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PREFACE

In order to realize the ultimate status of light and matter,
M. Ohtsu tries to control temporal and spatial properties of
light. The former corresponds to developing laser frequency con-
trol technology. The latter correéponds to the research of photon
scanning tunneling microscopy ( photon STM ) and its application.
It should be pointed out that the photon STM is closely related
to the quantum optics, atom manipulation, high density optical
storage, biotechnology, and so on. And by this relationship with
a variety of fields, photon STM and near-field photonics exhibit
rapid progresses. Following these trends, Ohtsu's principal
activities are shifting from controlling the temporal property of
light to controlling the spatial property.

Further research will be done to realize novel nanometric materi-
als and devices by using nano-structural optical probes of photon
STHM.

A "PHOTON CONTROL" project of Kanagawa Academy of Science
and Technology(*), directed by Ohtsu is also engaged in the re-
search subjects described above. Twelve research staffs including
three visiting scientists from industries and three visiting
fellows from Sweden, Italy, and France have obtained several
results on photon STM and laser frequency control. Their details

will be reviewed in the forthcoming volume.
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Two-step etching method for fabrication of
fibre probe for photon scanning tunnelling
microscope

T. Pangaribuan, S. Jiang and M. Ohtsu

Indexing terms: Scanning tunnelling microscope, Optical fibres,
Etching techniques

The authors propose a novel two-step etching method for
fabricating a fibre probe, with good reproducibility, for a photon
scanning tunnelling microscope. A fibre probe with a cladding
diameter of 14um and cone angle of 20° was fabricated by
adjusting the first-step etching time and the composition of the
second-step etching solution.

Recently remarkable progress in the application of the photon
scanning tunnelling microscope (PSTM) has been achieved by
using the capability of sharpened fibre to probe the exponential
evanescent field spatially localised around a nanometric sample [1—-
3]. By etching a singlemode fibre in a buffered hydrofluoric acid
solution, we have succeeded in fabricating a PSTM fibre probe
with a cone angle, 6, of 20° and a tip of diameter less than 10nm
[4). However, the cladding diameter of the fibre probe is more
than 16 times the length of the tip. This large ratio means that the
tip-sample separation (several tens of nanometres) which is applied
during scanning cannot be maintained without contact between
the edge of the cladding and the sample surface. To avoid this
contact, we propose a two-step etching method as a novel and
controllable technique for reducing the cladding diameter while
retaining the sharpness, denoted by the cone angle of the fibre
probe tip, and the nanometric tip diameter. As a result, a fibre
probe with a cone angle of 20° and a cladding diameter of 14pm
was fabricated.

In previous papers [1, 2, 4] the fibre probe was fabricated by
etching the fibre in a solution composed of NH,F, HF and H,0.
The volume ratio of NH,F, denoted as X, was varied and the vol-
ume ratio of HF to H,O was maintained at 1:1. Hereafter we will
call this technique the one-step etching method because it uses
only one kind of etching solution to sharpen the fibre. Using this
technique, a fibre probe with a cladding diameter larger than
90um ([4], Fig. 2) and tip length depending on the cone angle of
~2-6um was fabricated. Certainly, the cladding diameter can be
reduced by increasing the etching time. However, in comparison
with the result obtained by the one-step etching method, where the
sharpening process depends on the difference in etching rates
between core and cladding, sharpening only the core at the end of
this long etching process will degrade the sharpness of the tip.
Degradation of the sharpness then increases the diameter of the
tip.

To overcome this difficulty, two etching solutions are used. The
solution in the first step is used to reduce the cladding diameter
and the solution in the second step is used to sharpen the fibre. To
avoid a negative cone angle (see [4], Fig. 3b) which occurred in the
one-step etching method, and to obtain the minimum etching time
for reducing the cladding diameter, an etching solution with a

0 ,deg
45 31 25 22 2‘0
21
€
<
I~
19 |
) 4 6 8 10
0 2 X

[zzn)

Fig. 1 Reduction of cladding diameter after second-step etching against
volume ratio of NH,F (X) in etching solution

0 is cone angle associated with value of X

composition of X = 1.7 is used in the first step.

To control the etching time of the first step we investigated the
relationship between etching time and the diameter of the clad-
ding. Two singlemode fibres with pure silica claddings and GeO,-
doping core ratios of 3.6mol% and 25mol% were used. The core
diameters are 3.4pm and 6um, respectively, and the cladding
diameters are 125pm. By varying the first-step etching time, we
found that by using the etching solution with a composition of X
= 1.7, the etching rate of the cladding diameter is linear and can
be expressed by v = —0.95um/min. Although the cladding diameter
can be reduced until the end of the fibre probe consists only of a
core, when the propagation loss of the fibre probe is considered, it
is necessary to maintain a cladding diameter of twice the core’
diameter [5] .

To obtain the desired cone angle 6 of the fibre probe, an etch-
ing solution with composition of X = 3 or larger is used in the sec-
ond step. It was found that the associated minimum etching time
for each value of X used in the one-step method does not change
when the temperature is constant. Keeping the second-step etching
time equal to this minimum etching time, the reduced cladding
diameter can be considered as a constant value. A relationship
between the reduced cladding diameter (8) and the the value of X
is shown in Fig. 1. The cone angle of the fibre probe associated
with the value of X is expressed by 6. From this result, we can see
that the reduced cladding diameter & tends to be constant when X
is greater than 4 and the maximum difference of & obtained when
X=3and X =10 is 2um.

w
o

N
o

cladding diameter dz, um

-
o

060 65 70 75 80 8 90 95
first step etching time , min BZzm

Fig.thCIadding diamter of fibre probe produced by two-step etching
metho

Lines (i), (ii) and (iii) are fitted to the experimental results for cone
angles 8 = 45, 25 and 20°, respectively

Combining the etching rate obtained from the first-step etching
with the result of second-step etching shown by Fig. 1, the clad-
ding diameter d, obtained by the two-step etching method can be
empirically expressed as

dy =dop—0.95¢ — 4, (1)

where d, = 125um is the initial cladding diameter, ¢, is the first-
step etching time and 9, is the cladding diameter reduced during
the second step. Varying the first-step etching time #, and using
etching solutions with values of X = 3 (8 = 45°), X = 5 (68 = 25°)
and X = 10 (8 = 20°) for the second-step etching, experimental
results for the two-step etching were obtained (Fig. 2). Lines (i),
(ii) and (iii) are fitted to the results for X values of 3, 5 and 10,

. respectively. It is clear from this Figure that the cladding diameter

of the fibre probe can be easily controlled by adjusting the first-
step etching time. Numerous experiments demonstrated good
reproducibility for this method and the standard deviation of the
cladding diameter Ad, was confirmed within 1.5um. It was also
confirmed that the relative variation of the cone angles defined by
(6,-6,)/6,, were less than 4% (for GeO, core-doping ratio of 3.6
mol%) and 2% (for GeO, core-doping ratio of 25mol%). Here, 0,
and 6, are the cone angles of the fibre probes produced by one-
step and two-step etching methods, respectively. The length of the
tip was also unchanged at 2-6um.
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An example of the experimental result of this two-step etching
method is shown by the SEM photograph in Fig. 3. An etching
solution with a composition of X = 1.7 was used for 95min during
the first step and a composition of X = 10 was used for 120min
during the second step. A cladding diameter of 14pm was achieved
and the cone angle of this fibre probe was 20°. Comparison with
the result shown in Fig. 2 [4] shows that the cladding diameter has

d,=14m

T
4

Fig. 3 SEM image of fibre probe fabricated by two-step etching method

Cladding diameter and cone angle are 14pum and 20°, respectively

been reduced to 1/6 while the cone angle is the same. Also, the
ratio between the cladding diameter and the tip length has been
reduced to 1/4.

In summary, a two-step etching method has been proposed and
realised as a novel technique for fabricating fibre probes for a
PSTM. The cladding diameter of the fibre probe was reduced to 1/
6 of the value obtained by the one-step etching method and was

easily controlled by varying the first-step etching time. A fibre
probe with cone angle of 20° and cladding diameter of 14pum was
obtained. A relative variation of cone angle smaller than 4% and a
standard deviation of cladding diameter Ad, within 1.5um were
achieved.
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Reflection-Resonance-Type Photon Scanning Tunneling Microscope
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A novel reflection-resonance-type photon scanning tunneling microscope is proposed to measure the sub-
wavelength sample profile by detecting the resonant frequency shifts of a probe cavity. Simulation experiments
were carried out to confirm the effectiveness of the present proposal and the theoretical estimation shows that the
shot-noise-limited lateral resolution as high as 2.3 X 1073\ can be expected.

KEYWORDS:
wavelength lateral resolution

1. Introduction

Photon scanning tunneling microscopy (PSTM) is a
novel technique for realizing noncontact and nondes-
tructive measurement with the ability to circumvent
the diffraction limit.!™® For obtaining the information
of an opaque sample surface, reflection-type PSTM has
been demonstrated.? However, it is difficult to obtain
high resolution because the information of the sample
surface is obtained by detecting the very weak power
which leaks out from and back to the aperture whose di-
ameter is smaller than the wavelength of the light
source used.

On the other hand, in the microwave region, schemes
for achieving sub-wavelength resolution have been
proposed by detecting the resonant frequency shift of a
microwave cavity with a sub-wavelength aperture® or
by detecting the phase and amplitude of the reflected
signal from the probe generated by an open-ended
transmission line.? In this letter, we propose for the
first time in the optical wave-length region, a novel
PSTM,™® i.e., the reflection-resonance-type PSTM
(RR-PSTM) using an optical phase-locked loop (OPLL)
with high resolution of frequency tracking, and show
the results of the preliminary experiment in optical
region and simulation experiment by microwave. By us-
ing such a PSTM, high sensitivity and high resolution
can be expected because the topographical information
of the sample is given by tire shift of the resonant fre-
quency which can be detected with high accuracy up to
4x107*Hz.%

2. Theoretical Analysis and Discussion

Figure 1 shows the scheme for the proposed RR-
PSTM, in which a frequency-stabilized diode laser
(LD1) and a fiber Fabry-Perot cavity are used as the
light source and probe, respectively. Of course, other
frequency-stabilized lasers, such as an LD-pumped
YAG laser, can also be used as the light source to
replace LD1. One of the probe-cavity facets has a sub-
wavelength aperture out of which the evanescent light
leaks. The laser beam from LD1 is injected into this
cavity, and its frequency is optically locked to the
resonant frequency of the probe cavity by optical feed-
back from the cavity. When the probe is scanned along

optical microscope, reflection resonance, near field, photon tunneling, frequency shifts, cavity, sub-

the sample surface with a sample-aperture separation
smaller than the wavelength, its resonant frequency
will be shifted depending on the sample profile because
the effective complex impedance of the probe cavity
changes due to the tunneling effect of the evanescent
light which leaks out through the aperture. Subsequent-
ly, this frequency shift is optically fed back to the laser,
and detected by measuring the heterodyne signal be-
tween the frequencies of LD1 and a reference laser
(LD2).

To theoretically analyze the resolution of the RR-
PSTM, the relationship between the aperture diameter
of the probe cavity and the induced resonant frequency
shift was calculated. For simplicity, a model of the con-
ventional Fabry-Perot cavity was used for the probe
and a dielectric flat surface was used as the sample.

Since a monochromatic electric field Ey propagates
along the z axis in the probe cavity, the electric field
leaking out from the aperture including the evanescent
field can be expressed in terms of its spatial plane-wave
spectrum by using Fourier transform.*'” Considering
that the leaked electric field would partly tunnel to the
sample when the probe cavity to sample separation is
smaller than the wavelength, we decomposed this tun-
neling effect into separate plane-wave components, and
the reflected field from the aperture can be expressed
as

Frequency
Counter

LD1

BS

—_— -

BS.

PD

Probe-Cavi

W S,

X-Y-Z Scanner

EL: Evanescent Light

Fig. 1. The scheme of the proposed reflection-resonance-type
PSTM.
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1/A pe/2 po
E.(R, z=0)=47r3as Y S/ KrprJo(2mpR)Jo(2mpr ) Jo(2mré ) i (mag) dp dr dE, (1)
o Jo Jin
where
K _(ni=1)(exp (—j27(N\?%62—1)"2/)) — 1) — 45 (X\*¢*— 1)"%(n} —\2¢ )2 @)
=

is the coefficient of the tunneling effect, Jo(x) and Ji(z)
are the Bessel functions of the 0-th and 1st order, re-
spectively. a is the aperture diameter, z is the sample-
aperture separation, R is the radius from the center of
the aperture in the plane paralleled to the probe-cavity
facet, and n; and n, are the refractive indices of the
medium of the cavity and the sample, respectively.

As long as the aperture is much smaller than A, only
very little energy will leak out from the aperture and Ep
will be nearly totally reflected. Therefore, the resonant
frequency shift normalized by the free spectral range
(FSR), depending on the aperture diameter and the
sample profile can be written as

Af —Im {E(R, 0)}
FSR 2

The numerically calculated result of the relationship
between the frequency shift and the aperture diameter
obtained using egs. (1)-(3) is shown in Fig. 2. Lines A-
D are the shot-noise limit values for A: P=10 mW,
F=10%B: P=1W, F=10% C: P=10 mW, F=10°% and
D: P=1W, F=105, where F, P are the finesse and the
detected power respectively. In the case of F=100,
and P=10 mW (curve A), the shot-noise-limited lateral
resolution, defined as the diameter of the aperture is
evaluated as 1x1072), corresponding to a frequency
shift of 14 Hz for the FSR of 100 GHz (assuming
A=800 nm). The realization of the highly coherent semi-
conductor laser with the linewidth of 7 Hz'? and the

. (3)

10°
dA=10X10°

1610 _- ————————————————

Af/FSR

1g™c=
10°

Fig. 2. Numerically estimated results of the relationship between
the frequency shift and the aperture diameter. Lines A-D are the
shot-noise limit values for A: P=10 mW, F=10% B: P=1W,
F=10% C: P=10 mW, F=10% and D: P=1 W, F=10°

_2(n¥_A2§2)1/2((n%_)\2§2)1/2+j ()\2{2_ 1)1/2)

heterodyne optical phase-locked loop with the tracking
accuracy of 4x107*Hz? can guarantee the detection
of such a frequency shift. On the other hand, since the
super-cavity with finesse higher than 10° and the
single-mode diode laser with an output power on the
order of 1 watt is available, the shot-noise-limited later-
al resolution higher than 2.3 X 1073\ (1.7 nm) (curve D)
can be expected.

If a sub-wavelength aperture is fabricated on the
facet of the laser diode chip, the probe-cavity can be
removed because this laser serves as an active probe
cavity.”

3. Simulation Experiments

To confirm the effect that the resonant frequency of
the cavity can be shifted by the sub-wavelength sample
structure, we detected the resonant frequency shift of
a high reflection coated (HR-coated) Fresnel-Rhomb
prism by changing the separation between the prism
and a sharpened fiber with the sub-wavelength tip di-
ameter (fibercavity separation).

Figure 3(a) shows the setup of the experiment. An Al-
GaAs diode laser with 830 nm wavelength whose
linewidth was narrowed by the optical feedback, was
used as a light source. A sharpened fiber with the cone
angle of 100 degrees and tip diameter <80 nm, shar-
pened by our chemical etching technique,'® was used
to shift the resonant frequency of a HR-coated Fresnel-
Rhomb prism cavity with the FSR and F of 1.75 GHz
and 10, respectively. To simplify the experiment, the
phase-sensitive detection technique was used for de-
tecting the resonant frequency shift induced by the tun-
neling effect.

Figure 3(b) shows the relationship between the
resonant frequency shift Af normalized to the FSR on
the fiber-cavity separation normalized to A. It can be
seen that the resonant frequency shifted 16 MHz as the
fiber-cavity separation was changed about 1 pm. Con-
sidering that the resonant frequency changes exponen-
tially as the fiber-cavity separation is changed linearly,
and the experimental resolution of the phase sensitive
detection was higher than (1073~1075xFSR/F), the
normal resolution as high as 0.1~0.001 nm can be ob-
tained with the fiber-cavity separation smaller than 10
nm. Furthermore, since the frequency shift as small as
4X107* Hz can be detected by the OPLL, the normal
resolution higher than 1073 nm can be expected by us-
ing the setup shown in Fig. 1.

Because it is difficult to fabricate the sub-wavelength
aperture on the facet of the high finesse cavity and a
reference sample with sub-wavelength structure, fur-
ther demonstration, for confirming the operation of the
present RR-PSTM and the results of calculation, was
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Fig. 3. Simulation experimental setup and result of the resonant
frequency shift of the HR-coated Fresnel-Rhomb prism when the
evanescent field disturbed by a sharpened fiber with the cone angle
and tip diameter of 100 degrees and <80 nm, respectively.
Wavelength, FSR and finesse of the prism used in this experiment
were 830 nm, 1.75 GHz and 10, respectively. (a) Setup. (b) Depen-
dence of the resonant frequency on the separation between the
prism and the sharpened fiber.

carried ont by using the microwave with A=4.4 cm (fre-
quency fy=6.8 GHz). In this experiment, a synthesizer
with a frequency multiplier and a microwave cavity for
TE,;; mode were used as the source and probe, respec-
tively. The resonant frequency shift of the cavity was
measured by the phase-sensitive detection as was
shown in Fig. 1 of ref. 5. Figure 4(a) shows the cross-
sectional profile of an aluminum plate with the sub-
wavelength structure which we used as the sample.
Figure 4(b) shows the frequency shift when the probe
was scanned along the z direction. The aperture di-
ameter of the probe cavity, the height of the corruga-
tions and the separation between the aperture and the
highest point of the sample were a=0.2\, Az=0.05\
and 20=0.02), respectively. It can be seen that the
separation, b=0.13], of two corrugation elements, cor-
responding to the separation between two peaks of the
resonant frequency shift, was resolved clearly and the
value of the resonant frequency shift Af/fy was in the

S. JIANG et al. L57

Scanning

> b AZ
X
(a)
~~ 2.0 ~
T
o
X
N’
J10f
(v
-
<
| | |
0 o1 o2 03 >

x/A (b)

Fig. 4. Dependence of the resonant frequency shift on the profile of
the sample surface. A used in this experiment was 4.4 cm. The
aperture diameter of the probe cavity, the separation between two
corrugations, the height of the corrugations, and the separation be-
tween the aperture and the highest point of the sample were
a=0.2), b=0.13\, Az=0.05\, and z,=0.02), respectively. (a)
Cross-section of the sample profile. (b) Resonant frequency shift
when the probe-cavity was scanned above the cavity along the z
direction.

order of 107°. Considering the FSR of the microwave
cavity which we used in the experiment is equal to the
fo, it can be seen that such a resonant frequency shift
agreed with the result of the calculation as a =0.2) was
used as the parameter. This result also confirmed that
the RR-PSTM can resolve the structure (0.13)) which
is even smaller than the aperture diameter (0.2)), be-
cause the intensity of the evanescent wave is concen-
trated on the center of the aperture.

4. Conclusion

A reflection-resonance-type photon scanning micro-
scope was proposed. Results of the simulation experi-
ments by optical and microwave techniques confirmed
that the resonant frequency of the probe cavity can be
shifted by the sub-wavelength structure of the sample
surface and such a structure can be resolved by detect-
ing the resonant frequency shift. It was shown by the
theoretical analysis that the shot-noise-limited lateral
resolution can be improved to as high as 2.3 X107%) in
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the case of probe-cavity finesse of F=10° and the diode
laser power P=1 W.
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A highly localized evanescent light from a fiber probe with a 100 nm diameter aperture of a photon scanning tunneling micro-
scope (PSTM) was used to realize localized photochemical processes in LB films of photochromic material. The localized pho-
tochemical processed region sized as small as 130 nm was obtained by using the transmission type PSTM.

1. Introduction

Recently, LB films of photochromic materials have
been investigated for their possible use as high den-
sity information storage media and light switching
devices [1]. A highly localized evanescent light from
a fiber probe with a sub-wavelength aperture of a
photon scanning tunneling microscope (PSTM)
[2,3] provides a powerful tool to investigate the
photochemical processes in an extremely small re-
gion which is limited only by the aperture diameter.
It has been proven that the lateral resolution of the
image breaks the diffraction limit and high density
data storage with domains down to ~ 60 nm in mag-
neto-optic materials [4] can be obtained by scan-
ning a probe with a sub-wavelength-sized aperture as
a light source or detector [5-7]. In this paper, we
demonstrate the pure local photochemical processes,
i.e. no thermal effect in the process, in the region sized
as small as 130 nm. The fabrication of the sub-wave-
length aperture in the fiber probe tip is also de-
scribed. Such a technique can also be applied in the
sub-wavelength cell surgery, gene transfection, and
so on [8].

2. Experiment and discussion

It is well known that when an incident radiation
is forced through a sub-wavelength aperture, the eva-
nescent light, which localized around the aperture,
can transmit radiative energy to the other object
which locates closely to the aperture with a separa-
tion smaller than the wavelength of the incident light
[6,7]. The basic principle of our local photochem-
ical processing is to use such a transmitted radiative
energy of a localized evanescent light to change the
structure of a desired region of the sample.

A schematic of the system used for local photo-
chemical processing and detection is shown in fig.
la. An argon-ion laser with a 350 nm wavelength was
employed as a light source. A fiber probe with a sub-
wavelength aperture was used to generate the local
evanescent light. The sample is a 1 mm thickness
quartz substrate on which an amphiphilic azoben-
zene derivative in a Langmuir-Blodgett (LB) film
was prepared as polyion complexes with ionic poly-
mers. A photomultiplier and a lock-in amplifier were
used for the phase sensitive detection of the trans-
mission power passing through the sample.

The uv-visible absorption spectra of our sample is
shown in fig. 1b [1]. The spectrum (a) corresponds
to the trans-isomer and the spectrum (b) corre-
sponds to the partial conversion of the trans-isomer

0030-4018/94/$07.00 © 1994 Elsevier Science B.V. All rights reserved. 173
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Fig. 1. Schematic of the system used for local photochemical pro-
cessing and detection (a) and the uv-visible absorption spectra
of the photochromic materials (b). Spectra a and b in (b) are
the spectra before and after uv irradiation, respectively.

to the cis-isomer that was caused by irradiation of
the LB film with uv light. It can be seen that the
transmittance decreases to the saturation value of
about 15% after the irradiation of a 350 nm wave-
length light. In our experiment, the photochemical
process was performed by irradiating the laser light
with the wavelength of 350 nm to induce the local
transition from trans-isomer to cis-isomer, and the
detection was carried out by scanning the fiber probe
which was coupled with the attenuated laser light with
the same wavelength to observe the regions with dif-
ferent absorbance by measuring the transmission
power pass through the sample. Because the thermal
effect leads to the partial conversion of the cis-iso-
mer to the trans-isomer which corresponds to the in-
crease of absorbance, the decrease of absorbance after
the irradiation can be considered only as the result
of a pure photochemical process.

Based on the principle of our local photochemical
processing, fabrication of a fiber probe with a sub-
wavelength aperture to generate the evanescent light
is indispensable. For this purpose, an optical fiber
was sharpened to have a tip with a cone angle of 25
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degrees and tip diameter smaller than 20 nm by us-
ing the selective chemical etching technique [5].
Then, the fiber tip was coated with a Au film with
an average thickness of about 150 nm after prede-
position of a Cr film with a thickness of about 5 nm.
For obtaining a good uniformity of the thickness of
the coated metal film, the fiber was installed inside
the vacuum chamber with an angle of ~ 30 degrees
to the horizontal direction of the evaporation source
and the fiber was rotated around its axis during
evaporation. The power ratio before and after coat-
ing was measured to be 10~¢ when the same power
was coupled to the fiber. At last, as shown in fig. 2a,
an aperture less than 100 nm was made by control-

Fiber Probe
0 (6 =25°)
~—/ |/~ Metal Film
tm wi (tm=150 nm)

LB Thin Film
(t; =180 nm)

Glass Substrate

(a)

[]

(b)

Fig. 2. Fabrication of a aperture with the sub-wavelength diame-
ter in fiber probe tip. (a) The process of the aperture fabrication.
(b) Image of the holes in LB thin film, which were obtained by
pressing a coated fiber probe tip to the glass substrate.
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ling the pressing force between the probe tip and a
glass substrate covered with a LB film of ~ 180 nm
thickness while the leaked evanescent light was
monitored.

Because the LB thin film prepared on the glass
substrate is marked after being pressed by the coated
fiber tip, the aperture diameter of the fabricated fi-
ber probe can be estimated by measuring the holes
diameter in LB thin film in the PSTM operation
mode. It was found in the experiment that for fab-
ricating perfectly the aperture with the sub-wave-
length diameter, it is necessary to press the coated
fiber probe tip to the glass substrate several times,
while the pressing point changed slightly. Figure 2b
shows the PSTM image of the LB thin film after the
aperture fabrication by using the fabricated fiber
probe itself. The scanning range was about 3 pm X 3
pum and the detected transmission power was 0.3 nW.
From the result, the largest diameter of the holes was
smaller than 400 nm, estimated from the scanning
range, and the aperture diameter was measured to be
smaller than 100 nm, considering the sharpness of
the fiber probe tip and the thickness of the coated
metal film and LB film of 150 nm and 180 nm, re-
spectively (referring to fig. 2a). It was also found
from a series of experiments that a good reprodu-
cibility of the aperture diameter whose variance was
less than 30 nm was obtained. This result can be at-
tributed to the fact that the pressing force was easy
to be controlled because the cone angle and the cone
angle variation of the fiber probe were 25 degrees and
smaller than 0.5 degrees, respectively [3], and the
coated metal film had a good uniformity.

The dependence of the transmission power on the
sample-probe separation was measured for confirm-
ing the localization of the radiative energy from the
fabricated fiber probe. Figure 3 shows the result.
From this result, we concluded that the radiative en-
ergy from the fabricated fiber probe with the sub-
wavelength diameter was localized with a good lo-
calization in normal direction because the power de-
cays exponentially as the sample-probe separation is
increased linearly.

Figure 4 shows the result of the localized photo-
chemical process. Photochemical processing was car-
ried out at two regions A and B with the separation
of 500 nm in y direction and 1000 nm in x direction,
respectively, by changing the voltage of the PZT
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Fig. 3. Dependence between the transmission power and the sep-
aration between the glass substrate and the fiber probe.

scanner. The irradiating power for the processes was
30 nW and the processing time of A and B were 15
min and 30 min, respectively. Figure 4a is a PSTM
image after such a process. The scanning range of the
detection was about 3 pm X3 um with the number
and speed of samplings of 128 X 128 and 0.5 s/line,
respectively, and the detected power for measuring
the absorption difference was about 0.3 nW. The
processed regions A and B look like ellipses in fig. 4a,
because the time constant of 40 ms of the sensitive
phase detection was too large, comparing with the
line scanning speed, to have sufficient spatial reso-
lution in the x direction. A part of the cross section
along the a-a’ and b-b’ direction in fig. 4a is shown
in fig. 4b. Peaks A and B were the transmission power
difference corresponding to the absorbance differ-
ence of the processed regions A and B, respectively.
The maximum value of the transmittance difference
for both of A and B regions was about 8%, which im-
plies that the change of transmittance was saturated
in the case of our used power. The reason that the
obtained maximum value of the transmittance dif-
ference was smaller than the value shown in fig. 1b
can be considered as the amount of the conversion
of the trans-isomer to the cis-isomer was changed as
the irradiating power was changed. In our case, the
size of the processed region is defined, for compar-
ison, as the full width at half maximum of the trans-
mission power difference. Thus, the sizes of A and
B were 130 nm and 170 nm, respectively. It can also
be found from the experiments that the size of the
process region was expanded with the rate of about
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Fig. 4. Results of the localized photochemical process. (a) Image of the processed region observed by using PSTM. (b) Cross section

along the a-a’ and b-b’ direction shown in (a).

2-3 nm/min as the irradiating time increased be-
cause the fiber probe drifted along x, y and z direc-
tion due to thermal fluctuation. By improving the
stability of the system and optimizing the irradiating
time, photochemical process in a region of <100 nm
can be expected.

3. Summary

A localized evanescent light from a fiber probe with
a 100 nm less diameter aperture of a photon scan-
ning tunneling microscope (PSTM) was used to re-
alize a localized photochemical process in LB films
of photochromic material. From the image of the
PSTM, it was conformed that the size of localized
photochemical processed region, which was defined
as the full width at half maximum of the transmis-
sion power difference, was as small as 130 nm. Be-
cause of the size, the process region was expanded by
the fiber probe drift spatially with the rate of about
2-3 nm/min as the irradiating time increased. Local
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photochemical process in a region of <100 nm can
be expected by improving the stability of the system
and optimizing the irradiating time. Such a result also
demonstrated the possibility of ultra-high density
optical storage.
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ABSTRACT

A fiber probe with a cone angle and a curvature radius 1less
than 15 degrees and 1lnm, respectively, was fabricated. The valid-
ity of the quantum theoretical picture of the photon scanning
tunneling microscope was confirmed by comparing the experimental
and theoretical results of the picked-up efficiency. Sub-wave-
length optical data storage with a pit diameter smaller than 270nm
in a photochromic LB thin film was also achieved.

The photon scanning tunneling microscope (PSTM) is a powerful
tool for observing and manipulating namometric sample. We have
fabricated fiber-probes with cone angles from 20 degrees to 145
degrees and the minimum curvature radius less than 5nm by a HF
selective etching technique, and have observed dried T4 bacteri-
ophages with heads ( 85nm by 115nm)and tails ( 9nm by 98nm) by
using these fiber probes[1].

Based on the quantum theoretical picture of the PSTM[2], the
curvature radius and the cone angle of the probe, which is used
to disturb and detect the evanescent light localized around the
sale surface, must be as small as possible to obtain a high reso-
lution and to avoid picking up low spatial Fourier frequency
components of the evanescent light generated from the substrate.
For obtaining the fiber probe with smaller curvature radius and
cone angle, we used fibers with a 22 mol% Ge doped core and a
2.1mol% F doped cladding to fabricated the fiber probes with the
curvature radius and cone angle less than inm and 15 degrees,
respectively. To demonstrate the high reproducibility of our fiber
probe fabrication, a dual-tip fiber probe was fabricated by
using a dual core fiber with 60uxum core diameter and 40xm core
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separation. As a result, the cone angle and height differences
between two tips were smaller than 0.2 degrees and 20 nm, respec-
tively.

For evaluating the theoretical resolution of the PSTM by the
quantum theoretical picture[2], it is needed to check the validity
of this quantum theoretical picture by referring to the experi-
ment. The relationship between the picked up power and the fiber
probe cone angle, when the probe-prism separation was at con-
stant, was measured for comparing with the results estimated by
the quantum optical picture. A good agreement between the
experimental picked up power and the theoretically estimation was
obtained.

To demonstrate high density optical data storage, a 200nm Au
coated fiber probe with a cone angle of 45 degrees and a sub-
wavelength aperture was used. Because the evanescent light emitted
from this aperture is used for writing and reading, the diameter
of the recorded pit is limited only by the diameter of the aper-
ture. A LB film of azobenzene with the thickness of 180nm was used
as the storage medium[3]. Writing was performed by irradiating the
laser light with a wavelength of 350nm through the fiber probe to
induce local transition from the trans-isomer to cis-isomer,
while reading was performed by scanning the fiber probe to detect
the absorption difference before and after transition. A pit with
a diameter smaller than 270nm was read successfully after 8-min
writing by using a 70mW Ar laser power.

Furthermore, as a preliminary experiment of the proposed single
atom trapping[2], the Doppler-free spectrum of rubidium atoms was
obtained by using evanescent light.
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We have already proposed a novel phys-
ical model for analyzing the fundamental
process in a photon scanning tunneling mi-
croscope by using Yukawa type function
and the possibility of single atom trapping
by using the evanescent field localized on
the top of a nanometric probe-tip (1, 2].
Such a possibility is due to the high spa-
tial locality and the enhanced momentum
of evanescent photon.

If the momentum of an evanescent pho-
ton is enhanced compared with that of a
free photon, such an enhancement can be
considered to come from a dielectric sur-
face directly.

As a preliminary experiment of single
atom trapping, we emploved the Doppler-
free spectroscopic technique in the case
of two evanescent fields which were gen-
erated by two co-propagating laser beams
with different incident angles to confirm the
enhanced momentum of evanescent pho-
ton. This momentum can be expressed as
nsin Py, where n is the diffractive index of
a dielectric surface, 6 is the incident angle
of a laser beam and P, is the free photon’s
momentum in a vacuum. When § is larger
than the critical angle, the momentum of
evanescent photon becomes larger than F.
- If the momentumn is really enhanced, the

atom will receive different recoil momenta
from each evanescent photon due to the dif-

ference of the incident angles.

To demonstrate this phenomenon, the
pump frequency was 270MHz blue-shifted
from the transition of Rb®® Dsline 55y, F =
3=35Py; F =4 and the probe beam saw a

saturation dip due to this velocity-selective
pumping. The incident angles of the pump

100

and probe beams were set to be equal to
the critical angle and critical angle = 3
degree respectively. The saturation dip
shifted from the pump irequency as muca
as 30MHz was observed as shown in Figl.
This value agreed with calculated result as-
suming the momentum of evanescent pho-
ton equal to nsin8p.

30MHz
> b=

P

Signal Intensity

-€
Probe Frequency Vo

Fig.l Doppler-Free spectiral profile in

Rb% by using two evanescent fields. vg rep-
resents the pump frequency.
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Recently, the LB films of pliotochromic materials have been paid attention for its possible
use as high density information storage media and light switching devices(1]. A highly local-
ized evanescent light from a fiber probe with a sub-wavelength aperture of a photon scanning
tunneling microscope (PSTM)(2] provides a powerful tool to investigate the photochemical pro-
cesses in an extremely small region which is limited only by the aperture diameter. A fiber
probe with a cone angle of 25 degrees and a tip diameter less than 20nm was fabricated by
using the selective chemical etching technique(2], and was coated with a 700nm-thick Cr-Au
film. An aperture less than 100nm was made by controlling the pressing force between the
probe tip and a glass plate while the leaked evanescent light was monitored. An Argon-ion
laser with a 350 nm wavelength was used as a light source and the detector was a photomulti-
plier. The photochemical process was performed in a LB film of azobenzene with a thickness
of 180nm by irradiating the laser light through the fiber probe to induce the local transition
from trans-isomer to cis-isomer, and the detection was carried out by scanning the fiber probe
to measure the absorption difference before and after the transition[l]. The localized photo-
chemical process was realized in a region with a waist as small as 140nm while the irradiating
power and time were 30nW and 30min respectively. The detected power for measuring the
absorption difference was about 3nW, and the maximum absorption difference before and after
the transition was about 8%, which is the saturation point of the LB thin film which we used in
the process. It was also found in the experiments that the region of the process was expanded
with the rate of about 10nm/min as the irradiating time increased because the fiber probe
drifted along z,y and z direction due to thermal fluctuation. By improving the stability of the
system and optimizing the irradiating time, photochemical process in a region of < 100nm can
be expected. Such a result demonstrated the possibility of ultra-high density optical storage.

(1] K. Nishiyama and M. Fujihira, Chem. Lett., 1257 (1988).

(2] S. Jiang, H. Ohsawa, K. Yamada, T. Pangaribuan, M. Ohtsu, K. Imai, and A. Ikai, Jpn.
J. Appl. Phys., 31, 2282(1992).
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_ A photon scanning tunneling microscope(PSTM) is an optical
microscope with super-resolution beyond the diffraction-limit
based on the near field optics. This paper reviews the recent
progress of our study on PSTM which can be used not only as a
microscope but also as a nanometric fabrication tool and a
manipulator of nanometric particles.

A probe tip for picking up evanescent light is the most
essential part in the PSTM system in order to realize high
resolution and high sensitivity. One of the reproducible way of
fabricating a probe tip is to use an optical fiber. To sharpen
the top of the fiber core, we have proposed a selective chemi-
cal etching technique which uses a buffered HF solution[l]. By
such a process, the curvature radius of the top of the fabri-
cated probe tip was reduced to less_than 5 nm and the minimum
of the cone angle was as small as 159,

In order to avoid scratching the sample surface with the
cladding edge of the fiber, a two-step etching method was de
veloped to reduce the cladding diameter as small as twice of
the core diameter (see Fig.1)[2]. Furthermore, by modifying the
selective etching process, a pencil-shaped probe tip without
the edge of the fiber cladding and a probe tip with a nanomet-
ric flat top suitable for metal evaporation coating have been
fabricated.

We have obtained the images of latex spheres with 80 nm
diameter, a bacteriophage T4 with the body of 9 nm diameter,
and so on[3,4]. Furthermore, we have obtained a near field
image of the guided mode of a dielectric optical waveguide and
identified the positions and sizes of the scattering sources
which would induce a transmission loss of the waveguide.

For obtaining higher resolution and sensitivity, it would be
essential to improve the control accuracy of the probe tip
position. For this purpose, a slender fiber probe tip fabricat-
ed by the two-step etching was installed to the PSTM system and
the atomic force induced bending of such a fiber probe tip was
detected. This detection of atomic force is effective for
position control because of the critical dependence of the
atomic force on the tip-sample separation.

One of the possible applications of the PSTM system to the
nanometric fabrication could be the high density optical stor-
age which utilizes the high density evanescent optical power
leaked from an aperture on the top of the fiber probe tip[5].
The photon-mode optical storage which we have carried out
offers the possibility of an erasable optical memory[6]. In our
experiment, the memory material was the amphiphilic azobenzene
derivative in a Langmuir-Blodgett (LB) film. For storage, the
LB film was irradiated with the evanescent 1light of 350 nm
wavelength on the top of the probe tip to induce the 1local
photochemical transition from trans- to cis-isomer, by which
the optical transmission of the LB film was increased. By
detecting this local increase of optical transmission using the
PSTM system, stored memories can be read. Figure 2 shows the
result of reading the bits of stored memories. The diameter of
each bit was about 130 nm which was blurred by thermal drift of
the position of the probe tip. Smaller diameter could be ex-
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pected by improving the sensitivity of writing and reading.

As an example of the ultimate fabrication and manipulation
by using the PSTM system, we have proposed a method of trapping
a freely flying atom in vacuum by utilizing momentum exchange
between the atom and the evanescent photon around the probe
tip[7]. This proposal aims at realizing the single atom optical
memory and the single atom crystal growth. As a preliminary
experiment, momentum exchange between the atom and the two-
dimensional evanescent photon was observed by using the tech-
nique of Doppler-free pump-probe laser spectroscopy[8]. The
cavity quantum electrodynamics effect to the atom should be
analyzed for more quantitative estimation of experimental
parameters.

Fabrication of a functional probe tip and a probe tip array,
system operation in liquid, and more reliable preparation of
samples, etc., will be required for the PSTM system as being
used as a powerful tool in the fields of biotechnology and
chemistry.
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Fig.1 A SEM picture of a Fig.2 Image of the photon-
fiber probe tip prepared mode recorded region of the
by the two-step slective LB film, which was observed
etching. by using PSTM.
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Second-harmonic generation using 1.5 ym diode lasers in a nonlinear organic fiber with Cerenkov radiation
phase matching is demonstrated for the first time. This second harmonic frequency was locked to the center of the
rubidium spectral line to stabilize the fundamental frequency of the 1.56 pm diode laser. The resultant frequency
fluctuation, which was evaluated by the error signal from the lock-in amplifier, was maintained at less than 0.3

MHz for one hour.

KEYWORDS: second harmonic generation, nonlinear organic fiber, Cerenkov radiation phase matching, Rb spectral line,

stabilization of the laser frequency

1. Introduction

There has been much interest in frequency-doubling
devices using organic materials of which the second-
order nonlinearity is larger than that of inorganic
materials. In particular, organic waveguides which can
be fabricated by conventional processes are attractive
devices for use in optical systems.'™® In the case of sec-
ond-harmonic (SH) generation using a waveguide,
Cerenkov radiation phase matching (CRPM) has the ad-
vantage of intrinsic phase-matching capability and
wide pass bandwidth of fundamental frequency.®” A
3,5-dimethyl-1-(4-nitrophenyl)-pyrazole (DMNP) crys-
tal is one of the developed materials and is suitable for
use in a CRPM device because of its high nonlinear
coefficient. The cutoff wavelength of this material is
around 450 nm and its largest nonlinear optical
coefficients ds, is measured to be as high as 90 pm/V.?
The SH generations by both 0.8 um and 1.3 pm diode
lasers have been reported.®

On the other hand, 1.5 ym diode lasers are widely
used as the light souces for the coherent optical com-
munication systems, and the frequency stabilization of
these lasers is an important technique to be devel-
oped.? Using the SH generation, the 1.5 ym diode laser
frequency can be stabilized to be locked to the center of
a rubidium (Rb) spectral line which can be used as a
stable and accurate frequency reference at in the 0.78
pm wavelength region.

In this letter, we report the SH generation of 1.5 ym
diode lasers in CRPM-DMNP-crystal-cored fiber, and
the stabilization of the fundamental frequency by lock-
ing it to the Rb spectral line.

2. Experimental

The experimental setup for stabilizing laser fre-
quency is shown in Fig. 1(a). In order to obtain higher
power for frequency conversion, injection locking was
used as the fundamental light source.”? The master
laser was a distributed feedback (DFB) laser with the
maximum power of 3 mW and the side-mode suppres-
sion ratio of 50 dB. The slave laser was a high-power
multimode laser (Oki OL503A-65) with the maximum

power of 65 mW. Under injection locking, the output
power was 15 mW with a side-mode suppression ratio
of 35 dB and a lockingrange of 8 GHz.

The schematic explanation of SH generation is
shown in Fig. 1(b). The DMNP fiber was a single mode
fiber with a cladding of superflint glass (SF15). The
core diameter and the length were 1.25 ym and 5 mm,
respectively. The largest nonlinear coefficient ds, can
be utilized for SH generation by adjusting the polariza-
tion direction of the fundamental light parallel to the Y
axis of the fiber using a half-wave plate. In this case,
the polarization direction of the SH wave was parallel
to the Z axis. The fundamental beam of the diode laser
was collimated and coupled into the fiber by the col-
limating lenses. Under the CRPM condition, the cross-
sectional profile of SH beam power was conical, which
can be collimated by an axicon lens to obtain high
efficiency of collimation. After this collimation, the SH

Slave |- _\,_ Nonlinear
laser R frequency

' converter

=

Master
laser

I LA

1.25um

DMNP

®)

Fig. 1. (a) Experimental setup for stabilizing laser. L.I.A: lock-in
amplifier, 0.S.C: oscillator, PD: si photodetector. (b) The schemat-
ic explanation of SH generation. P: half wave plate, L1: collimat-
ing lens (N.A 0.5), L2: optical lens, L3: axicon lens.
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wave was passed through a compact glass cell (35 mm
long) of Rb atomic vapor, and detected by a Si
photodiode.

The absorption spectral profile of Rb was measured
by sweeping the injection current of the master laser.
The frequency of the master laser was modulated by
dithering the injection current in order to lock the SH
frequency to the first derivative of the Rb absorption
spectral line. This derivative signal, obtained via a
lock-in amplifier, represents the magnitude of the free-
running laser frequency fluctuation. This output signal
was thus fed back to the current of the master laser to
stabilize the laser frequency.

3. Results and discussion

The output power of the generated SH wave was
measured to be Py, =1.4 X108 X P}, where P; and Pu
represent the fundamental and the SH powers, respec-
tively, in units of watts. The maximum power of the P
was 53 nW. Although the frequency doubling have
been obtained in CRPM organic materials at the fun-
damental wavelength of 0.8, 1.06 and 1.3 pm,¥ here
SH generation in CRPM organic materials by using
1.5 pm diode laser is reported, to our knowledge, for
the first time. Because the CRPM condition is indepen-
dent of the temperature, the temperature tolerance in
our frequency conversion is much improved compared
with inorganic nonlinear crystals having large non-
linear coefficients such as KNbQ;.1?

The beam divergence angle of the SH wave was ob-
served using a charge coupled device (CCD) camera.
The angle between the SH wave and core axis was

X X’
-
2
5 |
=
K
2z
172} —
=
3
=
P
1 1
X Position X
®
Fig. 2. (a) Pattern of focused SH wave. (b) Power distribution.
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measured to be §=13.0°, as shown in Fig. 1(b). The
cone angle ¢=135.8° of the axicon lens was deter-
mined by referring to the calculated value ¢ =136.2° us-
ing Sellmeier equation' at 0.78 pm for the SF15 glass.
After collimating the SH beam with this lens, the radia-
tion angle was measured to be less than 1°. Figures
2(a) and 2(b) show the pattern of the focused SH wave
and its cross-sectional power distribution, respectively,
observed using the CCD camera.

Figures 3(a) and 3(b) show the absorption profile and
the first derivative signal of the Rb-D, spectral line, re-
spectively, monitored by the SH wave. The four spec-
tral lines of this figure correspond to the transitions
from the ground state 5S1/; to the excited states 5Pss of
Rb® (F=2, F=3) and Rb¥ (F'=1, F'=2). The fre-
quency of the SH wave was locked to the transition
from the F =3 level of the Rb® by closing the feedback

Intensity

Error signal

(®)
780.25

|
780.24
SH wavelength [nm]

780.23

Fig. 3. (a) Linear absorption profile obtained using SH wave, and
(b) first derivative signal of the Rb-D, spectral line.
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Fig. 4. Temporal variation of the error signal from the lock-in am-
plifier.
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loop of Fig. 1(b). Figure 4 shows the temporal variation
of error signal from the lock-in amplifier, which
represents the fluctuation of the laser frequency. When
the feedback loop was closed, the frequency fluctuation
was reduced to less than 0.3 MHz over one hour, which
was about 1/380 times that of the free-running laser.
This confirms that SH generation in CRPM organic-
cored fiber is one of the promising methods for the
stabilization of the diode laser frequency at 1.5 ym.

4. Conclusions

Under the CRPM condition, SF generation of a diode
laser at 1.5 um was obtained by using DMNP-cored
fiber with the maximum output power of 53 nW. The
Rb absorption spectral lines were observed using the
SH wave. Frequency stabilization of the 1.5 ym diode
laser by locking to one of the spectral lines in Rb has
been demonstrated for the first time using the organic
device. The resultant frequency fluctuation, which was
evaluated as the error signal from the lock-in amplifier,
was maintained at less than 0.3 MHz for, over one hour.
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The saturated absorption resonance of an intercombination transition of 8Sr (A=689 nm) has been observed
using a carefully designed external cavity laser diode and gas cell without buffer gas. A minimum linewidth of
0.7+0.1 MHz has been obtained. The comparison between Sr and Ca reference lines was performed for laser fre-

quency stabilization.

KEYWORDS: Sr intercombination transition, laser diode, nonlinear Doppler-free spectroscopy

The intercombination transitions of even isotopes of
alkaline-earth metals are very promising for metrologi-
cal applications due to the fact that they have narrow
natural linewidths (Ca, 400 Hz; Sr, 6.9 kHz; and Ba,
250 kHz)® and both the S and P levels do not have
hyperfine structure. Therefore, the transitions are con-
venient for optical frequency stabilization with high ac-
curacy.?® Also, the !So-*P; transitions are attractive
due to the possibility of trapping atoms using their in-
tercombination lines as a second cooling transition. An
ultracold gas sample can be obtained in this manner.?

Since highly coherent laser diodes (LDs) are now
available in the spectral range of these transitionsis, it
is possible to make a simple, inexpensive and compact
source of stable optical frequency using LDs and the in-
tercombination transitions of alkaline-earth metals.

. Based on this trend, nonlinear absorption lines in Ba

have been observed using an external-cavity LD.?
Since the first observation of Doppler-free resonance in
a Ca intercombination line using LD,® further investiga-
tions. have been carried out.

In the case of the Sr intercombination line, high-reso-
lution spectroscopy was recently demonstrated by
recording the sub-Doppler signal using LD. The ob-
served minimum spectral linewidth was as wide as 6
MHz although the natural width is much smaller.” We
report here the results of Doppler-free spectroscopy of
the Sr 5'S-5°P; intercombination line at 689 nm
wavelength with improved spectral resolution, using a
narrow-linewidth external-cavity LD as a coherent
light source and a carefully designed gas cell.

The experimental setup is shown in Fig. 1. We used
a 20-cm-long stainless steel cell with hot sapphire win-
dows without buffer gas, similar to that described in
ref. 5. Such a cell can be used without windows degrada-
tion and without inducing collisional broadening due to
buffer gases. In the case of Sr, the cell was heated up to
650°C and continuously pumped during the experi-
ment. The cell pressure did not exceed 0.1 mTorr.

An external cavity LD was used as a light source.
The InGaAlP LD device for this light source was
Toshiba TOLD 9140 with a 20 mW maximum available
output power and a 60 MHz spectral linewidth. An

anti-reflection (AR) film was carefully coated on the LD
output facet to achieve stable optical feedback by im-
proving the optical coupling efficiency of the external
cavity. The solitary laser threshold currents before and
after AR coating were 36 mA and 45 mA, respectively.
Fluctuations of the LD heat sink temperature were
within 1 mK. The dispersive 30-cm-long external cavi-
ty contained a 0.65 NA coupling lens, a piezo-electric-
transducer (PZT) driven mirror, and a holographic
diffraction grating.” The external cavity LD was oper-
ated in a single longitudinal mode of the external cavity
up to 67 mA whereas the threshold current was 39 mA
with optical feedback. The maximum single-mode out-
put power of the grating zero order diffracted beam
was 6.5 mW. A small part of this power was used to mo-
nitor the laser spectrum using a confocal Fabry-Perot
cavity and a monochromator. Coarse tuning was
achieved by rotating the grating. A continuous fine tun-
ing range as wide as 3.5 GHz was achieved by sweeping
the injection current and the cavity length synchronous-
ly. The spectral linewidth of the external cavity LD did
not exceed 100 kHz even when it was operated in a
free-running condition.

The output beam was split into two beams. The
lower intensity beam probed the saturation in Sr
caused by the higher intensity counter propagating
pump beam. The angle between the pump and probe
beams was maintained at 0.5 mrad to avoid a parasitic
optical feedback to the laser. A weak transverse mag-
netic field parallel to laser polarization was applied to
the Sr cell to allow only Am =0 transitions. The magni-
tude of linear absorption was about 15%.

Figure 2 shows the saturated absorption spectral dip
at the top of the Doppler-broadened profile. The inten-
sities of the pump and probe beams used for this obser-
vation were 0.4 mW/cm? and 0.1 mW/cm?, respec-
tively. The contrast of nonlinear to linear absorption
was several percent. The minimum width of the ob-
served Doppler-free resonance was 0.7+0.1 MHgz,
which is almost ten times smaller than that previously
reported.” The improvement of spectral resolution was
due to the carefully fabricated stable light source and
gas cell without buffer gas. The residual Doppler

L 1356



Jpn. J. Appl. Phys. Vol. 32 (1993) Pt. 2, No. 9B

Pump beam

Sapphire windows

A. AKULSHIN et al. L1357

PD

Probe beam

V]
4
4
A

/

Sr cell I

il

Pump off

External ————f - -
cavity Holographic |
laser diode grating [
|
| |
: AR film :
| \ Mirror :
I i N [
u i U |
' LD Lens PZT |
| - - _

Fig. 1.

Optical part of experimental set up. ECLD—external-cavity laser diode; LD—laser diode; HG—holographic grat-

ing; PD—photodiode; PZT —piezoceramic; L—microscope objective lens.

—

/
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Fig. 2. Nonlinear resonance of saturated absorption on top of Dop-
pler profile on iptercombination transition of **Sr at 689 nm.

broadening caused by the angle between the pump and
probe beams was 0.5 MHz which was the main contri-
bution to the observed spectral broadening. The tran-
sit-time broadening and the laser frequency fluctua-
tions due to acoustic noise contributed to the spectral
width as well.

For some metrological applications, it is interesting
to note that the present intercombination line of ¥Sr at
689 nm has several advantages over the well-known
657 nm intercombination transition in Ca.

1) Sr atoms are heavier, therefore the linear Doppler
broadening (Avp=1.0 GHz) is narrower than that in Ca
(Avp=~1.7 GHz) and the temperature shift of the non-

linear resonance due to the second-order Doppler effect
is 0.46 Hz/deg,‘) which is two times smaller than that
for Ca.

2) Since the intercombination transitions in Sr are
about 16 times stronger (oscillator strength
f=8.6x107*),” the same magnitude of optical absorption
can be obtained for lower atom density using lower
vapor temperature.

3) The intercombination transitions in Sr fall within
the oscillation spectral range of the visible LD where
commercial LD devices have higher power than those
for Ca.

It appears reasonable to take into account old sugges-
tions of the self-stabilization of a tunable laser fre-
quency by using a nonlinear absorption cell with
alkaline-earth atoms? and a coherent LD. Recently,
preliminary results on LD linewidth narrowing have
been obtained through the use of the self-stabilization
regime on the Rb Dy-line.” From this point of view, the
8gr line is very attractive because the self-stabilization
factor is exceptionally high (10*-10°) and LD linewidth
can be reduced to 10-10° Hz without the use of a servo
control system.?

Based on these advantages, it is expected that a nar-
row Doppler-free resonance in ®#Sr will provides an ex-
cellent frequency reference for LD frequency stabiliza-
tion.

In summary, a 0.7+0.1-MHz-linewidth Doppler-free
saturated absorption spectral profile in Sr was obtained
by using a carefully fabricated coherent external-cavity
LD and a gas cell.
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Reported are the frequency-tunable sum-frequency generation at 0.52 pm and the difference-frequency generation at 1.6 pm by
using two diode lasers at 0.78 um and 1.54 pm. The influence of the walk-off effect associated with the elliptical gaussian beam of
the diode laser was calculated and compared with the experimental results.

A wideband highly coherent tunable light souce is
required urgently in rapidly developed fields, such as
quantum optics and high resolution spectroscopy, in
which manipulation of atoms or ions, optical fre-
quency and fundamental physical constant measure-
ments have been paid much attention. To realize a
diode-laser-based optical frequency sweep generator
covering the wavelengths from ultraviolet to near in-
frared, nonlinear frequency conversions are per-
formed by employing diode laser and nonlinear crys-
tals [1,2]. By using a KTP crystal, which has large
nonlinear coefficients, larger angular and tempera-
ture acceptance widths, frequency-tunable coherent
light in the green region can be obtained in the sum-
frequency generation of diode lasers, while in the near
infrared region, frequency down-conversion such as
parametric amplification which uses a diode laser and
a solid-state laser has been also demonstrated [3].
In this paper, we show our recent experiment results
on the sum-frequency generation, in which a 0.52 um
coherent tunable light was obtained by using high-
power single mode diode lasers at 0.78 um and 1.5
um, and compare the theoretical calculation with the
experimental result of the influence of the walk-off
in the used KTP crystal on the nonlinear conversion
efficiency associated with the elliptical gaussian beam
of the diode laser. Furthermore, we also demonstrate
the difference-frequency generation, for the first time

to the author’s knowledge, by using these two diode
lasers.

To extend the sum-frequency generation at a
wavelength shorter than the previously reported 0.54
um green light for which a multimode high-power
1.5 pm diode laser was used [2], we used here a high-
power 1.54 um multi-electrode corrugation-pitch-
modulated MQW-DFB laser [4] with a maximum
power of 50 mW, and a 50 mW, 0.78 um diode laser.
The experimental setup was the same as our pre-
vious one [2] in which a 10 mm length KTP was put
in the 6 plane, i.e., =0°, the polarization of the 1.5
um laser was perpendicular to the # plane and the
polarization of the 0.78 um laser was in the 8 plane
for satisfying the type-II phase matching. A maxi-
mum 0.34 pW output at 0.52 um was obtained. To
investigate the angle tuning characteristics of the used
KTP crystal in the case of sum-frequency generation,
the relation between the output power at the sum-
frequency and the detuning of the matching angle of
the KTP crystal was measured and is shown in fig.
1. The acceptance angle defined by the fwhm of the
curve of the output power versus phase mismatch was
measured to be about 0.5°. We also carried out the
sum-frequency generation by replacing the 0.78 um
laser with the high-power single mode diode lasers in
the 0.8 um region. The combination of these results
has provided us the highly coherent tunable output
from 0.51 pm to 0.56 um corresponding to a span of

304 0030-4018/93/$ 06.00 © 1993 Elsevier Science Publishers B.V. All rights reserved.
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Fig. 1. Measured relation between the output power of the sum-
frequency generation and the detuning angle. The phase-match-
ing angleis 61°. '

50 THz in the green region by using only diode lasers.
A series of our experiments show that the KTP
crystal in the angle matching manner is insensitive
to both slight deviation from the matching angle and
the temperature fluctuation so as to offer an excel-
lent stability. However, the walk-off effect in KTP,
which is due to the double refraction when non-crit-
ical phase matching is unavailable, degrades the con-
version efficiency. As the walk-off effect becomes
more serious when the beams participating in the
frequency mixing are focused to make the diameters
as small as several tens of um, that is the case when
the relatively low power single mode diode lasers are
employed for the highly coherent light generation,
we should pay more attention to optimizing the non-
linear conversion efficiency. Although the theoreti-
cal analysis of the nonlinear conversion involving the
walk-off effect and the circular gaussian beams has
been carried out by several authors [5-7], the in-
fluence of the walk-off effect associated with the el-
liptical gaussian beams as in the case of using diode
lasers has not been documented. We present here an
extension of the heuristic theory mentioned-above
to the case of the type-II frequency mixing in a KTP
crystal with the near field approximation and com-
pare the calculation with the experimental results.
In the case that the depletion of the fundamental
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waves is insignificant compared with their inputs and
the phase matching condition is satisfied, the fun-
damental waves are assumed to be plane waves and
take forms as

E,=E, exp[ — (x?/wi,+y*/w},) lexp(—iw, 1),
and
E,=Ey,exp[ — (x'?/ w3, +y'?/w},) lexp(—iw,t) ,

where E,, and E,q represent the field amplitudes at
the beam center of the fundamental waves, w;, and
w;, represent beam waists along the short- and long-
axis of the elliptical gaussian beam cross-section, re-
spectively, coordinates x’ and )’ represent so called
extra-ordinary waves which deviate from the ordi-
nary waves (coordinates x and y) in propagation [8].
Then we can express the generated wave in the pro-
cess of frequency mixing (sum or difference) as
follows:

. O)3deff
—1i
2nsc¢

L
x2 2 x/2 r2
X Iexp[—(—2—+ PARLI 4 ) P TP
0 Wix le Wix w2y

where the subscript i (i=1, 2, 3) denotes the light-
wave at the frequency w;, and w; satisfies w;=w, *
w,, i.e., the energy conservation in the frequency
conversion, and the temporal terms were neglected
for simplicity. # is the refractive index, c is the speed
of light in vacuum, L is the length of the crystal, and
d is the effective nonlinear coefficient.

We discuss here only the case of §-phase-matching
in which ¢=0°, so we have x' =x—pz, and y’' =y by
referring to fig. 2a, where p represents the double re-
fraction or the walk-off angle. The generated power
at ws can be calculated by

E;= E\oEx

Py=imeeo [ | EsEsdxay,
C.S.

where c.s. implies that the integral is carried out over
the crystal cross-section, E% denotes the complex
conjugation of E;. As the plane waves have been as-
sumed, better approximation is expected to the case
of loose beam focusing, while in the case of tight beam
focusing, variation of beam diameters along the
propagation inside the crystal should be taken into
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Fig. 2. (a) Coordinates in the crystal. k, and k. represent ordi-
nary and extra-ordinary waves in the case of =0, p represents
the walk-off angle. (b) Relative output powers versus beam di-
ameters. Curve A and curve B correspond to the cases that the
walk-off occurs along the long- and the short-axis of the elliptical
gaussian beam, respectively. One of the participating beams is
circular and its diameter is equal to the short-axis diameter of the
elliptical beam.

account for evaluating the total output power. How-
ever, in comparison of the difference of the walk-off
effect between the case that the walk-off takes place
along the short-axis of the elliptical beam cross-sec-
tion and the case of the long-axis, such a calculation
offered a good approximation. Figure 2b show the
calculation results. Curves A and B correspond to the
above-mentioned two cases. For the purpose of com-
paring the calculation with the experiment, a circular
gaussian beam which corresponds to the 1.5 pm diode
laser and an elliptical gaussian beam which corre-
sponds to the 0.78 um diode laser were used in cal-
culation, while the ratio of long-axis short-axis of the
elliptical gaussian beam was 3:1 and the walk-off an-
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gle was p=3X 102 rad for the used KTP crystal. It
is shown that when the walk-off occurs along the long-
axis of the elliptical beam, the output power can be
more than doubled with respect to the case that the
walk-off occurs along the short-axis of the elliptical
beam. To confirm our theoretical estimation of the
walk-off influence associated with the elliptical gaus-
sian beam shape of the diode laser, we measured the
power differences through changing the relative ori-
entation between the crystal and the elliptical beam
cross-section. The measurement was carried out by
using half-wave plates to change the polarizations of
the laser beams and rotating the 6 plane of the KTP
crystal. Two sets of the measured values in fig. 2b are
normalized to the smaller one for comparison, cor-
responding to the experimental condition that lenses
with focal lengths of 80 mm and 200 mm were used
to focus the two collimated fundamental beams. En-
hancement factors by arranging the walk-off along
the long-axis of the elliptical beam were 2.13 and
2.26, respectively, and were in fair accordance with
the calculated values of 2.9 and 2.3, respectively.

For optimizing the beam parameters in frequency
conversion of diode lasers, we also calculated the re-
lation between the output power and the long- to
short-axis ratio r=w,,/w;, (W,,/w,,=1), using the
beam diameter as a parameter. Figure 3 shows the
calculation result. Curves A, B and C correspond to
the cases when the beam diameter of the circular one,
which is assumed to be equal to the short-axis di-
ameter of the elliptical one, is 30, 60 and 100 um,
respectively. It is noted that the maximum output
does not happen at r=1, which means that the el-
liptical beam is preferable to the circular one, such
an effect was also confirmed in other work [9]. With
the increase of the beam diameter, the maximum
trends to r=1, implying that the circular beams can
offer good conversion efficiency in the case of large
beam diameters. Because the influence of the walk-
off effect also depends on the beam diameters, the
optimum value of r for the conversion efficiency var-
ies as the focusing condition is different.

In order to demonstrate the feasibility of the dif-
ference-frequency generation using two diode lasers
for our intended continuous-wave highly coherent
frequency sweep generator [3], we used the same
laser in the above experiment to generate the coher-
ent light at 1.6 um. The experiment setup is shown
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respectively.

in fig. 4a. The polarization of the 0.78 pm laser was
perpendicular to the @ plane and the polarization of
the 1.5 um laser was in the 6 plane. The phase
matching angle was 52.1° which was in agreement
with the calculated value. The beams were arranged
to obtain the higher efficiency based on the above
theoretical calculation. Figure 4b shows the mea-
sured spectral profiles of the three participating light
waves by using an optical spectrum analyzer (An-
ritsu MS9702B). A 0.3 uW output was obtained. It
is the first report of the different-frequency genera-
tion by using only diode lasers. The tunable range
can be larger than 5 THz (1.58-1.62 um) by con-
trolling the operation temperatures and currents of
the lasers. Since the coherence of diode lasers is con-
veniently improved by optical and/or electrical
feedback techniques [10], the difference-frequency
generation by diode lasers can provide us the highly
coherent cw tunable light in the near infrared region.

In summary, we reported our experimental prog-
ress in realization of the diode-laser-based wideband
highly coherent light source. The sum-frequency gen-
eration in KTP was extended to 0.52 um with a 0.34
uW output power by using a 0.78 um and a 1.54 um
high power single mode laser. For optimizing the
nonlinear frequency conversion efficiency in the case
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Fig. 4. (a) Experimental setup for the difference-frequency gen-
eration. HW: half-wave plate; F: filter; P: polarizer; DM: dichroic
mirror; L: lens; CL: collimating lens. (b) Spectral profiles of the
fundamental waves at 0.78 um and 1.54 um and the generated
wave at 1.6 pum measured by an optical spectrum analyzer.

of using diode lasers, the influence of the walk-off
effect was calculated and compared with the exper-
imental results. Difference-frequency generation at
1.6 pm with a frequency tunable range larger than 5
THz in the same KTP was also achieved by using the
above two lasers. Although the output power in our
engaged tunable light source system is still low, it can
be ready for some primary experiments on spectro-
scopy and even on the advanced quantum optics. For
example, observation of iodine molecule absorption
lines by using the sum-frequency generation is under
investigation for stabilizing the diode laser fre-
quency and providing a frequency link to the abso-
lute frequency reference in our wideband frequency
sweep generator.

The authors would like to thank Dr. M. Okai of
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Hitachi Corp. for discussion on the high-power 1.5
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Wide-Span Optical Frequency Comb Generator for
Accurate Optical Frequency Difference
Measurement

Motonobu Kourogi, Ken’ichi Nakagawa and Motoichi Ohtsu, Senior Member, IEEE

Abstract—An optical frequency comb (OFC) generator was
realized for accurate optical frequency difference measurement
of 1.5 pm wavelength semiconductor lasers by using a high fre-
quency LiNbO; electrooptic phase modulator which was in-
stalled in a Fabry-Perot cavity. It was confirmed that the span
of the OFC was wider than 4 THz. By using semiconductor
lasers whose spectrum linewidths were narrowed to 1 kHz and
a sensitive optical balanced-mixer-receiver for measuring beat
signal between the sideband of the comb and the laser, we dem-
onstrated a frequency difference measurement up to 0.5 THz
with a signal-to-noise ratio higher than 61 dB, and a heterodyne
optical phase locking with a heterodyne frequency of 0.5 THz
in which the residual phase error variance was less than 0.01
rad’. The maximum measurable frequency difference, which
was defined as the sideband frequency with the signal-to-noise
ratio of 0 dB, was estimated to be 4 THz.

I. INTRODUCTION

IGHLY accurate laser frequency measurement [1]-

[5] is an essential technique for industrial applica-
tions such as coherent optical communication systems,
and for precision physical measurements, such as stan-
dard of length and Rydberg constant measurements [1],
[2]. However, highly accurate laser frequency measure-
ment systems, which directly measure the absolute optical
frequency, need many big gas lasers and short-lifetime
point contact diodes such as metal-insulator-metal diodes
[6]. Furthermore, coherent optical communication sys-
tems require frequency difference measurements to deter-
mine the arbitrary frequencies of lasers which are spaced
in a span as wide as several terahertz (THz). However it
is difficult to measure such a high frequency difference.
Though a metal-insulator-metal diode is known as a de-
vice which can measure frequency differences up to 2.5
THz [6], it is inconvenient because the device cannot be
stable for long time, and a far infrared laser is required.
Although a system using frequency dividing method [7]
has been proposed, the system requires about ten tunable
lasers to measure a frequency difference as high as 1 THz.
Hinsch et al. developed an electrooptic (EO) modula-

The authors are with the Interdisciplinary Graduate School of Science
and Engineering, Tokyo Institute of Technology, 4259 Nagatsuta, Mi-
dori-ku, Yokohama Kanagawa 227, Japan.
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tor [8] which was modulated by a 72 GHz modulation
frequency, and they used it for a frequency difference
measurement. Wong et al. proposed an optical frequency
measurement system which uses optical parametric oscil-
lators and an optical frequency comb (OFC) generated by
an EO modulator [9]. The reason why the optical fre-
quency measurement method using a modulator is paid
attention to is that the method is highly accurate and sim-
ple. Kobayashi ef al. successfully achieved generating an
OFC with a span of 0.68 THz by using a high frequency
EO modulator at 0.5 pm wavelength [10] even though the
purpose of their device was not for optical frequency mea-
surements. It is known that it is possible to increase the
span of the sidebands by installing a modulator in an op-
tical cavity [11]. It is expected that, when both the meth-
ods reported in [10], [11] are used for generation of an
OFC, a frequency difference as high as several THz can
be measured.

Recently, we have proposed a compact, highly accu-
rate, and wide span optical frequency measurement sys-
tem at 1.5 um wavelength [12] using an OFC generator.
This system covers wide window region of optical fiber
around 1.5 um wavelength for optical fiber communica-
tion systems, such as a channel selector for frequency di-
vision multiplexed communication systems over 1000
channels. We have also reported preliminary experimen-
tal results [13] of the proposed frequency difference mea-
surement system using a modulator installed in an optical
cavity as an OFC generator, and have shown that a 0.85
THz frequency difference can be measured.

In this paper, we show the principle of the proposed
high accurate laser frequency measurement system at 1.5
pm wavelength, and report the experimental results of an
OFC generator which was developed by using an im-
proved EO phase modulator installed in a Fabry-Perot
cavity. By using semiconductor lasers whose spectral
linewidths were narrowed to 1 kHz and a sensitive optical
balanced-mixer-receiver for measuring the beat signal be-
tween the OFC and the laser, we demonstrate a frequency
difference measurement up to 0.5 THz, and a heterodyne
optical phase locking with a heterodyne frequency of 0.5
THz. We show that the maximum measurable frequency
difference using the OFC generator was 4 THz, which
was defined as a sideband frequency with a signal-to-noise

0018-9197/93$03.00 © 1993 IEEE
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ratio of 0 dB, and we discuss the necessary conditions in
order to increase the maximum measurable frequency dif-
ference to 10 THz.

II. EXPERIMENT OF OPTICAL-FREQUENCY-COMB-
GENERATOR AND OPTICAL PHASE LOCKING

At the beginning, we propose an optical frequency
measurement system at 1.5 pm wavelength and explain
the principle of optical frequency difference measurement
using an OFC generator.

Fig. 1(a) shows the proposed highly accurate optical
frequency measurement system at 1.5 pm wavelength.
This system consists of two parts. One is a highly accu-
rate frequency reference laser (LDg) system at 1.55 pm.
The other one is an OFC generator for the measurement
of the frequency difference between the LDy and lasers
under test (LDy), and the frequency difference can be as
large as several THz.

The frequency vy of the LDy is fixed to (v, — v,) /2 by
generating the lightwave of the sum and difference fre-
quencies of LDy and a solid-state laser at 1.06 um (vy),
and by locking the sum and difference frequencies to the
frequencies (v; and »,) of two stabilized He-Ne lasers,
where », and », are the absolute fre?uencies of two sta-
bilized He-Ne lasers locked to '2’I,(0.633 pm), and
CH,4(3.39 pm), respectively. LiNbO; can be used for sum
and difference frequency generations. Since the hetero-
dyne measurement is very high sensitive, high powers of
the sum and difference frequency signals are not required
for the present system. For example, by a preliminary ex-
periment, we have already obtained a heterodyne signal
between the sum frequency signal of 0.7 puW power and
stabilized 0.633 um He-Ne laser. The accuracy of v is
determined by those of the two stabilized He-Ne lasers.
From the values of the uncertainty for I,- and CH,-stabi-
lized He-Ne lasers which are documented in [3], i.e., 74
and 9 kHz, respectively, the uncertainty of vy is estimated
to be 37 kHz (:/(74 kHz /2)* + (9 kHz/2)*), or 1.9 part
in 10'°. From the results of more recent measurements of
He-Ne laser frequencies [4], [5], the uncertainty of vy is
estimated to be one part in 10'".

The OFC generator generates modulation sidebands
from an incident laser beam, and the generated sidebands
are used as local oscillators to measure the frequency dif-
ference between the LDy(ryx) and LDy whose frequency
difference is higher than the responsible frequency (=10
GHz) of photo diodes. As shown in Fig. 1(b), the value
of the frequency »y of laser under test LDy is determined
by measuring the frequency difference f between kth
generated sideband of LDy and LDy, i.e., »x = vg + fy
+ kf,,, where f,, is the modulation frequency of the OFC
generator. The accuracy of the frequency difference mea-
surement can be equal to that of the modulation fre-
quency. From this, we can say that it is important to re-
alize a wide-span OFC generator for the proposed accurate
optical frequency measurement system. Next we show the
experimental study of the wide-span OFC generator.
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Fig. 1. (a) Proposed optical frequency measurement system for 1.5 um
wavelength semiconductor lasers. SFG, sum frequency generator; DFG,
difference frequency generator; MFC, microwave frequency counter; D’s,
photodiodes. (b) Schematic explanation of the relative frequency locations
of the lasers.

Fig. 2 shows the improved OFC generator which con-
sists of an improved bulk-type EO phase modulator, which
is similar to the scheme proposed by Lee et al. [10] in-
stalled in a Fabry-Perot cavity. The EO phase modulator
was composed of an antireflection coated LiNbO; crystal
(1.25 x 1.0 x 20.0 mm?) inserted in a microwave guide.
In order to realize a highly efficient EO phase modulator
which is operated at a high frequency, the width of the
microwave guide was designed to be microwave-resonant
in order to concentrate the microwave power in the crystal
and to match the optical group velocity and microwave
phase velocity in the crystal. By installing the modulator
in the Fabry-Perot cavity, it is possible to increase the
span of the OFC when the modulation frequency is nearly
equal to n X FSR, where n is an integer and FSR is the
free spectral range of the Fabry-Perot cavity.

Specifications of the OFC generator were:

Modulation frequency: f,, = f,o = 3 FSR = 5.8 GHz
(TE,¢, mode.)

Microwave power: P, = 10 W,

Modulation index: m = 0.2 = rad,

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

Efficiency of the Fabry-Perot cavity: ngp = 5%.

Fig. 3 shows the experimental set up. LDg and LDy
were both multiquantum-well distributed feedback lasers
at 1.5 um wavelength. In order to achieve high resolution
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measurement of the beat signal between one sideband of
LDy generated by the OFC generator and LDy, we used
an optical feedback method [14] to reduce their spectral
linewidths. Their 3 dB-linewidths Avy and Ay, were es-
timated to be about 1 kHz from the experimental results
of optical phase locking which are shown later in this sec-
tion. The laser power P; of the LDy incident into the OFC
generator was about 7 mW. The value of vz — vy was
controlled within 0.5 THz by controlling the temperatures
and the injection currents of the lasers. An optical bal-
anced-mixer-receiver is known as a reliable photo-detec-
tor for heterodyne signal detection because it conserves
local oscillator power and cancels excess intensity noise
[15]-[17]. Thus, we used a balanced-mixer-receiver. The
optical balanced-mixer-receiver consisted of two photo-
diodes with the quantum efficiency npp of 0.8, two polar-
ization beam splitters (PBS’s) and two half wave plates
(HW’s). The laser powers detected by the two photo
diodes of the optical balanced-mixer-receiver are adjusted
by the half wave plate (HW,). A pin hole was used in
order to achieve matching of the beam spot size of LDy
and LDg. As a result, laser power Py from LDy to the
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optical-balanced-mixer-receiver was reduced to 3 mW,
but this value was high enough to obtain shot-noise lim-
ited signal. Additional circuits, composed of a radio fre-
quency (RF) double balanced mixer, a low pass filter, an
RF attenuator, and an RF oscillator (OSCp), inserted be-
tween the optical balanced-mixer-receiver and LDy, were
for the optical phase locking.

In Fig. 4, curves A and B show the noise level of the
beat signal detection without and with the optical bal-
anced-mixer-receiver, respectively. The broken line
shows the shot noise level. By an auxiliary experiment, it
was confirmed that the principal contribution to the noise
of the curve 4 was the intensity fluctuation of the LDy. It
is seen that the noise level of the curve B was reduced to
the shot noise level in a wide range of Fourier frequency.
When the beat frequency fj is in such a range, it is pos-
sible to realize the shot-noise-limited detection of the beat
signal between LDy and a sideband of LDg. In the follow-
ing discussion, the noise level is assumed to be the shot
noise level.

Fig. 5 shows a typical spectral profile of the beat signal
between the LDy and the 84th sideband of the LDg. The
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Fig. 4. The noise level in the measurement of the beat signal. Curves A
and B are the noise levels without and with balanced mixer receiver, re-
spectively. Broken line is the shot noise level.
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Fig. 5. Spectral profile of a beat signal. Broken line is the shot noise level.

resolution bandwidth B of the RF spectrum analyzer was
10 kHz. The broken line was the shot noise level. In this
measurement, the detuning of the modulation frequency
Af(=fn — fno) and phase of the Fabry-Perot cavity ¢
(= w(vg — vpp)/FSR, where pgp is the closest resonant
frequency of the Fabry-Perot cavity) were set to 0 Hz and
0 rad by adjusting the modulation frequency and voltage
of a PZT attached to the Fabry-Perot cavity mirror. In
order to know the order of sideband, k, we measured the
frequency shift of fy by changing slightly the modulation
frequency. The shift of the fy must be equal to the value
of k times the shift of modulation frequency. As a result,
k of the Fig. 5 was measured to be 84, i.e., vg — vy =
0.487 THz. The uncertainty of the measured frequency
difference depends on the accuracy of f,, and the RF spec-
trum analyzer. If f,, is calibrated by an atomic clock, such
as a rubidium clock (6.8 GHz) or a Cesium clock (9.2
GHz), the value of frequency difference can be measured
with an uncertainty of 1 part in 10'2 ~ 10'. It is seen
that the signal-to-noise ratio was 61 dB in Fig. 5. This
value was increased by 43 dB in comparison with the pre-
vious experiment [13], because of using of the balanced-
mixer-receiver and increasing of the modulation fre-
quency.

Fig. 6 shows the relation between the signal-to-noise
ratio and kf;, (frequency difference between the carrier fre-
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Fig. 6. Signal to noise ratio of the beat signals. Solid line is the calculated
result. Open circles are experimental results.

quency and the kth sideband frequency of LDg). Open
circles are the experimental results. The resolution band-
width B was 10 kHz.The numbers attached to the open
circles indicate the orders of sidebands. The solid line
shows the value calculated by (1) and (4) in Section IV.
It can be seen from this figure that the experimental re-
sults were in good agreement with the calculated results,
and that the slope of the signal-to-noise ratio as a function
of kf,, is 19 dB/THz. The maximum measurable fre-
quency difference is roughly estimated from this result to
be 4 THz, which is defined as kf,, at a signal-to-noise ratio -
of 0 dB. In Section IV, we calculate it by taking account
of a crystal dispersion.

Fig. 7(a)-(c) show the envelope of the OFC spectrum
observed with an optical spectrum analyzer, where (a) ¢
=0, 4f,=0,(0b) ¢ =0, Af,, = 5.5MHz, and (¢) ¢ =
0.157, Af,, = 5.5 MHz. The broken lines in these figures
show the sensitivity limit of the optical spectrum ana-
lyzer. The center wavelength in these figures is the wave-
length of LDg. From these figures, the shape of the en-
velope of the OFC was controlled by changing the values
of ¢ and Af,,. In Section IV, we will discuss about the
optimization of ¢ and Af,, to increase a maximum mea-
surable frequency difference. It is seen from Fig. 7(a) that
the envelope extends to a width as wide as 32 nm (or 4
THz). To our knowledge, this value is the widest span of
an OFC generated by EO modulation. Because the mea-
surement of the optical beat signal is more sensitive than
the measurement using an optical spectrum analyzer, it is
possible to use higher order sidebands which have not
been observed with the optical spectrum analyzer. Com-
pared to the result in Fig. 6, it is expected that the signal-
to-noise ratio of the beat signal detection between side-
band of kf,, = 2 THz and LDy will be higher than 30 dB.

An optical phase locking loop [14] is an essential tech-
nique for synthesizing and measuring the optical fre-
quency. If we phase-lock a laser to a high order sideband
of the OFC, this laser can be used for generating another
new OFC. By repeating this process, the span of the en-
tire OFC can be expanded. We tried to phase-lock LDy
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to one sideband of LDy generated by the OFC generator
for demonstration. The experimental setup is shown in
Fig. 3 (in which the switch (SW) is on). Fig. 8(a) and (b)
show the spectral profile of the beat signal under phase
locked condition for which LDy was locked to 84th side-
band of the OFC, i.e., vg — vy = 0.487 THz. The reso-
lution bandwidths of Fig. 8(a) and (b) were 1 kHz and 30
Hz, respectively. This is the first report of an optical phase
locking with a frequency difference as high as 0.5 THz.
From the wing of the residual phase noise seen in these
figures, short-term residual phase error variance was €s-
timated to be less than 0.01 rad’. From Fig. 8(b), the
linewidth of the beat signal was estimated to be narrower
than 30 Hz since the resolution bandwidth is 30 Hz.
Therefore, the present phase locking does not limit the
accuracy of the frequency measurement, and the mea-
surable range can be increased by applying optical phase
locking to higher order sidebands. Residual phase noise
in low Fourier frequency shown in Fig. 8(b) resulted from
the low gain of the feedback circuit. If an active loop filter
is used, further reduction of the residual phase noise can
be expected.
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Fig. 8. Spectral profile of a beat signal under optical phase-locked condi-
tion.

III. THEORETICAL ANALYSIS OF AN OFC GENERATOR

From the experimental results, the maximum measur-
able frequency difference has been roughly estimated to
be 4 THz. In this section, we calculate the spectrum of
OFC by taking into account the crystal dispersion, and
then derive the maximum measurable frequency differ-
ence.

Fig. 9 shows an analytical model of the OFC generator
used for our calculations. The EO crystal in the Fabry-
Perot cavity is assumed to be composed of two parts. One
part is a phase modulator without the crystal dispersion.
The other part gives the dispersion effect to the laser beam.
By using a linear approximation of the refraction index n,
of the extraordinary ray in a LiNbO; crystal, the optical
power P, of the kth order of the sideband generated by
OFC generator is

2

E,
Py = npp Foik P; (1a)
where
. 2
Ey =t X E;b6(k) + rexp (—]—41‘-1“6 () ‘%
14

_ j2rkdf,

FSR (1b)

- j2¢> qzz_m Ji-q@m)E,,
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where E; and E are amplitudes of the electric fields of
the incident laser beam and the kth sideband of output
beam of OFC generator, respectively. J,_,( ) is the (k —
q)-th Bessel function, 8( ) is the delta function, r and ¢ are
reflectivity and transmittance, i.e.,r =1 — 7 /F,t =1
— r, respectively. c is the speed of light in vacuum. The
value of dn, /dv is 2.3 X 107 Hz™! (1.5 um) and L, is
the crystal length. The wavelength sensitive reflectivity
of the Fabry-Perot mirror is ignored because it is very
small in comparison with the effect of the crystal disper-
sion within the range of 10 THz.

The calculated results of the envelope of the OFC spec-
trum from (1), are shown by solid lines in Fig. 10(a)-(c),
where (a) ¢ = 0, Af,, = 0, (b) ¢ = 0, Af,, = 5.5 MHz,
and (c) ¢ = 0.157, Af,, = 5.5 MHz. In order to compare
them with the experimental results in Fig. 7(a)-(c), we
replace k by the wavelength of the kth sideband A in the
relation between P, and k, considering that \, = Az —
(c/vh)kf,, (where N\g = c /vy is the wavelength of LDg),
it is found that they are in good agreement with each other.

Although (1) can represent the results which are in good
agreement with experimental results, this calculation is
too complicated to estimate the maximum measurable fre-
quency difference. Then we derived the approximated
expression of (1). That is
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Fig. 10. Calculated results of the spectral envelope of the OFC. Solid and
broken lines are calculated results by (1) and (5), respectively. (a) ¢ = 0,
Af, = 0. () ¢ =0, Af,, = 5.5 MHz. (c) ¢ = 0.157, Af,, = 5.5 MHz.
The center wavelength is .

2
T k|7
— ~-E) P, forgk) = m;
o, ’ otherwise
27L.(k'f,)* dn,  wk'Af,,
= |l e M b+ M 2b
8®) c dv  FSR CTHT (@)
where M is an integer which satisfies |¢ + M| < m,and 1 between the kth sideband of LDy and LDy is
the condition should be valid when k' involves all integers
from O to k. The relation P, = ngp(w/2mF)* exp S/N, = 1pp Pox Px 3)
(= (|k|m/mF)) P; in (2a) represents an analytical equa- k % Y
tion calculated from (1) under the condition in which the e Py + Py ) (B + Avy + Avg)hry

crystal dispersion is ignored and mF >> 1. The value of
g (k') is proportional to the frequency difference between
the k’th sideband and the closest resonant frequency of
the Fabry-Perot cavity. When a value of k does not satisfy
the relation g (k) < m, the order of the sideband is higher
than the value of k and such a sideband cannot exist. We
show examples of the calculation using (2) by broken lines
in Fig. 10(a)-(c) to compare the solid lines exactly cal-
culated result by using (1). By comparing the calcula-
tions, it is seen that they are in good agreement with each
other. We use (2) in the following discussion.

The signal-to-noise ratio S/N of the beat signal detec-

where h is the Planck’s constant. By using the relation
- - oPox = (nppw /mF) P; << Py, Avy, Avg << B, (3)
can be reduced to

Npp Pi
hVXB ’

One should remember that the experimental results are in
good agreement with the calculated result of (4) in Fig.
6.

The maximum measurable frequency difference f; _ nax»
which is defined as kf,, at a signal-to-noise of 0 dB, esti-
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mated from (2a), (2b), and (4), is the smaller one between
f;i—max—a andf;i—max—b-

T
— . Z
In <2mF> + 0.51In (Z2)

ﬁi-max—a = fm - (5a)
2mF
mc
Ja-max-» = 7 (5b)
7L an.
 dy

where Z = ngpnpp P;/hvy B, is the signal-to-noise ratio of
the beat signal detection between LDy through the Fabry-
Perot cavity and LDy. f; _ max - o is calculated by assuming
dn,/dv = 0. f;_ nax - is calculated by assuming Z = o
and optimizing the values of ¢ and Af,,.

In Fig. 11(a) and (b), f; - max — o a0d f _ max - » are shown
as functions of mF and m /L, respectively. Curve A4 in
Fig. 11(a) is calculated by using values of experimental
condition such as Z = 2 X 10! (ggp = 0.05, 7pp = 0.9,
P; =7 mW, and B = 10 kHz). Curve B in Fig. 11(a) is
calculated by using values of Z = 6 X 10'%. Curve B will
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Fig. 12. The maximum measurable frequency difference as a function of
wavelength.

be referred to in Section V. From curve A4 in Fig. 11(a),
and Fig. 11(b), the value of f; _ .., can be estimated to be
4 THz by the experimental conditions mF = 125, and
m/L, = 0.31 rad /cm.

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

an‘hs P,L.w
V2 M \Af,etan s’

where A, 733, and e are the cross-sectional area of the
crystal, EO coefficient, and dielectric constant, respec-
tively. By substituting the experimental values into (6),
dielectric loss tangent tan 6 is estimated to be 0.0017. The
value of dn,/dv is calculated from a Sellmeir equation
given in [18]. In Fig. 12, f;_ ... is shown as a function
of Ag, in which it can be seen that f;_ ., reaches to 10
THz at A = 0.6 um. This wavelength is important for
precision spectroscopy, such as for I; and Ca. In the range
of wavelength shorter than 0.6 um, a decrease of f; _ .,
can be seen owing to the increase of dispersion effect of
the LiNbO; crystal near the absorption.

©®

m =

IV. DiscUSSIONS

We discuss here how to increase the maximum mea-
surable frequency difference to 10 THz by improving the
performance of the present OFC generator at 1.5 um
wavelength. In order to achieve a 10 THz frequency dif-
ference measurement, there are two problems to be
solved.

One is to realize

fi—max—a = 10 THz (7a)
and the other one is
Si-max—» = 10 THz (7b)

First, we consider (7b). From (5b) and (7b), it is easily
calculated that m /L. must be larger than 0.6 rad /cm (in
the case of LiNbO;). This condition can be realized easily
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when the modulation frequency is low, but it is preferable
to realize it using a modulation fréequency as high as pos-
sible. Lee et al. realized a very large phase modulation of
0.5 um laser [10] by using a high microwave power. The
value of the modulation index was 10.5 rad /cm at a mod-
ulation frequency of 16.2 GHz. If this modulator is used
for a 1.5 um wavelength laser, the modulation index is
estimated to be m/L. = 3.5 rad /cm. This value is large
enough, but such a high power modulation is practically
inconvenient. In the present system, we operated the
modulator continuously by using 10 W microwave, and
the realized value of the m/L, is 0.31 rad/cm. In order
to increase this value to 0.6 rad /cm, we must increase
the microwave power concentration ratio (P,/L.4) or we
must use low loss crystal. If the cross-sectional area of
the crystal is decreased to the diffraction limit (the crystal
area can be decreased to 0.5 X 0.5 mm? for L, = 2 cm),
the power concentration is then increased by five times,
and the value of the m /L, is increased to 0.71 rad /cm.
This is enough to satisfy (7b). The advantage of our mod-
ulator is that the phase velocity of the microwave can be
controlled by waveguide width, and the width of the crys-
tal can be decreased to a size smaller than the crystal width
of Lee’s modulator which use a micro-strip-line resonator
on an EO crystal. If we use a crystal with low tan J, the
value of m /L. can be increased easily, but the value of
tan & of LiNbO; in the microwave range is not clear be-
cause it depends on the crystal quality.

Next, we consider (7a) by assuming that the value of
the m /L. is 0.6 rad /cm. Under the condition of F = 200
(mF = 250), f;_max - is estimated to be 7.4 THz from
the curve A4 in Fig. 11(a). There can be three ways to
increase this value to 10 THz. They are: 1) Increasing of
fon» 2) increasing of Z, 3) increasing of F. Although the
maximum modulation frequency is not clearly known
which keeps the relation of (7b), we point out that relation
of (7a) is realized when the modulation frequency is higher
than 8 GHz. The way to realize (2) and (3) is to increase
the signal-to-noise ratio of the beat detection. The value
of ngpP; is increased by using low loss optics and/or a
high power laser. When the linewidth of the lasers are
decreased, the resolution band width B can be decreased
and then the signal-to-noise ratio is increased. The spec-
tral linewidth of the 1.5 um wavelength laser has been
narrowed to 80 Hz [19], and if the value of Z is increased
by 300 times which can be realized by increasing the ngp P;
and using such lasers, it is possible [from curve B in Fig.
11(a)] to increase the value of f; _ nax — o to 10 THz at mF
= 250. The way of realizing (3) is most hopeful to satisfy
(7a) because optical loss of the LiNbOj; is very low and
the value of F can be increased by employing a monolithic
Fabry-Perot cavity made of LiNbO;. Recently, a mono-
lithic LiNbO; optical cavity, of which the value of F is
960, has been reported [18]. In order to realize (7a), a
finesse of 300 is enough. A monolithic type LiNbO; Fa-
bry-Perot cavity for the OFC generator will be easily re-
alized by coating with high reflection films the crystal fac-
ets of the EO modulator.
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In order to measure a frequency difference higher than
10 THz, it can be easier to use the optical phase locking
technique with many OFC’s than to improve a single OFC
generator because the dispersion in reflectivity of the Fa-
bry-Perot mirror cannot be ignored in a range higher than
10 THz.

V. SUMMARY

A wide-span optical frequency comb (OFC) generator
was realized for accurate optical frequency difference
measurement of 1.5 um wavelength semiconductor lasers
by using a high' frequency electrooptic phase modulator
(LiNbO;) which is installed in a Fabry-Perot cavity. It
was confirmed that the span of the OFC is wider than
4 THz. By using such an OFC generator, semiconductor
lasers whose spectrum linewidths are narrowed to 1 kHz,
and a sensitive optical balanced-mixer-receiver, we dem-
onstrated the frequency difference measurement up to 0.5
THz with signal-to-noise ratio higher than 61 dB. We also
demonstrated the heterodyne optical phase locking with
the heterodyne frequency of 0.5 THz and achieved the
residual phase error variance less than 0.01 rad’. The
maximum measurable frequency difference, which is de-
fined by a signal-to-noise ratio of 0 dB, was estimated to
be 4 THz. It is expected that the maximum measurable
frequency difference is increased to 10 THz if the modu-
lation index normalized to the crystal length become
higher than 0.6 rad /cm.
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Abstract. We propose a frequency synthesis chain which
can directly connect a microwave atomic clock with a
visible laser. We design this chain for the frequency mea-
surement of a visible laser locked on the intercombination
transition of Ca at 657 nm. The proposed chain is based
on both an optical difference frequency divider and an
optical frequency comb generator, and it is designed to use
nine visible and near-infrared diode lasers. We discuss the
technical requirements to realize the frequency measure-
ment accuracy level of 1074,

PACS:07.60. — j, 42.60. By

In recent years there has been renewed interest in optical
frequency synthesis which connects the optical laser fre-
quency to infrared frequency standards or microwave
atomic clocks. It has been needed in metrology to measure
the optical frequency in the visible region with high accu-
racy. The frequency measurement of I, stabilized red
He-Ne laser (633 nm) has been realized by using a fre-
quency chain between the visible and the reference infrared
lasers with an accuracy of 107*°~107!* [1, 2]. The Ca
intercombination line at 657 nm is one of the promising
candidates for an optical frequency standard [3]. For the
frequency measurement of this line it is necessary to realize
a measurement accuracy of better than 1072,

Such an accurate optical frequency measurement is also
needed in the field of high-resolution spectroscopy or fun-
damental physics. To determine the Rydberg constant,
the optical frequency of the two-photon hydrogen transi-
tion at 243 nm has been measured with an accuracy of
2 x 107! by using a frequency chain based on the refer-
ence infrared He—Ne laser (3.392 pm) [4].

Optical frequency syntheses based on new concepts
have been proposed and studied in recent years [5-8].
The basic concept is an optical difference frequency divider
which can divide the frequency difference between lasers
by using phase locking via a beat signal of their harmonics
and sum frequency [5]. A similar method has also been
proposed using optical parametric oscillators as an optical

frequency divider [7, 8]. Using these new methods, the
frequency chain between the optical frequency and a mi-
crowave atomic clock can be realized only with visible or
near-infrared lasers [6]. However, more than sixteen lasers
are needed in a wide wavelength range. Diode lasers are
attractive candidates for this purpose.

Here we propose new frequency synthesis chain which
can directly connect the microwave frequency to the opti-
cal frequency in the visible using only nine lasers. This
chain is designed for the frequency measurement of the Ca
stabilized optical frequency standards at 657 nm [3]. Our
chain relies on twe new methods. One is, already men-
tioned, the optical difference frequency divider using sum
frequency and second-harmonic generation [5]. The other

- is the optical frequency comb generator using an electro-

optic (E/O) modulator in a high finesse optical cavity
[9, 10]. This optical frequency comb generator can effi-
ciently generate high-order sidebands in the frequency
range higher than 1 THz. Another feature is that we can
use commercially available visible and near-infrared diode
lasers for all nine lasers and also highly efficient nonlinear
crystals. )

First, we briefly show the principles of the optical
difference frequency divider and optical frequency comb
generator. Next, we describe the design of our proposed
frequency chain and discuss technical requirements for
optical phase-locked loops to realize a phase coherent
chain.

1 Optical Difference Frequency Divider

The optical difference frequency divider using sum fre-
quency mixing (SFM) and second-harmonic generation
(SHG) has been proposed and demonstrated experimen-
tally [5, 11]. The schematic diagram of this method is
shown in Fig. 1. Using the beat between the sum frequency
(SF) of laser 1 (v,) and laser 2 (v,) and the second harmonic
(SH) of laser 3 (v;), the phase locking between three lasers
can be realized with the frequency relation

V1+V2+6=2V3 or Vl—V2+6=2(V3_V2), (1)
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Fig. 1. Schematic diagram of the optical difference frequency
divider

where 6 is the heterodyne beat frequency between SF
and SH. For the optical frequency of about 5 x 10'4 Hz
(A = 600 nm), the optical frequency difference can be re-
duced to within 10 GHz after sixteen stages of this divider.

It is important to know the phase error of the optical
phase-locked loop (OPLL) used in this method. Using a
balanced homodyne detector [12], the signal to noise ratio
of the beat between two lasers is given by

_ A @
~ e, 7 1,) + 21BW’

where k is a coupling coefficient between two laser beams,
I, and I, are dc photo currents of lasers 1 and 2, e is
the electron charge, iy is the current noise density of a
preamplifier, and BW is the detection bandwidth. The dc
photo currents I; (i = 1,2) are given by enP,/hv; (i = 1,2),
where 7 is the photo diode quantum efficiency, and P, and
v; are optical power and frequency of the two lasers, and h
is the Planck constant. The first and second terms of the
denominator of (2) represent the terms of shot noise and
thermal noise, respectively. For an optical power P; (= P;)
of 1 uW at A = 440 nm, BW = 100 kHz, n = 0.5, k = 0.5,
the shot noise limited S/N ratio is calculated to be about
59 dB, whereas the thermal noise limited one is about
42 dB at the preamplifier current noise density iy of 4.5
pA/\/Hz, as an example.

Here, we assume, for simplicity, that the laser frequency
noise is white noise and we use a homodyne OPLL with
a first-order loop filter. The laser linewidth 4v, is given by
4v, = =S, where S is the power spectrum density of white
frequency noise. Under phase locking, the relative phase-
error variance between two lasers is given by [13]

2 ®Sp  wSsfo
% =25t 2
where S is the power spectral density of frequency noise
of the lasers at the beat signal, f; is the locking bandwidth
of the phase-locked loop, Sy, is the power spectral density
of phase noise due to the finite S/N ratio of the beat signal
and is given by 1/(S/N)gw=1 .- The minimum phase error
is given by a; = m/SgS4,» when the bandwidth is chosen
to be f; = (Sp/S4,)"2. The power spectrum density Sy of

S/N

©)
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the beat signal between SF (lasers 1, 2) and SH (laser 3) is
given by Sy = S; + S, + 4S; when the three lasers are not
correlated and the power spectral densities of the three
lasers are S; (i = 1 — 3). When the linewidths 4v, of the
three lasers are 10 kHz and the S/N ratio of the beat signal
is 42 dB (BW = 100 kHz), Sy and S, are about 2 x 10*
Hz?/Hz, and 6 x 107'° rad?/Hz, respectively. The opti-
mum locking bandwidth f; is about 6 MHz and the mini-
mum phase error variance is 65 ~ 0.01 rad2 This phase
error (~0.1 rad) is sufficiently small to get a precise fre-
quency relation between the two lasers. In case of a heter-
odyne OPLL, the S/N ratio of the beat signal is 3 dB lower
compared with the homodyne OPLL. If the laser linewidth
is determined by 1/f noise at low frequencies rather than
white noise, the optimum feedback bandwidth is lower
than the above-mentioned [13].

2 Optical Frequency Comb Generator

Wide frequency span optical frequency comb generator
using an electro-optic modulator in a high finesse optical
cavity has been proposed and demonstrated [7, 9, 10]. A
schematic diagram of this comb generator is shown in Fig.
2. The laser beam is phase modulated by an electro-optic
modulator in an optical cavity (finesse: F, free spectral
range: FSR = c/2L) at the modulation frequency f,,. When
Jm=n x FSR (n=1,2,...), the phase modulation can be
effectively enhanced in the cavity by the order of the cavity
finesse, and the higher order sidebands can be efficiently
generated.

In our recent experiment [10], using a LiNbO, E/O
modulator with a modulation frequency of 5.8 GHz and a
Fabry-Perot (FP) cavity (finesse ~200), we have obtained
more than 700 sidebands spread to about 4 THz. We could
observe the heterodyne beat signal between the 58-th side-
band and the other laser with a frequency difference of
about 0.5 THz. We also demonstrated the optical phase
locking using this heterodyne beat signal.

We now roughly estimate the higher-order sideband
power generated by this optical frequency comb generator.
When the laser frequency v, is nearly equal to the optical
cavity resonance frequency v, = N x FSR (N: integers)

I Lastﬁle

pnély

6
0osC

Fig. 2. Schematic diagram of the optical frequency comb
generator
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and the modulation f,, is also nearly equal to k x FSR
(k=1,2,3,...), the m-th order sideband power P, of the
transmitted light from the cavity exponentially decays
against a sideband order m [10],

T \2 mn
Ppy~nr\ 5= ) exp| ——= | P, O]
2MF MF

where 5y is transmission efficiency of the FP cavity, M is
modulation index, F is cavity finesse, and P, is the optical
power incident on the cavity. As an example, when #; is
~20%, M ~ 1, F =200, P, = 10 mW, Vqu = 6 GHz, the
optical power of the 300-th order (300 Vn = 1.8 THz) is
about 1 nW.

We now estimate the required sideband power for
OPLL. Here, we assume that the optical phase locking
between a higher-order sideband of optical power P, and
the other laser of P, (> P,). In this case, the S/N ratio of
the beat signal is mainly determined by the shot noise (2)
and is given by 2x?nP, /(hv Bw).

For typical conditions BW = 100 kHz, k =05, P, =
1nW, P, = 3mW (4 = 875 nm, n = 80%)], the S/N ratio is
about 42 dB. According to (3), the relative phase variance
is calculated to be 0.006 rad? when the laser linewidth Av,
is 10 kHz, and the locking bandwidth fois 3 MHz.

It is important to know the magnitudes of phase or
frequency noise of the higher-order sidebands due to the
cavity-length fluctuation. The phase noise of the m-th
order sideband is 64, = m x 2n8L/A, where oL is the
cavity length fluctuation. The frequency noise is given by
v (f) = f94,,(f) at the Fourier frequency f. For example,
OL of 1 nm at f = 1 Hz induces a frequency noise of 2 Hz
at the 300-th order sideband (1 = 875 nm).

3 Design of the Frequency Chain

We design the frequency chain to measure the optical
frequency of a frequency-standard laser locked on the Ca
intercombination line at 657 nm. Using high resolution
Ramsey spectroscopy of this Ca transition, the frequency
accuracy and reproducibility of this standard laser is ex-
pected to be within 1072 [3]. The schematic diagram of
this frequency chain is shown in Fig. 3. In this frequency
chain, we use nine lasers at the wavelength of 1315 nm, 657
nm, 877 nm, 751 nm, 809 nm, 842 nm, 859 nm, 868 nm,
and 872 nm, respectively. The optical frequency (~456
THz) of the standard laser (657 nm) is down converted to
a microwave frequency by using another eight lasers.

At the first stage, the second harmonic (SH) of laser 1
(1315 nm) is generated in a KTP crystal, and laser 1 is
phase-locked on the laser 2 (657 nm) by using the SH. The

frequency relation between the laser 1 (v;) and laser 2 (v,) .

is given by v, = 2 x v, + 4,, where 4 1 is the heterodyne
beat frequency.

At the next stage, the frequency difference between laser
1 and laser 2 is divided by two using the optical difference
frequency divider. The SF between laser 1 and laser 2 is
generated in a KTP crystal, and the SH of the laser 3 877
nm) is generated in a KNbO, crystal. Laser 3 (v3) is phase-
locked by using the beat between the SF and SH, and the
laser frequency v, is given by v; = (v, + v, + 4,)/2, where
4, is the heterodyne beat frequency.

@T
l Laser2 657nm |I; <
l Laser3 877nm % SHG L)

N
Laser5 809nm [— 44
N

Laser6 842nm
N
| Laser7 859nm }*
I Laser8 868nm IL
N
Laser9 872nm

N

vm

Fig. 3. Schematic diagram of the proposed frequency chain
system

In the following six stages, the difference frequency
between laser 2 (657 nm) and the laser 3 (877 nm) is divided
by 26 = 64 using the same frequency dividers. The non-
linear frequency mixing (SFM and SHG) between laser 2,
laser 3, laser 4, and laser 5 are obtained with LiIO; crystals.
The SF and SH between laser 3, laser 5, laser 6, laser 7,
laser 8, and laser 9 are obtained with KNbO, crystals.

Thus, the frequency difference between laser 3 (876 nm)
and laser 9 (872 nm) is reduced to about 1.8 THz and is
given by

1 4, 4, 4y 4
2562ttt Tty O

where 4; (i = 1-9) are the heterodyne beat frequencies at
the frequency divider stages.

This frequency difference of 1.8 THz can be measured
by using the optical comb generator. The output of laser
3 is phase-modulated at the modulation frequency v,, of
about 6 GHz by a LINbO, crystal in a Fabry-Perot cavity
(FSR = 2 GHz, finesse ~ 200) with a modulation index of
about /2. The heterodyne beat signal between the higher-
order (m ~ 300) sideband and the laser 9 is detected by a
fast Si-PIN photodiode. The frequency relation between
laser 9 and laser 3 is given by vy = v3 + m x Vi + 4o,
where 4, is the heterodyne beat frequency.

Finally, the frequency v, is given by the modulation
frequency v, and nine heterodyne beat frequencies 4,
(n=1-9),

v2=256mevm+Al—242+4A3+8A4+"'
+ 2564, . - ©)

Vo — V3 =
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If all the heterodyne frequencies (4,) and the modula-
tion frequency (v,,) are synthesized from a microwave Cs
atomic clock, the optical frequency v, can be determined
with an accuracy of this atomic clock.

4 Phase Coherence of the Frequency Chain

To realize a highly accurate measurement of the optical
frequency using this frequency chain, it is important to
evaluate the phase coherence or phase fidelity of all pro-
cesses in this chain.

The accuracy of the optical frequency measurement is
expected to be of the order of 107'# for an integration time
of t = 100 s, which is determined by the stability and accu-
racy of the reference microwave Cs atomic clock. Accord-
ing to this frequency measurement accuracy we assume,
for simplicity, that the linewidth of the standard laser at
657 nm is 10 kHz, which is mainly determined by the white
frequency noise of power spectrum density S. In this case,
the square root of the Allan variance of this standard-
laser frequency is given by o0,(t) = (dv./2r7)2 ~ 0.9 x
10713 1712 which is nearly of the same order as that of the
reference Cs atomic clock.

The phase coherence of the 657 nm standard laser (laser
2) is transferred to the other eight lasers via optical phase-
locking loops (OPLL). In the first stage of the OPLL
between laser 1 and laser 2, the phase noise of laser 1 under
phase locking (d¢;) is given by [13]

0, = H,(f)(0¢; — 6¢n1)/2 + [1 — H,(f)164; , ™

where H,(f) is the transfer function of the phase-locked
loop, d¢y, is the phase noise due to the beat S/N ratio, ¢,
and &4, is the phase noise of laser 1 and laser 2 under free
running conditions, respectively.

In the following seven stages of the OPLL, the phase
noise of seven lasers are given by

ody = Hy(f)(0¢y + 8¢, — Ody,)/2 + [1 — Hy(f)]665 ,
084 = H3(f)(04; + 663 — 6¢n3)/2 + [1 — Hs(f)16¢s ,
05 = Hy(f)(644 + 03 — 6¢n3)/2 + [1 — Ha(f)10¢5,
0¢s = Hs(f) (045 + 043 — ody3)/2 + [1 — Hs(f)]164s ,

05 = Hy(f)(0¢5 + 663 — d¢ns)/2 + [1 — Hg(f)104s , (8)

where H;, 6¢;, d¢y; are the same as in (7).

For simplicity, all nine loop filters are assumed to be
the same first-order loop filters. The transfer functions are
given by H,(f) = H(f) = fu/(f. + if) (n = 1-8), where f,
is the phase locking bandwidth. The laser phase noise d¢;
(i = 1,3-8) is assumed to be same as that of the reference
laser 2 d¢,. The phase noises dgy; (i = 1-8) are also as-
sumed to have the same magnitude. The bandwidth f; is
assumed to be 6 MHz to minimize the phase-error vari-
ance as described in the Sect. 1.

The power spectral density of the relative phase noise
between laser 3 and laser 9 is calculated and shown in Fig.
4. The relation between the power spectral density S; and
the phase noise 3¢ is Sy = |64|2. There are mainly three
noise sources. The first is the sum of the additive phase
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Fig. 4. Power spectral density of relative phase noise between
laser 3 and laser 9. Curve A: the sum of S,; curve B: the sum of
phase diffusion noise Sy, (i = 1,3-8), curve C: the phase noise of
laser 2; curve D: the sum of phase noise

noise Sy, due to the finite S/N ratio of the beat signal in
the OPLL (Fig. 4, curve A). The second is the sum of the
phase-diffusion noise of eight lasers Sy, (i = 1,3-8) (curve
B). The third is the phase diffusion noise of laser 2 Sy,
(curve C). The sum of three noise contributions is given by
curve D. The total phase noise is approximately given by

1 2062
S¢9‘¢3 ~ 2562 S¢z + (ﬁ) S¢N . )

When the S/N ratio of the beat at each OPLL is about
42 dB (BW = 100 kHz), S,, is 6 x 107*° rad?/Hz. The
phase noise of laser 2 (standard laser) is given by S;, =
Av,/nf? ~ 3200/f2 rad®/Hz.

At f < 10 kHz, the relative phase noise between laser 3
and laser 9 is mainly determined by the phase noise of laser
2 §4,; thus the phase coherence of laser 2 can be well
preserved in the frequency difference between laser 3 and
laser 9.

At the final stage, this frequency difference (vo — v5 ~
1.8 THz) is further reduced to less than 6 GHz (4,) by using
the optical frequency comb generator. The higher-order
sideband power of about 1 nW enables one to obtain a
S/N ratio of about 42 dB (BW = 100 kHz) in the beat
signal between the 300-th order sideband of laser 3 and
laser 9. The additive phase noise S,, at the final stage is
about 6 x 107'° rad?/Hz. The phase noise of the hetero-
dyne beat frequency 4, is given by S, = S, _,. + S;,. The
phase noise of laser 2 Sy, appears in this beat frequency at
f <5 kHz. Thus the pilase coherence of laser 2 can be
transferred to the beat frequency 44, which can be com-
pared with the reference Cs atomic clock with an accuracy
of 107** att = 100s.

We neglected the cycle slipping in the OPLL in the
above discussion [13]. For a first-order loop filter, the
mean time between cycle slipping is given by

t, = mexp(2/od)/4fy , (10)

where o2 is the phase error variance and f; is the locking
bandwidth [13]. The mean frequency of cycle slipping is
given by f, = 1/t,, which is the frequency error induced by
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the cycle slipping. For the above condition (s2 = 0.01
rad?, f; = 6 MHz), this f, is negligibly small. If the phase-
error variance aj exceeds 0.1 rad?, however, the cycle
slipping is no longer negiligible and f; is calculated to be
about 0.016 Hz. At the final stage of the OPLL, this
frequency error f; (=0.016 Hz) corresponds to a relative
frequency error of about 1074 on the optical frequency of
about 456 THz (657 nm).

5 Nonlinear Frequency Conversions

Efficient nonlinear frequency conversion is important to
realize this frequency chain using all diode lasers. As dis-
cussed in the previous section, sum-frequency (SF) and
second-harmonic (SH) powers of about 1 uW are sufficient
to obtain a phase-error variance of 0.01 rad? in the OPLL.
Here we estimate the efficiency of nonlinear crystals and
also show the preliminary experimental results.

The SHG of 1315 nm can be obtained using a angle-
tuned KTP crystal. We have obtained a SH power of about
10 nW using a single-pass KTP crystal (! = 5 mm) with a
fundamental power of 50 mW. Due to the large walk-off
angle (~2.7°), the conversion efficiency is rather low. We
have also obtained the beat between this SH and the 657
nm laser with a S/N ratio of about 30 dB (BW = 30 kHz).
If we use a noncritical phase-matched LiNbO, crystal, we
can expect a rather high conversion efficiency, however,
the phase matching temperature is rather high (~360°C).

The SFM between 1315 nm and 657 nm can be also ob-
tained using an angle-tuned KTP crystal (6 = 88°,¢ = 0°)
at room temperature. Recently, noncritical phase match-
ing of SFM between 1319 nm and 660 nm lasers has been
reported at near room temperature (~ 50°C) [14]. It is
possible to get noncritical phase matching of SFM,
between 1315 nm and 657 nm at temperature around
—60°C to —20°C. In this case, a sum-frequency power of
about 3 uW, is expected using a single-pass crystal (I =
7 mm) with fundamental powers of 30 mW (1315 nm) and
3 mW (657 nm).

The SHG of 751 nm and 809 nm, and the SFM of 657
nm, 751 nm and 876 nm, can be obtained using angle-
tuned LilO; crystals. The conversion efficiency is not so

Table 1. Nonlinear frequency conversions

Process A [nm] Crystal T[°C] Cut
vy X 2 1315 KTP 60°
v+ v, 1315, 657 KTP 88°
v3 % 2 877 KNbO, 67

v+ v, 657, 877 LilO, 29°
vy X 2 751 LilO, 47°
V3 + vy 877,751 LilO, 64°
vs X 2 809 LilO, 44
V3 + Vs 877, 809 KNbO, -20

Ve X 2 842 KNbO, —28

V3 + v 877, 842 KNbO, 22

vy X 2 859 KNbO, 15

V3 + vy 877, 859 KNbO, 35

vg X 2 868 KNbO, 41

V3 + vg 877,872 KNbO, 50

Vo X 2 872 KNbO, 58

high due to large walk-off angle of about 4.5° (809 nm)
[15]. In our recent experiment, we have obtained about
40 uW of SH power at 750 nm and 810 nm with a funda-
mental power of about 900 mW in a single-pass crystal
(I = 10mm). A SH power of about 0.6 uW is expected using
a fundamental power of 100 mW.

For the SFM and SHG of wavelength around 840—880
nm, high conversion efficiencies are expected using a non-
critically phase-matched A-cut KNbO; crystal at the tem-
perature around —30-70°C. A SH power of 50 pW can
be generated in a single-pass crystal of I = 5 mm with a
fundamental power of 50 mW (875 nm). We have obtained
about 10 W power of the sum frequency mixing between
the 875 nm laser and 825-842 nm laser with each funda-
mental powers of about 50 mW. In Table 1, we summarize
all nonlinear frequency conversions used in the present
frequency chain.

6 Discussion

Technical requirements for the lasers to realize the present
frequency chain are as follows

(1) single-frequency high output power (50-100 mW),
(i) wide wavelength range (1.3-0.66 um),

(iif) narrow linewidth (~ 10 kHz),

(iv) wide frequency control bandwidth (500 kHz-10 MHz).

In the wavelength range of 810-880 nm, high power
(~100 mW) single-frequency AlGaAs diode lasers are
available. Using an optical feedback from a confocal cav-
ity, it is easy to obtain a narrow linewidth of about 10
kHz [16]. At 1.3 um, we have recently obtained a single-
frequency output power of 50 mW from a high power
(~ 130 mW) InGaAsP diode laser using an external grat-
ing feedback .[17]. We can also use an injection-locking
technique to obtain high-power single-frequency opera-
tion of high-power diode lasers [18].

The output power of AlGaAs diode lasers at 750 nm is
still low (~10 mW) compared with longer wavelength
lasers. A high power (50 mW) multi-quantum-well (MQW)
AlGaAs lasers at 780 nm can be used at low temperature
(~ —80°C). A red AllnGaP diode laser at 657 nm can be
used at room temperature. Using an anti-reflection coated
laser with external grating feedback, it is easy to obtain
single-frequency operation with narrow linewidth [19].
The output power of this laser is also still low (~3 mW).
High-power red diode lasers are now under development
and the maximum output power is about 35 mW at rather
longer wavelengths (675-680 nm). Until high-power diode
lasers at 750 nm and 657 nm will be developed, we can use
powerful dye and Ti:Al, 0, lasers pumped by an Ar* laser
instead of diode lasers.

The bandwidth of the optical phase locking loop is
required to be several MHz for minimizing the phase error.
Using current modulation of the diode laser, it is easy to
obtain a frequency-control bandwidth of more than 1
MHz [20-22]. Heterodyne and homodyne optical phase
locking loops have been realized with a low phase-error
variance of about 0.01 rad? [23, 24].

Among the nonlinear crystals, the conversion efficiency
of LilOj; crystals is lower than that of other crystals and
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not high enough for low-power diode lasers. Using an
external resonant buildup cavity, the conversion efficiency
can be easily enhanced [15, 25]. Recently, quasi-phase
matching (QPM) waveguides have been developed and
efficient SHG and SFM has been demonstrated using a
LiTaO, or KTP waveguide [26, 27]. More than 2 mW, of
blue SFM light has been generated with a fundamental
laser power of 100 mW [27]. We can expect more than 10
uW of SHG and SFG by using this QFM waveguide with
a fundamental power of only 5 mW.

The present system requires nine lasers and 15 non-
linear crystals. There is still room to improve the frequency
span of the optical frequency comb generator. If we obtain
an overall cavity finesse of more than 500 and a modula-
tion index of about /2 in the comb generator the fre-
quency span is expected to be more than 7 THz, and we
can reduce the number of lasers and nonlinear crystals to
seven and 11, respectively.

The present frequency chain can provide many useful
frequency markers in the near infrared and visible region.
The S-D transition of a trapped Sr* ion at 674 nm is also
a promising candidate for the optical frequency standard
[28]. Its natural linewidth is estimated to be within 1 Hz.
With two additional frequency divider stages between the
1315 nm laser and the 1348 nm laser, which is half the
frequency of the 674 nm laser, the frequency difference can
be reduced to about 1.4 THz.

Dividing 751 nm and 809 nm lasers, this middle laser
at 779 nm is close to the Rb D, lines at 780 nm within 0.5
THz. The sum frequency between the 1315 nm and this
779 nm lasers is close to one quarter of the frequency (486
nm) of the 1S-28 transition of atomic hydrogen at 122 nm
within 3.7 THz [4].

7 Summary

We have proposed a frequency chain between the micro-
wave and the optical frequency for frequency measurement
of a Ca stabilized laser at 657 nm. This chain can be
realized with currently available diode lasers, nonlinear
crystals and E/O phase modulators. We have shown the
necessary conditions for the optical phase-locked loops
to achieve the frequency measurement accuracy level of
107'4. The present chain will give us many useful land-
marks of optical frequency for future optical frequency
standards.
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Pump-probe Spectroscopy in Potassium
using an AlGaAs Laser and the Second-
harmonic Generation of an InGaAsP Laser
for Frequency Stabilization and Linking

W. Wang, A. M. Akulshin, and M. Ohtsu, Member, IEEE

Abstract—Pump-probe spectroscopy in ** K by using a grating-
feedback 0.77-zm AlGaAs laser and the second-harmonic wave of
a 1.54-um InGaAsP laser for providing a frequency reference in
the 1.5 zm region was performed. The pump laser frequency was
locked to the Doppler-free resonance with frequency fluctuations
less than 50 kHz estimated from the error signal. The Doppler-
free absorption spectra in both co- and counter-propagating
schemes were obtained, and the feasibility of simultaneous fre-
quency stabilization and linking for two diode lasers with a
frequency difference as large as 200 THz was demonstrated.

I. INTRODUCTION

HE 1.5um region is of great interest for the present

optical communication systems. Considerable attention
has been given to the search for a suitable absolute frequency
reference at this wavelength, which is indispensable for near-
future coherent multi-channel optical communications. Linear
absorption lines of molecules, such as ammonia (NHz) and
acetylene (C;H2), and saturated absorptions of noble gases
have been investigated for this purpose [1], [2], [3]. Rubidium
atoms have been used to provide a frequency reference at this
wavelength using the internal second-harmonic generation [4]
or through a two-step excitation scheme, [5], [6]. On the other
hand, the pump-probe spectroscopy scheme also provides a
possibility for circumventing the requirement of high power
for obtaining the Doppler-free saturation resonances for both
molecules and atoms through nonlinear frequency conversion.
Furthermore, when two independent lasers with a large fre-
quency difference are used in this scheme, a frequency link
can be established simultaneously, which is one of essential
tasks in a wideband tunable light source system, e.g., for our
engaged wideband highly-coherent optical-frequency sweep-
generator [7]. In this letter, we report for the first time
the observation of the Doppler-free absorption spectrum of
the potassium D; line in both co-propagating and counter-
propagating pump-probe schemes by using an AlGaAs laser
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as a pump and the second harmonic wave of an InGaAsP
laser as a probe.

Potassium was chosen for our experiment since a high-
power and highly coherent distributed feedback (DFB) laser
is available at 1.54 pm [8], the second harmonic of which just
coincides with the potassium D; line. It is also interesting to
observe, by using two independent lasers, the characterized
absorption profile due to the fact that the hyperfine splitting
of the ground state is smaller than the Doppler broadening,
especially for 'K which was rarely documented [9], [10],
although the absorption spectrum of 39K-D; line has been
observed through fluorescence [11]. The atomic cell containing
41K (2-cm long) used in our experiment was installed inside
an oven to maintain the temperature close to 60° C. At this
temperature, total absorption was measured to be 40 ~ 50%,
and the Doppler width is ~ 800 MHz. The wavelength of the
D, line 770.109 nm (in vacuum).

To prepare two lasers for the pump-probe scheme, the
second-harmonic wave of a 1.54 ym in GaAsP multi-electrode
DFB laser was generated in a 10-mm length KTP crystal.
Type-1I, angle-tuning phase matching at room temperature
was employed as the crystal was installed along the 6 plane
(¢ = 0,6 = 54°). The fundamental power was 40 mW,
and the detected power after the spectroscopic system was
measured to be 20 nW. Although such a power is insufficient
for saturating, it is enough for use a probe beam. The pump
laser is a grating-feedback AlGaAs laser, and the laser facet
was coated with an anti-reflection (AR) film to extend the
tunability which is accomplished using an external grating
(1200 lines/mm). The operating injection current was 100 mA
while the threshold was ~ 85 mA due to the AR coating, and
the output power was measured to be 1.4 mW.

In order to provide a frequency reference for 1.5 pm through
the pump-probe spectroscopy scheme, the frequency of the
pump laser must be locked to the absorption resonance. A
conventional saturation-spectroscopy scheme, as shown in Fig.
1, was arranged for this purpose. The laser beam was divided
into two parts, one for the pump and the other one for
the probe in counter-propagating directions. The Doppler-free
absorption resonances were observed to verify that the pump
laser was on the potassium D; resonance line and in a real
single-mode regime. Fig. 2 shows the Doppler-free absorption

1041-1135/94$04.00 © 1994 IEEE
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Fig. 1. Experiment setup for observing Doppler-free resonances and fre-
quency stabilization. All parts were fixed on an invar plate to improve the
thermal stability.

profile when the laser frequency was tuned to the top of
the Doppler profile. The laser beam intensity used was ~ 4
mW/cm?, The very sharp absorption peak with some structure
(in Fig. 2(b)) was the cross-over resonance which appeared
when the laser frequency was tuned midway between the two
sub-levels of the 4S (ground) state corresponding to F = 1
and 2 respectively. It can be explained as the compensation
of populating and de-populating due to the velocity-selective
saturation and optical pumping in the sub-levels of the ground
state [11]. The structure inside the absorption peak (Fig. 2(c))
shows the hyperfine structure of the excited state. Although
the value of the hyperfine splitting for the 4P; /, state in 4ag
was not found in the literature, we measured this value as
~ 29 MHz from our result based on the ground-state hyperfine
splitting of 254 MHz [9]. It is very clear from this profile that
the resolution was up to the natural linewidth limit (~ 10
MHz). The small peaks appearing in Fig. 2(b) correspond to
the cross-over resonances of the isotope 3°K, with a shift
(measured to be ~ 220 MHz) which agreed well with the
estimated isotope shift for potassium (250 MHz).

Frequency stabilization of the pump laser was carried out
by locking the laser frequency to the cross-over absorption
peak. Fig. 3(a) shows the first derivative of the absorption
profile obtained by the conventional phase-sensitive technique
through a lock-in amplifier. The modulation frequency applied
to the PZT was 3 kHz and the time constant was 30 ms.
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Excited state

4g Ae
F=2  F=1 F'=1
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Fig. 2. (a) The energy level diagram of potassium. Ag and Ae represent
the hyperfine splittings in ground and excited states, respectively. (b) The
Doppler-free resonances of the D; line in 41K. Two dips correspond to the
two hyperfine sub-levels in the ground state (4S;/2). The high peak is the
crossover resonance. The small peaks correspond to the isotope 39K. (c) The
resonances observed inside the crossover peak in (b), these peaks correspond
to two hyperfine sub-levels in the excited state (4P;/3) and a crossover
resonace.
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Fig. 3. (a) The first derivative of the Doppler-free resonances. (b) The error
signal in frequency stabilization. The locking point corresponds to the top of
the cross-over resonance.

The residual frequency fluctuations were estimated to be less
than 50 kHz from the error signal shown in Fig. 3(b). This
result demonstrates that the Doppler-free potassium absorption
line also provides an absolute frequency reference for AlGaAs
lasers, in addition to the well-utilized rubidium line.

For observing the pump-probe spectra by using two inde-
pendent lasers, the second harmonic wave of the 1.54 um
laser was used as a probe co- and counter propagating to the
pump beam from the grating-feedback laser. To improve the
signal-to-noise ratio, the probe beam was intensity-modulated
by a chopper with a frequency of 1 kHz, and the output
absorption profile was obtained from a lock-in amplifier while
the probe frequency was swept slowly (0.01 Hz). In the
counter-propagating scheme, the pump-probe angle was about
5 mrad, while in the co-propagating scheme, two crossed
polarizers were used to block the direct incidence of the pump
beam to the detector so as to maintain the angle between
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Fig. 4. The Doppler-free resonances using two independent lasers. The
frequency intervals between two dips in the counter-propagating case (a),
and between two peaks in the co-propagating case (b), are two times that of
the hyperfine splitting of the ground state.

pump and probe beams to be less than 1 mrad. Figures
4(a) and (b) show the absorption profiles in both co- and
counter-propagating schemes, respectively. The shapes of the
absorption spectra can be explained by the basic principle of
the pump-probe spectroscopy in the case of two independent
lasers and including the effect of the optical pumping. Due
to the optical pumping effect, populating and depopulating
processes occur to redistribute the populations in both sub-
levels of the ground state. Therefore, as shown in Fig. 4, two
dips and one peak in a counter-propagating geometry, and
two peaks and one dip in a co-propagating geometry were
observed. Each dip or peak had fine structure corresponding
to the hyperfine splitting in the excited state, which was not
well resolved because such a splitting is comparable with
the natural linewidth of 4K, and the signal-to-noise ratio
in detection was limited. Comparing these two schemes, one
feature in the absorption spectra is that the co-propagating
scheme offers a nonlinear absorption resonance with a very
large contrast (higher than 60%), and it is preferable for
stabilization of the 1.5 um laser used as a frequency link and
absolute frequency reference.

It should be noted that there are several alternative schemes
for potassium which are also reasonable for frequency sta-
bilization and linking. For example, use of the Doppler-free
resonances of 39K is easier because of its larger hyperfine split-
tings; use of optical phase locking between the 0.77 pm and
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1.54 um lasers can improve the frequency tracking accuracy;
moreover the two lasers can be locked simultaneously to D;
and D, lines, respectively, to offer more transition options; and
narrower resonance by using the coherent population-trapping
[12] method is also possible if second-harmonic generation is
enhanced by a buildup cavity.

II. CONCLUSIONS

In summary, we have performed pump-probe spectroscopy
in 'K by using a 0.77 um grating-feedback AlGaAs laser
and the second harmonic of a 1.54 um InGaAsP multielec-
trode DFB laser to provide a frequency reference in the 1.5
pm region. The AlGaAs laser frequency was locked to the
Doppler-free resonance with residual frequency fluctuations
less than 50 kHz estimated from the error signal. Both co- and
counter-propagating schemes were employed to observe the
Doppler-free absorption spectra in which the second harmonic
wave of the InGaAsP laser was used as a probe. The feasibility
of simultaneous frequency linking between frequencies as
far apart as 200 THz has been demonstrated in a simple
way. Because 1.54 pm is closer to the lowest-loss region in
optical fiber than 1.529 pm [6], it is preferable for optical
communications. The experimental result also showed that
potassium is a candidate for frequency stabilization and linking
0.77 pm and 1.54 pm diode lasers by Doppler-free resonances,
which is important for our engaged diode-laser-based highly
coherent optical frequency sweep generator.
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We have investigated the optical response of YBazCu3O7_;s grain boundary junctions as well as single crystal
strip lines. For both devices, bolometric signal was detected between T¢(zero) and Tt (onset), whereas nonbolomet-
ric signal was observed only in a temperature range just above Tc(zero) where the current-voltage characteristic
showed nonlinear behavior. The content of nonbolometric signal in the total response signal was remarkably
increased with decreasing the film thickness. The effect of a single grain boundary on the nonbolometric response

was described.

1 INTRODUCTION

So far, many High-T; superconducting devices
have been proposed, in which Josephson effects or
nonequilibrium phenomena are utilized. One of
the nonequilibrium phenomena is based on the ef-
fect that energy injection, such as laser radiation,
into a superconductor from an external source de-
stroys the thermal equilibrium. From a rough
estimate of superconducting energy gap (2A~40
meV), it should be possible to detect infrared
photons by using High-T, superconductors. We
reported the evident nonbolometric response in
YBa;Cu307_5(YBCO) under the irradiation of in-
frared laser beam at a modulation frequency up
to 300MHz[1]. Here we investigate posible pho-
todetectors based on nonequilibrium phenomena
in YBCO single crystal lines(SCLs) and single
grain boundary junctions(GBJs).

2 EXPERIMENTS

Thin films were fabricated on SrTiO3 substrates
by using the laser ablation method. The configu-

ration of the devices were summarized in_Table 1.
Fast optical response was measured by using beat-

down technique with double balanced mixer[1]. A

semiconductor laser diode was used as a radija-
tion source(A=830nm). Since nonlinear behavior

Table 1: Device size and T.

[ Crystal | Single [ Bi |
T¢(zero) 62K 81K 75K 78K

Thickness | 200A | 17004 | 3000A | 10004
Length 2.5mm | 400pm | 400um | 400um
Width 1mm 25pm | 25pm | 50pm

was obseaved in the current-voltage characteristics
just above T;(zero), the nonlinearity was defined
as eq.(1) and was measured by using lock-in am-
plifier.

V| _ V()

Nonlinearity(I = I,) = =T . A (1)

3 RESULTS AND DISCUSSION

Figure 1(a) depicts the optical response of a
2004 thick SCL. The temperature dependence of
optical response deviates from that of dV/dT to
which the bolometric effect should be proportional.
By subtracting the bolometric component from the

0921-4526/94/$07.00 © 1994 - Elsevier Science B.V. All rights reserved
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Figure 1: Temperature dependence of (a)signal
and dV/dT and (b)nonlinearity (Thickness 2004,
Modulation frequency=5MHz).

total optical response signal, the nonbolometric
component was calculated[l]. Figure 1(b) shows
the nonlinearity measured for the same device.
The temperature dependence of the nonlinearty
well coincides with the nonbolometric signal, indi-
cating the fluctuation of superconductivity, such as
flux motion and pair breaking, should be respon-
sible for nonbolometric signal. For thicker devices,
similar experiments were carried out. The ratio
of nonbolometric signal to bolometric signal was
summarized in Figure 2. The nonbolometric com-
ponent was more pronounced in the devices with
using thinner films, suggesting the device should
be thinner than the penetration depth(~500.&) of
laser light. In GBJs, the nonbolometric signal was
also observed just above T¢(zero), and was related
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Figure 2: Thickness dependence of nonbolomet-
ric signal to bolometric signal ratio. (Laser
Power~3mW)

to the nonlinear current-voltage characteristics.
By scanning the laser beam (nominally 25xm

~1mm¢) along strip line of GBJ, we found that
optical response was observed only when the
laser beam was adjusted on the grain boundary.
Whereas, in case of SCLs, the position was un-
predictable and we had to look for it. If one had
expected homogeneous superconductivity in entire
SCLs, one would observe optical response regard-
less of the laser beam position in SCLs. Low tem-
perature SEM for a current biased SCL indicated
that the weak spot in SCL was responsible for
voltage genaration responding to pulsed e-beam
injection[2]. By taking the GBJ results into ac-
count, we conclude the optical response was ob-
served when laser beam was impinged on the posi-
tion with lower T, and lower J, among the entire
device area. GBJs have an advantage in specifying
the active regin in devices.
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A Monolithic Optical Frequency Comb Generator

M. Kourogi, T. Enami and M. Ohtsu, Senior Member, IEEE

Abstract—A monolithic optical frequency comb (OFC) genera-
tor was realized by coating high reflection films on the facets of a
LiNbO3 crystal used for an electro-optic (EQ) phase modulator.
The optical round-trip loss in the monolithic OFC generator was
reduced to extend the span of an OFC. It is confirmed that the
envelope of the OFC extended to a span as wide as 48 nm (or
6.1 THz) around 1.5 pm. The maximum measurable frequency
difference, which was defined as the sideband frequency with the
signal-to-noise ratio of 0 dB, was estimated to be also 6.1 THz.

I. INTRODUCTION

' EASUREMENT of frequency difference among lasers
which are spaced in a span as wide as several THz is
required for industrial applications such as optical frequency-
division multiplexing in coherent optical communication
systems and for precision physical measurements such as
highly accurate absolute laser frequency measurement using a
frequency-multiplication chain. However it -has been difficult
to measure such a high frequency difference because of the
lack of reliable ultra-high speed optical heterodyne receiver.
In order to overcome this difficulty, we have proposed a
highly accurate, and wide span optical frequency difference
measurement system [1] using an optical frequency comb
(OFC) generator which generates a precisely spaced comb of
frequencies through large-index phase modulation. We have
demonstrated the OFC generation with a span of 4 THz [2],
[3] by using an OFC generator which is composed of an
electro-optic (EO) phase modulator installed within a Fabry-
Perot cavity [4] so that the efficiency of the modulation is
increased by multiple passes of light through the modulator.
We have estimated that 4 THz frequency difference can be
measured by using the OFC generator [2], [3]. We have
also demonstrated a heterodyne optical phase locking with a
heterodyne frequency of 0.5 THz [2], [3]-[5] by using the
OFC generator. Recently, similar configurations for frequency
synthesizing of lasers have been begun to be studied by many
scientist, e. g., a similar experiment using an OFC generator
and an optical parametric oscillator has been reported [6],
and OFC generators using an acoustic modulator and optical
amplifier have been proposed [7]-[8]. Our OFC generator
could be intrinsically very compact and can generate very wide
OFC because it does not include any complicated element such
as an optical amplifier which limits the OFC bandwidth.
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In this letter, we report a novel OFC generator which
was realized by coating high reflection films on the facets
of a LiNbO;3 crystal used for an electro-optic (EO) phase
modulator, i.e., a monolithic OFC generator. The monolithic
OFC generator was compact, and the optical round-trip loss
in the monolithic OFC generator was reduced so that the span
of an OFC could be extended.

II. DESIGN OF THE MONOLITHIC
OPTICAL FREQUENCY COMB GENERATOR

An OFC generator is composed of an electro-optic phase
modulator installed within a Fabry-Perot cavity, and a comb
is generated by large-index phase modulation from multiple
passes of light through the modulator. Therefore, it is required
a low round-trip loss optical cavity (i.e., high finesse optical
cavity) for OFC generator to increase the power of the high
order sidebands of OFC so as to extend the observable span
of an OFC. The power of the n-th sideband P,, of the OFC is
approximately expressed as following. [3]

2
P, = mrp(%f:) exp (—%)Pin

where nrp, m, F and P, are the efficiency of the Fabry-Perot
cavity, the single pass modulation index, the finesse of the
optical cavity and input laser power, respectively. If the optical
loss inside the cavity is reduced, both values of F' and nrp
increase, and then the value of P, increase. As shown in Fig. 1,
the monolithic OFC generator is composed of an EO crystal
(for transverse modulation) with high reflection coatings on
the both ends, ie., the EO crystal becomes an monolithic
optical Fabry-Perot cavity so that the OFC generator can be
made to be lower optical round-trip loss than previous OFC
generator which was composed of separated parts such as an
anti-reflection coated EO phase modulator and high reflection
coated mirrors. The EO crystal is installed in the microwave
waveguide resonator to increase the microwave electric field
intensity in the EO crystal for highly efficient EO modulation.
Two conditions must be satisfies to realize the maximum
efficient OFC generation.

(I) The microwave phase velocity in the direction of z-axis
must be equal to the optical group velocity in the EO
crystal [2]-[3], [9], ie.,

6Y)

where v, is the microwave phase velocity in the direction
of z-axis, c is the speed of light in vacuum and n, is the
group index of refraction for laser light.

(IT) The resonant frequency of the microwave resonator fi,
which will be a modulation frequency must be an integral

Um = ¢/ng,

1041-1135/94$04.00 © 1994 IEEE
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Fig. 1. Schematic illustration of monolothic OFC generator.

harmonic of the free-spectral-length FSR (= ¢/2L.n,) of
the Fabry-Perot cavity [2]-[4], i. e.,

Nc
2Lcng

fm =N xFSR= ?)
where N is an integer.

In order to satisfy the first condition, the values of the crystal
width W, and waveguide width W, are determined in the
following way. From the boundary condition of the microwave
electric field between the inside and the outside of the crystal,
the following equations are derived by assuming that the TE;
mode of the microwave waveguide propagates.

K, A Wi — W,
E = tan (k,;T) tanh (kxT)
3

o Dbe) (es0ke) _ g 0,) - R0 = @)

€

where (jk,0,k,) and (k,0, k) are the wave vectors of the
microwave outside and inside the crystal respectively. ¢ is

the relative dielectric constant of the crystal axis around the

frequency of the microwave.

2N x FSR
c

ko &)

is the wave number of the microwave in vacuum when the
microwave frequency is assumed to be N x ESR. From egs.
(3) and (4), the value of k. can be derived to express the value
of the microwave phase velocity as follows.

ko
Un = k—C

©
Fig. 2 shows the calculated result of the equivalent index
of refraction for the microwave (i.e., k,/k,), which depends
on W,, /W, and k,W,. For this calculation the crystal was
assumed to be LiNbOs, i.e., ¢ = 28. By using this figure, the
values of the crystal width W, and waveguide width W, can
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Equivalent index of refraction (kz/ko)

—

Waveguide width / Crystal width (Wy,/W)

Fig. 2. Equivalent index of refraction of microwave (i.e., k;/k,) which is
shown as a function of Wy, /W, and ko W.. The crystal was assumed to be
LiNbOg3. The value of 2.183 corresponding to the group index of refraction
for extraordinary ray at 1.54 pm.

be determined to match the microwave phase velocity v,, to
the optical group velocity c/n, through matching the value of
the microwave equivalent index of the refraction to the value
of the crystal group index of refraction.

In order to satisfy the second condition, the waveguide
length and the structure of the both ends of the waveguide
must be designed to satisfy the following equation for the
resonant condition.

k. =nN/L.,

where the equation is derived by substituting egs. (1), (2) and
(5) to (6). This condition can be easily realized when the
waveguide length is equal to the crystal length L. and when
the structure of the both ends of the waveguide are short-
circuit or open-circuit. However, the ends of the waveguide
must be open-circuit for phase matching between two counter-
propagating running microwaves which are components of
standing microwave in the crystal. Since each wave of two
counter-propagating running microwaves effects the modula-
tion of the laser beam which propagates in the same direction,
if the phase matching between two counter-propagating run-
ning microwaves are not perfect, the modulation efficiency of
the round-trip light inside the crystal is decreased. If the ends
of the waveguide are short-circuit, the modulation induced
by one of the two counter-propagating running microwaves
is canceled by the modulation induced by another, because
the phase difference between two counter-propagating running
microwaves is 7.

Fig. 3 shows the calculated y-component of the microwave
electric field F, inside the monolithic OFC generator which
was obtained by using the experimental parameters. For this
calculation, the running waves of the microwave leaked from
the end of the crystal was ignored, because the dielectric:
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Fig. 3. Calculated amplitude of microwave electric field on y axis in the
monolithic OFC generator. where L = 23.4 mm, W, = 1.25 mm,
W = 20 mm, and N = 2.The crystal was assumed to be LiNbO3. (a)Two
dimensional distribution of E — yin x-z plane. (b) The distribution of E,
on z-axis.

constant of the crystal is high. As shown in this figure, it is
easy to see that, in the case of that the ends of the waveguide
is opened, the antinodes appear at the ends of the crystal. In
this case, the phase matching between two counter-propagating
running wave of the microwave are perfect, and then the
modulation efficiency of the round-trip light inside the crystal
is maximum.

III. EXPERIMENT

A LiNbOj crystal was used for the experiment. The crystal
group index of refraction ng for extraordinary ray at 1.54
pm is 2.183. The experimental parameters are fixed to be
L. = 23.4 mm (FSR= 2.937 GHz, at 1.54 pm), W, = 1.25
mm, H, = 1.0 mm, W,,, = 20.0 mm, N = 2(i. e., f, = 5.874
GHz). The crystal width was determined to satisfy k, W, =
0.16 for obtaining the minimum value of W.. W, and H,
should be as small as possiblé in order to concentrate the
microwave power to the optical axis in the crystal. However,
they should be sufficiently large to reduce the diffraction
loss. The present value of the W, was determined to satisfy
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Fig. 4. Spectrum of the OFC envelope observed by an optical spectrum
analyzer, with the resolution of 0.2 nm. The solid curve is experimental result.
The broken line is theoretical result.

these two conditions. For introducing the microwave to the
waveguide resonator which was made of brass, the coaxial
cable connector (50 ) was fixed at the point of the central
antinode in the waveguide resonator. The best impedance
matching of the microwave to the waveguide resonator was
obtained when the distance between the center of the crystal
and that of the coaxial cable was 3 mm. The measured single
pass modulation index was 0.227 radian when the microwave
power was ~10 W. For obtaining a high finesse of the optical
resonance, two ends of the crystal were polished to be flat and
curved with the radius of curvature of 50 mm, respectively.
The reflectivity of the coated mirror (dielectric multi-layers
coating) on both ends was 99.0% at 1.55 um wavelength. The
values of npp and F' were ~ 60% and 250, respectively. The
value of F implies a round-trip optical loss of 2.5%. This
value includes mirror losses of 2% (output coupling loss) and
a residual loss of 0.5%. This residual loss is attributed to the
bulk crystal loss.

A 15391 pm DFB laser with the spectral linewidth of
1MHz was modulated by using this OFC generator and the
generated OFC spectrum was observed by an optical spectrum
analyzer. The temperature of the OFC generator was stabilized
for maintaining the optical resonator to be resonant to the laser
frequency. The input power of the laser to the OFC generator
was 7 mW. Fig. 4 shows the generated OFC spectrum.
Although each sideband component of the OFC was not
observed separately because the resolution bandwidth was
larger than f,,, the envelope of the OFC was observed. It
is confirmed from this figure that the envelope of the OFC
extended to a span as wide as 48 nm (or 6.1 THz). This value
is 1.5 times the value reported in [2], [3]. To our knowledge,
this value is the widest span of an OFC generated by EO
modulation. The number of the sidebands in this envelope is
estimated to be larger than 1000. The calculated results of
the envelope of the OFC spectrum from eq. (1) in [3], which
expresses P, without approximation, are shown by broken
line in Fig. 4, it is found that they are in good agreement with
each other. Because the measurement of the optical beat signal
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(heterodyne detection) is more sensitive than the measurement
by using an optical spectrum analyzer, it is possible to detect
and use higher order sidebands which have not been observed
with the optical spectrum analyzer. If lasers whose linewidth
is less than 10 kHz are used for optical frequency difference
measurement using the present OFC generator, the maximum
measurable frequency difference, which was defined as the
sideband frequency with the signal-to-noise ratio of 0 dB, can
be estimated to be 6.1 THz from the eq. (5) shown in [3].
This value is happened to be equal to the span of the observed
envelope of the OFC. Furthermore, if dielectric multi-layer
coating with higher reflectivity is employed, the value of
the maximum measurable frequency difference of the present
monolithic optical frequency comb generator will be further
increased.

IV. SUMMARY

A monolithic optical frequency comb (OFC) generator
was realized by coating high reflection films on the facets
of a LiNbO; crystal used for an electro-optic (EO) phase
modulator. The optical round-trip loss in the monolithic OFC
generator was reduced so that the span of an OFC envelope
can be increased. It is confirmed that the envelope of the OFC
extended to a span as wide as 48 nm (or 6.1 THz) around 1.5
pm, The maximum measurable frequency difference, which
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was defined as the sideband frequency with the signal-to-noise
ratio of 0 dB, was estimated to be also 6.1 THz.
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Semiconductor-laser-based light sources have been developed for cooling and depopulating Sr* ions confined in
anrf trap. Single-mode laser oscillation at 422 nm and 21 W power was obtained, which corresponds to transition
55 251/5-5p 2Py of Sr*. An external-cavity-stabilized semiconductor laser with 1.8 mW power has been developed
for pumping ions back from the 4d 2D3/; metastable state to the cooling cycle. In this paper we present the refer-
ence spectrum for both lasers, which confirms the laser oscillation at appropriate transition of Sr+.

KEYWORDS: Sr* ion trap, laser cooling, grating feedback, 1.1 um semiconductor laser, optogalvanic signal, 1/f investiga-

tion, Rb absorption, Sr* absorption

1. Introduction

Recently, techniques for confining low-temperature
ions in a small volume are attracting the interest of
researchers in related fields, because these ions are
nominally affected by collisional perturbations, and the
second-order Doppler effect is small. This technique
can realize a stationary isolated ion system which is
free from external perturbations. These trapped ions
have been applied to high-resolution spectroscopy,?
studies of single atom quantum phenomena®? and fre-
quency standards which are advanced at a long interac-
tion time.?

Musha et al.® found, by means of a Brillouin scatter-
ing experiment, that the energy partition among pho-
non modes in a quartz specimen is subject to 1/f fluctua-
tions. This finding suggests the impossibility of estab-
lishing thermal equilibrium within a laboratory time
scale. More direct evidence supporting to Musha et al.’s
idea can be obtained by observing collective motion of
an ionic array confined in a linear rf trap. It is expected
that a linear trap and a laser cooling technique are very
useful for this purpose.®® Obtaining experimental evi-
dence of slow energy partition among collection modes
is another target of the present work.

In the present experiment ®Sr* ions are used, and
the energy diagram of ®¥Sr* is shown in Fig. 1. The
strong electric dipole associated with the allowed transi-
tion 5s S12-5p 2Py, is used for laser cooling and detec-
tion. The transition wavelength and the natural
linewidth are 422nm and 43 MHz, respectively.
However, ions in the 5p 2Py, state decay not only to the
5s 81/, state but also to the 4d ?Dj/, metastable state
with branching ratio of 13:1.” Once the ion decays to
this state, it hardly returns back to the cooling cycle:
the lifetime of this metastabele state is about 395 ms.1?
If ions are concentrated in the metastable state, the
cooling effect is quenched. Therefore, optical pumping
back from the 4d Dy, state to the 5p Py, state at 1092
nm is required for depopulation of the 4d D3/, metasta-
ble state. To cool Sr* ions, both 422 nm and 1092 nm

light sources are necessary. The 422 nm light can be
provided by a dye laser'” or frequency doubling of 843
nm light with the aid of a high-power semiconductor
laser.? The 1092 nm light has been provided by a tuna-
ble Nd**-doped fiber laser which is pumped by a gas
laser (such as an Ar* or Kr* laser),'? dye laser,'® or
semiconductor laser (A=826 nm).? However, the
Nd?*-doped fiber laser generates multiple modes with a
wide spectral width. Another disadvantage is that nar-
rowing the spectrum requires a set of intracavity ele-
ments which requires a complicated experimental
setup. In the present experiment, a semiconductor
laser was used for generating 1092 nm light. This is the
first report of generating 1092 nm coherent light by a
semiconductor laser and applying it to a Sr* ion trap ex-
periment. The 422 nm light was obtained by frequency
doubling of high-power output from the semiconductor
laser in a KNbO; crystal. We present in this paper the
complete semiconductor laser system for cooling Sr*
ions. In §2 the detailed construction and performance
of these light sources are described and the reference
spectra for those light sources are mentioned in §3.

13 : 1 (branching ratio)
5p %Py

1092nm
(depopulating)

422nm
(cooling)

4d 2Dy

43 MHz
(natural linewidth)

Ss ZSI/Z

Fig. 1. Energy-level diagram of ®Sr* ion showing the strongly al-
lowed electric dipole S-P transition at 422 nm used for cooling and
detection together with the P-D transition at 1092 nm used for
pump back from the metastable D state. The natural linewidth of
S-P transition is 43 MHz.

1603



1604 Jpn. J. Appl. Phys. Vol. 33 (1994) Pt. 1, No. 3B

2. Experimental

2.1 Operation at 422 nm

Figure 2 shows a diagram of 422 nm light genera-
tion. The fundamental light at 843 nm was provided by
a single-mode index-guided GaAlAs high-power semi-
conductor laser (Spectra Diode Lab. SDL5311) with a
maximum output power of 91 mW at an injection cur-
rent of 110 mA at room temperature. A glass plate 100
um thick mounted on a PZT disk was placed about
150 pm from the laser facet. Optical feedback from this
glass plate to the semiconductor laser allowed selection
of the desired longitudinal mode by adjusting the posi-
tion of the glass plate with respect to the laser. After
collimation with a Corning spherical lens (f=2 mm,
NA=0.5) and passage through an optical isolator
whose isolation was —30 dB, the 843 nm light was fo-
cused by a lens with focal length of 25 mm into a
KNbOQ; crystal. This a-cut KNbO; crystal of 3 X3 X5 mm
was contained in a vacuum chamber to avoid the crea-
tion of frost on the crystal. Both the crystal surface and
the window of a vacuum chamber were antireflection-
coated for 843 nm light to reduce backward reflections
of the focused fundamental light onto the semiconduc-
tor laser. To realize a noncritical phase-matching condi-
tion for the second-harmonic generation, the KNbO;
crystal was cooled down to —17°+0.01°C by means of
a Peltier element. The beam crosssection at the center
of this crystal was not circular but elliptical, and longer
and shorter radii were 40 um and 20 ym, respectively.
The second-harmonic power of the focused Gaussian
beam is expressed as'

_ 8md’l? R
27 Nl cgowaw,

Here, c, €, P., w, and w, indicate the speed of light,
electric permittivity of free space, power of the fun-
damental light, the long and short radii of the beam
waist, respectively. In the present case, the KNbO;
crystal has nonlinear coefficient d=20.5 pm/V, refrac-
tive index n of 2.23' and the length [ of 5 mm, and the
wavelength of the fundamental light A is 843 nm.
Therefore, when the input power of the fundamental
component is 90 mW, the maximum power of the sec-
ond-harmonics is calculated as P,,=123 pyW. The meas-
ured spectral linewidth of this 843 nm laser light was 2

PZT VACUUM CHAMBER
s mH.().(u)_O_[
Glass Plate
Temperature
Controller

Fig. 2. Generation of 422 nm light. Frequency doubling of 843 nm
semiconductor laser light in KNbO; at —17°C. The longitudinal
mode of semiconductor laser is selected by moving a glass plate
placed directly in front of the laser facet.
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MHz.'® Therefore, the linewidth of the second-harmon-
ic light at 422 nm was estimated to be less than the
natural linewidth, 43 MHz, of the 5s 2S1/-5p 2P transi-
tion.'® For cooling ions, the linewidth of a cooling laser
should be narrower than that of the cooling transition;
therefore, the linewidth of 422 nm laser light was
sufficiently narrow for cooling Sr* ions.

Power as large as 21 uW was obtained at the 422 nm
second-harmonic component generated from the fun-
damental input power of 89 mW. This power is smaller
than the calculated value because the thermal distribu-
tion in the crystal was not uniform. The second-har-
monic light (422 nm) was spatially separated from the
fundamental light with a fused silica prism and in-
troduced into a hollow cathode lamp (Hamamatsu
L.2783) which was followed by a photodetector. The
wavelength of the fundamental light was monitored by
an optical spectrum analyzer (Anritsu MS9702B) or a
wave meter (Advantest TQ8325). The fundamental
light spectrum was monitored with a confocal Fabry-
Perot interferometer whose free spectral range and
finesse were 1.5 GHz and 80, respectively. Modulation
of the electric current which was injected into the semi-
conductor laser provided output frequency modulation
over a 10 GHz frequency range without mode hopping.

2.2 Operation at 1.09 pm

The 1092 nm light for depopulating the 4d *Dj.
metastable state was generated with a polygonal chan-
nel buried heterostructure (PC-BH) InGaAsP multi-
mode diode laser. This semiconductor laser generated
optical power up to 7mW at injection current of
300 mA, and the center wavelength observed at room
temperature was 1098 nm. Figure 3 shows the ex-
perimental arrangement of the 1092 nm light source.

The resonance center wavelength of this laser at
room temperature (1098 nm) was longer than the
resonance wavelength corresponding to transition 5p
2P, /»-4d 2D/, (1092 nm). The grating feedback was ap-
plied to select the appropriate mode and to realize sin-

A A
U\ J P.D.
A FABRY-PEROT

- e

PBS [—>— OUTPUT

p GRATING

N

LOCK-IN AMP.

A

OSCILLATOR

Fig. 3. Generation of 1092 nm light. The grating-feedback method
was applied to the multimode laser to select the appropriate mode
and to realize single-mode oscillation. By using electrical feedback
with a Fabry-Perot interferometer, the frequency of the semicon-
ductor laser was stabilized.
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gle-mode oscillation. The length of the external cavity
(distance between the semiconductor laser and the grat-
ing) was 20 mm, because a shorter external cavity
would result in a wider continuous frequency sweeping
range. This grating feedback system, whose groove dis-
tance d of this grating was 8.3 X 10™° m, caused single-
mode oscillation which was tunable over a range of
1090-1105 nm with a maximum power of 0.2 mW at an
injection current of 180 mA. The side-mode suppres-
sion ratio was better than —20 dB. Eventually, single-
mode laser light was obtained with the exact
wavelength of 1091.787 nm for depopulating the 4d
Dy, state. By tuning the injection current and the ex-
ternal cavity length, the laser frequency was swept
over 30 MHz without mode hopping. However, the fre-
quency was swept over a sufficiently large frequency
range (1 GHz) only when the injection current was
slightly above the threshold (=100 mA), in which
the output power was insufficient for saturating the 5p
*P1/»-4d *Dyy, transition. Figure 4 shows the continuous
sweeping range as a function of injection current. As
can been seen in this figure, increase of the injection
current resulted in decrease of the sweeping range.
The main problems of our uncoated laser at 1092 nm
with grating feedback are mentioned below. The first is
the narrow continuous sweeping range. It is not
suficiently wide to perform the Doppler-broadened Sr*
line profile (5p 2P1/2-4d *Dy/,) measurement, because the
Doppler width was expected to be about 0.5 GHz. The
second is comparatively low output power. It did not al-
low detection of such a reference signal as an optogal-
vanic signal in a Sr* hollow cathode lamp. The third is
frquency instability of the laser. It is due to the grating
external cavity mode hoppings. The frequency differ-
ence between these modes is 2.5 GHz. Therefore we ap-
plied the antireflection coating to the laser to solve
these problems. After the antireflection coating was ap-
plied the laser did not oscillate at all without grating
feedback. Only the grating external cavity causes the
laser to oscillate in the external cavity mode. The anti-
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Fig. 4. Continuous sweeping range of uncoated laser with grating
feedback as a function of injection current. As the injection cur-
rent increases, the sweeping range decreases.
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Fig. 5. Spectral line profile of 1092 nm antireflection-coated laser
with grating feedback. The injection current is 150 mA.

2.00 T T T T T ]
A )
§ 1.50 -
- E
& ]
P
g - R 4
° 1.00.— . —‘
S]]
5
& i
@) 0.50 — —
PPy SN RN IR BTN B
] S0 100 150 200 250

Injection current (mA)

Fig. 6. Observed output power of 1092 nm antireflection-coated
semiconductor laser with grating feedback as a function of injec-
tion current.

reflection-coated laser was applied to the grating feed-
back system, and single-mode oscillation was achieved.
Figure 5 shows the spectral line shape of this laser at an
injection current of 150 mA. The side-mode suppres-
sion ratio is better than —30 dB. Figure 6 shows the ob-
served output power of the antireflection-coated laser
with grating external cavity as a function of the injec-
tion current. It is shown that the laser light with both
comparatively high power and wide sweeping range
was obtained.

At the maximum injection current of 250 mA, the anti-
reflection coating enable single-mode oscillation with
output power of 1.8 mW; with an uncoated laser,
single-mode oscillation was hardly realized at a high in-
jection current. It easily generated multi-mode oscilla-
tion as the injection current was increased.

3. Results and Discussion

The cooling transition should be saturated for effec-
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tive cooling of ions. Saturation intensity is calculated
from the following equations:

2_hc _ 24hc
)\;i; 3 32— 5)\3 .

Subscripts 1, 2, and 3 of Irefer to states 5s 28,5, 4d 2Dy
2, and 5p 2Py, respectively. The saturation power of
the 5s 23,4-5p 2Py, transition (422 nm) is estimated to
be 14 yW under reasonable assumptions as regards
temperature of the buffer gas, which cools ion clouds,
at 2000 K and the beam waist diameter of about 100
pm at the center of the ion cloud. The required power
of 1092 nm light is estimated to be about 20 yW. The
linewidth of a cooling laser must be narrower than the
natural linewidth of this transition (43 MHz), and the
continuous sweeping range must be over 1 GHz for
cooling ions from more than 500 K. As mentioned
above, the 422 nm light had a linewidth of less than 43
MHz with an output power of 21 yW and a sweeping
range of over 10 GHz. This is sufficient for a cooling
light source. The output power of 1092 nm light was
1.8 mW and the tuning range of the light was set at 20
nm by changing the angle of the grating. The linewidth
of this light was less than 34 MHz which was measured
with a Fabry-Perot interferometer. The external cavity
length (changing the distance between semiconductor
laser and grating) continuously controlled the fre-
quency over 1 GHz without mode hopping. Therefore,
this light source has a suficiently large spectral bright-
ness to saturate the Sr* 4d 2Dj/-5p Py, transition, and
is used for depopulation of the D metastable state.

As can be seen in Fig. 3, the electric feedback was ap-
plied with a Fabry-Perot interferometer (FSR=2.7
GHz, finesse=80). With this configuration, the fre-
quency was stabilized within 2 MHz for over 1 hour.

To verify that this 1092 nm laser can be used for ex-
citing Sr* ions on the 5p *Py/2-4d ?Dsy, transition, the op-
togalvanic signal was detected. The light coming from
the 1092 nm component modulated at 500 Hz by
means of a mechanical chopper was introduced into a
Sr hollow-cathode lamp. This laser light changed the
distribution of the emergy levels of the Sr* ion and
resulted in a change of the electric conductivity of the
discharge plasma. This effect changed the discharge
current, and this optogalvanic signal was detected by
means of phase-sensitive detection. The discharge volt-
age and injection current to this hollow cathode lamp
were 1.5 kV and 18 mA, respectively. The power of
1092 nm laser light was 1.8 mW, and the wavelength of
this light was swept continuously over 1.2 GHz around
the resonance wavelength of the 5p 2P1/,-4d ?Dj), transi-
tion at 1091.787 nm by modulating the position of the
grating. The results of this experiment are shown in
Fig. 7. The upper and lower traces indicate an electric
current of the charged cell without and with laser light,
respectively. The optogalvanic signal is shown as the
lower trace and the full width at half maxima (FWHM)
of this line profile is about 460 MHz. It is comparable
to the Doppler linewidth of 300 MHz at the Sr effective
temperature of 103 K. The resonance frequency of ioso-
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1091.789 1091.784
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Fig. 7. Observed optogalvanic signal of Sr* on P-D transition at
1092 nm. The power of the laser introduced into the hollow
cathode tube is 1.8 mW and the injection current to the hollow
cathode tube is 18 mA. Scanning speed is 10s and the time con-
stant of phase-sensitive detection is 1 s.

tope ¥’Sr* corresponding to 2S:4-5p 2Py (F=5) is 1
GHz below that of #Sr*. However the iosotope %St ex-
ists 1/10 of ¥Sr, and ®Sr ion gives little influence on
the Doppler linewith of #Sr.'”

It is necessary to monitor the reference signal corre-
sponding to the Sr* 5s 28,-5p Py, transition. A linear
absorption spectrum was observed by detection with a
photodetector, the frequency scanned second-harmon-
ic output after passing through the Sr hollow cathode
lamp. The upper trace in Figure 8 shows that 6% of the
violet light was absorbed in the hollow cathode lamp at
20 mA discharge current. The linewidth of the Doppler
profile is less than 1.2 GHz. In addition, we detected
the linear absorption spectrum of the ¥Rb Sy, (F=2,
3)-5P,/, transition by introducing this light into a heated
8Rb cell, which is shown in the lower trace of Fig. 8.
The length and temperature of the Rb cell are 20 mm
and 90°C, respectively. In this figure both traces over-
lapped as shown by using the frequency marker from
the Fabry-Perot interferometer. The first dip from the
left corresponds to the absorption of isotope 8Rb which
was contained in this cell as a residual. The second and
the third dips from the left correspond to the transi-
tions 5S1/2 (F=2)-6P;/; and 5S1/2 (F=3)-6Py/ of ®*Rb, re-
spectively. As can be seen in Fig. 8, the absorption of
the transition 5S: (F=2)-6Py/ of ®*Rb is about 40%,
and the frequency of it coincides with that of #Sr* cor-
responding to the transition 5s 2Si.-5p 2P, within 1
GHz. It is found that the heated *Rb cell is more useful
for obtaining the transition reference than the Sr hol-
low cathode lamp. This is because the light from the Sr
hollow cathode lamp reflected back into the ion trap
and illuminated the trap volume. Therefore, that scat-
tered light caused an increase of background noise at
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2812 - 2P12

88Gr+
85Rb

Intensity

F=3)

5812 - 6P12

3 GHz

—r——
Frequency

Fig. 8. The upper trace shows the absorption spectrum of
5528,,,-5p P, of 8gr*. The lower trace shows the absorption spec-
trum of Rb: the left dip in the lower trace is the absorption of SRb,
and center and right dips show the absorptions corresponding to
F=3 and F=2 of the ¥Rb 5S,,-6P,/, transition, respectively. In-
put laser power is 21 uW. Scanning time is 10 s.

the detection system which was designed to detect
fluorescence from Sr* ions confined in the trap, and on
the other hand, the ®¥Rb cell exerted no influence on it.

4. Conclusions

We have obtained all-semiconductor laser based
light sources for cooling Sr* ions upon the S-P transi-
tion at 422 nm as well as for optical depopulating upon
the P-D transition at 1092 nm. The power and
linewidth of 422 nm light were 21 uW and less than 43
MHz, respectively. The 1092 nm light source showed a
maximum power of 1.8 mW, linewidth of 34 MHz, tun-
able range of over 1090-1105nm and continuous
sweeping range of over 1 GHz. The wavelength of
1092 nm light was stabilized within 2 MHz for over 1 h
by electric feedback with a Fabry-Perot inter-
ferometer. The laser excitation at the P-D transition

M. MUSHA et al. 1607

was observed by means of the opto-galvanic signal with
a St hollow cathode lamp. The absorption signal in the
Sr* S-P transition was detected and the absorption of
85Rb was observed within 1 GHz of this transition. The
trapping, cooling, and detection of the fluorescence of
Sr™* ions in a Paul trap is now under way.
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A narrow-linewidth semiconductor laser system at 780 nm wavelength was developed, with frequency locked to
the saturation absorption resonance frerquency of rubidium (87Rb). Optical feedback from an external Fabry-
Perot cavity was employed to reduce the linewidth of the laser. The third derivative of the saturated absorption
spectrum in 8’Rb was used as a frequency demodulator for frequency locking, for which the Zeeman modulation
was employed to keep the output power and frequency unmodulated. The minimum of the square root of the Allan
variance was 2.1 X 1012 at the integration time of 300 s. The full linewidth at half maximum of the field spectrum
was measured to be narrower than 170 kHz. A computer-control program was developed for automatic frequency

locking to the 87Rb line.
KEYWORDS:

1. Introduction

Semiconductor lasers have been used for a variety of
commercial optical systems because of their small size,
low power consumption, high output power, wideband
direct frequency modulation capabilities, and other ad-
vantageous properties. If their frequency fluctuations
(FM noise) can be reduced to a sufficiently low level,
further applications are expected, e.g., analytical spec-
troscopy, coherent optical transmission, optical sens-
ing, and optical pumping of microwave atomic clocks.
Although research and development have been inten-
sively carried out for this purpose,“? their present
status is still at the laboratory level, and it is not always
easy to find an easily operated practical system with ac-
curate optical carrier frequency and low FM noise.

This paper reports the development of a low-FM-
noise practical light source by controlling a semiconduc-
tor laser. In order to realize an easily operated coherent
light source, we have carried out computer-controlled
automatic frequency locking to an absolute frequency
reference and reduction of field spectral linewidth
without amplitude and frequency modulations.

AlGaAs lasers at 780 nm wavelength were used for
the present system because the resonance spectral line
of the rubidium (Rb) atomic vapor can be used as an ab-
solute frequency reference,” and they have been com-
mercially available due to mass production for pick-ups
of optical disk systems.

2. Principle and Setup of the System

For reproducible frequency locking, the saturated
spectral frequency of the Rb-D, line was used as a fre-
quency reference. For reducing the field spectral
linewidth, resonant optical feedback from an external
Fabry-Perot cavity was used.? This feedback system
can also be used conveniently to sweep the laser fre-
quency because the frequency locked to the cavity
resonance frequency can be swept by sweeping the cavi-
ty length. In order to realize the unmodulated fre-

semiconductor laser, frequency stabilization, optical feedback, saturated absorption, linewidth

quency locking to Rb, the resonance frequency of Rb
was Zeeman-modulated by modulating the applied mag-
netic field for the phase-sensitive detection. For com-
puter-controlled automatic frequency locking, injec-
tion current and temperature of the semiconductor
laser were controlled by a central proceccing unit
(CPU) via D/A converters.

The setup of the system is shown in Fig. 1(a). Fluctu-
ations of heat sink temperature and injection current of
the free- running laser (Hitachi, HL7838G; 20 mW out-
put power) were maintained within 0.01 K and 0.01
mA, respectively. A 25-mm-long confocal Fabry-Perot
cavity with 3 GHz free spectral range was used for opti-
cal feedback. Its finesse was about 20. The light trans-
mitted through the cavity was monitored by photo-
detector #1. The output beam of the optically fed-back
laser was incident into the Rb cell after being convert-
ed from linear to circular polarization by a quarter-
wave plate. An optical isolator of 60 dB isolation was
used to avoid undesired parasitic optical feedback. The
incident pump beam power density was 50 yW/mm?,
and its 1% reflected beam was monitored by photo-
detector #2. The Rb cell was a cylindrical glass con-
tainer of 10 mm diameter and 20 mm length filled with
a natural Rb vapor without any buffer gases. It was
used at room temperature. The solenoid for Zeeman
modulation generated the axial dc magnetic field of
4.7x1073T/A, while the ac magnetic field was
4.3X107% T/A at 2.5 kHz. Variation of the axial magnetic
field strength was maintained to be within 1% over the
total length of the Rb cell. Magnetic field shielding was
supplied around the solenoid.

A piezoelectric transducer (PZT-C) was used to con-
trol the length of the external cavity so that the optical-
ly fed-back laser frequency was swept and locked to the
center frequency of the saturated absorption line in Rb.
The Rb resonance frequency was Zeeman-modulated
by applying an ac current at a frequency of 2.5 kHz to
the solenoid. The third derivative of the saturated ab-
sorption spectral profile was detected by a phase-sensi-
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Fig. 1. (a) Experimental setup. Pel: Peltier electric cooler. ISO: Op-
tical isolator. CFP: Confocal Fabry-Perot cavity. Coil: Solenoid for
Zeeman modulation. Mag. S: Magnetic shield. PSD: Phase-sensi-
tive detector. (S): The error signal used to evaluate the magnitude
of residual frequency fluctuations of the laser as a preliminary ex-
periment. (b) Signal flows from/to analog part of the experimental
setup via a digital signal processing. Inputs R,-R, and outputs W,-
W, of this digital system correspond to the outputs R;-R, and in-
puts W;-Wj of the analog part of (a), respectively.
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tive detector, and its output signal was fed back to the
PZT-C via a PI controller.

The light transmitted through the external cavity
was maintained at its maximum value by controlling
another piezoelectric transducer (PZT-¢) attached to
the beam splitter (BS1) to control the phase of the light
reflected from the external cavity so as to stabilize the
optical feedback. An ac voltage at a frequency of 2.1
kHz was applied to the PZT-¢ for modulating the opti-
cal path length, and the first derivative of the spectral
profile of the light transmitted through the external
cavity was obtained by the phase-sensitive detector.
The output signal was fed back to the PZT-¢ via a PI
controller.

Electric signals R;-R4 were connected to the digital
signal processing system of Fig. 1(b) for automatic fre-
quency locking. After processing, the output signals
W,-W;s from the system of Fig. 1(b) were fed back to
the analog part of the experimental setup shown in Fig.
1(a). The details of digital signal processing are present-
ed in §4.

3. Experimental Results

Figure 2 shows an energy level diagram of the *Rb
atoms. The j and i-j components of the D, line were
used as frequency references because their spectral
strengths are large, where i-j represents a cross-over
resonance line between the i component (the transi-
tions 55/, F=2-5Py,, F=2) and the j component (the
transition 5 S1/2, F=2-5 P, F=3). Calculated Zeeman
coefficients of the frequency shifts of the j and i-j com-
ponents were 14.0 GHz/T and 12.8 GHz/T, respec-
tively.

Curve A of Fig. 3 represents the third derivative
profile of the i-j component, where the modulation fre-
quency and the maximum frequency modulation depth

£ %Rb, I=3/2
5P 2
P3/2 5
1
[o]
D2
780. Onm
sPise /2 !
jih d
1
D1
794. 7nm
/ °
5S1/2 gfe ba
1

Fig. 2. Energy level diagram of the *Rb atoms relevant to the D,
and D, lines. The notations a-j identify the transitions between the
hyperfine components of the ground and excited levels.
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were 2.5 kHz and 30 MHz, respectively. The peak-to-
peak linewidth of this derivative shape was 11 MHz.
Curve B is the spectral profile of the light transmitted
through the external Fabry-Perot cavity. The flat and
broad profile indicates that stable optical feedback was
realized and the locking range of the optical feedback
was larger than the free spectral range of the external
cavity. After the frequency of this optically fed-back
laser was locked to the center frequency of curve A in
Fig. 3, the Allan variance of the residual frequency fluc-
tuations was evaluated by using two independent laser
systems. As a preliminary experiment, the frequency
fluctuations were evaluated by using the error signals
(i.e., the signal (S) from the phase-sensitive detector of
Fig. 1) from the feedback loops of two independent
lasers. The results are shown in Fig. 4. The number of
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Fig. 3. Curve A: The third derivative profile of the i-j component of
the D, line in *'Rb. The vertical axis represents the output signal
from photodetector #2 of Fig. 1(a). Curve B: The spectral profile of
the light transmitted through the external Fabry-Perot cavity
when the laser is optically fed back. The vertical axis represents
the output signal from photo-detector #1.
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Fig. 4. Square root of the Allan variance o of the residual fre-
quency fluctuations, which were estimated by using the error sig-
nal at port (S) of Fig. 1(a). The open and closed circles represent
the results for the independently stabilized lasers #1 and #2, respec-
tively. The number of samplings at each integration time 7 was 20.
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samplings at each integration time 7 was 20. The two
curves in this figure take almost the same values, from
which it can be confirmed that the two laser systems
have almost equal feedback gains and short-term fre-
quency stabilities. The frequency stabilities of the two
lasers estimated from this figure were 2X 1071 at 7=
1s. For more accurate evaluation, the beat frequency
fluctuations between these two lasers were measured
by a time interval counter (HP5345A). The frequencies
of lasers #1 and #2 were locked to the j and i-j compo-
nents, respectively, by which the beat frequency was
fixed to 135 MHz. The number of samplings at each
was fixed also to 20. The results are shown in Fig. 5,
where the square root of the Allan variance at 7=1 s is
1.9X 107" and its minimum is 2.1 X107 at 7=300s.
The feedback loops were operated in a stable manner
for at least four days, or as long as they remained
closed.

Linewidth of the laser field spectrum was measured
to determine the effect of optical feedback. Figure 6 is
the beat spectral profile between the two stabilized
lasers measured by a microwave spectrum analyzer
(HP8590A). The center frequency of the beat spec-
trum was 135 MHz, and the full linewidth at half maxi-
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Fig. 5. Square root of the Allan variance of the beat frequency fluc-
tuations between the independently stabilized lasers #1 and #2.
The number of samplings at each integration time 7 was 20. The
frequencies of the lasers #1 and #2 were locked to the j and i-j com-
ponents, respectively, by which the beat frequency was fixed to
135 MHz.
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Fig. 6. Beat spectral proﬁie between the two stabilized lasers meas-
ured by a microwave spectrum analyzer with the sweep time of
75s.
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mum was 1.36 MHz, which represents the magnitude
of the frequency fluctuations of the two lasers for the
75 s sweep time of the spectrum analyzer. The short-
term spectral linewidth was measured by a delayed
self-homodyne technique using a 2-km-long optical

(arb. units)

I(v)

200kHz/div

Fig. 7. The profile of the laser field spectrum measured by a
delayed self-homodyne technique using a 2-km-long optical fiber.

THE FIRST STEP

Initial adjustments.

THE SECOND STEP

Increasing the injection current

by monitoring the linear absorption

spectral lineshapes.

THE THIRD STEP
Adjustments of the PZT-C and PZT- ¢
voltages for optical feedback.

THE FOURTH STEP

Locking the resonant

frequency of

the external cavity to the laser frequency.

THE FIFTH STEP

Decreasing the external cavity length

by monitoring the saturated absorption

spectral lineshapes.

!

Closing the feedback loop of the external

cavity for frequency locking to the j component.

(a)
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fiber. One of the measured spectral profiles is shown in
Fig. 7. By averaging the 100 measured spectral
profiles, the full linewidth at half maximum was esti-
mated to be 170 kHz.

4. Computer-controlled Automatic Frequency

Locking

Figure 8(a) shows the procedure of how to lock auto-
matically the laser frequency to the j component of
8Rb by using the digital signal processing system of
Fig. 1(b). The first step of this procedure is the initial
adjustments of the heat sink temperature and injection
current of the laser, voltages of the PZT-C and PZT-¢.
The heat sink temperature is fixed to the value at
which the laser frequency is nearly tuned to the
resonant frequency of the j component. The injection’
current is adjusted to the value by which the laser fre-
quency is fixed to the lower frequency side of the linear
absorption spectral lineshapes of *’Rb, i.e., at point (1).
of Fig. 8(b). The voltages applied to the PZT-C and
PZT-¢ are fixed to arbitrary nonzero values.

The second step is to sweep the laser frequency
toward the higher frequency side of the first derivative
of the four spectral lineshapes of Fig. 8(b) by sweeping
the injection current. The two peaks (Pp; and Pys) and a
dip (P12) in the first derivative curve are used as fre-
quency monitors to determine where the laser fre-
quency is in the process of this sweep. After the laser
frequency passes through Py, it is tuned to point (2).

The third step is to adjust the applied voltages of the
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Fig. 8. (a) Flow chart of the procedure to lock automatically the laser frequency to the j component of *’Rb. (b) The first
derivative of the linear absorption spectral lineshapes in *'Rb and *Rb. The horizontal axis is the injection current of
the laser. The laser frequency is tuned from point (1) to point (2) by monitoring the two peaks (P,, and P,,) and the dip
(Pr2) on this curve. (c) The third derivative of the saturated absorption spectral lineshapes in *’Rb. The horizontal axis
represents the voltage applied to the PZT-C. These spectral lineshapes are located in the area represented by a horizon-
tal bar around point (2) of Fig. 8(b). They are identified as h, h-i, i, h-j, i-j, and j components. The peaks and dips Ps,~
Pg; on this curve are used to monitor these hyperfine components.
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PZT-C and PZT-¢ to realize the optical feedback from
the external cavity. Although the laser frequency was
slightly shifted from point (2) of Fig. 8(b) by closing the
optical feedback loop, this shift is compensated by the
next step.

The fourth step is further adjustment of the PZT-C
voltage so as to fix the resonance frequency of the exter-
nal cavity to the laser, frequency. The PZT-¢ voltage
is simultaneously adjusted to realize a symmetric cavi-
ty resonance spectral lineshape. By these adjustments,
the laser frequency can be maintained at the center of
the locking range of the optical feedback, by which a
stable fine frequency tuning is realized in the next step.
After the PZT-C voltage is adjusted to obtain the maxi-
mum transmitted light power detected by photodetec-
tor #1 of Fig. 1, the feedback loop for controlling the
PZT-¢ voltage is closed. By this procedure, the injec-
tion current of the laser is locked to the center of the
locking range of the optical feedback, and thus, the fre-
quency difference between the free-running laser and
the optically fed-back laser is kept sufficiently small.

The fifth step is to decrease the external cavity
length while monitoring the third derivatives of the
saturated absorption spectral lineshapes. The compo-
nents of saturated absorption lines can be identified by
measuring the values of the PZT-C voltages at which
the peaks and dips Ps;-Pss of Fig. 8(c) appear. When
the second derivative of the j component takes the max-
imum after detecting the dip Pss, the feedback loop is
closed in order to lock the optically fed-back laser to
the center frequency of the j component. Stable fre-
quency locking is confirmed by monitoring that the sec-
ond derivative signal is maintained at the maximum
value.

It took about eight minutes to complete all the steps
of the procedure for automatic frequency locking. Fur-
thermore, reproducible frequency locking to the j com-
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ponent was realized without inducing mis-locking to
other spectral components. In the experiments of the
present study, evaluations of the frequency stabilities,
presented in the previous sections, have been made un-
der the condition of this automatic frequency locking.

5. Conclusions

A frequency-stabilized and highly coherent light
source was developed by using an AlGaAs laser at 780
nm wavelength. The main results of the present study
are:

(1) The square root of the Allan variance, represent-
ing the frequency stability, was 1.9 X107 at the in-
tegration time 7 of 1 s, which was obtained by using the
saturated absorption spectral line in Rb vapor as a fre-
quency reference. The minimum was 2.1X107" at
7=300s.

(2) The field spectral linewidth of laser oscillation
was reduced by the optical feedback from the external
Fabry-Perot cavity. The full linewidth at the half maxi-
mum, estimated from the beat signal between the two
independent lasers, was 1.36 MHz at the measurement
time of 75 s. The value estimated by the delayed self-
homodyne method was narrower than 170 kHz.

(3) Unmodulated output power and frequency were
obtained.

(4) A computer-controlled automatic frequency
locking procedure was developed and its stable opera-
tion was confirmed.
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A precision frequency-tunable green light source, which involves a frequency reference using a molecular iodine
absorption resonance and a tuner, has been demonstrated. The green coherent light was obtained by sum-
frequency generation using a 0.82 um AlGaAs laser and a 1.54 um distributed-feedback (DFB) laser in a KTP
crystal. The reference frequency was locked to an I absorption resonance and the residual frequency fluctuation
was estimated to be within £0.5 MHz. A frequency-tunable range of ~5 THz was obtained. Heterodyne beat
signals were obtained to measure the frequency difference between the frequency reference and the tunable output.
This system was also proposed for measuring the frequency spacings between different resonances of a molecular

absorption spectrum.

KEYWORDS: sum frequency, tunable source, diode laser, frequency stabilization, iodine spectrum, KTP

1. Introduction

Highly precise frequency-tunable light sources are es-
sential tools for spectroscopy and quantum optics. Diode
lasers have been used for these purposes because of their
high efficiency, convenience in frequency modulation and
frequency tunability. In order to extend the tunable
range of diode lasers, nonlinear frequency conversion
is widely employed. We have proposed a diode-laser-
based wideband coherent optical frequency sweep gen-
erator (OFSG) to cover the frequencies from ultraviolet
to infrared, whose outputs contain direct lasing of mul-
tiple diode lasers and their frequency conversion using
nonlinear optics effects.!»?) On the other hand, in the
conventional tunable light source system, frequency sta-
bilization is performed by using resonance of an optical
resonator whose frequency is vulnerable to acoustic dis-
turbances and thermal fluctuation of the cavity. To solve
this problem, atomic/molecular transitions are chosen as
frequency references in our system so as to improve long-
term stability while short-term stability is easily realized
by using optical feedback which is an effective method
for diode lasers. However, when the frequencies of fun-
damental lasers or the generated light frequency in the
system is stabilized, the optical frequency inside the sys-
tem can only serve as a frequency reference; therefore,
a tuner whose frequency is tunable and a bridge which
links the tunable frequency to the fixed reference must
be added to the system.

In this paper, we demonstrate the operation of a
frequency-tunable light source using the sum-frequency
generation of diode lasers in KTP crystals. A molecu-
lar iodine (Iz) absorption line was used as the frequency
reference. The measurement of the frequency difference
between the reference and the tunable output was carried
out by heterodyning these two components.

2. Experimental

To obtain frequency-tunable output in a frequency
range which cannot be obtained directly by diode lasers,
frequency up-conversion was employed. This arrange-

ment offers a compact frequency-tunable system in the
green region. The experimental setup, as is shown in
Fig. 1, is composed of two parts: the reference part and
the tuner part.

In the reference part, the sum-frequency was gener-
ated by a single-mode AlGaAs laser (Spectra Diode Labs,
SDL5311) at 0.82 pm (LD1, frequency: v;) with a max-
imum output power of 100 mW and an InGaAsP mul-
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Fig. 1. Experimental setup for a frequency-tunable light source

system. LD, 1.54 um DFB laser; LD1 and 2, 0.82 um single-mode
diode lasers; KTP1 and 2, potassium titanyl phosphate crystals
with lengths of 10 mm and 5 mm; DM, dichroic mirror; F, filter
with high transmission only for green light; LIA, lock-in amplifier;
PD1, Si-photodiode; PD2, avalanche photodiode; HW, half-wave
plate at 1.54 um for rotating the polarization to satisfy the type
II phase matching condition.
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tielectrode distributed-feedback (DFB) laser at 1.54 um
(LD, frequency: v;) with a maximum output power of
45 mW.3) The nonlinear optical crystal was a 10-mm-long
KTP (KTP 1), in which type II angle phase matching was
employed at room temperature. The phase-matching ori-
entation of the KTP was ¢ = 0° and 6 = 59°.2)

The tuner part of the system in Fig. 1 was arranged
by using another 0.82 ym diode laser (SDL5311) (LD2,
frequency: »{) and a second 5-mm-long KTP crystal
(KTP2). A dichroic mirror (DM) with high transmis-
sion at 0.82 um and high reflectivity at 1.54 pm was used
to separate the 1.54 pum laser component for the second
sum-frequency generation with LD2 in KTP2. When the
tuner was in operation, the frequency-tunable green light
was obtained by changing the temperature and injection
current of LD2. To monitor the frequency difference be-
tween the reference and the frequency-tunable output, the
heterodyne signal between the two 0.82 pm diode lasers
was detected using an avalanche photodiode.

Molecular iodine was chosen as the frequency reference
in our experiment because of its plenty of absorption lines
covering a very large frequency range in the green region.
Also, both saturated and Doppler-broadened absorption
resonances of I, offer the possibility of obtaining high
stability.?) The use of a linear absorption resonance as a
frequency reference is convenient since only a very low
power is needed. For frequency stabilization, the gener-
ated green light in the reference part passed through a
15-cm-long I cell which contains natural iodine and is
sealed with two Brewster windows at both ends. A Si
photodetector was used to detect the transmitted power
of the green beam. Although there are two fundamen-
tal lasers involved in the sum-frequency generation, fre-
quency stabilization of the output radiation by controlling
only one fundamental laser is possible,®) while the other
fundamental laser is in free-running. For this purpose, the
locking range should be sufficiently large to compensate
the frequency drift of the free-running laser. In addition,
the power fluctuation, which results from the phase mis-
match in the nonlinear conversion when the frequency of
the fundamental laser varies, should be sufficiently low.
In our case, all laser sources are temperature-stabilized
and the power ratio of fluctuations due to the phase mis-
match in the KTP crystal is less than 10~%, so that these
preliminary conditions are satisfied.

3. Results and Discussion

Figure 2(a) shows the absorption spectrum of I at
0.53632 pm observed when the 0.82 ym fundamental laser
. was swept by the injection current with a frequency of
5 kHz. The maximum power of the sum-frequency gener-
ation was 0.6 uW. The linear absorptions of different reso-
nances were measured to be from 2% to 65%. Figure 2(b)
shows an absorption resonance used as the frequency ref-
erence for frequency stabilization. The width of the ab-
sorption resonance measured with a confocal optical res-
onator of the 1.5 GHz free spectral range was 1.5 GHz
at 24°C. When the molecular cell was cooled to 6°C, the
resonance width was measured to be 1.2 GHz. The pres-
sure of the iodine vapor was estimated to be ~100 mTorr.
The shape of the resonance was also compared with both

W. WANG and M. OHTSU 1649

Intensity (arb. units)
S

0= e ke
4 GHz/div
(@)
L
=
[2]
[ =
[9]
=
£
Fig. 2. (a) Molecular iodine absorption spectrum at 0.53632 pm

as the injection current of the 0.82 um fundamental laser was
swept with a frequency of 5 kHz. The linear absorptions of these
lines, with the linewidths of the order of gigahertz, were from
2% to 65%. The slope of the trace was due to the output power
variation when the current was swept. (b) Trace A: The absorp-
tion resonance used for frequency stabilization at 6°C. Trace B:
The transmission resonances of a confocal optical resonator with
a FSR of 1.5 GHz, which was used for calibrating the width of
the absorption resonance.

Lorentzian and Gaussian profiles at the FWHMs. Bet-
ter fit with the Gaussian profile implied that the absorp-
tion resonance was Doppler-broadened. The observed
width was much larger than the temperature-determined
Doppler broadening (~400 MHz) because of the hyper-
fine splitting.*) The total absorption of this resonance was
measured to be 55%, and the intensity of the green light
was 15 uW/cm?.

The conventional phase-sensitive technique was em-
ployed to stabilize the 0.82 ym laser while the 1.54 ym
laser was in free-running . The temperature of the cell was
maintained at 6°C. The modulation with a frequency of
5 kHz was applied to the injection current of the 0.82 um
laser, and the error signal from a lock-in amplifier was
fed back to the current source. The output frequency
drifts were attributed mainly to the thermal and current
fluctuations. Figure 3 shows the first derivative of the ab-
sorption resonance shown in Fig. 2(b) and the error signal
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Fig. 3. The first derivative of the absorption resonance in Fig. 2(b) and the error signal from the lock-in amplifier.
The residual frequency fluctuation was estimated to be within +0.5 MHz.

from the lock-in amplifier. The residual frequency fluctu-
ation was estimated from the error signal to be within
40.5 MHz, implying a frequency stability better than
102 at the optical frequency of 560 THz. This result
shows that the use of a broad resonance maintains a wide
locking range for frequency stabilization, which is prefer-
able in frequency stabilization, by controlling only one
fundamental laser in the three-wave frequency mixing.

Figures 4(a) and 4(b) show the measured heterodyne
beat signals between two 0.82 um lasers, and between
two green lights, respectively. The scanning time con-
stant was 50 ms. It is obvious that the 50 dB beat signal
between 0.82 um lasers can be used for optical phase lock-
ing.

In our experiment, the tunable frequency range of
~5 THz was obtained by changing the temperatures of
both diode lasers. The use of the 1.5 um DFB laser en-
sures the continuous coverage of the output frequency in
this wide range, even though another conventional Fabry-
Perot-type AlGaAs laser participating in the nonlinear
frequency conversion experiences mode hops. The possi-
ble continuous frequency tuning range can be as wide as
~1 THz by changing only the temperature of the DFB
laser. The frequency difference measurement was lim-
ited by the responsible bandwidth of the conventional
photodetector, which is at most 50-100 GHz. The pre-
cision frequency tuning range up to 1 THz can be ex-
pected by using an optical frequency comb generated
by a microwave-modulated electrooptic modulator.®) In
this case, the heterodyne beat signal is obtained between
LD2 and a sideband of LD1. The experimental result
in Fig. 4(b) shows the feasibility of the optical hetero-
dyne phase locking when the signal power is very low;
the power in each beam for the obtained beat signal was
less than 70 nW.

For truly continuous frequency tuning over the ob-
tained 5 THz frequency range, mode hops in the AlGaAs
laser should be prevented. A diode laser with a grating
extended cavity, which can provide a continuous tuning
range wider than 1 THz at 0.8 um wavelength and wider

I 1 I I
=
3
o
°
8
2
17}
c
2
£
| I | |
CF: 90 MHz RB: 100kHz = 40MHz/div
(@)
10 T T T T
o
7]
[=4
]
£
0 L 1 L 1
CF: 240 MHz RB: 300 kHz 20 MHz/div
(b)
Fig. 4. (a) Heterodyne beat signal between two 0.82 um funda-

mental lasers at a scanning time constant of 50 ms. The 3 dB
width of this beat signal shows that the linewidth of each diode
laser was less than 2 MHz. (b) The heterodyne beat signal be-
tween two green lights shows the feasibility of detection in the
case of weak power. The scanning time constant was 50 ms. The
power of each green light was less than 70 nW. The broadening
width of this beat signal compared with (a) was attributed to the
linewidth of the 1.54 um DFB laser which was estimated to be less
than 5 MHz. CF: center frequency; RB: resolution bandwidth.
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than 10 THz at 1.5 pm wavelength,”8) can be employed.

As an example of the application of our system, we
present here the use of the two generated green lights to
measure the frequency spacings between different absorp-
tion resonances of iodine. Figure 5 shows spectra of iodine
when the two green lights passed through the I, cell and
were spatially separated. Figures 5(a) and 5(b) are the
cases when the two green lights were independently tuned
to the same frequency and tuned to different frequencies,
respectively, while the injection current of the 1.54 um
laser was swept with a frequency of 5 kHz.

lodine cell

—

Green light 2
" Green light 1

(@) (b)

Fig. 5. Twoiodine absorption spectra obtained with the two green
lights which passed through the same molecular cell and were
spatially separated to irradiate different photodetectors. The in-
jection current of the 1.5 um laser was swept with a frequency of
5 kHz. (a) when the two green lights were independently tuned
to the same frequency, and (b) when the two green lights were
independently tuned to different frequencies.
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4. Conclusions

We have demonstrated operation of a precision
frequency-tunable green light source by using the sum-
frequency generations of 0.82 ym and 1.54 um diode
lasers in KTP crystals. Molecular iodine absorption res-
onance at 0.53632 um was used to stabilize the sum-
frequency by controlling only one fundamental laser while
the other was in free-running. The residual frequency
fluctuation was estimated to be less than +0.5 MHz from
the error signal. The heterodyne beat signals were ob-
tained for precisely measuring the frequency interval be-
tween the tunable frequency and the frequency reference.
A frequency-tunable range of ~5 THz was obtained. Pre-
cision frequency tuning can be extended to be wider than
1 THz by using an optical frequency comb for frequency
difference measurement. This system has been applied
for measuring the frequency spacings between different
resonances in the Iy absorption spectrum. Because our
scheme is applicable for other frequency regions, a diode-
laser-based wide-band precision frequency-tunable sys-
tem is feasible in the entire region covered by the non-
linear frequency conversion of diode lasers.

Acknowledgement

The authors thank Dr. A. M. Akulshin of P. N. Lebe-
dev Physics Institute, Republic of Russia, for critical com-
ments on the experiment, and Dr. M. Okai of Hitachi Ltd.
for helpful discussions on DFB lasers.

1) W. Wang and M. Ohtsu: Opt. Lett. 18 (1993) 876.

2) W. Wang and M. Ohtsu: Opt. Commun. 102 (1993) 304.

3) M. Okai, T. Tsuchiya, K. Uomi, N. Chinone, and T. Harada:
IEEE Photon. Technol. Lett. 2 (1990) 529.

4) A. Arie, S. Schiller, E. K. Gustafson and R. L. Byer: Opt.
Lett. 17 (1992) 1204. Also A. Arie and R. L. Byer, manuscript
submitted to Appl. Opt.

5) K. Sugiyama and J. Yoda: Opt. Commun. 95 (1993) 77.

6) M. Kourogi and M. Ohtsu: IQEC 92 (American Physical Soci-
ety and European Physical Society, 1992, Vienna) paper TuM5.

7) A.T. Schremer and C. L. Tang: IEEE Photon. Technol. Lett.
2 (1990) 3.

8) F. Favre and D. Le Guen: Electron. Lett. 27 (1991) 183.

87



1 May 1994

OPTICS
COMMUNICATIONS

ELSEVIER Optics Communications 107 (1994) 369-372

Highly sensitive detection of molecular absorption using a high
finesse optical cavity

K. Nakagawa 2°, T. Katsuda?, A.S. Shelkovnikov »!, M. de Labachelerie >2, M. Ohtsu

@ Interdisciplinary Graduate School of Science and Engineering, Tokyo Institute of Technology,
4259, Nagatsuta-cho, Midori-ku, Yokohama 227, Japan
b Kanagawa Academy of Science and Technology, Kanagawa, Japan

Received 28 September 1993; revised manuscript received 16 November 1993

Abstract

The highly sensitive detection of molecular absorption in an external optical cavity is demonstrated. An effective absorption
length of 5km is obtained with a high finesse ( ~ 18000) cavity. A weak absorption (~3X 10~%) of C,H, at 1.064 um is detected
by using this cavity and a diode-laser-pumped Nd: YAG laser.

Laser absorption spectroscopy is a useful tech-
nique for sensitive detection of trace gases. Using
tunable lead-salt diode lasers in the mid-infrared re-
gion, where strong absorption lines of fundamental
vibrational bands of molecules are abundant, highly
sensitive detections of various molecules have been
established [1,2]. In the near-infrared region, there
are also many absorption lines of overtone and com-
bination bands of molecules, whereas the absorption
of these bands is much weaker than that of the mid-
infrared bands. For practical applications, near-in-
frared molecular absorption lines are attractive be-
cause it allows use of diode lasers and diode-laser-
pumped solid state lasers operating at room temper-
ature. To get higher sensitivity in absorption spec-
troscopy, there are mainly two ways. One is to extend
the absorption pass length. Using a multiple-pass ab-
sorption cell [3], an absorption length of more than

! Permanent address, P.N. Levedev Physics Institute, Moscow,
Russian Federation.

2 Permanent address, Laboratoire de I'Horloge Atomique, CNRS,
Orsay, France.

200 m is available. The technique of intracavity laser
spectroscopy (ICLAS) also enables to get an effec-
tive absorption length on the order of 10 km [4,5].
The other is to get higher signal to noise ratio in ab-
sorption signal. Frequency modulation (FM) tech-
nique allows to get shot-noise-limited sensitivity
[2,6]. In recent years, high quality mirrors with high
reflectivity and low loss have been developed and
used in ring laser gyroscopes, optical spectrum ana-
lyzers, or reference cavities for laser frequency stabi-
lization. Using these mirrors, one can easily get a cav-
ity finesse of higher than 10000 or a cavity photon
storage time of 10 ps, which corresponds to an opti-
cal length of about 3 km. Here we report a highly sen-
sitive detection of weak absorption of molecule using
a high finesse optical cavity.

In the case of a Fabry-Pérot cavity with an absorb-
ing medium, the transmitted optical field is given by

a _ hbexp(—i2nvnL/c) exp(—9/2)

A; — 1—=rryexp(—idnvnL/c) exp(=96)’

where A4;=A, exp(i2nvt) is the monochromatic op-
tical field incident upon the cavity, ¢ (=1, 2) are
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the amplitude transmission coefficients, r; (j=1, 2)
are the amplitude reflection coefficients of two cavity
mirrors, n is the refractive index of the absorbing me-
dium, L is the cavity length, and J is the one pass
absorption loss of the medium. When rj~1 (j=1, 2)
and d<1—ryr,, the transmitted optical power is given
by

ﬁ_t%~
Pi_ i

2 (l— 20 ) K2
~ l=riry) 1+ [2(v=2,)/Av,]?

where xis given by ¢,¢,/ (1 —r,r3), v, is the cavity res-
onant frequency given by mc/(2nL) (m=1, 2, ...),
Av, is the cavity linewidth. At the cavity resonance
(v=1,), the transmitted power P, is proportional to
1-90X%X2/(1—=ryr;). Thus the effective absorption is
enhanced by 2/(1—r,r;). The effective absorption
length is given by LX2/(1—rr;)=LX2F/n=c/
(nmAv.), where Av, is given by ¢/ (2nLF) and F is
the cavity finesse given by =n/riry/(1—=rr;). If
r2=r3=0.9999 (F~30000) and L=50 cm, the ef-
fective absorption length is the order of 10 km.

The experimental setup for highly sensitive ab-
sorption spectroscopy using a high finesse cavity is
shown in Fig. 1. We use a monolithic diode-laser-
pumped Nd: YAG laser (Lightwave Model 122-300)
as a light source. The spectral linewidth is narrower
than 5 kHz in free running. The laser frequency can
be slowly tuned over 30 GHz by varying the Nd: YAG
crystal temperature. Using a piezoelectric transducer
(PZT) bonded to the crystal, fast frequency tuning is
achieved with maximum tuning range of about 100
MHz. A high finesse Fabry-Pérot cavity, which is
originally used as the reference cavity for frequency
stabilization of the Nd: YAG laser [7], is used as an
absorption cell. The cavity spacer is made of a Zero-
dur rod (L=460 mm) without any tuning element

| Laser |—>|70M
A

High finesse cavity

PD

Absorption cell

Sweep

generator Recorder

Fig. 1. The schematic diagram of the experiment.

as PZT. Measuring the cavity photon storage time,
the cavity linewidth was measured to be about 10 kHz
[7]. Thus the cavity finesse and the reflectivity of the
cavity mirrors are determined to be about 18000 and
0.99983, respectively. This cavity is mounted in a
stainless vacuum chamber.

The C,H, gas is filled in this chamber with a pres-
sure of about 7 Torr. The C,H, absorption line close
to the Nd: YAG laser wavelength has been previously
observed using an intracavity laser spectrometer
(ICLAS) with a resolution of 0.08 cm~! and a sen-
sitivity of 10~7/cm [5]. Only one absorption line as-
signed as the R(12) transition of the (2100°1!)-
(0000°0°) band is within the frequency tuning range
of the present Nd: YAG laser, and its center wave-
number was measured to be 9393.54 cm~! which
corresponds to a vacuum wavelength of 1.064561 pm
[5]. Setting the laser temperature to about 48 °C, the
laser frequency can be tuned to this wavelength. The
laser frequency is scanned around the cavity reso-
nance by the PZT and the cavity transmitted light
power is detected by the photodiode. The cavity res-
onance profiles around the absorption line are shown
in Fig. 2. The transmitted power decreases near the
absorption line center (Figs. 2b, c). When the C,H,
pressure decreases, the decrease of the transmitted
power becomes small. There is no other such a de-
crease within a tuning range of the Nd:YAG laser.
Thus the observed decrease of power is due to the
absorption of C,H,.

The peak transmitted power is plotted around the
absorption line (Fig. 3). The linewidth (fwhm) of
the absorption line is about 880 MHz, which is rather
wider than the Doppler linewidth of 680 MHz. The
absorption at the line center is estimated to be about
34%. It corresponds to a one pass absorption of about
3x10~% or an absorption coefficient of about
6.5% 10~ 7/cm. The absorption coefficient of this line
was not reported in previous measurement using the
ICLAS, however, the sensitivity of the ICLAS was re-
ported to be 10~7/cm which is consistent with the
present result [5]. If the minimum detectable varia-
tion of transmitted power is assumed to be 0.5%, the
sensitivity of the present spectrometer is estimated to
be about 10—8/cm.

The wavelength of the absorption line center is
measured to be 1.064558 um by using a Michelson
wavelength meter (ANTITSU MF9630A) with an
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Fig. 2. The cavity transmitted spectrum around the absorption
line of Csz.
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Fig. 3. Doppler broadened absorption profile of C;H, at 1.064558

um. The dots A, B, C, D correspond the data in Fig. 2a—d,
respectively.

0.00

accuracy of 5X10~7. This line center frequency is
about 0.03 cm~! higher than that measured by using
the ICLAS [5]. This discrepancy of 0.03 cm~! is

90

mainly due to the low resolution (0.08 cm~!) of the
ICLAS.

The cavity resonant profile near the absorption line
center is asymmetric (Figs. 2b, ¢). In both direction
of frequency sweeping, the slope is always lower on
the red side compared with the blue side. It is proba-
bly due to the heating of molecular gas. When the laser
frequency is swept from the low frequency side and
below the cavity resonant center, the molecules begin
to absorb the laser light and the gas temperature in-
creases. It causes the expansion of gas and a decrease
of its refractive index, thus the cavity resonant fre-
quency shifts to be blue side and the resonance slope
is therefore reduced. Once the laser frequency is above
the resonant center, on the contrary, the gas temper-
ature decreases and the cavity resonant frequency
shifts to the red side. Thus it leads to a steep slope on
the blue side.

Compared with other sensitive spectrometers, the
present method is quite simple and compact. The ef-
fective absorption length is inversely proportional to
the cavity linewidth. In the present case, the cavity
linewidth is 18 kHz and the absorption length is about
5.3 km, which is about two orders longer than that of
typical multiple-pass absorption cell with the same
length (~0.5 m). Increasing the cavity finesse to
more than 60 000, the cavity linewidth decreases to 5
kHz and the absorption length reaches 20 km. Up to
now, a finesse of 10° has been reported and one can
further reduce the cavity linewidth [8]. However, this
method requires narrower linewidth of the laser than
the cavity linewidth. Diode-laser-pumped solid state
lasers show good frequency stability and narrow line-
width, they are preferable for this purpose. If the laser
is locked to this high finesse cavity using a FM side-
band technique T9], one can easily reduce the laser
linewidth below the cavity linewidth. This method is
very attractive for diode lasers, whose linewidth is
typically more than 1 MHz. Using the FM sideband
technique with current modulation, the diode laser
linewidth can be reduced to narrower than 100 Hz
[10]. It is also helpful to use an optical feedback from
an external cavity [11].

To get a higher sensitivity, it is better to detect the
dispersion signal rather than the absorption signal
using heterodyne techniques [12,13]. One example
is to measure the heterodyne beat frequency between
two lasers which are locked to different longitudinal
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modes of the cavity. One can detect the variation of
the beat frequency induced by the dispersion of mo-
lecular absorption.

The light field inside a high finesse cavity is largely
enhanced and one can also expect nonlinear spec-
troscopy as saturation [14], double resonance, and
two-photon spectroscopy [15]. The saturation spec-
troscopy of weak molecular absorption lines in the
near infrared region can be obtained with a low power
diode laser [16]. In the case of the present C,H,
transition at 1.064 pum, the transition dipole moment
is calculated to be 3 X 10—¢ Debye from the absorp-
tion coefficient. The power density required for sat-
uration is estimated to be about 5 MW /cm?, which
corresponds to an input laser power of about 5 W even
with the high finesse (~18000) cavity. Within the
Nd:YAG laser frequency tuning range of 30 GHz,
other available molecular transitions are CO, [17]
and C,HD [18]. The C,HD line (1.064459 pm)
seems to be promising for saturation spectroscopy
with the Nd:YAG laser because the absorption
strength might be stronger than that of the C;H, or
CO, [19].

In conclusion, we have shown the highly sensitive
spectroscopy using a high finesse optical cavity as an
absorption cell. The effective absorption length is en-
hanced by the order of the cavity finesse inside the
cavity. We could observe the weak absorption line of
C,H, at 1.064558 um by using a cavity with a finesse
of 18000 and a diode-laser-pumped Nd:YAG laser.
The sensitivity of the present spectrometer corre-
sponds to the absorption coefficient of about 10~3/
cm. This method can be widely applied in sensitive
detection of various molecules using diode-laser-
pumped solid state lasers and diode laser in near in-
frared region.

This work was supported by the Grant-in-Aid for
Scientific Research (No. 04234204) from Ministry
of Education, Science, and Culture of Japan.
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High Power Diode-Laser-Pumped
Twisted-Mode Nd:YAG Laser

Ken’ichi Nakagawa, Yukitaka Shimizu and Motoichi Ohtsu, Senior Member, IEEE

Abstract—We describe the design and performance of a high

power diode-laser-pumped twisted-mode Nd:YAG laser. Using -

four high power 1 W diode lasers as pumping, nearly single
frequency output power of 950 mW was obtained. Stable single
frequency operation was realized with the help of injection lock-
ing with a master monolithic ring diode-laser-pumped Nd:YAG
laser.

I. INTRODUCTION

IGH POWER single frequency diode-laser-pumped

Nd:YAG lasers are required for efficient second
harmonics generation [1], space communications [2], and
interferometric gravitational wave detectors. Various designs
of high power diode-laser-pumped Nd:YAG lasers have been
proposed and developed up to now. In general, end-pumped
lasers are superior to side-pumped lasers in pumping efficiency
and output mode characteristic and suited for both high power
and single mode operation. As the maximum output power of
one diode laser is limited, multiple laser pumping is required
to increase the pump power [3], [4]. Efficient end-pumping
was demonstrated with three diode lasers focused into same
mode volume [3]. Using a fiber bundle with 38 diode lasers,
7.6 W of multi frequency TEMgo mode output was obtained
at total pump power of 21 W [4]. Using a ring cavity [5], [6]
or a twisted-mode cavity [2], [7], high power single frequency
operation was realized. Here we describe the design and
performance of a twisted-mode Nd:YAG laser pumped by
four 1 W diode lasers. We also report the performance of
stable single frequency operation using an injection locking
technique.

II. TWISTED-MODE Nd:YAG LASER

To avoid the spatial hole burning for high power single
frequency operation, there are two solutions. One is an uni-
directional oscillation using a ring cavity (5] [6], and the
other is a twisted-mode oscillation using a linear cavity with
two quarter wave plates [7]. We first tried the folded ring
cavity with discrete four mirrors [6], however, the optical
alignment of the cavity is critical to get stable unidirectional
and single frequency operation [8]. Another approach is the
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monolithic ring cavity [5], however, there are some limi-
tations in intracavity elements and output power. For these
reasons, we choose the twisted-mode laser pumped by multiple
diode lasers [8]. The pumping method is the combination of
polarization coupling and astigmatic focusing [3]. Schematic
diagram of the pumping optics and the twisted-mode laser
cavity is shown in Fig. 1(a). Four pump lasers are broad
stripe (200 um) high power diode lasers (SONY 304-XT)
with maximum output power of 0.9 W. All the pump lasers
are mounted as the long dimension of the stripe is vertical.
Using half-wave plates (HWP) and polarization beam splitters
(PBS), two diode laser outputs are combined at two stages
and each combined pump beams are focused into the Nd:YAG
crystal with small angle between two beams . Twisted mode
cavity consists of one quarter-wave plate (QWP) with high
reflection (HR) coating on one facet, a Nd:YAG rod (@3 x7
mm), a second quarter-wave plate, a Brewster plate (BP) as
a polarizer, and an output coupling (OC) mirror with 97%
reflection coating. All interior facet of quarter-wave plates and
the Nd:YAG rod are antireflection (AR) coated at 1064 nm.
The output mirror is mounted on a piezoelectric transducer
(PZT) in order to tune the laser frequency. It is important
for realizing high efficiency to match the pump laser beam
size to the cavity beam waist size. The pump laser beams are
independently focused in horizontal and vertical dimension
using one collimating lens and two cylindrical lenses (Fig.
1(b)). The beam waste radii(wy,, w,) in the Nd:YAG crystal are
about 230 pm and 150 um in horizontal and vertical directions,
respectively. The cavity length and the output coupling mirror
curvature are about 50 mm and 600 mm, respectively. The
beam radius near the end facet of the Nd:YAG crystal is
calculated to be 240 pm.

Maximum total pump power in front of the cavity end mirror
is about 3 W, which is about 20% lower than the sum of pump
laser power of 3.6 W (= 0.9 W x 4). It is mainly due to
the loss of the collimating lens with a numerical aperture of
0.5. Input diode laser pump power versus output power of the
Nd:YAG laser is shown in Fig. 2. The output power of 950
mW is obtained in twisted-mode operation. For comparison,
the output power without an intracavity quarter-wave plate
and Brewster plate is also shown in Fig. 2, and its maximum
power is 1050 mW. An slope efficiency is 35% for twisted
mode operation. This slope efficiency is comparable to that
previously reported for the twisted mode laser [2].

The spectrum of the twisted-mode laser is observed with
a confocal Fabry-Perot cavity with a free spectral range of
300 MHz and a finesse of 200. At the output power of lower
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Fig. 1. Schematic diagram of the high power twisted-mode Nd:YAG laser.
(a) Pumping optics and the twisted mode laser cavity, LD's, laser diodes;
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Fig. 2. Output power of the Nd:YAG laser versus input pump power.
Open circles, random polarization mode without a Brewster plate (BP) and a
quarter-wave plate (QWP); closed circles, twisted mode operation with both
elements.

3000

than 700 mW, the laser can oscillate in single mode. It is, to
~ our knowledges, the highest single mode power obtained with
the twisted-mode diode-laser-pumped Nd:YAG laser. Both the
angle of a quarter-wave plate and the crystal temperature
should be adjusted to get stable single mode operation. The
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Fig. 3. Spectral analysis of the twisted-mode Nd:YAG laser at maximum
output power of 0.95 W. The free spectral range of the Fabry-Perot cavity
spectrum analyzer is 300 MHz.

crystal temperature is therefore stabilized by using a Peltier
element with a temperature stability of less than 0.01°C. As
increasing the pump power, the tolerances of the quarter-wave
plate angle and the crystal temperature become. crucial. At the
maximum output power of nearly 1 W, the laser oscillates in
nearly single mode (Fig. 3). Residual side modes are about
10 dB smaller than main mode and total side mode power is
less than 15%. These side modes are probably due to the lack
of the loss difference between two polarization modes with
one Brewster plate. Another reason is the change of beam size
of the laser mode induced by the thermal lens effect of the
Nd:YAG crystal. By introducing an additional Brewster plate
and by optimizing the pump beam size, a stable single mode
operation can be realized with an output power of up to 1 W.

OI. INJECTION LOCKING

Injection locking was employed to get high power single
mode operation with high frequency stability with using a
stable single frequency master laser. We used a monolithic
ring Nd:YAG laser (Lightwave Model 122-300) with output
power of 300 mW as a master laser. The laser linewidth is
about 5 kHz under free running. To maintain stable injection
locking, we stabilized the slave laser cavity length with a PZT
mounted output mirror by using the FM sideband technique
[9]. The sideband frequency is 24.25 MHz and the modulation
index is about 0.5. A part of the modulated master laser light
is introduced into the slave twisted-mode Nd:YAG laser. An
optical isolator with an isolation ratio of 60 dB was used to
protect the master laser from the output of the slave laser.

Fig. 4 show the spectrum of the injection locked slave laser.
The injected master laser power and the slave laser output
power are about 50 mW and 750 mW, respectively. The
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Fig. 4. Photograph of the output spectrum of the twisted-mode laser under
injection locking. Two sidebands are due to the phase modulation sidebands
of the master laser. The modulation frequency is 24.25 MHz.

locking range is roughly estimated to be 9 MHz by measuring
the width of the error signal of the slave laser stabilization [10].
The locking range Avy is given by Avyp = Aver/ P/ Ps,
where Ay, is the slave laser cavity linewidth, P,, and P, are
the master and slave laser power, respectively. For the present
conditions (Av, = 24 MHz, P, = 50 mW, P, = 750 mW),
Avy, is calculated to be about 6 MHz, which is agree with the
experimental result.

We evaluate the residual phase noise between the injection
locked slave laser and the master laser from the feedback
error signal. The feedback bandwidth is the order of 1 kHz,
which is mainly limited by the mechanical resonance of the
PZT or the mirror mount. Using carefully designed PZT and
mirror mount, this bandwidth can be extended to more than
10 kHz. Even with rahter low feedback bandwidth, injection
locking was stable enough. The residual phase noise between
the master and slave is less than 10~* rad/v/Hz at frequency
less than 100 Hz, and the phase error variance is smaller than
1073 rad?. Thus the slave laser linewidth is estimated to be
comparable to that of the free running master laser of about 5
kHz. Further experiment is needed to investigate the frequency
noise of injection locked slave laser. In near future, we plan to
evaluate the frequency noise of this injection locked slave laser
using the frequency stabilized master laser. Recently we have
achieved a linewidth of 30 Hz by stabilizing the monolithic
ring Nd: YAG laser to a high finesse cavity [11]. Thus we can
realize a high power and narrow linewidth Nd:YAG laser.

Straightforward way to increase the pump power in present
method is to replace the present 1 W pump diode lasers to
higher output power lasers. Using four 2 W lasers, which have
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same aperture size (200 um x 1 um) as 1 W lasers, one can
simply increase the pump power twice and the output power
of more than 2 W can be realized. An alternative way is to
increase the number of pump diode lasers. Pumping from three
directions [3], one can increase the pump power to about 10
W. However, for the pump power of higher than 10 W, the
effects of thermal lens and birefringence become crucial and
one cannot easily obtain linearly polarized single frequency
output [4]. Recently, using a side pumping, maximum single
frequency output power of 15 W was obtained with the help of
injection locking [12], however, it requires the pump power
of 200 W and water flow cooling of the Nd:YAG rod. Up
to the pump power of 10 W, the present pumping method is
more efficient than other ways as using of fiber bundles [4]
or side pumping.

IV. SUMMARY

In summary, we have demonstrated the high power twisted-
mode Nd:YAG laser pumped by multiple diode lasers. Max-
imum output power was 950 mW in nearly single mode
and about 700 mW in single mode. Stable single mode
operation was realized by employing an injection locking
with a monolithic ring diode-laser-pumped Nd:YAG laser as
a master laser.
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Ultranarrow 3C,H, saturated-absorption lines at 1.5 ym
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The saturation spectroscopy of molecular transitions at 1.5 um is reported. We show that it is possible, with
a low-power laser diode, to obtain 2-MHz-wide acetylene saturated-absorption lines, and we give what is to our
knowledge the first experimental estimation of 1*C;H, saturation intensity. To our knowledge, these lines are the
narrowest reported 1.5-um frequency references and should be suitable for high-quality 1.5-um laser frequency

standards.

In recent years there have been many studies
devoted to the absolute frequency stabilization of
1.5-um laser diodes.!? Such frequency stabiliza-
tions require absolute frequency references, which
until now were obtained mainly by (i) atomic absorp-
tion lines from excited states that require preliminary
pumping by an electric discharge? or another®* laser
or (ii) direct absorption of molecular gases from the
ground state.»®® The 107! frequency stability*® ob-
tained with Doppler-limited lines may be enough for
several applications, such as wavelength dense mul-
tiplexing in optical fiber communications; however,
even in that case a much better calibration stan-
dard is required.” Such a standard would also be
useful for metrological applications in a wavelength
region where no high-quality frequency reference
is available. Although an important breakthrough
was made recently with the detection of Doppler-free
lines in electrically? or optically®* pumped atomic
lines, we now report, for the first time to our knowl-
edge, laser-diode saturation spectroscopy of 1.5-um
molecular lines that are expected to provide a nar-
rower linewidth, a better signal-to-noise ratio, and a
much larger number of reference lines.

Since 1.5-um molecular transitions usually involve
overtone vibrational levels, their weak transition
dipole moment d leads to a high saturation inten-
sity, which is barely reached by the usual 1.5-um
laser diodes. We first considered C,H,, which is
an interesting candidate for frequency stabilizations
near 1.54 um. From the spectroscopic point of view,
1.5-um C,H; lines are similar to methane lines at
3.39 um (Ref. 8) (both are nonpolar light molecules
with similar polarizability). Unlike atomic transi-
tions, collisional relaxation processes should be dom-
inant at low pressures, which leads to a potential
linewidth well below 1 MHz. Since we study a low-
pressure range for which the mean time between
collisions is nearly equal to the interaction time,
we can reasonably consider only two levels, whose
effective lifetimes depend only on transit time and
collisions.® The saturation intensity I, for such a
simple system is given by the basic expression®

I = 800ﬁ2 ,
* 2d°Tr

0146-9592/94/110840-03$6.00/0

1)

where T and 7 are the population and coherence life-
times, respectively, # is Planck constant, ¢ is the
speed of light, and ¢, is the vacuum dielectric con-
stant. For the P(12) line of the *C,H, (v, + v3) vi-
brational band, the dipole moment d was estimated
with previous linear absorption data: an absorp-
tion coefficient x = 8 X 1072 cm™ Torr! was mea-
sured for that level, which should contain 7.5% of the
total population. The lifetimes are generally com-
plicated functions of pressure p and transit time
T...® As only the pressure-broadening value C, =
10 MHz/Torr has been measured for such transi-
tions, we assume® a linear dependence on pressure,
(27T) ! = (2m7)™ = Cy + C,p, where C, has a weak
dependence on pressure and may be assumed con-
stant in our pressure range. Using our estimated
values, we obtain numerically

I, (W/m?) = 22 x 10°[C, + 10p (Torr)J?. (2)

In the case of a purely collisional regime (large beam
diameter, C, = 0), we find a saturation power of
~330 mW for a 440-um beam diameter. It is thus
necessary to achieve simultaneously a high-power
beam, with a narrow linewidth, interacting with a
low-pressure gas. Such conditions can be obtained
with a buildup cavity, as shown below.

Our experimental scheme 1is presented in
Fig. 1. We used a simple L = 20-cm-long con-
focal piezoelectric-tunable Fabry—Perot (FP) cavity.
The cavity mode diameter is therefore equal to
2W, = 440 pum, which was used in the above esti-
mation. Both mirrors’ reflectivity was R = 98%,
and their losses were estimated to be A = 0.5%.
The laser was a three-section multiple-quantum-well
distributed-feedback (DFB) 1.54-um laser with a
free-running submegahertz linewidth.’® The laser
output was coupled through an optical isolator
to the FP cavity and frequency locked to the FP
resonance by the FM sideband technique!!: small
FM sidebands at 5 MHz were added to the laser
frequency through current modulation, and their
detection in the FP reflected beam provided an
error signal that was used to feed back the DFB
laser current. A 500-kHz feedback bandwidth al-
lowed us to reduce the error signal fluctuations to
a quasi-white-noise spectrum, corresponding to a

© 1994 Optical Society of America
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Fig. 1. Experimental setup: ISO, 60-dB isolator; PBS,
polarizing beam splitter; PZT, piezoelectric transducer;
DBM, double-balanced mixer; IF, intermediate frequency;
OL, local oscillator.
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Fig. 2. Recorded saturated-absorption peak under
medium conditions.

50-kHz laser frequency fluctuation relative to the
FP resonant frequency. Therefore we can reason-
ably expect the laser linewidth to contribute to
our spectral resolution for less than a few hundred
kilohertz. The FP cavity was filled with 3C,H,,
whose P(12) line at A = 1.539976 um was studied
mainly for comparative measurements. From the
measurement of the reflected FP spectral line, we
estimated the laser power coupling coefficient into
the FP cavity to 8 = 75% and its finesse to be F' =
120. Provided that the single-pass gas absorption ¢,
is low enough (p < 100 mTorr), the finesse remains
larger than 100, which leads to a 12-fold power
enhancement inside the cavity. Therefore, with 8.5
mW of maximum available laser-diode power at the
FP input, ~100 mW of power can be obtained inside
the FP cavity, which is enough to saturate the gas
absorption efficiently. Another important feature
of this setup is the detection sensitivity enhance-
ment: owing to the FP finesse, the equivalent
absorption length is ~100 times longer than the FP
cavity length, which significantly enhances the small
absorption signal expected at such low gas pressures.

When locked to the FP resonant frequency, the
laser frequency can be tuned only by the FP cav-
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ity piezoelectric transducer. While sweeping the
frequency, we directly recorded the FP transmitted
power, using a standard InGaAs photodiode with a
5-kQ load resistor and an XY plotter without any
additional filtering. Even small variations of the
intracavity absorption led to rather large variations
of the transmitted power, which allowed us to record
the Doppler profile even for very small pressures.
On the top of the Doppler profile, a high-contrast
=~2-MHz-wide saturated-absorption peak was ob-
tained for low-enough gas pressures. An example is
shown in Fig. 2, which shows what is to our knowl-
edge the narrowest absolute reference line obtained
at 1.5 um. It should also be noted that the signal-
to-noise ratio seems to be quite good, even for a
direct detection in a =~10-Hz bandwidth. We have
successfully saturated several transitions of acety-
lene in our laser’s tuning range (1538—1542 nm),
which gave similar results. Then we measured the
dependence of the P(12) line features on gas pres-
sure and laser power. The observed 2-MHz satu-
ration linewidth was almost independent of pres-
sure and power conditions, which suggests that the
linewidth is limited by another broadening mecha-
nism, in which the contribution of transit time broad-
ening [(27T,;)"! = 1 MHz] may be the largest. The
line contrast versus laser power and gas pressure
is shown in Fig. 3; with the maximum theoretical
value being 13.3%, it seems that this maximum was
actually reached experimentally.

A long but straightforward calculation of the in-
tensity I, transmitted by the FP cavity at resonance
shows that it depends on the single-pass gas absorp-
tion e, = k(p, w)L, with the amplification inversely
proportional to the total cavity losses including &,.
When the laser frequency is tuned across the line,
its variation is AI(x) = I,(0) — I,(x). The absorption
change 8« that is due to saturation leads to a vari-
ation 8I(6«) = I,(x + 8«k) — I,(k) of the transmitted
intensity, and the line contrast C(p) = §I(6«)/AI(k)
is then given by

LS 2 ,
k [1+ p(p)I[2 + pa(p)]

which is quite precise for p, = &,/(1 — R) = 1.

C(p)= (3)

15% |

—e— 15 mTorr
—=—27 mTorr
——50 mTorr
—«— 120 mTorr

10%

5%

Saturated line contrast

0%

—

2 5 ' 7
: Input Power Po(mW)

0

Fig. 3. Dependence of the line contrast on gas pressure
and laser input power.
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Fig. 4. Estimation of saturation power as a function of
gas pressure.

The intracavity power P;, also depends on absorp-
tion losses and is given as a function of incident power
P, 0 by

P, = BT[F(p)/w}P,. 4)

The cavity finesse was measured as a function of gas
pressure, and the data were corrected with Egs. (3)
and (4). In case of small saturation, the value ob-
tained for 8«/« should be equal*? to Py/(2P,,), which
leads to the values of P,,; plotted in Fig. 4. The ex-
pression P,y = 2.2(0.1 + 10p)* was found to fit these
values accurately. Assuming an average beam area
of wW,2, the saturation intensity was estimated as

I, (W/m?) = 15 X 10%[0.1 + 10p (Torr)]?, (5)

which agrees quite well with the theoretical estima-
tion obtained in Egq. (1). Although it remains ap-
proximate because it comes from a somewhat indirect
measurement, Eq. (5) gives a useful practical expres-
sion for future designs.

Our experimental study provides what is to our
knowledge the first saturated-absorption spectrum
of acetylene at 1.5 um that was fully obtained with
a laser diode, and the estimation of *C,H, satura-
tion intensity was found to agree quite well with a
simple theoretical model. Such a method is suitable
for high-resolution spectroscopic studies of 1.5-um

molecular lines. The 2-MHz-wide lines obtained are
to our knowledge the narrowest reported so far at
1.5 um. Although the influence of various effects
affecting the line central frequency (pressure shifts,
Stark shifts, etc.) should be studied now, we expect
from the great similarity of C;H, and methane that
these shifts can be reduced to very low levels® by
a suitable design. Therefore our experiment opens
the way to new possible optical frequency standards
through a large improvement of present 1.5-um
molecular frequency standards.

The authors thank H. Sasada for helpful discus-
sions.

*Permanent address, Laboratoire de I'Horloge
Atomique, Centre National de la Recherche Scien-
tifique, Batiment 221, Université Paris-Sud, 91405
Orsay, France.
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ABSTRACT

This paper reviews the authors' experimental works on realizing a Peta-Hz
tunable range ( from UV to IR ) highly coherent optical frequency sweep
generator by using semiconductor lasers, nonlinear optical crystals, and the
technique of optical phase locking. Experiments on generations of second
harmonics, sum/difference-frequencies, proposal and experiments on a highly

accurate optical frequency chain, and the performance of a wide-span optical
frequency comb generator are described. Especially for the optical frequency
comb generator, a 4 Tera-Hz frequency span of the modulation sidebands is
realized.

1. INTRODUCTION

Semiconductor lasers can be used as promising candidates of light
sources for practical optical frequency conversion systems because of their
inherent compatibility with electrical and optical feedback control[1]. Wideband
frequency sweep can be realized by combining semiconductor lasers and non-
linear optical crystals because, as is shown by Fig.1, variety of semiconductor
lasers, covering wide wavelength ranges, have been developed. Thus, it is
expected that the range of frequency sweep, from near infrared to near ul-
traviolet (, i.e., approximately one Peta-Hz ) can be realized.

Although the method of Fig.1l does not represent that the frequency is
swept continuously, a continuous frequency sweep can be expected if fine
frequency tuning by heterodyne optical phase locking is auxiliarily employed
to fill the gap of the frequency region in which the coarse sweep is not
possible. This paper reviews authors' experiments on frequency conversion of
semiconductor lasers by using nonlinear optical crystals, novel and accurate
optical frequency chain and a wide span optical frequency comb generator,
which are used to realize a Peta-Hz class coherent optical frequency sweep
generator.

2. NONLINEAR FREQUENCY CONVERSIONS FOR WIDEBAND FREQUENCY SWEEP

Second harmonic, sum-frequency, and difference-frequency generations
(, SHG, SFG, and DFG, respectively, ) play essential roles for wideband fre-
quency sweep. Figure 2 shows that a KNb03 crystal is installed in a built-up
cavity for fundamental wave to increase the SHG efficiency. The FM noise of
the fundamental wave is reduced by the optical feedback by the reflection
from the front facet of the crystal[2]. The optical path length between the
laser and the built-up cavity is controlled by negative electrical feedback to
stabilize SHG power. The SHG power of 6.6 mW was obtained for the 100 nW

52/ SPIE Vol. 1983 Optics as a Key to High Technology (1993)
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fundamental wave power from 0.86 pm-wavelength AlGaAs laser.

As another example of nonlinear frequency conversion, SHG of a strained
quantum well InGaAs/AlGaAs laser of 0.98 pm-wavelength has been generated
by using a KNb03 crystal installed in a built-up cavity. The SHG power was 2
mW for the incident fundamental power of 70 mW. A white light beam can be
obtained if this blue SH light is optically aligned with the green SH light beam
from a semiconductor laser-pumped YAG laser and red beam from an InGaAlP
laser. The conventional He-Cd white-color lasers can be replaced by this
semiconductor laser-based white light source.

The SH wave of a 1.5 pm-wavelength InGaAsP laser can be tuned to a
Rb87 atomic resonance frequency, which can be used as an accurate frequency
reference for AlGaAs lasers([3]. Thus, frequency accuracy and stability ?f the
InGaAsP laser can be improved by locking its SH frequency to the Rb87. The
SH wave has been generated from a KTP crystal installed in a built-up cavity
while the FM noise of a fundamental wave is further reduced by the optical
feedback from the built-up cavity[4].

To extend the range of frequency sweep, SFG by using an InGaAsP laser
and a 0.83 pm-wavelength AlGaAs laser has been carried out with a KTP crys-
tal to obtain the SF power of 230 nW[4], which is the first example of generat-
ing a green light by using semiconductor lasers. Although the green lights
have been generated by nonlinear optical frequency conversions of solid-state
lasers, their frequency cannot be swept for a wide range. On the other hand,
the range of frequency sweep of the SF shown above can be as wide as about
30 THz (, i.e., the wavelength range of 0.53 pm - 0.56 pm ) because the oscil-
lation wavelength of AlGaAs laser devices can cover the range from 810 to 890
nim.

DFG has also been carried out for a 1.5 pm-wavelength InGaAsP laser
and 0.77 pm-wavelength Ti:Alzo laser by using a KTP crystal. Under the
phase-matching condition by adjusting the crystal angle, the 1.6 pm-wave-
length DF output power of about 2 pW was obtained when the incident powers
of the two lasers were 5 m W and 200 mW, respectively. Since the Ti:Alzo
laser can be replaced by an AlGaAs laser, the frequency sweep range of 43
THz, i.e., the wavelength range from 1.5 to 1.9 jm, can be expected.

3. NOVEL OPTICAL FREQUENCY CHAIN

Figure 3 shows a novel and accurate optical frequency chain proposed
by_the gfthors in order to measure the resonant frequency of Ca spectral line
( 3P1 - ~8p at 657.459 nm-wavelength ), which falls within the oscillation fre-
quency range of InGaAlP lasers. It has been proposed that this spectral line
can be used as a highly accurate frequency standard in the visible region
because of its narrow natural linewidth, i.e., 400 Hz[5]. For the measurement of
Ca resonant frequency, the frequency of an InGaAlP laser ( the laser #2 in
this figure ) is locked to the Ca resonance frequency, and heterodyne-type
optical phase locking is provided to the other commercially available InGaAsP
lasers, AlGaAs lasers, and the outputs from the nonlinear optical crystals for
frequency conversions. The frequency Vv, of the laser #2, and thus, the reso-
nant frequency of Ca, can be known accurately by using the following formula
by measuring the output microwave frequencies fk of the photo-diodes PDk (
k=1-9):

Vo= 256Mfy -f-2f,+4f 4+8f ,+16f+32f 5 +64F 7+128fg-256f g, (1)
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where f_ and M represent the modulation frequency and the order of side-
band in the optical frequency comb generator ( see next section ) which can
be used as a local oscillator for measuring the 1.8 THz-frequency difference
between the laser #3 ( 876 nm-wavelength ) and the laser #9 ( 872 nm-wave-
length ). If a stable Rb atomic clock is used as a driver for the optical fre-
quency comb generator, the order of sideband M has to be as high as 262
since the value of f_ is 6.8 GHz. However, this order of sideband can be
generated and detecte&mas will be described in the next section. Since all the
frequencies of lasers in Fig.3 can be calibrated based on the Ca resonance
frequency, this system realizes a highly accurate, multi-color coherent light
source.

For realization of this system, several nonlinear frequency conversions
have been already demonstrated. They are:
(1) SHG of the 1.3 pm-wavelength light by a KTP.
(2) SFG of the two 0.8 pm-wavelength lights by a KNbO,.
(3) SFG of the 1.3 pm-and 0.74 pm-wavelengths lights gy a KNb03.

4. OPTICAL FREQUENCY COMB GENERATOR

When the heterodyne frequency is as high as several THz, an additional
optical local oscillator is required for the frequency measurement. This -can
be realized by an optical frequency comb ( OFC ) generator shown by Fig. 4.
The OFC generator is a system for generating modulation sidebands, i.e., an
optical frequency comb, by transmitting a laser beam through a phase modula-
tor which is composed of an electro-optical crystal driven by a microwave with
the stable frequency of fm'

The main component of the highly efficient phase modulator in Fig. 4 is
a LiNbO, crystal which is installed in a Fabry-Perot cavity to realize a high
modulation efficiency. This crystal is also enclosed by a microwave waveguide
to build up a microwave power for modulation, where the waveguide is de-
signed to realize a spatial overlap between the lightwave and microwave fields
and to match the optical group velocity and microwave phase velocity in the
crystal. By this configuration, modulation efficiency © as high as 0.2 radian
has been achieved at the modulation frequency f_  of 5.8 GHz even by using a
bulky LiNbO3 crystal. The value of f_ was fixeg to 3-FSR, where FSR is the
free free spectral range of the Fabry9¥erot cavity. The finesse of this crys-
tal-installed Fabry-Perot cavity was 200.

The OFC was generated by inputting a 10 kHz-linewidth DFB laser bean
( 1.5 um-wavelength ) to the cavity, and the heterodyne signal between one of
the modulation sideband in the OFC and another 10 kHz-linewidth reference
laser was detected. The signal-to-noise ratio S/N of this detection was high,
i.e., only 5 dB lower than that of the shot noise-limited theoretical value,
which is expressed as S/N ( in the unit of dB ) = 75 - 0.11-|M|, where M is
the order of sideband in the OFC. The maximum of the shot noise-limited value
of M, corresponding to S/N = 0 dB, is estimated to be 682, which gives the M
fm = 4 THz. Figure 5 shows the obtained experimental results to confirm this
estimation. This figure represents the profile of the envelope of the OFC, i.e.,
a series of modulation sidebands, observed by an optical spectrum analyzer. It
was confirmed by this profile that the modulation sidebands were generated
within the frequency range of + 2 THz around the carrier component, and the
profile of the envelope agreed with the theoretical calculation. The ‘width of
the profile, i.e., 4 THz, corresponds to the wavelength span as large as 32 nm,
which is larger than the tunable wavelength range of existing DFB lasers. The
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width of the envelope can be increased to 10 THz if the modulation index is
increased to m/2 radian by increasing the microwave power.

Experiments on heterodyne optical phase locking were carried out
between the 84th sideband of the OFC generator and the reference laser[6].
Although the heterodyne frequency was 200 MHz, the separation between the
carrier frequency of the modulated light and reference laser frequency was as
large as 487 GHz, i.e., the carrier signal was optically phase-locked to the
reference signal with such a large frequency separation. The control band-
width of this phase locked logp was 250 kHz, and the phase error variance
was estimated to be 0.01 radian“. The 3 dB-linewidth of the heterodyne signal
spectral shape was 30 Hz, being limited by the resolution of the microwave
spectrum analyzer, by which a high performances of the phase locking was
confirmed.

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

5. SUMMARY

This paper reviewed the authors' experimental works on realizing a
Peta-Hz tunable range ( from UV to IR ) highly coherent optical frequency
sweep generator by using semiconductor lasers, nonlinear optical crystals, and
the technique of optical phase locking. Experiments on generations of second
harmonics, sum/difference frequencies, proposal and experiments on a highly
accurate optical frequency chain, and the performance of a wide-span optical
comb generator, were described. By minor improvements of the system de-
veloped so far, realization of a Peta-Hz coherent optical sweep generator is
expected in the near future.
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Abstract : Semiconductor laser are well suited to make optical frequency standards in the 1.3-1.5um fiber optics
communication band. We summarize the state of the art concerning this topic and demonstrate a new approach
which consists in using saturated molecular absorption lines. This approach could lead to a lot of ultra stable

frequency standards in the 1.5um region.

INTRODUCTION:

It has been reported in a recent review! that better than 10-9 accuracy optical frequency standards are
strongly needed in the 1.3-1.5um optical communication bands for wavelength division multiplexed systems, the
most urgently needed being 1.5um standards. Moreover, the nice semiconductor laser sources which exist in this
wavelength region are well suited to make precise optical frequency standards which are missing between 0.8um
possible Rubidium? or Cesium? standards, and the 3.39um HeNe standard.

The main features that are required from frequency standards are: low laser linewidth, good frequency
stability and good reproducibility. For practical use of a standard, it also very important to obtain a long-term
reliable operation. Therefore, among all possible methods, only rugged and simple ones may lead to a real

applicable standard.

Optical standards rely on absolute frequency references which are generally provided by resonant optical
absorption lines in gases. Though plenty of absorption lines are available, the main problem is to find the
simplest way to detect them with a high frequency discrimination, a high S/N ratio and a low sensitivity to
external perturbations. The gas absorption is probed by a laser source whose intrinsic qualities are also important:
its frequency should be tunable to the transition and, furthermore should be intrinsically stable enough to remain
near the line without jumps on all its lifetime.

After a review of suitable 1.5um lasers for frequency standards and the past work conceming their
frequency stabilization, we will demonstrate that it is actually possible to get very narrow molecular lines in this
wavelength region using a rather simple technique. This technique could lead to a new variety of ultra-stable
lasers in the 1.2-1.6um band.

A - LASER SOURCES FOR 1.5pm FREQUENCY STANDARDS:

A 1.52um laser light can be obtained from an HeNe laser, however, despite the recent detection of its
Lamb dip%, a very narrow reference line has not been found in its oscillating bandwidth. Therefore, we can restrict
our analysis to InGaAsP semiconductor lasers which are the most promising candidates because they can be tuned
to almost any absorption line in the 1.2-1.6um wavelength band. However, such lasers are generally multimode
unless a spectrally selective element is used to select a single frequency. The spectral selection can be provided by
an external grating’ in the case of extended-cavity structures, or by a built-in grating in the case of DFB or DBR
lasers. In the latter case, it is also necessary to reduce the large laser linewidth which may limit the detection of
narrow spectral lines. We can thus retain only two candidates which are extended-cavity lasers and linewidth-

narrowed DFB lasers.

Extended-cavity lasers: These lasers which have already demonstrated very large tuning capabilities (>100 nm)
and low linewidth (=50 kHz) are thus well-suited to detect narrow absorption lines with a high resolution. We
have been promoting them for a long time because of their great flexibility, however as they are quite sensitive
to misalignments, it was not granted that their frequency could remain in the desired range without mode hops for
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all their lifetime. A proper design® allowed us to make a laser source which could be tuned to the desired
absorption line at construction, with all adjustments secured by glue, except for a grating rotation which provided
the wavelength control. A key point was to design a PZT actuated 3A tuning without mode hops’ for this last
movable part, in order to ensure a low probability of accidental frequency jumps. We verified experimentally that
no jumps occurred, at least for several months: after initial setting, only the PZT actuated rotation was required to
obtain the absorption frequency. This feature is of primary importance to enable actual stabilized lasers
applications. The 1~2mW emitted power could also be increased using an injection locking technique: we have
recently built a 40 mW low linewidth source with a 8 GHz tuning range without mode hops using a high power
1.5um laser driven by an extended-cavity laser.
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Fig. 1: Extended-cavity laser structure for a stabilization purpose and stability when locked to an NH_QL line.

Linewidth narrowed DFB lasers: Unlike extended-cavity lasers, these sources are expected to have a very long-

term modal stability because of their intrinsically stable built-in grating. Their much lower tuning range (a few
nm) is quite inconvenient for laboratory use, but is not an obstacle for industrial development since the
wavelength can be selected by the manufacturer. Their main drawback was a large linewidth, however, recent
structural improvements® have led to sub-Megahertz linewidths which can easily be further narrowed by an
electric correction using a Fabry-Perot cavity as the frequency discriminator. A 25 Hz linewidth® relative to the
Fabry-Perot resonant mode has already been obtained (the laser linewidth is thus mainly determined by the cavity
frequency fluctuations).

As a conclusion, well designed extended-cavity lasers are actually good candidates for laboratory
frequency standards especially if DFB lasers are not available at the desired wavelength, however low linewidth
DFB lasers are definitely the right choice for any practical application.

B - FREQUENCY STABILIZATION ON DOPPLER BROADENED LINES:

Several attempts have been made in order to stabilize laser diodes frequencies to available molecular
absorption lines such as NH36, C2H210, or HCN1!: The main advantage is that many regularly spaced isolated
lines are available, however, these weak transitions does not allow to make very compact cells. Moreover, as
only broad (=500 MHz) Doppler limited lines have been used, it is not possible to reach the 10-12 order stability
that is expected from high quality standards. Nevertheless, we have tested such a simple configuration which
provided simultaneously a low linewidth and a =10-10 stability6 which was enough for an optical
communication application. On the other hand, absorptions from excited atomic states pumped by an electric
discharge such as Ar or Kr12 can Jead to very compact devices, however the electrical pumping noise may limit
stability to even slightly lower values.



Nevertheless, depending on the desired wavelength, both solutions are expected to be industrially
developed for medium stability applications which are the most widespread. However, a calibration standard at
least two orders of magnitude better can only be provided by much narrower Doppler free lines.

C - DOPPLER FREE ATOMIC LINES:

Doppler free lines are expected to be at least one order of magnitude narrower which could lead to the
same improvement on a locked laser frequency stability. Moreover, the laser fréquency modulation needed for line
detection can be much smaller: it becomes therefore practically useless to spend so many efforts to minimize the
residual laser modulation!? which is actually cumbersome for many applications.

A recent major breakthrough was the detection of Doppler free lines in atomic gases using pumped
excited states. Such lines have been obtained in Rubidium cell using a double resonance scheme!3: a single
atomic velocity class is pumped by a 780 nm laser, and only these atoms will absorb at 1.53um which gives a
Doppler free line whose center frequency depends on 780nm laser frequency. If the latter is locked to a 780nm
saturated absorption line, the resulting = SOMHz line becomes a 1.53um narrow reference linked to the 780 nm
line. Though rather complicated for a standard, this way can provide a link to other frequencies for calibration
purposes. Another way of linking consists in locking the 1.5um second harmonic to some strong atomic line in
the 0.7-0.8um band!4.

The direct detection of saturated absorption lines in gases excited by electric dischargelS is more
interesting because of its simplicity: narrow = 20MHz lines have been demonstrated, however, the effect of
discharge pumping on the 1.5um laser reference frequency can lead to a rather big noise and frequency shifts that
are not very well studied up to now.

D- SATURATED ABSORPTION MOLECULAR LINES:

We have demonstrated for the first time a quite simple way to detect molecular saturated absorption lines
which can be easily used for a high quality frequency standard. The major problem was that the rather big power
which was required to saturate such transitions could not be directly provided by usual laser diodes. We estimated
that a 200 mW laser power with a 300 kHz linewidth was enough to obtain the 13C,H, saturation intensity
using a 200um diameter beam (the 13C isotope was chosen because our available laser diode could only be tuned
to that isotope's stronger absorption lines). Among many possible solutions to increase optical power, we have
decided to use a build-up Fabry Perot cavity in which the gas was inserted.

Experiments: A moderate finesse (F=100), 20 cm long confocal Fabry Perot cavity, tunable using a PZT
element, was filled with a low pressure (=50 mTorr) 13C,H, gas. Then, we locked the frequency of a sub-
Megahertz linewidth DFB laser to the cavity resonance using a classical Pound-Dever technique: the laser current
was slightly modulated in order to add S MHz side bands to the laser frequency, and the beam reflected from the
cavity was detected with a fast PIN photodiode and demodulated to provide the ermror signal. The locking
bandwidth was large enough to obtain a laser linewidth reduction up to about 50 kHz (relative to FP resonance
frequency). The laser frequency was thus following the cavity resonance frequency, which could be tuned using
the PZT. The whole setup was compact enough to be mounted on a 400mmx300mm base plate.

Results: The absorption of the 1.539976pum line was detected by an ordinary PIN photodiode on the
Fabry Perot transmitted beam without any other filtering than the XY recorder response time. With rather
standard conditions (Pressure Pr = 50 mTorr, Laser power P;= 5SmW at FP input ), we observed a narrow (=2MHz
wide) saturated absorption line (fig.), with a contrast of several percent with respect to linear absorption and a
good signal to noise ratio. In the best cases (Pr = 15 mTorr, P, = 8 mW), the saturated absorption line contrast
was as high as 14% with a 140 mV voltage depth and approximately the same 2 MHz linewidth.

Discussion: This good quality saturated absorption line is the narrowest reported so far at 1.5um,
however, as the natural linewidth of such transitions is expected to be much smaller, we are now investigating
further narrowing. However, the method is simple and rugged enough in the present state to enable the
development of an optical standard with a 10-12 frequency stability. The reproducibility of such a standard will
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depend on possible frequency shifts which should also be studied by comparing two identical stabilized lasers.
The same method should be applicable to other C,H, lines and other molecules such as HCN, allowing to make
many high quality frequency standards covering the 1.3 - 1.6pm range. The absolute frequency of such standards
could be calibrated against other reference wavelengths, such as HeNe standards using recently proposed frequency
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Fig. 2: Saturated absorption detection setup and detected line at A = 1.539976um.

CONCLUSION:
We have shown that most of the devices required to make high quality frequency standards at 1.5um are
now ready for a real development. DFB lasers will be mostly used, however extended-cavity lasers will prove

their usefulness for particular wavelengths. Medium stability rugged standards will use molecular Doppler lines
or discharge pumped atomic lines, and we hope that our recent detection of 2 MHz wide molecular saturated
absorption lines will provide a convenient way to make high quality calibration standards around 1.3 or 1.5um.
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Iodine absorption line stabilized frequency-tunable green light by
sum-frequency generations of diode lasers
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To realize our intended diode-laser-based wideband coherent optical frequency
sweep generator[l], various nonlinear frequency conversions have been carried out
by using diode lasers in KTP crystal[2][3]. In addition to extending the tunable
frequecy output span through these frequency conversions, a continuous tuning
scheme which utilizes the heterodyne optical phase locking and an optical frequency
comb generator was also proposed(3]. In this paper, we demonstrate, for the first
time, the systematic operation of a precision frequency-tunable light source which
contains a molecular absorption line stabilized frequency reference and a tunable
output in the green ligth region by using the sum-frequency generations of diode
lasers in KTP crystals.

The coherent green lights in the region of 0.52~0.54um were generated by using
AlGaAs single-mode lasers at 0.78um and 0.82um and an InGaAsP multi-electrode
DFB laser at 1.54um. Type-II, angle phase-matching for the sum-frequency gener-
ation was employed at room temperature. The measured maximum output power
was 0.32 uW when the two fundamental powers from AlGaAs and InGaAsP lasers
were 50 and 40 mW, respectively. Since the molecular iodine (I,) has a plenty of
absorption lines in this region[4], a 15-cm long I, cell was used for observation of
the absorption spectra and frequency stabilization. After observing the absorption
spectra at both 0.52 and 0.54 um, the following experiment was carried out by
using 0.82um and 1.54um lasers. Although two fundamental lasers are involved
in the sum-frequency generation, the frequency stabilization of the generated light
by controlling only one laser is still possible[5]. The linear absorption resonance
was used for locking the frequency of the green light. The used resonace had a
width of 1.5 GHz at 24°C and 1.2 GHz at 6°C, implying that the collision brao-
dening due to buffer gases inside the cell was the main limit to reduce the profile
width. Such a broad resonance, in other sense, ensures a wide locking range in
stabilization of the sum-frequency by controlling only one fundamental laser. By
using the conventional phase-sensitive detection technique, the error signal from a
lock-in amplifier was fedback to the injection current source of the AlGaAs laser to
lock the frequency at the top of the resonance, while the 1.5pum laser was in free-
running that offered a freedom for other frequency link[6]. The residual frequency
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fluctuation was estimated to be £0.5 MHz from the error signal.

To obtain a precision frequency-tunable output, a second 0.82um AlGaAs laser
was used to be mixed with the 1.54um laser beam for the first sum-frequency gen-
eration, and the green light with an independent output frequency was obtained
through a second KTP crystal. This second green light was tunable and the fre-
quency interval between its frequency and the reference frequency (the first green
light) was precisely measured by the heterodyne beat signal between the two green
lights or the two 0.82um lasers. It is clear, if these two 0.82um lasers are linked by
an optical frequency comb generator whose span of the sidebands can be as wide
as terahertz[7], the precision frequency-tunable range which is limited only by the
span of the comb’s sidebands, is thus expected to be several terahertz. Because
such a scheme is also feasible for other frequency region, a diode-laser-based wide-
band precision frequency-tunable system is reasonable in the whole region covered
by the nonlinear frequency conversion of diode lasers.

As an application of our system, the two green lights, which passed through the
I, cell and were spatially separated, were tuned to different absorption resonances
to show this method provides a possibility of precise measurement of the resonance
spacings especially for molecular lines which exist in a large frequency range.
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Frequency Stabilization of a 1.5#m LD by using a Nonlinear Optical
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There has been much interest in frequency doubling devices by using organic
materials. In the case of second harmonic(SH) generation by using a waveguide,
Cerenkov radiation type of phase mathing (CRPM) has advantage of its intrinsic phase
matching capability and wide pass band width of fundamental frequency . A 3,5 -
dimethyl - 1 - (4 - nitrophenyl) - pyrazole (DMNP) crystal is one of the developed
materials and is suitable for CRPM device[1].

On the other hand, 1.5pm diode lasers are widely used as the light souces for the
coherent optical communication systems, and the frequency stabilization of these lasers
is an important technique to be developed. By using the SH generation ,the 1.5xm diode
laser frequency can be stabilized to be locked the center of the Rb spectral line which can
be used as a stable and accurate frequency reference at 0.78#m wavelength region[2]. In
this paper, we demonstrate, for the first time, the SH generation of 1.5um diode lasers in
CRPM - DMNP crystal cored fiber, and stabilization of the fundamental frequency by
locking it to the Rb spectral line .

The experimental setup for stabilizing laser frequebcy is shown in Fig.1(a). In
order to obtain higher power for the frequency conversion, injection locking was used for
fundamental light source. Under injection locking, the output power is 15SmW with a
side-mode suppression ratio of 35dB and a locking-range of 8GHz. The schematic
explanation of SH generation is shown in Fig.1(b). The DMNP fiber is a single mode
fiber with a cladding of super frint glass(SF15 ). The core diameter and the length were
1.25pm and S5Smm, respectively. Under the CRPM condition, the cross sectional profile
of SH beam power is conical , which can be collimated by an axicon lens to get high
efficiency of focusing. After this collimation, the SH wave was passed through a
compact glass cell of Rb atomic vapor, and detected by a Si photodiode. The maximum
power of the generated SH wave was 53nW. The SH generation in CRPM organic
materials by using 1.5um diode laser is reported, to our knowledge, for the first time.
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Figure.2(a) shows the first derivative signal of the Rb-D2 spectral line,
monitored by SH wave. The frequency of the SH wave was locked to the transition
spectral line from the F=3 to the excited states of the Rb85 by closing the feedback loop
of Fig.1(a). Figure.2(b) shows temopral variation of the error signal from the lock-in
amplifier which represents the fluctuation of the laser frequency. When the feedback loop
was closed, the fluctuation reduced to less than 0.3MHz over 1 hour. This confirms that
the SH generation in CRPM organic cored fiber is one of the promising method for the
stabilization of the diode laser frequency at 1.5 p#m.
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COMPUTER-CONTROLLED NARROW-LINEWIDTH AND FREQUENCY-STABILIZED
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A narrow-linewidth semiconductor laser system at 780nm
wavelength was developed whose frequency was locked to a
saturation absorption resonance frequency of rubidium ( 87Rb
Jwithout modulating the output power and frequency. Optical
feedback from an external Fabry-Perot cavity was employed to
reduce the linewidth of the laser. The cavity length was
varied to tune the optically fedback laser frequency to the
87Rb saturation absorption resonance. The third derivative of
the saturated absorption spectral profile in 87TRb was used as
a frequency demodulator for frequency locking, for which the
Zeeman modulation was'employed to keep the output power and
frequency unmodulated. Figure 1 shows the square root of the
Allan variance, representing the magnitude of residual fre-
quency fluctuations. This was measured by heterodyning two
independently stabilized lasers. Its minimum was 2.1 x 10°12
at the integration time of 300 s. The full linewidth at the
half maximum of the field spectrum was measured to be narrower
than 170 kHz by using a delayed self-homodyne method. Comput-
er-control program was developed for automatic optical feed-
back by an external cavity and frequency locking to the 87Rb
line. It took about eight minutes to complete all the steps of

the procedure for computer-controlled automatic frequency
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locking. Furthermore, the reproducible frequency locking to
the j component of the RD saturated absorption lines was

realized without inducing mis-locking to other spectral compo-

nents.
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Frequency stabilized diode-pumped Nd:YAG lasers and
its applications
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Frequency stabilized lasers are required in many fields as, high resolution spec-
troscopy, optical frequency standards, and gravitational wave detection. Grav-
itational wave detectors based on a laser interferometer require ultra low fre-
quency noise(~ 107%Hz/vHz) of the laser. Recently low frequency and am-
plitude noise diode-pumped Nd:YAG lasers have been developed, and narrow
linewidth and low frequency noise were demonstrated using an active frequency
stabilization®?3. The real frequency stability of these lasers has not been well
examined yet. Here we report the performance of frequency stabilization of diode-
pumped Nd:YAG lasers. In our previous experiment!, using a high finesse(~
20000) optical cavity as a frequency reference, we stabilized the diode-pumped
monolithic Nd:YAG laser(Lightwave Model 122-300) and obtained low frequency
noise(1.5 x 1073Hz/v/Hz) estimated from the servo error signal®. The feedback
bandwidth was limited to be about 30 kHz due to the mechanical resonance of
the piezoelectric transducer(PZT) bonded to the Nd:YAG crystal. To extend the
feedback bandwidth, we employed the external electro-optic(E/O) phase modu-
lator (LiNbO3,2 x 2 x 20mm)for the fast phase correction®. Figure 1 shows the
frequency noise spectrum estimated from the error signal with(upper trace) and
without(lower trace) this fast phase correction. The frequency noise is reduced to
less than 10~%H z/+/H z at the frequency lower than 10 kHz. The residual frequency
noise was mainly determined by the thermal noise of the preamplifier. The shot
noise limited frequency noise level was estimated to be about 3 x 10~*Hz/vHz.

To estimate the real fequency noise, we measured the beat signal between two
lasers locked on two independent cavities®. Both cavities are suspended in the
vacuum chambers by five wires. Figure 2 shows the typical beat spectrum. The
linewidth is estimated to be less than 30 Hz which is an instrument resolution
bandwidth. More narrower linewidth cannot be easily detected due to the drift of
the beat frequency(~ 50Hz/s). The frequency noise at the Fourier frequency 1
kHz is estimated to be less than 0.5H z/v/H z.

We also measured the Allan variance of this beat frequency. The minimum
square root of the variance is about 16 Hz or g,(7) = 6 x 107'* at 7 = 0.01s.
At 7 > 0.1s, this variance increases mainly due to the thermal drift of the cavity
length. To improve the long term stability, we plan to use a molecular absorption
line at 1.064um as an absolute frequency reference. Available molecules are COJ,
C,H,, H;0, so on. It is possible to detect these relatively weak absorption lines
using an external high finesse cavity.
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Highly accurate laser frequency measurement which directly measures the ab-
solute optical frequency is an essential technique for industrial applications such as
coherent optical communication systems and for precision physical measurements
such as standard of length and Rydberg constant measurements. These systems
require frequency difference measurements to determine the arbitrary frequencies
of lasers which are spaced in a span as wide as several THz. However it is difficult
to measure such a high frequency difference. In order to overcome this difficulty,
we have recently proposed a highly accurate, and wide span optical frequency dif-
ference measurement system [1] using an optical frequency comb (OFC) generator.
We have also reported experimental results [2][3] of the proposed frequency differ-
ence measurement system using an electro optic (EO) phase modulator installed
in an Fabry-Perot cavity [4] as an OFC generator, and have confirmed the OFC
generation with the span of 4 THz. Furthermore, we have shown that a 4 THz
frequency difference can be measured, and have demonstrated a heterodyne optical
phase locking with a heterodyne frequency of 0.5THz.

In this presentation, we report the experimental results of a monolithic OFC
generator which was developed by using an improved bulk type EO phase modula-
tor with high reflection coatings (99%) on the both ends of the EO crystal (LiNbO3,
1.25x1.0x23.4 mm?®), i.e., the EO phase modulator constracted a Fabry-Perot cav-
ity at the same time. The modulation frequency and the modulation index of the
OFC generator as a EO phase modulator were 5.870GHz and 0.227radian, respec-
tively. The finesse and the efficiency of the OFC generator as a Fabry-Perot cavity
were 250 and = 50%, respectively. The advantages of the monolithic OFC gener-
ator are given in the followings. (1)The OFC generator become compact. (2)The
OFC can be generated with wider span. The reason why the advantage of (2) is
expected is that the optical loss in the Fabry-Perot cavity is reduced. Figure shows
the envelope of the OFC spectrum generated by the monolithic OFC generator.
In this figure, the center wavelength is fixed to the value of the wavelength of the
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laser which was used for the optical frequency comb generation. It is seen from this -
figure that the envelope extended to a width as wide as 48nm (or 6.1THz). This
value is 1.5 times as wide as the value reported in Ref.[2][3]. To our knowledge,
this value is the widest span of an OFC generated by EQ modulation. The num-
ber of the sidebands corresponding to the width is larger than 1000. Because the
measurement of the optical beat signal, which is used for the proposed frequency
difference measurement, is more sensitive than the measurement using an -optical
spectrum analyzer, it is possible to detect higher order sidebands which have not
been observed with the optical spectrum analyzer.

We also report here about the monolithic OFC generator using a waveguide
type EO phase modulator.

[References]

[1]M.Kourogi, K.Nakagawa, C.H.Shin, M.Teshima, and M.Ohtsu, in Proc. Conf.
on Lasers and Electro-Opt., Baltimore, May 1991, paper number CThR57.
[2]M.Kourogi and M.Ohtsu, in Proc. SPIE’s OE/Technology, Boston, November
1992, paper number 1837-27.

[3]M.Kourogi, K.Nakagawa, and M.Ohtsu, ”Wide-Span Optical Frequency Comb
Generator for Accurate Optical Frequency Difference Measurement” ,IEEE J.
Quantum Electron., (1993) October issue.

[4] T.Kobayashi, T.Sueta, Y.Cho and Y.Matsuo, Appl. Phys. Lett., vol. 21
pp-341-343, 1972.

~ ~ 48nm (6.1THz) -

Intensity (10dB/div)

1.4891um 1.5391um 1.5891pm

Fig.1 Wavelength RBW=0.2nm
Experimental results of the spectral envelope of the OFC. This envelope was observed
by an optical spectrum analyzer.



P—24

Development of LD Sources for Studies of Sr Ions Confined
in R.f.trap

Mitsuru Musha' , Andrei Zvyagin' , Kenichi Nakagawa* , Motoichi Ohtsu'

1. Interdisciplinary Graduate school of Science and Engineering , Tokyo Institute of
Technology
4259 Nagatsuta, Midori-ku, Yokohama, Kanagawa 227, Japan

2. Kanagawa Academy of Science and Technology,
KSP East Room 408, 3-2-1 Sakado, Takatsu-ku, Kawasaki 213, Japan

One of the application of the ion trapping and cooling technique is
fundamental studies, such as investigation of energy relaxation processes in a
1-dimentional chain by using ions confined in a linear r.f. trap. As a first step
of realizing this purpose, we are going to present at this symposium the results
about the development of two semiconductor lasers based optical sources for
detection and cooling experiments of trapped Sr ions. Although cooling of Sr
ions has already been carried out with a fiber laser and LD [1] [2], we are
going to do this experiment by means of semiconducter lasers only.

For cooling ions, the coherent light with the wavelength of 422nm is
required which is resonant to the transition of 6S12 - 6P12. This light was
obtained by single-pass frequency doubling of 843nm LD light from a KNbO3
crystal. 20uW power at 422nm was generated with the 100mW of incident
pump power. In order to control the logitudinal mode of this LD a thin glass
plate mounted on a PZT was placed just in front of the LD facet. The
absorption of Sr ion was observed by passing this 422nm light through the Sr
hollow cathode lamp. The upper trace in Fig.1 shows a linear absorption
spectrum of Sr ions which was obtained by sweeping the injection current of
the LD. We also detected the linear absorption of *Rb atoms in a cell. It is
represented as the lower trace in Fig.1, and it is shown that the resonance
frequency corresponding to the transition 6S1/2-6P1/2 of Sr ion coinsides with
the frequency corresponding to the transition 5S1/2(F=3) - 6P12 of *Rb within
1 GHz.
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Sr jon in 6P1/2 state can also decay into 6D32 metastable state at branching
ratio of 1/13 and once an ion decays to this state, it hardly returns back to the
cooling cycle. In order to avoid decreasing the effect of cooling, another
coherent light is required with wavelength of 1092nm corresponding to the
transition of 6D3/2-6S12 . An InGaAsP multimode semiconductor laser was
used to generate 1092nm light for depopulation of the metastable state. Grating
feedback was ‘applied to realize the single mode oscillation. 0.2mW of single
mode oscillation at 1092nm was achieved with side mode suppression ratio of
20 dB, and with the tuning range of 1GHz. Those lasers is found to be .

available for cooling Sr ion.

.,____/\/\-\“Sr""

Intensity

—
3GHz

<
Frequency

- The Upper trace shows the absorption spectrum of 6S1/2-6P12 in ®Sr. while
the lower trace shows the absorption spectrum of 5S1/2(F =3) - 6P1/2in ®*Rb
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A scheme of fountain type cesium clock utilizing Raman induced
transitions is proposed (Fig.1). The scheme combines the idea of stimulated-
resonance Raman interactions in an atomic beam [1] with the idea of atomic
fountain continuously operating under low launch temperatures [2]. The
proposed scheme can noticeably simplify the construction of a clock since it
doesn't need to insert the microwave set-up into the vacuum chamber. The
end-to-end cavity phase shift and the distributed-cavity phase shift are
eliminated in proposed clock design as well as Ramsey pulling [3].

The most serious source of frequency uncertainty introduced by optical
interrogation techniques is that of near resonant light shift [4]. It implies that a
cesium clock based on this Raman Ramsey interrogation technique requires
a good estimation of the systematic light shift and a good frequency stability
and frequency correlation of both of two lasers as well as their power
stabilization. Fortunately, it is possible to take advantage of the behavior of
clock signal line asymmetry due to the inhomogeneity of the light shift near
the point where this shift is zero in orderto lock the frequencies of the lasers
[1,5,6]. A condition for zero light shift also means the maximum of the signal.

In order to set the lasers to the desirable frequency separation for the
purpose of Raman interrogation, a scheme of the optically stabilized laser
with simultaneous locking to another laser via Raman induced transition is
proposed (Fig.2). The scheme exploits the idea of self-quenching of the
fundamental semiconductor laser frequency fluctuations to a level that is
orders of magnitude below the Schawlow-Townes limit for a solitary laser
[7]. Linewidth reduction by a factor more than 103 could also be obtained by
using a narrow Doppler-free Faraday Raman optical feed back signal in Cs
vapor.
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utilizing Raman induced transition, simultaneous locking to another laser via Raman induced transition.
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Monolithic optical frequency comb
generators at 1.5-um wavelength region

M. Kourogi, T. Saito,* T. Enami, M. Ohtsu,
Interdisciplinary Graduate School of Science
and Engineering of Tokyo Institute of
Technology, 4259 Nagatuta, Midori-ku,
Yokohama, Kanagawa 227 Japan

Measurement of frequency difference be-
tween two independent lasers which are
spaced in a span as wide as several THz is
required for industrial applications such as
optical frequency division multiplexing in
optical communication systems and for
precision physical measurements such as
highly accurate absolute laser frequency
measurement using a frequency-multipli-
cation chain. However it has been difficult
to measure such a high frequency differ-
ence because of the lack of reliable ultra-
high speed optical heterodyne receiver. In
order to overcome this difficulty, we have
proposed a highly accurate and wide span
optical frequency difference measurement
method' using an optical frequency comb
(OFC) generator which generates a pre-
cisely spaced comb of frequencies through
large-index phase modulation. We have al-

ready demonstrated the OFC generation
with a span of 4 THz and heterodyne op-
tical phase locking with a heterodyne fre-
quency of 0.5 THz? by using an OFC gen-
erator which is composed of an electro-optic
phase modulator installed within a Fabry-
Perot ‘cavity so that the modulation effi-
ciency is increased by multiple passes of
light through the modulator.

In this presentation, we reort two types
of novel monolithic OFC generators. One
is a bulk-type monolithic OFC generator
shown in Fig. 1(a), which was fabricated
by coating high-reflection films on the fac-
ets of a bulky LiNbO; crystal used for the
electro-optic phase modulator, i.e., the
electro-optic modulator became an optical
cavity. This OFC generator was compact,
and the span of an OFC could be extended
because the optical round-trip loss in this
optical cavity was reduced. Figure 1(b)
shows the envelope of the generated OFC
spectrum observed by using an optical
spectrum analyzer. It is confirmed from this
figure that the envelope extended to a width
as wide as 48 nm (6.1 THz). This value is
1.5 times wider than the value reported in
ref. 2. To our knowledge, this value is the
widest span of an OFC among the previ-
ously reported values. Because the mea-
surement of the optical beat signal, which
is used for the proposed frequency differ-
ence measurement, is more sensitive than
the measurement using an optical spec-
trum analyzer, it is possible to detect higher
order sidebands which have not been ob-
served with the optical spectrum analyzer.
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CThA4 Fig. 1. (a) Schematic illustration
of the bulk-type monolithic OFC genera-
tor. (b) Spectrum of the generated OFC
envelope observed by an optical spec-
trum analyzer. The resolution of the opti-
cal spectrum analyzer was 0.2 nm. The
wavelength and the linewidth of the laser
which was used for the optical frequency
comb generation was 1.539 um and

1 MHz, respectively. The modulation fre-
quency, the modulation index and the fi-
nesse of the OFC generator were 5.87
GHz, 0.22 nrradian and 250, respectively.
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CThA4 Fig. 2. (a) Schematic illustration
of the waveguide type monolithic OFC
generator. (b) Spectrum of the OFC enve-
lope observed by an optical spectrum
analyzer. The resolution of the optical
spectrum analyzer was 0.2 nm. The
wavelength of the laser which was used
for the optical frequency comb generation
was 1.5613 pm. The modulation fre-
quency, the modulation index and the fi-
nesse of the OFC generator were 10.3
GHz, 2 wradian and 6, respectively.

If the laser linewidth is reduced to a value
narrower than 10 kHz, the maximum mea-
surable frequency difference using the
present OFC generator can reach to 6.1 THz.
The details of this estimation are shown in
section three of ref. 2.

Another version of the monolithic OFC
generator is the waveguide-type monolithic
OFC generator shown by Fig. 2(a), which
was fabricated by coating high-reflection
films on the facets of a waveguide-type
LiNbO,; electro-optic phase modulator, i.e.,
the waveguide-type electro-optic modula-
tor became an optical cavity. The wave-
guide-type monolithic OFC generator was
compact, and suitable for the optical fiber
system. Figure 2(b) shows the envelope of
the generated OFC spectrum observed by
using an optical spectrum analyzer. It is
seen from this figure that the envelope ex-
tended to a width as wide as 12.3 nm (1.55
THz). This value was limited by the prop-
agation loss of the waveguide. ’
* Kanagawa Academy of Science &

Technology, KSP East Building, Room 408,

3-2-1 Sakado, Takatsu-ku, Kawasaki,

Kanagawa 213 Japan

1. M. Kourogi, N. Nakagawa, C. H.
Shin, M. Teshima, M. Ohtsu, in Con-
ference on Lasers and Electro-Optics,
1991 OSA Technical Digest Series
(Optical Society of America, Washing-
ton, DC, 1991), paper CThR57.

2. M. Kourogi, K. Nakagawa, M.
Ohtsu, IEEE J. Quantum Electron.
(October 1993).

THURSDAY MORNING / CLEO’94 / 273

—
=
c
-
o
jol
~
N
-~
<
-—
N

123



QTul3 3:00 pm

Compact narrow linewidth 1.5-pm
frequency references for laser diode
frequency stabilization

M. de Labachelerie,* K. Nakagawa,

M. Ohtsu, H. Sasada,** Graduate School at
Nagatsuta, Tokyo Institute of Technology,
4259 Nagatsuta-cho, Midori-ku, Yokohama
227, Japan

In several previous works about 1.5-um laser
diode frequency stabilization, the best laser
frequency stabilities were limited to dv/v =
10-' by the lack of narrow linewidth 1.5
pm frequency references.!* Although nu-
merous molecular absorption lines are found
in this wavelength region, their =500-MHz-
wide Doppler limited absorptions were too
large to obtain a laser diode frequency ref-
erence with a high stability. We addressed
this issue recently and obtained the first
2-MHz-wide 1.54-pm saturated absorption
line in acetylene using a simple buildup
cavity method* which is well suited to the
practical construction of a frequency sta-
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QTul3 Fig. 1. Experimental setup including: 60 dB Isolator, PBS (polarizing beam split-
ter), and Quarter Wave Plate. The DFB laser frequency is locked to FP resonance using a
FM sideband technique in which error signal is provided by the FP reflected beam. The
laser is then tuned using the FP piezoelectric element (PZT) and FP transmission provides

saturated line signal.
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QTul3 Fig. 2. Saturated absorption
peak of an HCN line (2v, vibrational
band) at 1.54 um recorded with a 8 mW
laser power. The observed FWHM of the
line is about 5 MHz.

bilized 1.5-pm laser diode. As shown in
Fig. 1, a 20-cm-long confocal Fabry-Perot
cavity filled with the absorbing gas at low
pressure was used as a frequency refer-
ence. With a cavity finesse of about 100, a
8 mW DFB laser was enough to obtain the
saturated absorption. However, several
practical applications of such frequency sta-
bilized lasers are linked to optical com-
munications which may require a 1.56-um
wavelength in order to be compatible with
optical fibers minimum absorption wave-
length. Therefore, we show here that this
technique is also applicable without mod-
ifications to HCN gas, which has several
strong absorption lines at 1.56 um. How-
ever, as no 1.56-pm lasers were available,
we demonstrated this possibility with a very
similar 1.54-um HCN line: in Fig. 2, we
show a 5-MHz-wide HCN saturated ab-
sorption line which has been obtained with
the same experimental apparatus. Another

important topic that we have investigated
for practical purpose is the use of high fi-
nesse cavities which allow, either to in-
crease the detection sensitivity by several
orders of magnitude, or to decrease the size
of the device. In this framework, we also
demonstrated a compact version of such
frequency references: a 25-mm long high
finesse (¥ > 10,000) reference cell filled
with C,H, provided a 2.8 MHz wide ab-
sorption line with a large 140-mV signal
corresponding to 4% of total transmitted
power, and a very good S/N. The obtained
line, shown in Fig. 3, is almost perfectly
fitted by a Lorentzian lineshape and the
observed linewidth is probably limited by
power broadening. It must be noticed that
the linewidth of these frequency references
are mainly instrumentally limited and could
be well improved by further design im-
provements. The frequency stabilization of
laser diodes using this technique is under-
way and should lead to a 2 orders of mag-
nitude improvement of current 1.5-pm laser
diode frequency standards. These achieve-
ments open the way to new absolute laser
frequency standards in the 1.5-um wave-
length region: for that purpose, we are now
considering the absolute measurement of
such narrow molecular lines using an ex-
isting laser reference frequency.
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QTul3 Fig. 3. Saturated absorption peak of C,H. using the compact 25 mm long high
finesse cavity. The quasi-perfect Lorentzian fit of this line indicates a 2.8 MHz FWHM.
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ULTRA-WIDE BAND OPTICAL FREQUENCY GRIDS GENERATION
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Abstract

We have carried out nonlinear optical frequency conversions to
realize a diode-laser-based wideband coherent optical frequency
sweep generator. We can conclude that the preq%pt fregg%ncy grids
provide with the frequency stability of 10 - 10 and the
frequency-tunable range of 600 THz.

1. Introduction

Continuous-wave highly coherent frequency-tunable 1light
sources have become more important in ultra-high speed and ultra-
parallel optoelectronics. Semiconductor lasers were paid attention
for their intrinsic tunable characteristics. Frequency tuning and
frequency/intensity modulation of diode lasers can be easily
carried out and extremely low amplitude noise compared to most
other laser sources is an inherent advantage in the above-
mentioned applications. Furthermore, in recent years the remarka-
ble results in improvement of coherence, tunability and diode

laser based optical phase locking have been achieved, and these
developments make it possible to develop a diode-laser-based
wideband coherent optical frequency sweep generator(OFSG) which
could offer highly coherent light(spectrally and spatially) with
tunability capable of covering 1 PHz frequency span, and its
realization is in progress[1,2]. We will review in this paper the
recent progress of our study in realizing the OFSG.

2. Principle of Wideband Optical Frequency Sweep Generator

Figure 1 is a block diagram to show the systematic configura-
tion of the OFSG which is capable of carrying out simultaneously
absolute frequency stabilization, continuous frequency tuning and
precision measurements of frequency difference. In contrast to the
tuning mechanisms of the conventional tunable lasers, this system
contains multiple highly coherent diode lasers with their own
tunability. Furthermore, absolute frequency stabilization is
introduced to the system. Coherent light generation for providing
frequency reference grids in a wide frequency span can be realized
by using diode lasers and their frequency conversions with the
help of atomic or molecular transitions. KTP is found to have a
wide phase matchable range whose upper limit is 680 THz (0.45 pm)
by sum-frequency generation, while the difference-frequency gener-
ation can provide infrared light from 300 THz (lpm) to the fre-
quency as low as 100 THz (3pm). Furthermore, generation of the
light in the above-mentioned entire frequency span can be possible
by using only type II angle tuning at room temperature. Because
the presently available diode laser do not satisfy such a continu-
ous lasing spectrum, a multi-reference scheme is necessary for the
OFSG. For measuring precisely the frequency difference between the
tunable output and the frequency reference, the tunable output is
heterodyne phase-locked to one of the frequency reference grids in
the corresponding region. The frequency sweeping accuracy can be
sufficiently high with the help of the optical phase locking.

3. Generation of Frequency-Tunable Light in a Wide Frequency Span



. Because the available wavelengths of the present diode lasers
exist incontinuously in the region from 0.6 to 1.5 pm with some
gaps,we should use frequency conversions to extend coverage of
frequency to the region where direct diode laser spectra are not
available. Second-harmonic generation[3], sum-frequency generation
and. difference—frequency generation or parametric
amplification[4,5], have been experimentally performed by using
AlGaAs (0.78/0.8 pm) and Ingram (1.5 Fm) DFB 1lasers. Use of the
DFB laser in frequency conversions offers a continuous frequency
tuning range wider than 1 THz and ensures the continuous frequency
coverage of the entire frequency-tunable span determined by the
two lasers. Multi-electrodes corrugation-pitch-modulated MQW-DFB
lasers[6] at 1.5 pm with a maximum output power of 50 mW and a
MHz-1linewidth, single-mode AlGaAs lasers at 0.8 um and at 0.78 um
were employed as the fundamental laser sources for both sum-and
difference-frequency generations. The linewidths of AlGaAs lasers

in experiment were narrowed to less than 100. kHz by using optical.

feedback from an external confocal FP cavity[7].

In sum-frequency generation, the maximum green light power of
0.68 pm was obtained and the linear dependence of the output power
at sum-frequency on either of the fundamental powers was con-
firmed. The measured frequency tuning bandwidths tuned by the 1.5
pm laser were 100 GHz in cases when another fundamental laser was
at 0.78 pym and 0.8 uym. The calculated values are 85 and 90 GHz for
a l-cm KTP, respectively. The calculation also gives a frequency
tuning bandwidth of 350 GHz, for a 1-cm KTP when the 0.78/0.8 um
laser is tuned. By using combination of these diode lasers, highly
coherent frequency-tunable green light has been obtained from 0.51
to 0.56 um(50 THz) with a continuous tuning range of 1 THz.

In difference-frequency generation, 0.3 uym output power was
obtained when two fundamental lasers were at 1.5 and 0.78 pm. The
difference-frequency was round 1.6 um. The tuning range was larger
than 5 THz (1.58 - 1.62 ym) which corresponded to the wavelength
range of the AlGaAs laser from 0.78 to 0.79 pm by controlling the
operation temperatures and currents of the lasers. Both experiment
and calculation show that the frequency tuning bandwidth was 200
GHz for a l-cm KTP by tuning the 1.5 pum DFB laser. The obtained
tunable range was from 1.38 to 1.67 um (38 THz) which corresponded
to the pump wavelength from 0.73 to 0.80 pm. The maximum available
tuning range can be as wide as 600 nm (65 THz) around 1.54 pjm
which is limited only by the present crystal size.

4. Atomic/Molecular Resonance Stabilized Frequency Reference Grids

In order to provide the reference frequency grids in a wide
frequency span in the OFSG, absolute frequency stabilization of
these frequencies have to be also performed, in which
atomic/molecular absorption resonances are used as frequency
references. Two schemes are used for generating the coarse fre-
quency grids. The fine frequency grids are generated by the fre-
quency comb generators, which has been published elsewhere[8].

4.1. Frequency Reference and Linking Using Optical Double Reso
nance in Potassium

Potassium (41K) was chosen for this scheme by which the coarse
frequency reference grids can be obtained at 0.77, 1.54, and 0.51
ﬂm simultaneously[9]. The pump-probe spectroscopy scheme is shown

y Fig.3. The second-harmonic wave of 1.54 nym DFB laser was used
as a probe. The fundamental power was 40 mW and the detected power
after the spctroscopic system was measured to be 20 nW. A satura-
tion-spectroscopy scheme was arranged for locking the laser fre-
quency ¢to e saturated absorption resonance. The atomic cell
containing K (2 cm long) was 3nstalled inside an oven to main-
tain the temperature close to 60-C.

Frequency stabilization of the pump laser was carried out by
locking the laser frequency to the saturated cross-over absorption
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peak of the 41g_p, 1ine by using the phase-sensitive detection
technique. The reé&dual frequency fluctuations were estimated to
be less than 50 kHz frgpothe error signal, implying a frequency
stability as high as 10 .

For the pump-probe spectroscopy, the second-harmonic wave was
arranged as a probe co- and counter-propagating to the pump beanm
as shown in Fig.2. A high contrast (>60%) of the nonlinear absorp-
tion with a resonance width of 10 MHz was obtained in the co-
propagating scheme, which was preferable for frequency stabiliza-
tion.

4.2. Frequency References Using Molecular Iodine Absorption
Resonances

In order to extend further the tunable frequency span, differ-
ent kinds of AlGaAs laser, e.g., in the 0.8 pm region, are mixed
with the InGaAsP laser. A second scheme, shown by Fig.3, for
providing frequency references is considered, which does not limit
another laser frequency but needs a frequency reference in the
generated frequency region. Molecular iodine (I,) was chosen for
the frequency reference for our experiment becaase of its plenty
of absorption lines covering a very large frequency range in the
green region[10].

For frequency stabilization, the generated green light passed
through a 15cm-long I, cell which contains natural iodine. A
resonance with an absofption of 55% and a width of 1.2 GHz was
used as the reference at 536.32nm (560THz). The phase-sensitive
detection technique was employed to stabilize the 0.82 um laser
while the 1.54 pym laser was in free-running. The residual frequen-
cy fluctuations were estimated to be within O.§9MHZ, implying a
normalized frequency stability better than 10 at the optical
frequency of 560 THz.

The combination of the above two schemes, generation of fre-
quency reference grids can be realized at 0.51, 0.77, 0.83, 1.54,
1.7 pm through sum- and difference-frequency generations.

5. Summary

From the results of the nonlinear frequency conversions using
diode lasers and generation of frequency reference grids, we can
conclude that the presenggfrequgfey reference grids with the
frequency stability of 10 - 10 , as well as the frequency-
tunable output, can be extended from the present 600 THz (0.5 pm)
to 900 THz (0.3 pm) by adding InGaAlP visible diode lasers and
InGaAsP lasers at 1.3 um region to the present systen.
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