling Microscope
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The authors’ studies on photon scanning tunneling microscope (PSTM) are reviewed. Normal
and lateral resolutions achieved by a transmission-type PSTM are estimated as high as 2-nm and
5-nm, respectively. To improve the performance of the system, several methods are proposed.
e.g., a novel reflection-resonance-type PSTM is advantageous to improve the resolution. Adv-
anced application systems are also proposed, and especially, a possibility of using the PSTM
system as a single-atom-level crystal growth is discussed.

Key Words; Photon. Microscope., STM. Semiconductor laser. Crystal growth.
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Fig. 1 Transmission-type photon scanning tunneling microscope (T-PTSM) . (a) The principle
of operation. (b) Block diagram of the system.
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ameter are fabricated'® . (a) SEM picture. (b)-(d) Measured prifile by the T-PSTM by increasing the

magnification power.
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TuO2  Photon scanning tunneling
microscope using diode
lasers

S. Jiang,' H. Ohsawa, N. Tomita, and M.
Ohtsu

Tokyo Institute of Technology, Ohtsu
Laboratory, Graduate Scheol at Nagatsuta, 4259
Nagatsuta, Midori-ku, Yokohama, Japan

A novel superresolution photon scanning tunnel-
ing microscope (PSTM) using diode lasers and
optical fibers has measured a submicron structure
sample in a noncontact and nondestructive man-
ner. Diode lasers, which can be directly high
speed modulated, are used to make the system
more compact (25 X 20 x 12 cm®) and the measur-
ing time shorter. The principle of the operation is
that the evanescent flied (tunneling photon)
depending on the topography of the sample is
picked up by a fiber probe on which the sub-
wavelength aperture is fabricated. The top of the
fiber probe was sharpened by HF selective etch-
ing to achieve 80-nm radius of curvature. A
stepped SiO, thin film 9 nm high optical disk with
submicron sized pits similar to a moth-eye struc-
ture was observed. Furthermore, 80-nm diameter
latex particles have also been observed. These are
the smallest size particle resolved by the PSTM,
to the author’s knowlcdgie. Areflection-resonance
type PSTM is proposed’ for solving the problem
with the low power picked up in a transmission-
type PSTM (demonstrated above), which limits
the measurement sensitivity.

"Nikon Corp., 6-3 Nishi-ohi 1-Chome,
Shinagawa-ku, Tokyo, Japan
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Ohtsu in Conference on Lasers and Electro-
Optics, Vol. 10 of the 1991 OSA Technical
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PHOTON STM, APPLICATIONS TO BIOTECHNOLOGY AND
SINGLE ATOM CRYSTAL GROWTH

M. OHTSU

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

A transmission-type photon scanning tunneling microscope (
T-PSTM) and a reflection-resonance-type PSTM (RR-PSTM) for higher
resolution were proposed[1-3]. Figures 1(a) and (b) represent the
setup of 'the systems. For the T-PSTM, a fiber probe was
fabricated by using a single-mode optical fiber specially
designed for nonlinear optics. Figure 2 shows the top of the
sharpened fiber. The minimum cone-angle as small as 21 degree was
achieved. The curvature radius for this fiber was estimated to be
smaller than 10 nm. By using this fiber-probe, images of three-
dimensional profiles of several samples, i.e., a SiO, thin film,
a moth-eye-type optical disk (Fig. 3), and the buncged group of
latexes (Fig.4), were observed. For the RR-PSTM, numerical
analyses and simulation experiments by using a 44 mm wavelength
microwave confirmed that the resolution higher than that of the
T-PSTM can be expected. ‘

As an application to biology, the profile of a bacteriophage
T4 was observed by the T-PSTM. Figure 5(a) shows the images of
spherical heads and bodies of two bacteriophages, which are the
results of the first successful measurement in the world. By
comparing the SEM picture given by Fig.5(b), it can be confirmed
that the resolution of the present T-PSTM is as high as that of
the SEM[3]. Through these measurements, the normal and lateral
resolutions of the T-PSTM were estimated to be higher than 2 nm
and 5 nm, respectively, which are, to the author's knowledge, the
highest record of the PSTM documented so far.

Higher resolution and shorter measurement time can be
expected by increasing the modulation frequency of the diode
laser. An advanced method to fix the biological sample is under
developed to improve the reproducibility of the measurements. A
system to measure dynamic properties of a biological sample is
also under development by using a multi-core fiber-probe.

A novel technique of manipulating atomic particles can be
realized by a highly localized evanescent field produced at the
extremity of the nanometric fiber-probe by the laser 1light
propagating in the fiber[4]. As 1is shown by Fig.6, the
interaction of atoms with the localized evanescent field shows
several remarkable features. Due to extraordinary large and
spatially-modulated wave-vector of the field, an atom absorbing
an evanescent photon in the proximity region is recoiled strongly
in the direction parallel to the probe surface. When the field
frequency is detuned red to the atomic resonance, the atom is
always decelerated laterally and accelerated normally to the
probe surface. Due to rapid intensity decrease in the near field
region, a relatively strong dipole attractive force acts on the
atom normally to the probe surface when the field frequency is



red-detuned. In addition, the spontaneous emission is anisotropic
due to spatially normal to the probe tip. These features suggest
that a potential well is formed at the contiguous region between
the proximate and near fields.

A calculation for the alkali-atoms shows that an atom with
the thermal velocity 30 cm/s is trapped in an evanescent field
produced by a fiber-probe of 15 nm curvature-radius irradiated by
laser light with spectrum covering 0 - 30 MHz lower wing of the
resonance. In this condition, the recoil momentum for one
evanescent photon absorption equals the atomic momentum. The
centrifugal force due to recoil of the evanescent photon is
balanced by the dipole attractive force in the near-field region.
The spontaneous emission in the passage of the evanescent field
forces the- atom into the potential well, which require the pre-
cooling temperature of 0.3 mK for a saturation-intensity
excitation and is feasible by using optical molasses. The atom
is not adsorbed on the probe surface because of the normal
repulsive force in the proximity region.

The fundamental process of the PSTM is described by a short-
range interaction via evanescent photons scattered from/to
propagating photons. To describe this process, it is advantageous
to use an quantum optical approach by using the Feynman's
diagrams, which is applicable to all of SXM's. This interaction
should be treated explicitly, which has not yet been fully
developed in the conventional theories[5-7].
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Fig.1

Experimental setup of PSTM's[1-3].
(a) Transmission-type. (b) ‘Reflection-resonance-type.

NFM No. 1

(b)

Fig.2

SEM-pictures of the fiber-probe[3] . .
(a) Diameter of the clad is 90 um. (b) Magnified picture of (a).
width of this picture is 5.6 um. -
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Profiles of a moth-eye optical disk[3]. h
Upper-left: SEM-picture. Other three pictures were taken by the
T-PSTM with several magnifications.

Fig.4

Profiles of the bunched group of the latexes. The diameter of
each latex is 80 nm[2]
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Fig.5 (b)

Profiles of bacteriophages T4[3]
(a) SEM-picture. (b) Images indicated by arrows represent two
bacteriophages. Dimensions of these two pictures are 0.6 um x 0.6

um.
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REGION
r>2a  _ ATOM
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PROX | -
MATE
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Fig.6

The schematic diagram of the evanescent field in the vicinity of
the extremity of the fiber-probe and its interaction with an
atom[4].
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PHOTON STM
M. OHTSU

Graduate School at Nagatsuta, Tokyo Institute of Technology
4259 Nagatsuta, Midori-ku, Yokohama, Kanagawa 227, JAPAN
Phone:+45-922-1111, Fax:+45-921-1156

The studies on photon scanning tunneling microscope ( Photon
STM ) are reviewed. An' optical fiber-probe With the curvature
radius smaller than 5 nm and the cone angle of 20 degrees has
been realized by chemical etching. Based on the observed results
~of three-dimensional profiles of several samples including the
bécteriophage T4, the normal and lateral resolutions were
estimated to be higher than 2 nm and 5 nm, respectively.

By employing the quantﬁm optics method, a novel and
intuitive model was developed to describe the evanescent field
which was considered as the tunneling photons. Furthermore, the
principle of operation of the photon STM was found to be

equivalent to those of STM, AFM, etc., which means that the

resolution of the photon STM could be up to the atomic level and -

a general theory of the tunneling microscope could be
established.

Possibility of using the photon STM system for manipulating
a single neutral atom and its application to the single-atom

level crystal growth are also proposed.
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MoM7 A Nanometer-Resolution
Photon Scanning Tunneling Microscope
and Proposal of Single Atom Manipula-
tion
H. HORI, Faculty of Engineering,
Yamanashi University, 4-3-11 Takeda,
Kofu 400, Japan; S. JIANG, and
M. OHTSU, Graduate School at Nagatsuta,
Tokyo Institute of Technology, 4259 Na-
gatsuta, Midori-ku, Yokohama 227, Japan;
H. OHSAWA, Nikon Corporation, Nishi-
Ohi 1-Chome, Shinagawa-ku, Tokyo 140,
Japan

Recent development of the photon scanning
tunneling microscope (PSTM), utilizing
evanescent or tunneling photons, opened a
novel area of diagnosing nanometerscale ob-
jects because the resolution, being far beyond
the diffraction-limit,"-** is limited only by the
diameter of an aperture-probe or curvature

radius of a sharpened fiber-probe (sce Fig.
2(a)(b) for its detailed profile). Its principle of
operation, employing a sharpened optical fiber-
probe, is schematically explained by Fig. 1(a).
Figure 1(b) shows the images of spherical head
and cylindrical bodies of bactcriophages T4,
which are the results of the first successful
measurement in the world. This figure con-
firms that the resolution as high as several
nanometer was achieved, which is, to the
authors’ knowledges, onc of the highest records
documented so far.

A novel technique of manipulating alomic
particles can be realized by a highly localized
evanescent field produced at the extremity of
the nanometric fiber-probe by the laser hight
propagating in the fiber. The interaction of
atoms with the localized cvanescent field

- shows several remarkable features (Fig. 2(c)).

Due to extraordinary large and spatially-modu-
lated wavevector of the ficld, an atom absorb-
ing an evanescent photon in the proximity re-
gion is recoiled strongly in direction parallel to
the probe surface. When the field frequency is
detuned red to atomic resonance, the, atom is
always decelerated laterally and accelerated
normally to the probe surface. Due to rapid in-
tensity decrease in the near field region, a rela-
tively strong dipole attractive force acts on the
atom normally to the probe surface when the
field frequency is red-detuned. In addition, the
spontaneous emission will be anisotropic due
to spatial asymmetry normal to the probe tip.
These features suggest that a potential well will
be formed at the contiguous region between the
proximate and near fields.

A calculation for the rubidium D-line shows
that a Rb atom with velocity 30 cm/s is trapped
in an evanescent ficld produced by a fiber-
probe of 15 nm curvature-radius irradiated by

-laser light with spectrum covering 0 ~ 30 MHz

lower wing of the resonance. In this condition
the recoil momentum for onc evanescent-pho-
ton absorption equals the atomic momentum.
The centrifugal force due to recoil of the
evanescent photon will be balanced by the
dipole attractive force in the near-field region.
The spontancous emission in the passage of the
evanescent field forces the atom into the poten-
tial well, which requires the pre-cooling
temperature of ~ 300 uK for a saturation-inten-
sity excitation and is feasible by using optical
molasses. The atom is not adsorbed on the
probe surface because of the normal repulsive
force in the proximity region.

The fundamental process of PSTM is de-
scribed by a short-range interaction via evancs-
cent photons scatterred from/to propagating
photons, as diagramed in Fig. 3, which is appli-
cable to all of SXMs. This interaction should
be treated explicitly, which has not been fully
developed in the conventional theories.™ !
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Head
100nm
MoM7 Fig. 1: (a) Schematic explanation of the
Body PSTM. (b) Dimensions of the bacteriophage

T4 (left), images obtained by a conventional

10nm
Tails scanning electron microscope (center) and by

our PSTM (right), respectively. Two bacteri-
i 0.6X0.6um 0.6X0.6ym ophages are indicated in the PSTM image (A

780-nm wavelength diode laser was used as a
light source.).

NEAR FI1ELD

REGION

MoM?7 Fig. 2: (a) The picture of the fiber-
probe. Chemical etching removed the cladding
and sharpened the core of the single-mode op-
tical fiber. (b) The extremity of the fiberprobe
with cone angle 25 degree and curvature-radius
estimated to within 20 nm (c) The schematic
diagram of the evanescent field in the vicinity
of the extremity of the fiber-probe and its inter-

TO  action with atoms.
EYANESCENT DETECTOR

PROPAGAT ING

PROPAGAT ING

MoM?7 Fig. 3: A diagram describing the fun-
damental process of PSTM, which represents
the short range interaction between micro-ob-
FROM M1 CRO- PROBE- ject and probe tip via virtual evanescent photon
SOURCE OBJECT TIP scattered from and into propagating photons.
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