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Oscillating properties of a 3.51 um He—Xe laser in an axial magnetic field and the competition
phenomenon between two oppositely circularly polarized Zeeman components (the ¢, and o_
modes) are investigated. Under a magnetic field less than 133G, the shapes of the detuning
curves of both modes were measured. In the total gas pressure range of 3 to 10 Torr, it was
clearly observed that one of the ¢, and . modes was suppressed by the other within a certain
frequency range. Both modes oscillated independently, however, when the total gas pressure
was lower than 3 Torr. Furthermore, it was shown that even if the competition phenomenon
occurred, the oscillating frequency range of the ¢, or o_ mode could be predicted when the
total intensity detuning curve in a zero magnetic field was measured beforehand.

§1. Introduction

A large number of laser/molecular-absorber
overlaps are known in saturated absorption
spectroscopy. For example, inverted Lamb
dips in the 3.39 um methane line and in the
0.633 um iodine line have been observed with
He-Ne laser lines.!*? These dips have been
applied to stabilize the wavelength of laser
oscillations.!*3) As another example, the in-
verted Lamb dip in the 3.51 um formaldehyde
(H,CO) line has been observed with a He-Xe
laser line (3d,~2py).*’ In this case, since the
absoption line frequency of H,CO is about

= 200 MHz higher than the center of the gain

curve of a He-Xe laser, Zeeman-tuning is
employed to compensate for this frequency
gap by applying an axial d.c.magnetic field
to the laser tube. When an axial magnetic
field is applied to a laser tube with non-Brewster
windows, two oppositely circularly polarized
Zeeman components (the ¢, and o_ modes)
oscillate. The o, mode is shifted toward the
higher frequency and the o_ mode toward
the lower by the Zeeman effect. Transitions of
the Xe (3d,—2p,) in an axial magnetic field
are shown in Fig. 1. Since the common upper
or lower levels of the Zeeman sublevels take
part in the o, and o_ transitions, a competi-
tion phenomenon can be found between the
o, and o_ modes. For the He-Ne laser, a
competition phenomenon of the same kind,

0 ge=112

My
2

2, o ‘:) 9,=1.106
2

am=z=-] am=+1

—
H o=mode o, mode

Fig. 1. Transitions of the 3.51 um Xe line (3d4—2ps)
in an axial magnetic field. Angular momenta of
the upper and the lower levels are J,=3, and J,=2,
respectively. Landé g-factors are g,=1.121 and
g»=1.106, respectively. Two circularly polarized
waves oscillate when an axial magnetic field is
applied. Right-handed and left-handed components
are called the 6. mode and the o_mode, respectively.
The former is shifted toward the higher frequency
and the latter toward the lower by the Zeeman
effect.

and related oscillation properties in a weak
axial magnetic field, have been measured by
Tomlinson and Fork,” and these results
have been compared with the Zeeman laser
theory.® As for the He-Xe laser, the 2.65
pm transition is the only case for which a
competition phenomenon has been reported.”

In this paper, the competition phenomenon
of the 3.51 um He—Xe laser in an axial magnetic
field is investigated. The axial magnetic field
is scanned up to 133G. The experiments
are carried out for 0.5 Torr<P;<10 Torr,
where Pr is the total gas pressure in the laser
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178 Motoichi OuTsu and Toshiharu TAko

tube. Experimental results for P;<3 Torr
and P;=3 Torr are compared. These results
will be used to measure the absorption spectrum
of H,CO and to stabilize the wavelength of
the He-Xe laser oscillation.

§2. Experimental Apparatus

The experimental apparatus is shown in
Fig. 2. A capillary tube with a 3 mm inner
diameter and a length of 200 mm was used.
A solenoidal return-path of 2.5 mm diameter
and 310 mm in length was used to avoid the
separation between the He and Xe gases when
these gases were excited by a d.c. discharge.
Natural He and Xe gases were used in the
present experiment.

Inadequate values of the total gas pressure
P, the pressure ratio Py/Px. of He and
Xe, and the discharge current I,;, caused the
separation between the He and Xe gases, or
plasma instability. For the stable oscillation
it was empirically found that the following
conditions were necessary:

(1) Pr<10Torr,
(2) 80<Py/Px.<300,
(3) I<15mA.

When P;=8Torr, Py/Px.=90 and I4=
. 4mA, the maximum output power was ob-
tained, and this was about 0.1 mW. Two
dielectric multilayer-coated mirrors with re-
flectances of 99% and 909, respectively,

He-Xe Laser Tube

Solenoid 1 kHz
PZT|[ o o || M Pol.Ch. Det(InAs)
= < < no |
R- T o €3
Rp=90,
i Invar Rod ref.in  |sig.in
Cu [’
SOU.?Q Y Lock inAmp,
L XY Rec.
X
=0~ o

Fig. 2. Experimental apparatus: With a quarter-wave
plate made of mica and a polarizer, intensities of the
o, and o_ modes are separately detected with an
InAs photodiode. A lock-in amplifier and a 1 kHz-
chopper are used for phase sensitive detection. Laser
windows are made of fused silica of 2 mm thickness,
which are slightly tilted from the optical axis. One
of the mirrors is mounted on a piezoelectric trans-
ducer (PZT), and four Invar rods are used to fix two
mirror-holders.
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were used to form a plane-parallel optical
resonator.

A solenoid of 32 mm inner diameter and
310 mm in length was placed around the laser
tube for applying the magnetic field. The ends
of the solenoid were overwound to produce
better uniformity of the field. The field uni-
formity was better than 0.39 over the com-
plete length of the discharge. The solenoid
produced a magnetic field strength of 66.6G/A.

The frequency shift of the center of the Xe
line was 1.56 MHz/G in the approximation
of the first-order Zeeman effect. Therefore,
the axial magnetic field strength H required
to tune the frequency of a He-Xe laser on the
absorption line of H,CO is about 133G. In
order to use the He-Xe laser as a light source
of the absorption spectroscopy of H,CO,
the competition phenomenon is investigated
for 0SHZ133G in the present experiment.
When the magnetic field strength (H,) is 87.5G,
the Zeeman split is 273 MHz, which is equal
to the axial-mode frequency interval. When
H>H, the o, and ¢_ modes oscillate on
adjacent axial-modes.

The two circularly polarized components
(the o, and o_ modes) were detected separately
with an InAs photodiode, by using a mica
quarter-wave plate and a polarizer. The detun-
ing curve for several values of field and mode
intensities versus axial magnetic fields, with
the cavity detuning held constant, were traced
on an X-Y recorder.

§3. Experimental Results

In the preliminary experiment, the detuning _

curves of the o, and ¢_ modes were measured.
For P;<3 Torr, the shapes of both curves
in an axial magnetic field were similar to those
in a zero magnetic field. But for Pr=3 Torr,
the shapes of both cases were considerably
different from each other. To investigate the
effect of the axial magnetic field, a number
of measurement were carried out for 0.5 Torr <
P;<10 Torr. The experimental results for
P.<3Torr and Pr=3Torr are discussed
separately below.

3.1 At low pressure (Py<3 Torr)

The detuning curves of the o, and o_
modes for several values of magnetic field
are shown in Fig. 3. In Fig. 4, the intensities
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calculated

O, Intensity

100MHz
OL Intensity
Qa40)
| A300
Ao
PzT
100MH
*  «——freq.
Fig. 3. Detuning curves of the o, and ¢_ modes for
several values of magnetic field when Pr=0.77 Torr,
Py/Px.=285 and Ij;;=14.4 mA. The axial-mode

frequency interval is 273 MHz. The first axis re-
presents the axial-mode frequency which is shifted
by a d.c. voltage applied on a PZT. The higher
frequency side is shown with an arrow. The second
axis represents the magnetic field strength and the
third axes represents intensities of the o, and o_
modes. In this figure, each axial-mode is labelled
with an integer &, in order of decreasing frequency,
and is shown as ¢.(N) or o_(N). Broken lines
represent experimental results of frequency shifts of
both modes and solid lines represent calculated
values.

of both modes are also shown as functions
of the magnetic field, with the cavity detuning
held constant.

In Figs. 3 and 4, both the ¢, and ¢_ modes
oscillate independently, and a competition
phenomenon is not found. It is easy to see
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O, Intensity

O_Intensity

100mHz
\
o0 Detuning
100MHz |1:|req (MHz2)

Fig. 4. Mode intensities as functions of the magnetic
field with the cavity detuning held constant when
Py is low. Experimental constants are the same as
in Fig. 3. The first axis represents the magnetic
field strength, the second axis represents the axial-
mode frequency and the third axes represent in-
tensities of both modes. Broken and solid lines are
also the same as in Fig. 3.

that the effect of the magnetic field in this
case is only to split the detuning curve into
two curves which move apart as a function
of the magnetic field.

The positions of the center frequencies of
the Lamb dips in Figs. 3 and 4 are connected
by broken lines. These Lamb dips are asym-
metrical and distorted. This is mainly caused
by many kinds of isotopes which are con-
tained in natural Xe gas. Though the Landé
g-factors of the upper and the lower levels
are g,=1.121 and g,=1.106, respectively,
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the average value of these factors, 1.114, was
used as an approximation, and the Zeeman
split was calculated. Because the error due
to this approximation remains less than 19
at H=<133G, the following discussions are
not biased by this approximation. These calcu-
lated values are shown by the solid lines in
Figs. 3 and 4. In Fig. 3, the solid lines and
the broken lines agree within an error of 29,
while in Fig. 4 this error is within 49,. Since
it is difficult to hold the cavity detuning at a
constant and reproducible value because of
thermal expansion of the Invar rods, the
errors in Fig. 4 are larger than those in Fig. 3.

3.2 At high pressure (P23 Torr)

The results at P;r=8.17 Torr are shown
in Figs. 5 and 6, which correspond to Figs. 3
and 4, respectively, The upper part in each
block is the experimental result. The lower
part of the block of H=0 in Fig. 5 is the
detuning curve of the total intensity, which
was measured without a quarter-wave plate
and a polarizer. This curve is similar to the
upper curves of the same block. After shifting
this detuning curve along the abscissa by an
amount calculated from Figs. 3 and 4, the
resultant curves are shown in the lower parts
of the other blocks. These curves are imaginary
ones which may be measured in the absence
of mode competition.

The o, and o_ modes oscillate even at the
wings of their imaginary detuning curves in
the lower parts of each block. This means that
these modes oscillate on two axial-modes
at the wings because the gain curves of these
modes are broader than the axial-mode fre-
quency interval. On the other hand, the o,
or o_ mode is suppressed in a certain fre-
quency range in the upper part of the cor-
responding block. The suppressed mode is
the one whose intensity, in the lower part
of the block, is lower than that of the other.
Furthermore, both modes in the upper part
simultaneously oscillate in the other frequency
range. In this range, the two curves in the
lower part cross each other and both intensities
are nearly equal. Therefore, the oscillating
frequency range of the o, or ¢_ mode can
be known when the intensities of both modes
in the lower part are compared with each other.
It was clearly observed that the widths of the
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----- o+ mode
—— o mode
1 0,(0) fo(-1)
L
=" /;\*‘_&/-’ I -
s
y T 1300

i 50MHz

100MHz VP?——-
—*req.

Fig. 5. Detuning curves of the o, and o_. modes for
several values of magnetic field when Pr=8.17 Torr,
I;;,=>5.2 mA. Other constants and the three axes are
the same as in Fig. 3. The broken curve represents
the o, mode, and the solid curve the o_ mode. In
each block, the upper part is an experimental result.
The lower part at H=0 is an experimental result
of the total intensity. After shifting this detuning
curve by an amount calculated from Fig. 3, the
resultant curves are shown in the lower part of each
of the other blocks. The solid lines with arrows,
which appear behind the blocks, represent frequency
shifts calculated from Fig. 3.

detuning curves in the upper part were narrower
than those in the lower part for Pr=3 Torr.
By the above discussion, it is apparent that
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) { Jroun

-80

Cavity
Detuning
(MHz)

-160

SO0MHz

710s(2)
/

I =20

Fig. 6. Mode intensities as functions of the magnetic
field with the cavity detuning held constant when Py
is high. The three axes are the same as in Fig. 4.
The correspondence between the upper and the
lower parts in each block and the experimental
constants are the same as in Fig. 5. The broken
curve represents the o, mode and the solid curve
the o_ mode.

the effect of the magnetic field is not only to
split the detuning curve into two curves but
to cause mode competition between the o
and o_ modes for Pr=3 Torr.

Because both modes oscillate near the
crossing point of the two detuning curves,
it is expected that the o, and 6_ modes oscillate
simultaneously for a wide frequency range
at H=H,. This fact is shown in Fig. 7. The
correspondence between the upper and the
lower parts of Fig. 7 is the same as in Fig. 5.
In Fig. 7, because H=~ H,=87.5G, the two
detuning curves in the lower part overlap with

S wennd
100MHz sz'r -
~— freq.

Fig. 7. Detuning curves of both modes at H=86.6 G
when Pr=3.79 Torr, Py/Px.=88.5 and I4,=
9.8 mA. The axial-mode frequency interval is
273 MHz. The correspondence between the upper
and the lower parts is the same as in Fig. 5.

each other and, in fact, the ¢, and o_ modes
in the upper part simultaneously oscillate
for a wide frequency range. When H>H,,
the 6, and o_ modes oscillate on adjacent
axial-modes, but, as shown in Figs. 5 and 6,
the competition phenomenon was still found
in such high magnetic fields. This is a fact
which has not been previously reported in
the He-Ne laser.>’

§4. Discussion

The cavity mirrors were rotated around
the optical axis of the laser, and the position
of the mirrors where the laser beam was
reflected was changed, but the shapes of the
detuning curves in Figs. 5 and 6 were not
influenced by these operations. This shows
that the cavity anisotropy has little influence
on mode competition in the present experi-
ments. That is, g,_, g_,=0, where g, _
and g_, are two off-diagonal elements of the
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anisotropy G-matrix represented by a circularly-
polarized basis.® To know precisely the
cavity anisotropy effect, it is necessary to
measure the beat frequency between the o,
and o_ modes and its locking phenomenon.
If the cavity anisotropy is not negligible and
frequency locking occurs, bumps should appear
in the detuning curve.” In Figs. 5 and 6,
this bump does not appear for H=133G,
and therefore it can again be concluded that
g+_, g—.+=0. Since two diagonal elements
of the anisotropy G-matrix are not generally
equal to each other (g, #g_), the net gains
of both modes must be different from each
other. But since the intensity difference between
the o, and o_ modes is negligible in Figs. 5
and 6, it can be concluded that g, ~g_.

It is still unknown why the competition
phenomenon appears clearly for Pr>3 Torr,
and further experimental and theoretical work
is necessary to clarify this point.

As shown in §3.2, when the total intensity
detuning curve in a zero magnetic field is
measured beforehand, it is possible to predict
the oscillating frequency range of the o,
and ¢_ modes for any magnetic field strength.
That is, after drawing imaginary detuning
curves of the ¢, and o_ modes, as in Figs.
5 and 6, one needs only to compare the in-
tensities of these curves with each other.

In order to measure the absorption spectrum
of H,CO, the necessary value of the magnetic
field strength should be decided by using this
prediction.

§5. Conclusion

In the present paper, the oscillating pro-
perties of the 3.51 um He-Xe laser in an axial
magnetic field, and the competition phenome-
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non between two circularly polarized Zeerhan
components (the ¢, and ¢_ modes) were
investigated. Under a magnetic field less than
133G, a competition phenomenon was ob-
served for 3 Torr< Py <10 Torr; that is, there
existed a frequency range in which one of the
o, and o_ modes was suppressed by the other.
This competition phenomenon was not ob-
served for Pr<3 Torr. It was shown that
even if the competition phenomenon occurred,
the oscillating frequency range of the o,
or o_ mode could be predicted when the
total intensity detuning curve in a zero magnetic
field was measured beforehand. In the ab-
sorprion spectroscopy of H,CO, the necessary
value of the magnetic field strength can be ,
obtained by using this prediction.
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The frequency of a single longitudinal mode AlGaAs DH laser was stabilized at the resonant
frequency of an external Fabry-Perot interferometer by controlling the temperature The
frequency stability was evaluated by using the square root of the Allan variance 6% and the
power spectral density. The following value was obtained: 2.1 x107°<6=9.6x10~° for 10
ms<7<500s, where 7 represents the integration time. The long-term frequency stability was

improved for t>10s.

§1. Imtroduction

Recently, spectral properties of semicon-
ductor lasers have been improved. A stable
single longitudinal mode oscillation has been
obtained reproducibly for AlGaAs double
heterostructure (DH) lasers and the spectral
width of these lasers has been estimated to be
less than 1 MHz by interferometric measure-
ments.">? However, because the band gap
energy and the refractive index depend on
temperature, the frequency of semiconductor
lasers fluctuates when the temperature of the
active region changes. The frequency of semi-
conductor lasers should be stabilized for a
number of applications, such as heterodyne-
type optical communication, high resolution
spectroscopy, and metrology.

Several results for the frequency stabiliza-
tion of semiconductor lasers using an external
Fabry-Perot interferometer as a frequency
reference have been reported.>”> In this
method, the resulting frequency stability
depends on the stability of the interferometer
and on the traceability of the laser frequency to
the interferometer. However, few authors have
carefully considered about the stability of the
interferometer and quantitatively estimated
the frequency stability.

In this letter, the authors report the measure-
ments of frequency fluctuations of AlGaAs DH
lasers at free-running operation and the fre-
quency stabilization of a DH laser by using an
external Fabry-Perot interferometer. The fre-

quency stability was evaluated by using the
Allan variance® and the power spectral density,
which are measures of frequency stability
commonly used. For this measurements, the
stability of a resonant frequency of the inter-
ferometer was also evaluated.

§2. Experimental Procedure

Figure 1 shows the block diagram of the
apparatus used to stabilize the laser frequency.
The experiments were carried out in an under-
ground tunnel for the long-distance inter-
ferometry. The temperature in the tunnel was
constant within 0.1°C/day.

Several single longitudinal mode AlGaAs
DH lasers”'® (1=820~830nm) were driven
by a dc current source. Temperature coefficient
of the current source was 3 uA/°C. Each DH
laser was mounted on a 5mm thick copper
plate. The temperature of the DH laser was

_.[FaBRY-PEROT
INTERFEROMETER

POWER
AMP.

CONTROL :
UNIT out

DATA
RECORDER

L.P.F. & AMP.

Fig. 1. Block diagram of the experimental apparatus.
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controlled by a thermoelectrical cooler to
which the copper plate was attached. The
following operating conditions for DH lasers
were employed: I/1,,=1.10~1.25,T=15~25°C,
where I, I, and T represent the injection
current, the threshold current and the tempera-
ture of the copper plate, respectively. Under
these conditions, DH lasers were operated in a
single longitudinal mode.

An external Fabry-Perot interferometer was
used as a frequency discriminator which was
carefully constructed to maintain high stability.
Two Al-coated flat mirrors with the reflectivity
of 85% were used. The distance between these
mirrors were kept 12.3 cm by using an Invar
tube and piezoelectric transducer (PZT) as a
spacer. This interferometer was installed in the
alminium case and a plastic box to reduce the
temperature change and air flow.

The frequency stability of the interferometer
was measured by using a Lamb dip stabilized
He-Ne laser at 633 nm (Spectra-Physics, SP-
119). The frequency stability of the He-Ne
laser itself was measured by using the error
signals from the lock-in amplifier used for the
frequency stabilization.

The laser beam was collimated by an objec-
tive lens and focused on a photomultiplier after
passing through the interferometer. The optical
axis was carefully adjusted so that the reflected
beam from the interferometer did not disturb
the laser oscillation. The interferometer length
was piezoelectrically modulated at a frequency
of 600 Hz. The first derivative signal of the
transmission spectrum of the interferometer
was obtained by synchronously detecting the
output signal of the photomultiplier with a
lock-in amplifier and was used as a frequency
discriminator. The laser frequency was locked
at the zero-crossing point of the first derivative
signal. The output signal from the lock-in
amplifier was fed to a propotional amplifier
and then to the thermoelectrical cooler to
control the temperature of the DH laser.

Error signals from the lock-in amplifier were
proportional to the fluctuations of the laser
frequency and were recorded by a data recorder.
The Allan variance and the power spectral
density were calculated from these signals,
after analog-to-digital conversion.
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§3. Experimental Results

Figure 2 shows frequency fluctuations of a
DH laser. The upper trace corresponds to the
free-running laser. The laser frequency varied
about 60 MHz during a period of 10 min due
to the changes in temperature. The lower trace
corresponds to the stabilized laser. It can be
seen that thermal drifts are reduced and that
the laser frequency is stabilized with residual
fluctuations of 5 MHz over a period of 40 min.
It can be thought that the residual fluctuations
with the period of about 25 s on this trace were
caused by the response characteristics of the
feedback loop.

Figure 3 shows the square root of the Allan
variance o2, where T and N represents the in-
tegration time and the number of data, respec-
tively. The curve A represents the frequency
stability of the Lamb dip stabilized He-Ne
laser. The curve B represents the stability of the
resonant frequency of the interferometer. The
minimum value on this curve is

6=2.1x10"1% at t=0.18s. )

For 7>0.18s, o increases with increasing
because of thermal drifts of the cavity length
and is approximately expressed as

6=5.7x10"1%.71/2 for 0.18 s<7=<500s.
@)
For t<0.1s, the frequency stability of the

4 Frequency
Free-running

wm MW I

IZOMHZ
€ —
3min
Stabilized
g e e
< ——
6min
IlOMHz
—>Time

Fig. 2. Fluctuations of the laser frequency; upper
and lower traces correspond to the free-running
and the stabilized laser, respectively.
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Fig. 3. The square root of the Allan variance o2,
where 7 and N represent the integration time and
the number of data, respectively. A((]): The fre-
quency stability of the Lamb dip stabilized He-Ne
laser at 633 nm. B(M): The frequency stability of
the external Fabry-Perot interferometer. C(A):
The frequency traceability of the free-running DH
laser to the interferometer. D(@): The frequency
traceability of the stabilized DH laser to the
interferometer. E(Q): The frequency stability of
the stabilized DH laser estimated from the curves
B and D.

Fabry-Perot interferometer was not able to be
estimated because that of the He-Ne laser was
not high enough.

Curves C and D in Fig. 3 represent the typical
results for the DH laser and can be interpreted
as representing the traceability of the laser
frequency to the resonant frequency of the inter-
ferometer. The curve C represents the results
for the free-running laser. These values can be
considered as the frequency stability of the free-
running laser because these are about ten times
larger than those on the curve B at each value
of 7 in this figure. The minimum value on the
curve C is

6=38x10"° ©))

Due to thermal drifts, o increases with
increasing t for t1>0.3 s, however, the stability
is better than 1.0x 1078 for 10 ms<7<20s.
The frequency stability of the free-running
laser was almost independent of operating
conditions such as injection current and tem-
perature employed in this experiment. The
curve D represents the result for the stabilized
laser. The minimum value on this curve is

6=5.6x10"1° at 7=250s.

at t=03s.

@

71

L723

The frequency stability o, of the stabilized DH
laser can be estimated by using the curves B,
D and the following relation:®

o= (ot +0})'/?,

4

where ¢, and oy represent the values on the
curves B and D, respectively. The curve E in
this figure represents the estimated frequency
stability o,. The value of o, is almost equal to
or for 1<10s and is equal to ¢, for 1>50s.
A bump around t=25s corresponds to the
periodic fluctuations on the lower trace of Fig.
2. It can be seen that the value of o, on the
curve E is about ten times smaller than that
on the curve C for t>20s. Though the rela-
tion between o, and 7 is rather complicated on
this curve, the minimum value of o, is

06,=2.1x107° at 1=06s, 6)

and stability is better than 9.6 x 10™° for 10
ms<7t<500s.

Figure 4 shows the power spectral density S
of the frequency fluctuations, where broken and
solid curves represent the results for the free-
running and the stabilized laser (curves C and D
in Fig. 3), respectively. When the laser was
stabilized, fluctuations for f<O0.1 Hz were
reduced considerably and this fact indicates the
improvement of the long-term frequency
stability. The observed peak at f=0.04 Hz on

10-12

—_
o
d

@

\:/Free-runmng

10-]4

o
L
o

)
~
-
T

107V

—

o
L
®

1
-
©w
T

-
o

Power Spectral Density S(Hz™)

10-20
1073

1072 107 109 10" 102 103

Frequency f(Hz)

Fig. 4. Power spectral density of the frequency
fluctuations; solid and broken curves correspond to

the stabilized and the free-running laser, respec-
tively. :
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the solid curve corresponds to the periodic
fluctuations on the lower trace of Fig. 2. These
fluctuations are considered to be the inherent
characteristics in the feedback system used in
this experiment. Comparing the two curves
in this figure, it can be said that the band width
of the feedback system was about 0.1 Hz,
which was limited mainly by the response time
of the thermoelectrical cooler and the copper
plate. Higher stability can be expected by
improving the feedback system including the
control of the injection current, which will be
reported later.

§4. Conclusion

In the present experiments, the frequency of
an AlGaAs DH laser was stabilized by con-
trolling the temperature at the resonant fre-
quency of an external Fabry-Perot interfero-
meter. The frequency stability was evaluated
by using the Allan variance and the power
spectral density. The following values were
obtained:

(i) Free-running laser

3.8x107°<0<1.0x 1078

for 10 ms<7t<20s. (7)
(i) Stabilized laser
21x107°<£06<£9.6x107°
for 10 ms<7<500s. (8)
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It can be concluded that the long-term stability
for the stabilized laser was improved compared
to that of the free-running laser for 7>10s.
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Frequency-Offset-Locked He-Xe Laser at 3.51 um
Motoichi OHTSU* and Toshikaru TAKO*
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A highly stabilized frequency-offset—locked He-Xe laser system is constructed
for the high resolution lasér spectroscopy of H;CO (5.:(v=0)) =6,,(v=1)) at
3.51 um. It is composed of two He-Xe .Jasers. The first laser is the H,CO-stabilized
He-Xe laser which is used as a frequency reference. The second laser is frequency-
offset-locked to the first laser by using the beat frequency between these lasers. The
frequency stability of the frist laser is 1.0 X10-'¢ at r= 100s, where r represents
the integration time. The frequency traceability of the second laser to the first laser
is expressed as 8.0 X10-'* . z-! for 10ms<r<100s. It is found that this value of the
traceability was independent of the frequency modulation of the first and second lasers.
The variable range of the frequency of the second laser is:.l,BMHz. In this range, the
frequency traceability of .the second laser to the first laser is in'dependent of the beat

frequency.
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Fig. 1.

Experimental apparatus. ¢/V: A phase
comparator. A: A wide band amplifier.
BS : Beam splitter. D: InAs detector.
L: Lens. M: Mirror. P! Polarizer. PH:
Pinhole Q: Quater-wave plate.
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Fig.3. The block diagram of the PZT driver.
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The frequency dependence of the voltage

gain of each amplifier in the PZT driver.

A: The integrating amplifier and the filter
(— 7 dB/decade).

B: The proportional amplifier.

C: The differential amplifier.

D: The sum of the values on the curves
A and B.

E: The sum of the values on the curves
A, B, and C.
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The block diagram of the phase comparator.
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Fig. 6. The square root of the Allan variance

o* of the frequency fluctuations of

the first laser. 7z and N represent the
integration time and the number of data,
respectively. A: The result obtained by
using the proportional amplifier with the
integrating amplifier and the filter in
the PZT driver. B: The result obtained
by using the differential amplifier with
the proportional amplifier, the integrating
amplifier and the filter.
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The square root of the Allan variance
a* of the frequency. fluctuations of the
beat signal between the first and second
lasers when the second laser was
frequency-offset- locked to the first laser.
The value of o is normalized to the He-
Xe laser frequency at 3.51 um. A: The
result obtained by using the proportional
amplifier with the integrating amplifier
and the fillter in the PZT driver. B: The
result obtained by using the differential
amplifier with the proportional amplifier,
the integrating amplifier and the filter.
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Fig.10. The square root of the Allan variance

Fig.9. The relation between the value of ¢ and

the value of the beat frequency fi—f,
between the first and second lasers,
where o represents the same quantity as
that shown in Fig.7. The same PZT
driver was used as for the curve B in
Fig.7. V:7z=1ms, N=100, X : r=10
ms, N=100, O: =100 ms, N= 100,
®:7=1s, N=100, A r=10s, N=20;
w: =100s, N=10.
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o* of the frequency fluctuations of the
beat signal between the first and
second lasers when the second laser is
frequency- offset- locked to the first laser.
The value of ¢ is normalized to the
He-Xe laser frequency at 3.51 um.
The same PZT driver was used as for
the curve B in Fig.7. O :-The
frequency of the first laser only was
modulated. Therefore, the beat
frequency was modulated . ® ; The
frequency of the second laser was
modulated synchronously with that of
the first laser. Tkerefore, the beat
frequency was not modulated.
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The vacuum wavelength of an H,CO (5, s(ground state)—6,, ¢(vs=1))-stabilized He-Xe
laser was measured with respect to the CH,-stabilized He-Ne laser at 3.39 um by using a pressure-
scanning Fabry-Perot interferometer. The average value Ju,co Of the vacuum wavelength
obtained was 3 507 979.48 pm. The standard deviation o,_, was 0.39 pm with an accuracy of

© Op= /IH2C0=1.1 x10-7

The estimated values of the systematic errors were——0:24-pm=-/-

Jnyc0,150, Adg,co,.=0.004 pm, and 4ly,co,3=0.02 pm, respectivelé,ﬁvmm\\

A%41,c6.2, and Alu,co,s Tepresent the errors caused by diffraction, nonparallelism between the
interferometer mirrors, and nonparallelism between the two laser beams, respectively.

§1. Introduction

The authors (M. O.and T. T. of T. 1. T.) have
carried out experiments on the frequency sta-
bilization of an He-Xe laser at 3.51 um by
using the inverted Lamb dip in H,CO (5, s
(ground state)—»6, ¢ (vs=1)).1> The fre-
quency or wavelength of this laser should be
precisely measured so that it may be used as a
new frequency or wavelength standard in the
infrared band around 3.5 um. The frequency
of the free-running He-Xe laser has been meas-
ured,® but no measurement has been carried
out for the H,CO-stabilized He-Xe laser.
Sakurai ez al. have estimated the vacuum wave-
length of the absorption line in H,CO (5, 5
(ground state)—6, ¢(vs=1)) as 3.507993 um by
using its wavenumber value of 2850.633
cm—1.4

We report here the result of the wavelength
measurement of the H,CO-stabilized He-Xe
laser. This result was obtained by the coin-
cidence method using pressure-scanning Fabry-
Perot interferometers, which have been used to
measure the wavelengths of He-Ne lasers at
3.39 um and 633 nm.>-9

§2. Experimental Apparatus

The frequency stability ¢ of the H,CO-
stabilized He-Xe laser was 1.6 x 10714 at 7=
100s, and 6<1.0x 10™1° for =10 ms, where

o and 7 represent the square root of the Allan
variance 62 of the frequency fluctuations” and
the integration time, respectively. Therefore,
the frequency is stable enough to get the value
of the wavelength with nine or ten significant
digits. Further details of the frequency stabiliza-
tion will be reported elsewhere.

The experimental apparatus for the wave-
length measurement is shown in Fig. 1. A CH,-
stabilized He-Ne laser at 3.39 um was used as
a wavelength reference and was constructed by
the authors (M. O. and Y. A. of N. R. L. M).
The frequency stability ¢ of this laser is 1.8 x
10712 at 1=305,® and its vacuum wavelength

CH,-stabilized
M ch, | He-NeLaser (339pm)
A
Ch,
BS. ] A WM
1 Collimator
) 1
Lamb dip-stabitized
Fabry-Perot He-Ne Laser (0.63ym)
Interferometer
1 Ch Pol

H,CO-stabilized N B
He-Xe Laser(3.51ym

Fig. 1. Experimental apparatus: f;, f2, and f3 re-
present three different frequencies of the choppers
(Ch) used with lock-in amplifiers. I represents the
optical isolator.
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Acn, is 339223140 pm.” The interference
fringes of He-Xe and He-Ne lasers were
simultaneously measured by a pressure-scan-
ning Fabry-Perot interferometer, and then the
value of the vacuum wavelength of the He-Xe
laser was obtained from these results by the
coincidence method. Two Al-coated flat mirrors
were used for the Fabry-Perot interferometer.
The Al-film of the mirror was also coated with
SiO,-film for protection. The reflectance of
each mirror was 859 in the infrared region
around 3.5 um, i.e., the finesse of the inter-
ferometer was 20. Two fused quartz cylinders
about 10 and 20 cm long were used as the inter-
ferometer spacers. The spacer length of the
interferometer was preliminarily measured by
using a laser interferometer (HP5526A) within
an error of 0.5 um, and the result was used as
auxiliary data when the orders of interference
were found by the coincidence method. Fur-
thermore, a Lamb-dip-stabilized He-Ne laser
at 633 nm (SP-119) was also used as an auxiliary
wavelength reference to find the orders of inter-
ference in a simpler way.

The intensities of the He-Xe and He-Ne
(3.39 um) lasers were about 10 uW at the in-
cident point of the interferometer. Because of
the low intensities of these lasers, the signal-to-
noise ratios of the recorded interference fringes
were low. Therefore, a large value of the time
constant of the lock-in amplifier, 1s, was used
to suppress the noise accompanying the low
laser intensity measurement. As the noise sup-
pression was not sufficient, a low-pass filter
with a cut-off frequency of 3.3 Hz was used at
the next stage of the lock-in amplifier, and the
output signal from the filter and the signal
from the pressure gauge for the interferometer
were recorded with a data recorder. The play-
back signals from the data recorder, after A/D
conversion, were then fitted into the Lorentzian
curves by the least-squares method. The order

Toshiharu TAko, Motoichi OHTsU, Seiichi KATSURAGI, Misao OHI and Yoshiaki AkiMoTo

of interference m for each laser was obtained
at the peak of the fitted Lorentzian curve by
the coincidence method, and the wavelength
Am,co of the He-Xe laser was calculated from

eq. (1:
A,00 = Ach, * Mcu,/Mu,cos @)

where my,co and mcy, represent the values of m
of the He-Xe and He-Ne (3.39 um) lasers,
respectively.

§3. Experimental Results

Figure 2 shows the interference fringes of
three lasers traced on a chart recorder. It took
25 minutes to trace these fringes. Table I shows
the values of the vacuum wavelength of the
He-Xe laser obtained from the results of Fig. 2.
Four series of experiments were carried out on

He-Xe Laser
__ (3.51um)
..... He- Ne Laser
= (3.39um)
- A- a2 \-= :.\

| IS S
02 4 6 8

He-Ne Laser
(0.63um) " |

P (arb, unit)

Fig. 2. Interference fringes of three lasers. P re-
presents the pressure of dry air in the interferometer.

Table I. Experimental results obtained by using the interferometers of 10 cm and 20 cm
length. L, n, Ju,co, and o, represent the length of the interferometer, the number of data,
the average value of the vacuum wavelength, and the standard deviation, respectively.

L n Il—lzco (pm) 0,—1 (pm) Un-n/zﬂzco
A-~(1) 10 cm 10 3507 978.87 0.12 3.4x10-8
A-(2) 10 cm 3 3507 978.79 0.10 29x10-8
B-(1) 20 cm 6 3507 979.15 0.21 6.0x10-8
B-(2) 20 cm 5 3507 979.16 0.20 5.7x10-8
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different days. A-(1) and A-(2) represent the
results when the interferometer of length 10 cm
was used, and the number of data are 10 and 3,
respectively. The accuracies of these results are
about 3x 1078, B-(1) and B-(2) represent the
results when the interferometer of length 20 cm
was used, and the numbers of data are 6 and 5,
respectively. The accuracies of these results are
about 6x 1078,

A difference of about 0.3 pm can be seen
between the average value ly,co of the wave-
length of series A and that of series B. This is
caused by the dispersion of the phase change
at the reflection on the mirrors of the inter-
ferometer. The virtual spacer method was used
to compensate for this dispersion effect,'® i.e.,
the order of interference for the virtual spacer
was calculated by subtracting the order of inter-
ference for the 10cm length interferometer
from that of the 20 cm length interferometer.
Then the wavelength Ay,co was calculated from

eq. (2):
At,c0=Ach,* (Mcu, 20— Mcu,,10)
/ (mH2CO,20 —My,co,1 o, ()

where the suffices 10 and 20 represent the quan-
tities for the 10 cm and 20 cm length inter-
ferometers, respectively.

By using the results of Table I and eq. (2), the
final result was obtained:

Tu,co=3 507 979.48 pm,

0,-1=0.39 pm, 3

. where the number of data n is 143 because 13
data for the 10 cm length interferometer and
11 data for the 20 cm length interferometer were
combined. As the value of the standard devia-
tion o,_, in eq. (3) is 0.39 pm, the accuracy of
the final result is

M
0 5 10 15 20 25 30
T T T T T T

3507978.20pm}

.60 <

79.00 = L — o

79.40 = — seerrrea Lot]

79.80 E — L= Ton Moo

80.20 fr=———I

80.60 [

Fig. 3. Distribution of 143 combined data. M
represents the numbers of data found in intervals
of 0.20 pm. The broken line represents the Gaussian
probability function whose average value and
standard deviation is equal to Zu,co and o,-, of
eq. (3), respectively.
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On—1/Z,co=1.1x1077, @)

Figure 3 shows the distribution of the 143 com-
bined data.

§4. Discussions

The value of Iy,c0 in eq. (3) contains sys-
tematic errors. The possible sources of sys-
tematic errors are;

(1) The effect of diffraction,

(2) nonparallelism between the planes of the
two mirrors of the interferometer,

(3) nonparallelism between the He-Xe and
He-Ne (3.39 um) laser beams. The values of
systematic errors due to these sources are
estimated in this section.

(1) Figure 4 shows the experimental results of
the interference fringes and the least-squares-
fitted Lorentzians for the three lasers. Compar-
ing two curves for each laser, it can be seen that
the experimental curves are asymmetric. One
of the sources of this asymmetry is that higher-
order transverse modes were generated in the
interferometer by diffraction and the fringes of
these modes were superposed on that of the
(0,0) transverse mode. The other possible
source is discussed in (2). As the line shape of
the interference fringe is asymmetric, the value
of the order of interference at the peak of the
fringe is shifted from the true value. Therefore,
a systematic error occurs. The value of this
error is estimated in the following.

As the intensity of the (0, 1) mode is the
highest among those of higher-order trans-
verse modes, and as the contributions to the
value of this error from other modes were
estimated to be about a few percent of that from

He-Ne
(0.63um)

He-Ne
( 3.39um)

He-Xe
( 3.5||_1m)

m _E’r P) (arb. units)

Fig. 4. Line shapes of the experimental result of the
interference fringe (E) and the least-squares-fitted
Lorentzian (L) for each laser. P represents the pres-
sure in the interferometer and m the order of inter-
ference.
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050
. .‘1"1. 040
/N Superposed é 030
------- ., E
‘ wré N \-0,0 Jmode 020
U/” : (0.1)mode 0.0
r avq
/, ol
- e 0 05 10
e :
(a) (b)

Fig. 5. (a) The definition of dm, r, &, dvy, and
dvg for the interference fringe composed of the
fringes of the (0, 0) and (0, 1) modes. 4m: The dif-
ference between the order of interference at the
peak of the superposed fringe and that of the (0, 0)
mode. r: The ratio of the peak height of the fringe
of the (0, 1) mode to that of the (0, 0) mode. g4, -m:
The difference between the orders of the interference
fringes of the (0, 0) and (0, 1) modes. dv, and dvg:
The half width at the half maximum on the left and
right of the superposed fringe.

(b) The calculated result of the relation between
Am and r.

the (0, 1) mode, only the (0, 1) mode is con-
sidered in the following discussion. Figure 5(b)
shows the calculated result of the shift Am of
the order of interference at the peak of the fringe
which is composed of the fringes of the (0, 0)
and (0, 1) modes. In this figure, r represents the
ratio of the peak height of the fringe of the
(0, 1) mode to that of the (0, 0) mode, and &y, -m
represents the difference of the order of inter-
ference between the fringes of these modes.
&, is expressed as

9
801=1—2'§ (5)

where A and A represent the wavelength and the
radius of the laser beam, respectively.!!’ It was
necessary to estimate the value of r in order to
find the value of Am. This was done as follows:
first, the ratio of Av, to dvy was obtained for
the calculated asymmetric interference fringe,
where 4v; and Avg represent the values of the
half-width at the half-maximum on the left and
right of the fringe respectively, as shown in
Fig. 5(a) This value of the ratio Av;/dvg was
then compared with that of the experimental
result of the fringe. From this comparison, the
value of r was estimated to be 0<r<0.3 for the
He-Xe and He-Ne (3.39 um) lasers. It was
rather difficult to estimate this value more
accurately because of the noise contained in the

(t/4)%,
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line shapes of the fringe. From this value, the
value of Am was estimated to be 0<4Am=<0.19
g9, *m by using Fig. 5(b). Therefore, by using
eq. (5), the values of Am/m for the He-Xe and
He-Ne (3.39 um) lasers were estimated to be

0= Ay, co/Mu,coS7.2x 1078,

0= Amey, [mey, <8.4% 1079,

©)

respectivety, where 4 =1.5 mm was used for the
He—Xe laser and 4=4.3 mm was for the He~
Ne laser (3.39 um).

Since the final result of eq. (3) was obtained
from the results obtained using the 10 cm and
20 cm length interferometers, the systematic
errors contained in these results have to be used
to estimate the systematic error in the final
result. This is done in the following. The sys-
tematic error Aly,co in Ay,co of eq. (2) is
expressed as

Aly,colAuyco
=(dmcy, 20— Amcy,,10)/(Mcu,, 20 — Mcny, 10)
—(dmy,co,20 — 4My,c0,10)
[(My,c0,20 — Mu,co,10)-  (7)

By substituting the following relations

Mep, 20 =2 Mep,, 105
®)

into eq. (7) and using eq. (1), the value of
Aly,colAnyco is expressed as

Ag,colAuyco = 2(AAy,col Muyc0)20
—(424,c0/Au,c0) 105

My,c0,20 =2+ My,c0,105

©)

m

where (44y,c0/Au,00)20 and (44g,co/An,co)10

represent the values of the systematic errors in
the results obtained by using the 10 cm and
20 cm length interferometers, respectively. As
these values are calculated to be

—6.8 x 107 % < (4An,colA,c0)z20
=(4,00/,c0)10=0,  (10)
by using egs. (1) and (6), the value of the sys-

tematic error, represented now as Aly,co,1
caused by diffraction is estimated to be

—0.24 pm < Aly,c0,1 =0, an
by using eqs. (9) and (10). This is the final
result of the estimation.

(2) When the planes of the two mirrors of the

interferometer are not parallel, the line shapes
of the fringe are asymmetric, and a systematic
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error would appear in the orders of interference
at the peaks of the fringes. The relation between
the value of this error 4Am and the angle o be-
tween the two mirrors has already been calcu-
lated.!? In the present work, the values of «
were measured as 4 x 1074 rad for both lengths
of interferometers by using a laser interferom-
eter (HP5526A). Using these values of « and the
relation calculated in ref. 12, the value of Am
was easily estimated, and then, the value of the
systematic error A4ly,co,, was found to be

A}.Hzco,z =0.004 pm. (12)

Equation (9) was also used in this estimation.
(3) When the optical axes of the He—Xe and

7 He-Ne (3.39 um) lasers are not parallel, a

systematic error occurs because the length of
the interferometer is different for the two laser
beams. In experiments A-(1), A-(2), B-(1), and
B-(2) in Tablel, the values of 1-cos# were
measured as 4.82x107°, 5.06x 1072, 4.90 x
107°, and 5.16x10™°, respectively, where 6
represents the crossing angle between the two
laser beams. This angle was measured by
scanning the position of the InAs detector of the
0.02 mm? active area. By using these results,
the value of the systematic error 44y,co 3 Was
found to be

Adgi,c0.3=0.02 pm, (13)

where eq. (9) was also used.

In the present experiment, as shown in Fig. 4
of §2, the signal-to-noise ratio of the inter-
ference fringe was rather low because of the

™ low intensities of the laser beams. Therefore, it

can be seen that the main cause of the accidental
error in the value of y,co Of eq. (3) was this
noise. However, a full quantitative estimation of
the accidental error caused by this noise has
not yet been done. If the intensities of the lasers
are increased while their high-frequency sta-
bilities are maintained, the accidental error
would be decreased and, as a result, the value of
6,-, in eq. (3) would be decreased. Further-
more, the value of 42y,c0 1 Of €q. (11) would be
more accurately estimated.

The frequency estimated by using the value of
Anyco of eq. (3) is

Vi,co=85 460 151.6 MHz, (14)

where 299 792 458 m/s®’ was taken as the
speed of light. Therefore, the difference between
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this value and the frequency vy, of the free-
running He-Xe laser is

szCO - Vxe = 1 55 MHZ, (1 5)

where
vxe=85 459 997 MHz.» 16)

As the value of this difference reported by M.
Takami and K. Shimoda is about 180 MHz,!*’
the value of eq. (15) agrees with it within the
difference caused by the pressure shift in vy,.

§5. Conclusion

The average value 1,0 of the vacuum wave-
length of the H,CO-stabilized He-Xe laser was
3507 979.48 pm. The standard deviation o,_,
was 0.39 pm and, therefore, the accuracy o,_,/
Au,co was 1.1 x 1077, It was estimated that the
values of the systematic error were

- 0.24 pm é AA’H;CO,I _S_O,
AleCO,Z =0.004 pm,
AAH;CO,E‘ =0.02 pm,

where Aly,co,1, 44n,c0,2, and Aly,co,3 repre-
sent the errors caused by diffraction, non-
parallelism between the interferometer mirrors,
and nonparallelism between the two laser
beams, respectively. It was discussed that the
main cause for the accidental error was the
noise in the low laser intensity measurements.
The value of ¢,_; will decrease if this noise is
suppressed while the high-frequency stabilities
are maintained.
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We report the results of measurement of the saturated ab-
sorption signal of CH, at 3.39 um using an external absorption
cell in a multipath (White-cell)! configuration. The laser used
was a pressure-shifted He-Ne laser at 3.39 um.2 Measure-
ment of the saturated absorption signal in an external cavity
with a White-cell configuration has been carried out before
for phosphine.? In this experiment, we investigated the case
of CH;. We measured the dip height (AI) and width (Av,
FWHM) to be compared with the calculated predictions as
a function of ¢, the crossing angle between the two oppositely
propagating beams; G, the saturation parameter; and ry/e, the
beam radius.

X-Y Lock in
recorder amplifier filter

Low pass Data
recorder

HV. power supply l Chopper
for the PZT

InAs
detector
7
YIG WHITE cell
He-Ne isolator
laser
Fig. 1. Experimental setup.
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X-Y
recorder

Fig. 2. An example of the experimental result of the dip, from
playback of the data recorder.

The experimental apparatus is shown in Fig. 1. The laser
was sealed off at a total pressure of 6 Torr and He:Ne = 10:1;
under these conditions, the CH, absorption line nearly coin-
cides with'the laser line. The laser was operated under free-
running conditions; typical stability is Av/y = 1 X 10710 at
1-sec integration time. The power output of this laser at a
discharge current of 8 mA was about 650 uW. To prevent the
reflected beam from disturbing the stability of the discharge,
we used a YIG optical isolator. The White cell was a Pyrex
tube 18 ¢cm in diameter and 160 cm in length. The distance
between mirrors M; and M5 or M3 was set at 1 m, the same
length as the radius of curvature of the mirrors.

The dip was observed by scanning the laser line around the
center frequency of the CHy line. A typical result of the in-
verted Lamb dip is presented in Fig. 2. The height of the
inverted Lamb dip is determined by the intensity of the laser
beam and the number of the absorbing molecules in the
standing-wave region where the two opposing beams cross.
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Fig. 3. (a), (b) Interference patterns for d = 25 and 5 mm, respec-
tively. (c) Trajectory for N = 6. ¢ is the crossing angle; C.C.q,
C.C.q, and C.C.3 are the center curvature of M1, M5, and M3. Bold
and dashed lines correspond to the right and left directions,
respectively.

The dip height is inversely proportional to the square of the
crossing angle ¢ and the beam radius r1/..> The crossing angle
¢ [see Fig. 3(c)] can be expressed as ¢ ~ (d/L) rad, where L is
the distance between M and M5 or M3, and d is the distance
between the two beam spots at M and M3. However, in an
attempt to reduce ¢, i.e., to make d small we observed that
when d was less than ~6-8 mm, there will be an interference
pattern in the output power of the tuning curve, possibly be-
cause of the interference between the first reflected beam (no.
1) and the output beam, as can be seen in Fig. 3(c). This effect
did not happen for N = 2 or 4, where N is the number of passes
between the mirrors in the White cell. The interference
patterns for several values of d are presented in Fig. 3.

Experimental results of Av and A are presented in Fig. 4.
To calculate the peak contrast H = (AI)/I, where I is the laser
intensity, we have to know the saturation parameter G, de-
fined as G = P/P;, where P and P; are the laser power and the
saturation power, respectively. The saturation power can be
expressed as®

_€eoch?yA

Ps ? (1)

2ulr
where A is the cross section of the laser beam; vy and 7 are the
transverse and longitudinal relaxation rate, respectively; us
is the dipole moment of the transition; ¢ is the speed of light,
h is the Planck constant, and ¢ is the permittivity of free
space. In this experiment the average beam radius was cal-
culated to be 1.3 mm. Assuming thaty = 771 and using the

1228 APPLIED OPTICS / Vol. 19, No. 8 / 15 April 1980

2

x10
20
d=10mm
L N=6 1
/—»
30 { —15
P k}n'
g 20 J / 7 IOA
~. TI; ;
= — . i 11 1 &
:I;: —
TN g Je <
N 1.0 5
<
00 20 l 40 . 60

INTENSITY (uW)

Fig. 4. Width Ay (FWHM) and height AI of the inverted Lamb dip
as a function of the intensity. Solid lines represent least-squares fit
of the experimental data.

value of v = 771 = 7 X 10° rad/sec for p = 7.5 mTorr® and the
dipole moment us = 0.03 D, from Eq. (1) P, was found to be
3.69 mW. Since at pressure p = 7.5 mTorr the laser power
was 23.9 uW, the saturation parameter G was 6.5 X 10~3, The
peak contrast H for the case of oppositely directed waves can
be expressed as”

H=1-(1+G)"12, (2)

Therefore, using G as calculated above, H was found to be
0.32%. From the experimental result we found that H at p
= 7.5 mTorr was 0.3%, which agrees well with the calculated
prediction.

For calculation of the width Av, there are several contri-
butions that must be considered.

(1) Because of the saturation, the resonance width is
broadened, which can be expressed as’

1 or
—Aw="—f,,
2w @ 2w fe @
where 2T represents the homogeneous FWHM of the transi-
tion, and fp is the power-broadening factor, which can be ex-
pressed approximately as’

Avpwam) =

fo=1+G)V2 4)

For G = 6.5 X 1073, f, ~1+ %G = 1.003. Using the value of
2I" = 4 X 10%rad/sec at p = 7.5 mTorr,8 Av is calculated to be
64 kHz.
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(2) Since in this experiment the beam radius ry/, = 1.3
mm, the transit time broadening, which can be expressed
as’

1 0.58u

Avyy = — Dwye = ’ (5)
27 Tr1/e

was calculated to be 79 kHz by using the average speed of the
CH, molecule at 20°C as u = 5.57 X 10% cm/sec.

(8) The geometrical broadening was dominant because
of the large value of ¢,

1 u
Ay, Py Awg N @, 6)
where A is the wavelength of the laser. For d = 10 mm, the
crossing angle ¢ was 10 mrad, and Ay, was found to be 1.64
MHz. The total contributions to the broadening were Av =
(1.640 + 0.079 + 0.064) MHz = 1.78 MHz.

As presented in Fig. 4, we observed that Av = (1.50 & 0.19)
MHz, which agrees quite well with the prediction; the differ-
ence may be due to the inaccuracy in the determination of
d.

To summarize, we have reported here our results on the
measurement for the first time of the inverted Lamb dip in
an external absorption cell with a dip width of Avrwrwm) =
1.50 MHz at CH,4 pressure of 7.5 mTorr. This result can be
applied to laser frequency stabilization.
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By using a Ti cold-cathode and a gas return path, stable laser oscillation was obtained
in a Fabry-Perot resonator-type and a waveguide He-Xe lasers at 3.51 ym. The relations
between the laser output power and the total gas pressure, the pressure ratio of Xe gas to
the total gas, and the discharge current were measured for the both type of lasers. It
became clear that lower pressure and higher discharge current were required for the wave-
guide laser than for the Fabry-Perot resonator-type laser to get the highest output power
when the same value of the pressure ratio was used.

Two types of waveguide laser were constructed by considering the coupling efficiency
of the EH,; mode at the edge of the hollow waveguide. The oscillating characteristics of

these two types of waveguide laser were measured and compared with each other.
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Fig. 1. The discharge tube for the Fabry-Perot resonator-type laser.
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Fig. 2. The time dependence of a discharge
current ig.
A: The result when an Al-cold ca-
thode was used.
B: The result when a Ti-cold cathode

was used.

80}

6o}~
Y
2z
]

) o

20

0 1 1 I
0 50 . 100 150
lg (mA)

Fig. 3. The relation between the laser power
intensity I and the discharge current ig.
The ratio 2 of Xe gas pressure to the
total gas pressure Pr was 0.021.

®; Pr=250Torr, A; Pr=4.60 Torr,
V; Pr=17.30 Torr, Q; Pr=9.84 Torr.
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Fig. 4. The relation between I, and the total
gas pressure Pr, where I, represents the
peak value on the curve of I vs. ig as
in Fig. 3. The solid and broken lines
represent the results for the Fabry-Perot
resonator-type laser and for the wave-
guide laser (II), respectively.
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Fig. 5. The relation between i¢m and Pp,
where igm represents the discharge cur-
rent for the peak value of I (i.e., In) on
the curve of I vs. 7q. The solid and
broken lines are for the Fabry-Perot re-
sonator-type laser and the waveguide
laser (II), respectively.
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The curves A and B represent the rela-
tion between iam, Pr, and k& at which I,
takes the peak value In, on the curve
of I'm vs. Pr.

A: The Fabry-Perot resonator-type

laser.
B: The waveguide laser (II).
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where Ino represents the peak value on
the curve of I, vs. Pr. The solid and
broken lines are for the Fabry-Perot
resonator-type laser and for the wave-
guide laser (ID, respectively.

Pr#.5 2—2,LT/xRLI. Fig. 3 DE MR TIL ia
DHHME tam TENT [ BBAME In 2EB5DTED
In & Pr LOBR%E k %45 2—4L 1T Fig. 4 &
RUfe. ¥iodam & Pr LOBFR E AT 2—& L
LT Fig. 5 iRl 7n3¥, Fig. 4 ofmgcd Pr
DBHBE Prm 2B\ TC In Z‘);ﬁ*flﬁ Ino %4%. 0
LED Pro & iam, kB L DBAHR% Fig. 5 hoodligg A
TCRLA %, Imo L B &@EQ%%FIg 6 R LT
Eie, B I & % ha B OoKRE I v el
e chuk XY v — & b 2 Ui MR
CEENHHEOREOME AL HOHMLELDOTH
SRD X 5 IfBAAE bR
(A) AL ofix & ofECKEET 5.
(B) ie=3mA, 12mA=<i; O%HME, ¥t Pr=8
Torr DEIETIXLRMNEK DL,

AIh/T=0.02 (2)

2.3 # ®
Fig. 5, Fig. 6 © X V&N %85 t2% O ia, Pr, k
DEDOKMDHEEMG 2 8 bivicies. T7bb Fig. 5



KE - ZHEN - HE: 3.51 pm He-Xe v —4— RGN -
e w30,
iam oc Pp—l (3) () B=0.05; HEAZHKROMHEIL B=0.5 DfHETIEWD
BB T 5.
PTm ock-n ( 5 ) i)":’

P VLB, ¥t Fig. 6 kb
Imooc K-? (6)

B YI2Z bbb, ZZCHEAD Lm n,p OfE
1% Fig.5, Fig.6 itk b, BIF 1TV ETHS EEL
bh3.

(6) R, Imo DfER KELTBI® k Offig
MNELTBE 2.2 D (A) TRLIL 5 REFORED
KELED. foT, b zif HLO o BRIRILA <
7 PARETIHED X 5 REH DA ERERIEL
FHT UL k OfEE BYICESE LR BEETH .
H;CO MBS S DR AMEL v —¥— A T izl
1% THH. O X5 I/MEBTRBRT 5 dicEEL B
i

£=0.020 (7)

&L, ¥bI Pr=4.0Torr, ig=4~6 mA OfEZ
fo.

3. HpRBL—¥-—

3.1 2RER

Y, BEREL ¥ — DBRHFEEOWTHNS.
FEEER P ERT 20K E — FARERDE— F,
Fichb EHy =— Fiidiodie, 20— FoEH
BRER/INCT S X 5 ehREEBOME L LTRESR
R 0<2.02 THRIELWZ ERHBR T W 3W, =z
TREZDLIBRMBLELTAIVy 7 AF T A2HAN
fo. ELTZORZEEERYIHERANCRE L L %,
RGO 0N RRBE R T AT 5B OREHRY
BT 54 TRz RE, RIRRVRH LA
hZSERE OPER o, ERAORNMKHEOEE
£ b, BIRERE o, PEMPERIRE REELOESE d ©
BS§% & L € DEAWRDEL T Cik Degman ¢ Hall
CXoTHEFEIRTWAD., FThbbiEatiEoE
1% a (=katfc), B (=dc), v (bla) (272U k XD
) ofERKFELTEY, XH 150 Fig. 2 TiX a ©
EE AT 2A—FELTZDOEARDOEY OB E LT
RLTW3. ThIR XD L B DECH LEEAZROMEN
BRELIBEVRERTLHITIDH 5.

(1) B=10; HABWROMEIL =10 TV —7

CZD5% (M) & d=0, Finbb AMERIIRES OF
BTHENZNITEE LORER (hzelig i K45t
BLLOBE, RESEOKEMFAE, L) 1Mk s DTE
FROBEIIRART, BO D2 ODBPERHE -T2
BEO v —F—28EL 1.

Xe KEDKER & 5/MEBFIBILE HBERC KR
LY, shZe BBk rh o F o GRS rhZeligt B R O
SRREREBIT B, o TIMERFIEG &L EIELRE D
#, TibbHEERI L —¥—0EkoFBLEACT
% PR MG PR D o [EHELET S, Ll 351 um
DRFBEOWTIIEDHE L ¢ & DRBEFHERBDOFEED
EXTRHTH % DT e ORBEREDIRD B & LikT
Elg\. X T TREERIBOMEL /L Sh TS BYERE
v~ ~ (3.39 ym He-Ne L~ —1m, 10.6 ygm CO, v
—F—1810, 5ym CO v —4—20, 351 ym He-Xe
V¥ —12) RRAIR T % ¢ DERXBER L.
Thbic ks

42=a/2=314 (8)

ThH, LR e2=T70 DFETHVT WS $ D3 %
V. ZZTCARRDOERETHB. £ TEFERDO(I)
DHEOV—~¥— Bl =702 A=351pm) Li5 L5
aDERREL ¢=250pum & Liz. RIRATFA—2%
o OfEx BlE3vic s & =10 THiT HESHRIZ
BERRIES & 51 a D% BEY, F0EE aDfEL M
DRSO tRAERE c=20cm &Lk LT P & ¢
DEL b BB & gL O Bl d=20cm &
Lic. =7, #EHBE L X zov—¥ -3 HHRA5EH
ROPLAEEMAECIE—cTE~ VCRIETA LS
TECERE L. Tibb, 8.2 GRIAS MRS
BRLAER I E—-TE— FCOERRB L 512 L
jo. 5 351lpm ¢D Xe D ¥ 75 ~IiF Av, (LfEE
@) X# 150 MHz T % b, EFMERC X 518 Av
(FfE¥E) 12 He & Xe L £FH Pr (Torr) I X
2T

Ave=(3.7+19Pr) (MHz) (9)

LEZBRTWAED DT 8.2 WRTERCOENTHE
(Pr=14 Torr) Ci% Ave=270 MHz T 3. LI LD Avp,
Ave DEDS V—F—HBED AR b LEIEIZE 300 M
Hz (J{E¥0E, Pr=14Torr) LITFWLHEETES.




332 o X B % #2w%E HeB (1979

a c d l % | B
()| 0.25mm | 20cm [20cm (15cm|0.56 | 1.0

()| 0.50mm | 20cm |10cm |25cm {2.24 |05

- \ 777770
77, s ) |
-—
(n (m)

Fig. 7. Waveguide and mirror parameters
for the waveguide lasers (I) and (II).
a; inner radius of the hollow waveguide,
c; radius of curvature of the mirror, d;
distance between the hollow waveguide
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Fig. 10. Intensity distribution of the output
beam of the waveguide laser.

(a) The waveguide laser (I).
(b) The waveguide laser (II).

The solid and broken lines are for the
horizontal and vertical distributions, res-
pectively. The distance D between the
output mirror of the resonator and the
detector was 38 cm.
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(b) The waveguide laser (II).
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Theoretical Study of Mode Competition
in the 3.51pm He-Xe Laser in an Axial Magnetic Field

By

Motoichi Ohtsu*, Seiichi Katsuragi**, and Toshiharu Tako***
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The results of the numerical analysis is dealt with the mode competition between two
oppositely circularly polarized Zeeman components (the 04 and 0_modes) of a He-Xe laser at
3.51um in an axial magnetic field. The third-order theory of a gas laser was used by considering
the intracoherence and the relaxation constants between Zeeman-sublevels. After a parameter
M was defined to express the strength of the mode competitions, the cause of the pressure
dependence of M was quantitatively investigated by comparing with the experimental
results obtained in the previous work. As a result, it was shown that the increase of M with
increasing the gas pressure was due to the increase of population exchange between Zeeman-
sublevels and to the preservation of the intracoherence between them. Furthermore, it was
shown that the value of M was independent of the characteristics of the dispersion of the
active medium, and that it decreased because of isotope effects.

1. Introduction

Competition phenomena between polarized
lights of a gas laser in an axial magnetic field
have been measured by several authors. The
competition phenomenon in a He-Xe laser at
2.65um (J = 1 = 0) has been studied by Culshaw
and Kanneland!), and those in a He-Ne laser at
1.52um (/ = 1 = 0) and at 0.633um (/ =1 —2)
have been studied by Tomlinson and Fork?).

The theory of a gas laser in a magnetic field
has been given3), and has been used to discuss
experimental results®). In these papers, however,
the number of participated Zeeman sublevels is
small (i. e., the values of J in upper and
lower energy levels of the transition are small),
and the pressure dependence of competition
phenomena has not yet been investigated in
detail.

The competition phenomenon between two
oppositely circularly polarized Zeeman com-

*  Associate, Dr. Eng.
**  Graduate student
**%  Professor, Dr. Sci.

ponents of a He-Xe laser at 3.51um (J = 3 » 2)
in an axial magnetic field has been measured by
the authors®). The result has been applied for
the measurement of the inverted Lamb dip in
H,CO%) and for the frequency stabilization®).
One of these components (the o, mode) is
shifted toward the higher frequency and the
other (the o. mode) toward the lower by an
axial magnetic field. In this case, the numbers of
Zeeman sublevels in the upper and the lower
energy level are 7 and 5, respectively and are
bigger than those in the previous works!'*?). It
was also observed that the competition characte-
ristics between the o, and 0. modes were
pressure dependent®. These two features are
different from those of the previous works!*2).
In the present paper, the third-order theory of a
gas laser?) is applied to the 3.51um He-Xe laser,
and the pressure dependence of the competition
characteristics measured in the previous experi-
ment®) is investigated.

A parameter is defined for the following
discussion to represent the strength of the mode
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2 Motoichi Ohtsu, Seiichi Katsuragi, and Toshiharu Tako

competition between the o, and o. mode by
using the results obtained prev1ous1y : The
detuning curves of the o, and o. modes were
measured in the previous experiment®) by vary-
ing the cavity length. One of the results is shown
in Fig. 1.") The solid lines in Fig. 1 represent

G; mode

? mode

-

T
<—frequency

e
100MHz

Fig. 1 The detuning curves of the 0, and
0. modes in an axial magnetic
field.*) The solid lines represent
the experimental results in which
the mode competition occurs. The
broken lines represent the results
in which the mode competition
does not occur. The value of total
gas pressure Pr and that of magne-
tic field strength H are 8.17 Torr
and 26.6 G, respectively. For the
meanings of Ty and T, refer to
the text.

the experimental results in which the mode
competition occurs. The broken lines represent
the results in which the mode competition does
not occur, which were estimated by using the
detuning curves at H=0. The value of the
frequency interval in which the o, and 0. modes
oscillate simultaneously are represented as T,
(solid lines) and T, (broken lines), respectively.
The value of T, is smaller than Ty because of

*) The block of H=26. 6G in Fig. 5 of reference 4, is
shown here again.
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the mode competition between the o, and o.
modes. Since the center frequencies w4 and w.
of the gain curves of the o, and o. modes are
shifted in proportion to the magnetic field
strength H, both values of T, and T, also
proportionally depend on the value of H. There-
fore, the value of the parameter M which is
defined by eq. (1) is expected to be independent
of the value of H.
M=1-T,/T, (1)
It is obvious fromeq. (1)that 0 =M =1,and M
can be considered as the parameter which re-
presents the strength of the mode competition.
The relation between M and the total gas
pressure Pt can be derived by. using the ex-
perimental results of the previous work®), and is
shown in Fig. 2. In Fig. 2, it can be sa1d the
value of M is independent of the value of H, and

i A
0600} x X
X
- 'y ./8 o
x /0
o A
" 0400F /
M o "
i g
/4
0200} °
/A
/R
X
L?_I_I_I_L__I_.I_
L
T S A —
; Fr’(Torr)
v ] | | |
0.05 10 20

Y/ Ku

Fig. 2 The relation between M and the
total gas pressure Pt. The value of
v/Ku was derived by eq. (21) in
§2.

O:H=15.0G, A:H=26.6G,
X:H=63.3G, ®: H=130.0G



Theoretical Study of Mode Competition in the 3.51um He-Xe Laser in an Axial Magnetic Field 3

it is clear from this figure that the mode com-
petition becomes stronger with increasing the
total gas pressure Pp. The value of y/Ku in
Fig. 2 is derived by eq. (22) in 2. In the
followng chapter, the pressure dependence of the
parameter M shown in Fig. 2 is investigated by
using a simple model.

In 2, the model used in the present paper is
given, and relaxation constants for the 3.51um
Xe transition are defined. The amplitude and
frequency-determining equations for the o, and
the o. modes are given in 3. The calculated
result of the relation between the parameter M
and the total gas pressure Py is described in 4.
The effect of the dispersion of the active
medium on the value of M is discussed in 5.
The isotope effect of naturally available Xe gas
on the value of M is discussed in 6. The
results obtained in the present work are discussed
in 7 and the conclusion is given in 8.

2. The Model Used for Numerical Calculation

Transitions of the Xe (3d;—2pg) in an axial
magngtic field are shown in Fig. 3. Each relaxa-
tion constant is also shown in this figure. The
longitudinal relaxation constants of the upper
and lower levels are expressed as 7y, and 7,,
respectively. The transverse relaxation constant
between upper and lower levels is expressed as
7. Furthermore, v,; and 7v,,; represent the
longitudinal and the transverse relaxation con-
stants between Zeeman-sublevels in the upper
levels due to collision between atoms, respective-
ly. Those in the lower levels are expressed as
o1 and 7y, respectively. These four constans
(Yat> Yat> Yb1> and vp,) have not been explicitly
considered in the previous paper3). In the present
case, however, these constants should be con-
sidered since the number of Zeeman-sublevels is
large and the transition probability between
these sublevels must be large. This can be shown
more clearly by the following estimation: The
energy difference between adjacent Zeeman-
sublevels was smaller than 1.33 x 10725 J in the
previous experiment®) because the value of
magnetic field strength A was lower than 133G.

Ja=3 o T Ya
‘\‘\\‘ \ 3 Yat

o

351
Hm Y
& T Y
Jb = 2 \\\‘

\\ $ th

- +
—» mode mode Y,

Fig. 3 Transitions of the 3.51um Xe line
(3d4-2pg) in an axial magnetic
field. The symbol of each relaxa-
tion constant is also shown. The
definitions of these relaxation con-
stants are given in the text.

Therefore, the collision between atoms must
occurs frequently because this value of the
energy difference is 2 x 105 times smaller than
that of the thermal energy kT(=6.9 x 102! Jat
T=500K) of a Xe atom.

The relations given by following equations
must hold for the relaxation constants shown

in Fig. 3.
Yalrs <1 2
(Yatv)/ 2r=1 3
Yai | Yor =1, Yar /7bt =1 “4)
Yai | Yar =1 (%)
Yorl e =1 (6)

Equation (2) represents the condition for the
population inversion to be built. Equation (3)
holds because of some collision processes such
as phase-changing and population-changing col-
lisions”). The values of the relaxation constants
for the Zeeman-sublevels in the upper level is
nearly equal to those in the lower level because
the value of the energy difference between
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adjacent Zeeman-sublevels in the upper level is
nearly equal to that in the lower level, and so,
eq. (4) holds. Equations (5) and (6) represent
the relations which correspond to eq. (3) on
the transitions between the Zeeman-sublevels in
the upper and lower levels.

The parameters k, &, k,, and k,, are defined by
the following equations.

k=yalvB @)
2=(ya +v8)/ 2y €))
ka=v4 [ Yar )]
kp=v8!7Vo: (10)
, where
YA =Ya t Yai
{7B=7b+7bt . an

Two constants, y4 and yg, will appear in egs.
(48) and (49) in 3. The ranges of the values of
those four parameters are shown in the follow-
ing: :
According to egs. (2), (7), and (11),

k<1 (12)
for v4 >> 7Ya1 and 7y, >> v4,. According to egs.
@), (7), and (11),

k=1 (13)
for v, << v, and v, << 7vp;. However, the
value of k is always smaller than unity because
of eq. (4). Equations (12) and (13) mean that
the value of k increases and approaches unity
when the rate of the population exchange
between the Zeeman sublevels increases by the
collision between atoms. According to egs. (3),

(8), and (11),

2<1 (14
for y, >> 4, and vy >> vy, and

L=1 (15)
for y, = v,; and v, = v;;. Furthermore,

2>1 (16)

for v, < vq and v < 7vp,; if the value of
Ya1 and yp; are so large that

Cartve) [ 2vy>1=(a+7e) 2y (A7)
Equations (14), (15), and (16) represent that
the value of ¢ increases with increasing the rate
of the population exchange between the Zeeman-
sublevels, as well as k, and can become larger
than unity. According to egs. (5), (9), and
(11), k, takes the following values

kg >1 fory, > v, and Yot = Yar,

kg =1 for v, <7vq and vgr = Yai,

(18)
(19)

ko <1fory, >vg and va: >> var (20)

ks <1 fory, <vgrand yar >> Vs - (21)
It is easily shown from the previous discussions
on k and 2 that k£ < 1 and 2 < 1 when egs. (18)
and (20) hold and that £ = 1 and £ =1 when
egs. (19) and (21) hold. The relation y,s = v4;
means the presence of the coherence between
Zeeman-sublevels, i. e., “intracoherence” as des-
cirbed by Wanget. al.®). Equations (18) and (19)
represent this situation. The relation y,; >> v
means the absence of the intracoherence, and
egs. (20) and (21) represent this situation. The
same discussion can be carried out on k, if the
suffix b is used in eqgs. (18) ~ (21) instead of a.

Only the pressure dependence of y has been
experimentally known®) and is represented by
the following equation.

v=3.7+19 Py (MHy), (22)

where P represents the total gas pressure of He
and Xe mixture expressed in Torr. Equation
(22) holds for Py < 10 Torr. Parameters k, £, k,
and k; are used in the following discussion
together with eq. (22) because the pressure
dependences of other relaxation constants have
not been known. If the calculated results agree
with the experimental results shown in Fig. 2 can
be ensured, the cause of the experimental
results can be discussed and the pressure de-
pendences of other relaxation constants can be
estimated by using the value of parameters k, £,
kg, and k, used for calculation and by egs.
(7)~(10), and (22).

3. Derivation of Equations Used

To describe the position of the laser, the
direction of the Cartesian coordinates is chosen
such that the z axis is parallel to and the x and y
axes are perpendicular to the optical axis of the
laser. If the direction of the applied magnetic
field vector is toward the +z axis, the polariza-
tions of the o, and o. modes are right- and
left-handed, and the electric field vectors E.
(z, t) and E. (z, t) of these modes are represented
as

E: (Z, t)
Lle, E.() e U, (2) +cc.,

(23)

N
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respectively. In eq. (23), U,(z) and U.(z) re-
present the normal mode functions of the o, and
o_modes which are expressed as

U.(2) =sinK:z. (24)
The wave numbers K, and K. of both modes are
related to the angular frequencies of the longi-
tudinal modes Q, and Q. by the following
equation:

Qi = K +C, (25)
where ¢ represents the speed of light. The
vectors € + and g. represent the complex unit
vectors for circular polarization of the o, and
o modes which are expressed as

€:= ¥
E \/—(x ), (26)
where x and y represent the unit vectors for
x and y Cartesian coordinates, respectively. The
amplitude F,(¢) and phase ¢,(¢) vary slowly in
an optical frequency period, and vy +do,/dt
corresponds to the oscillation angular frequency
of the o, mode. Those for the 0. mode are
expressed as E.(f), ¢(t), and v. + d¢./d¢, re-
spectively. In the following discussion, suffices +
and — are used in the symbols to express the
physical quantities of the o, and o¢. modes,
respectively, as were in egs. (23) ~ (26). If
the electric field in the resonator is expressed as

Eiz, t)=E.(z, )+ E(z, 1), 27
then the induced polarization of the medium
can be written as

Pz, t)=Pi(z, )+ P(z, 1),
where

P.(z, 1)

=%€t P, (1) e+ ¥ 2y, (2) + c.c., (29)

In eq. (29), P.(t) and P(¢) are the complex,
slowly varying components of the polarizations
for both modes. By substituting eqs. (22) and
(29) into Maxwell’s equations, the self-con-
sistency equations are obtained and expressed as

dE+ 1

(28

a 2 Q E,=—— & Im(Pi), (30)
and
oy _q, 412 1
v+ P =Q, + 2 e E. Re(Z,), (31

where €y and » represent the permittivity of
vacuum and the laser oscillation angular fre-

quency at 3.51um, respectively. The real and the
imagenary parts of P, are expressed as Re(P.)
and Im(P.). The cavity quality factors for both
modes are expressed as Q, and Q. which are
equal to the reciprocals of the diagonal elements
g++ and g. of the conductivity matrix,!?)
respectively. It was experimentally shown in the
previous work*) that the cavity anisotropy had
not effects upon the oscillation spectra of both
modes, therefore the off-diagonal elements g,
and g,_ of the conductivity matrix were set to
be zero in egs. (30) and (31).

The equations of motion for the density
matrix are given by the following equations to
obtain the values of P.(¢) and P.(¢) in egs. (30)
and (31):

d
at—pa 'a' = —YaPa'a' — YalPa'a’

II

~Yail 2] a"(;éa’)
L %;" (Vb"a'pa'b" - Valbfl pbua/) +N (32)

d .
d—tpa'a" = — ({wWan" + Ya t)Pa'a"

s Vysgoanr — Vawosra)  (39)
ditpb"" =~ YbPb'' — YalPb'v'

bl Zleb"%eb')pb"b"

* 72’—5;/ (Varptoprar — Varpary) + Ny (34)
d—i-pbubr =— (iwprp' + Ype)0p"p' +

5% (Varoyrar — Varroary) — (39)
(% Pa's' = (iwaly + ¥ )Patp + —;’;; Varvpata”

- b,,V '5"Pb" b’ (36)

The Bohr angular frequency between energy
levels p and g (= a’, a”, b’, and b") is expressed
as wpq in eqgs. (32) ~ (36) which is written as
ws for p=q +1 and are used to express the
center angular frequencies of the gain curves of
the o, and o. modes. The relations between
w . and the axial magnetic field strength A are
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W= wo * 2w 1.40°gH (Mrad), (37N
where wo and g(=1.114) represent the value of
w: at H=0 G and Landé g-factor, respectively.
Suffices a', a" express the numbers of the
Zeeman sublevels in the upper level, and &', b",
are for the lower level. Therefore,

a,a"=—-Jy,—J,+1,...,J,—1,J,

=-3,-2,....,2,3, (38)
b',b”=—.]b,—Jb + 1,. .o ’Jb - I,Jb
=—2,-1,...,1,2, (39)

where J, and J}, represent the quantum numbers
of the angular momenta for the upper and lower
levels. The numbers of atoms per second-per
volume excited to the upper and lower levels are
expressed as A, and A, respectively. V,,/(z, t)
in egs. (32) ~ (36) represents the matrix element
of the electric-dipole interaction energy, and is
expressed as

VaIbI(Z, t)

=_ %\/z—palbrEarbl(l‘)e-i(v"Ib't * ¢a'b')Ua,b!(z) .
| (40)

( _%\/2—1)11'+1’b'E+(t)e-i(v+t oo U+(2)
(fora'=b'+1), (1)

- _%\/Z)b'-l,b’E-(t)e'i(p't FPIU()
(fora’=b'-1), (42)
0

( (fora’#b’+ 1), (43)

where p,’, represents the electric-dipole element
between levels a” and b'. Because J, =J, + 1(=3)
in the present case,

(—3NTa T B, 757+ 1)
-—3ETB)GE B
(fora'=b"+1)

AN =5+ 1)
=3V G-5)(4-b)

(fora’=b'-1) ,

Pa'y = J

CON

where the value of p is independent on the values
of a' and b’. The third term in the right-side of
eq. (32) represents the number of atoms per
second which are excited to the level &' from
the other Zeeman-sublevels in the upper level.
The corresponding term in eq. (34) represents
the number of atoms for the lower level. In
these terms, 7,; and v;; are used. These terms
represent the transition between Zeeman-sub-
levels due to atomic collisions, and have not
been considered yet in the previous work®).
Equation (33) represents the time dependence
of the intracoherence between Zeeman-sublevels
a’ and a” in the upper level. Equation (35)
represents the time dependence of the in-
tracoherence for the lower level. In these equa-
tions, v,; and vy, are used, which have not been
used yet in the previous work> ),

The solution of eq. (36) to the first-and the
third-order in the perturbation Vyp'(z, 7) is
obtained by using egs. (32) ~ (36). A Maxwell-
Boltzmann distribution

W) = lu exp [—(v/u)?]

(45)
T

will be assumed for the component v of velocity
of the Xe atom along the laser (2) axis, where u
represents the most probable speed of the atom.
Using egs. (36), (40), and (45), one has for the
first-order contribution to p,/,

ng'lb)' v,z 1)
32 JWOING, D0arpEary:
expl—i(vyrprt + ¢grp1)]
* Jyar’ expl—(iw,rp1—ivgrprty)r']

c Uprp(z — v1"), (46)

where N(z, t) represents the population in-
version density, The value of U, is equal to
U, or U. ineq. 24) fora'=b"'+1, b’ — 1. The
third-order contribution is expressed as
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P(,f,)b,(v, z,t)
=_ﬁi3w(V)N(Z, OfFdr fFdr frdr”
exp [—(iwgrpr +¥)7']
"EE [V“"b' (@', t)expl—(wyan +7a)7"]
AV pran(@”, ") + Vo yilz", 1) -
exp[—(iwgtyn +7)r" |
tVa'sr (2", ")t Voran(@", t")
exp[—(iwpryn + 7)1}
+Varpn(@, 1)
exp[—(iwp"p +vp)7" N {Varyr(z”, 1") -
Vpngn(z™, t")
exp[—(iwpngn + 7)™
+ Vyrgn(@", 1) Vanpr(z"”, t") -
expl—(iwogp + 7" 1}] @7)

Two relaxation constants, y,’ and v, in eq. (47)
have the following values

v4 (fora"=4d")

Ya' =
Yar (fora" #d") , (48)
vg (ford" =b")

'ybl =
vpr (forb" #b') , (49)

where vy, and yp are given by eq. (11). In egs.
(46) and (47), three 7's (7', 7", 7,) and three
2's(z',2",2",) are expressed as

r=t—+¢
[T" = t’—t"
TIII = t"‘-——t"' (50)
z'= Z—V'r' ¢
{z" =z—vr"
z"l =Z—VT’" (51)

Because pf,?g:, (v, z, t) in eq. (47) is composed of
four terms, one can express it as

(52)

Using p,'»'(v, z, t), polarizations P, (¢) and P-(¢) in

& (3)
PiT (2, 1) = T D4y (my(%: 2 1)

eq. (29) are expressed as
P, (1) = 2V2 expli, 1 +9.)) o

SHzU2 (z)
J:dvaz,:gpa'b'(vy z, f)pb'a"sa',b':l , (53)
where N is defined as

X=[ldz|U.@)I* . (54)

Furthermore, L, U(z), and & represent the
cavity length, the complex conjugate of U.(z),
and the Kronecker delta function, respectively.
Substituting pf,?g/ in eq. (46) into eq. (53), the
first-order contributions to P,(t) and P(t) are
obtained, and are expressed as

N 2
(- _ 22 vy |2

Bty ™~ FRu v P01/ PEZ ], (55)
where

N = SENG, 1) (56)
And, Z[v] is the plasma dispersion function
which is defined as

_ K 21

Z[vl —\/;j:dvexp[—(v/u) ]v+iKv . (57
Furthermore, v, and v. are expressed as

Ve =iws — v )ty (58)

Substituting p,'p' of eq. (44) into eq. (55),
Pil) @) and P )(t) are expressed as

35Np?
27Ku
Substituting pf,?l),r in eq. (47) (or in eq. (52)) into
eq. (53), one has for the third-order contribu-

tions to P.+(¢) and P(¢), which are composed of
four terms and are expressed as

KV = - E.Zlv.] . (59)
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0= 2 PO

4 Np* .
=Y ———F,[1484E2J;
m2=1 128h’3KuE’[ 84E: I
(60)

Equation (44) was used to get eq. (60). In eq.
(60), Jmn and J,,(m=1~4, n=1~3) are ex-
pressed as

+S04E2 )5 + 84E2) 53] .

1 Zvi] +Z[3]
7 it

£ _ 4
Jmn_”a

. 1 ZWvi] - ZWv)

+
I’lﬁ U;

vi —v3

+1 1 ‘Z[vf] — Z[v3]

+ny>
"2 i —vi)2 vi — v}

B
Ug _03/2 B

(61)

where the values of vy (p=1~3) and ng (g=a,8,7)

are shown in Table 1. v, ,v,, vy, and n, in Table
1 are expressed as

v = Wy )ty

Vg = Hwg'g'2 ¥ V.= V1)t Yoy

Motoichi Ohtsu, Seiichi Katsuragi, and Toshiharu Tako

Ivb = WWp'va,p' V. —v1) HYpe

ny = NQ/N s (62)

where

Ny =4S dzNGz, ) cos 20K4 — KDz . (63)

The following assumptions were used to get eq.
(60) by using eq. (47): Because V,/,!(z,f) in eq.
(40) is proportional to U,,1(z), it is known
from eqs. (47) and (53) that the integrand in
the time integrations in eq. (53) is composed
of the products of four U's. In this integrand,
the term which are composed of odd functions
in v and rapidly varying in z are averaged out in
the integrations over v and z after substituting
eq. (47) into eq. (53). Therefore, these terms
in eq. (47) can be discarded. For example, the
approximation

Ui (2) * Ugryr(z—vr') - Uprg(z—vr'—vi")
* Ugrpr(z—vr'—vr" —vr™ )
= %{ COS(K*'“Ka"b'_Kb"a”+Ka’b")Z
- cosKv(t'— 1)
+COS(K+_Ka"b'+Kb"a”— ")
- cosKv(r' + )
+ COS(K.,. + Ka"b'—Kb"a"_ a'b")z

* cosKv(r' + 27" + 1)) (64)

Table 1. The values of v;(p=1~3) and n%(g=a, B, 7).
The symbol * is used to express the complex conjugate.

O3 mode O- mode
m nm\| Y VvV vilng n; nd m N\ Vi v Vviln: Nz Ny
Tt [vw o w1 o1 S I T I VER /SR VI I B B
4 2 . Va Ve | M 1 1 4 2 " Ug V- | n2 1 1
0 3 v Ya w1 1 n, « 3 “ Yo Vs| 1 1 n2
Y VA S VA I 2 1w on V1o
4 2 " U VF n, 1 “ 2. : 4 v n 1
I I N - N C 3« VMY 1 n
3 1w B v 1 1 3 1 v Y% VX1 1 1
w2 v % VP11 g 2w T VY1 m
o 3w VET m 1 w31+ vE V1m0
4 1y v Ul o1 1 4 1w w1
o2 v s w1 1 n 2 R SR VA I R B
4 3 i W V| n 1 1 . 3 . ‘U{,‘ Y| N 1 1
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were used to get P{3)(7).

Because each PS3)(¢) in eq. (60) is composed
of the sum of three terms, as is the right side of
eq. (64), Ji,n and J;,, given by eq. (61) are
composed of three terms. The absolute value of
the first term is the largest among three terms in
the right side of eq. (61), and that of the third
term is the smallest. Though the dependency of
the third term on the strength H of the magnetic
field is the clearest among the three terms, J,,,
and J;,, do not clearly depend on H because
the third term does not give a large contribution
to Jmpn and J,,,. Accordingly, the value of the
parameter M calculated by using J,,, must not
clearly depend on H. This fact is consistent with
the characteristics of the experunental results in
Fig. 2.

Substituting I-’:_f”(t) and PA)(r) of egs. (59)
and (60) into egs. (30) and (31), one has

dl.

Et: =2 (0Pl —0::13) (65-2)
Vt+ d(?;t: Qi+0+ p,,_ I+ T++I" ’ (65'b)
where
P
I S ©66)
25y 478

and are dimensionless intensities for the o, and
o. modes. Each coefficient in eq. (65) is ex-
pressed as

o, tia,= %K[Z[—K;-oi ’%4‘]]

i N%-Jm[z[o, 1%]] (67)
Py tiBs =%K *Y4*YB mz‘:: ljri;z 1 (68)
Tyeti0. ¢
2 5478, z (504sz +84J,m3) , (69)
where X
= Z";’Ku . (70)

In eq. (67), X+ and X. represent the relative

excitations of the o, and o. mode which are

expressed as

X = N/Ngp, (71)

Here, N+ and N,h in eq. (71) represent _the
values of the population inversions /V, and V. at
threshold which are expressed as

v / 35up,
"= 30, 'deoiku
The relations between Jj, ,(m=1~4, n=1~3) in
eqs. (68) and (69) and v, are shown in Fig. 4.
However, only the relations for Im(J},,) are
shown in Fig. 4 for simplicity. The values of
relaxation constants which satisfied the condi-
tions expressed by egs. (2)~(6) were used to
draw Fig. 4. If different values are used, the line
shapes in Fig. 4 do not remarkably change.
Among all the curves in Fig. 4, those for Im[J7,]
and Im[J;3] show dispersive shapes and those
for others appear to be combinations of a
Lorentzian and a Gaussian. Because the com-
ponents pg'," and pp'pr in egs. (32)~(36), ie.,
the intracoherence, were considered, the func-
tions Im[J7,] and Im[J%5] (as well as Im[J3,]
and Im[J33]) appeared, and it can be seen from
Fig. 4 that the absolute values of those functions
are not negligibly smaller than those of other
Im[J;},.]'s.

The frequency dependences of each coef-
ficient in eqs. (67)~(69) are shown in Fig. 5.
In Fig. 6, the frequency dependence of the
coupling parameter C is shown, which is defined
as

C=0,0./B:+B. . (73)
The following parameter k,, was used in egs.
(68) and (69) for simplicity to draw Figs. 5 and
6 instead of using k, and k, because this
approximation gave answers within 1x10% of
the exact values:

kab=ka=kb .

- Im[Z[0, v/Ku]] . (72)

(74)

It will be known from the discussion in §4
((A), (B), and (C) in 4.2) that the values of
parameters (k=8=k,,=1) used for drawing Figs.5
and 6 correspond to the large value of M, i.e.,
the case in which the mode competition is
clearly observed.

The value of Z[x, y] in egs. (67)~(69) was _

109



10 Motoichi Ohtsu, Seiichi Katsuragi, and Toshiharu Tako

«10° 08 : oS
40 40 o
AR T I,
+ lm(Jla)\
Im(ng)— :Im(Jn) .
1m(J,) 1m(J) 1m(ds)
0 Im(J;) Im(J;,) . im(J;,)
|~
-10 10 )
o0 120 -120 0 120 %20 0 120

Fig. 4 The relation between Iml[J},,] and v,.
H=15 G, v/Ku=2.2,
YA=Yar=15.54MHz.
YB=Yp:=22.2MHz

" L 05K C
o/ — 014
, -0.3 \_/
! \
6. - i e,_ " i \\
ye\\\& ] ‘\
10 > -0‘1‘.‘
L Loy Yy b
-100 -50 0 50 100 -100-50 0 50 100 __013
Vi(MHz) V. (MHz) ’
1 | | |
15 =K -100 -50 0 50 100
10
V;t (M HZ)
\ 5 w .
g0 w_ Fig. 6 The relation between the coupling
00 L TR L arameter C and
300 < ~100 -50 ~ [0 \60 100 P r ¢ and vy, The same
W(MHZ) Y Y(MHz) value of each parameter as in
8 05 Fig. 5 was used.
-or 10, Especially, the value for 0 =x<<1 and y>0 was
15 . calculated by the continued fraction (given in
™ IV of ref. 12). As the value of the relative error
Fig. 5 The relation between each coef- of calculated Z[x, y] was smaller than 1x10°%,
flclenf in eq. (65) and vy . H=15 G, those of I, and I. calculated from eq. (65) were
YIKu=2.2, k=f=kqp=1. smaller than 1x107%.

calculated by using a numerical table.!2)

The value of Z[x, y] for arbitary values of 4. Calculated Results

x and y in the range of 0=x, y £ 10 was calcu-

lated by polinomial approximation and the values 4.1 The case of low pressure (Pr<1Torr)

given in the plasma dispersion function table.!2) The values of the relaxation constants at

110



Theoretical Study of Mode Competition in the 3.51um He-Xe Laser in an Axial Magnetic Field 11

P1<1Torr have been experimentally given,!3~15)
ie.,

v, = 0.73MHz

['yb =22.2MHz . (75)
The value of the Doppler broadening constant
used in 4 is

Ku=171.6MHz, (76)
which is the average of those of Xe isotopes
shown in Table 6 in 6. For the case of
P1r=0.6Torr, one has

¥/Ku=0.2 )
by egs. (22) and (76). Furthermore, if we choose
H=6.7G and XN.:=1.15, the relation between
I.(I) and »,(v.) can be obtained by egs. (65)
and (67)~(69). The results are shown in Fig. 7.
Curves /1 and I in Fig. 7 represent the results by
substituting zero into 6.. and 6., in eq. (65),
i.e., the results in the absence of the mode com-
petition. The value of T, in eq. (1) is obtained
by the curves I and /.. The curves 7, and I.
represent the results exactly calculated from eq.
(65) without substituting zero into #,. and
0_+. As the value of M in Fig. 7 is 0.029 which is

L ~003 .

-50 ‘ . 0 50

e————

I~

—— To——

V. (MHz)

Fig. 7 The relation between the intensity
I,(1) of the 0.(0.) mode and
v+(v.). Curves I+ and I' represent
the results in the absence of the
mode competition. In this figure,
the value of M is found to be
0.029.

H=6.7 G, P7=0.6 Torr, vy/Ku=0.2,
Ya= Yqt=0.73MHz,
YB=Ypt=22.2MHz, N:=1.15

much smaller than unity, it is known that the
mode competition between the o, and o_ modes
will be weak at low pressure (Pp<1 Torr).
This result qualitatively agrees with the ex-
perimental result in the previous work (section
3.11in ref. 4).

4.2 The relation between the parameter M and
the pressure Py

As the value of each relaxation constant has
not been experimentally given at Pt =1Torr
except for y in eq. (22), the relation between M
and Py was obtained by substituting several
values into the parameters in eqs. (7)~(10) and
by using eq. (22). The results are shown in Fig. 8.
The equation (74) was used for Fig. 8 as was for
Figs. 5 and 6. Though it is known by eqgs. (16)
and (18) that &, k,, and k, can take values
larger than unity, the characteristics of the
relation between M and Pt can be inferred by
using the results at &, k,, kp =1 because the
values of egs. (65), (67)~(69) are monotonously
varied with ¢, k,, and k; also at &, k,, kp > 1.
Therefore, the relation between M and P was
shown only at & k,; =1 in Fig. 8. The values of
H, X, and X. were conveniently selected to be
15G, 1.15, and 1.15 because the calculated
value of M was not strongly depend on those
values. The results at Py =8Torr are shown
in Fig. 8 because the experiment was carried
out for the pressure lower than about 8Torr*)
as shown in Fig. 2. According to egs. (22) and
(75), the value of y/Ku is equal to 2.2 for
Py = 8Torr. The relation between the characte-
ristics of curves in Fig. 8 and the values of
parameters k, £, and k,; are as follows; (A) On
all the curves for 2<1/2, the value of M
monotonously decreases with increasing Py. It
requires that 2=1/2 for the value of M to
increase monotonously with increasing P, as
was shown by the experimental results in Fig. 2.
According to the discussion on £ in 2 (egs.
(14)~(16)), it can be said that the range 2 =1/2
correspond to the situation of increasing in the
rate of population exchange between Zeeman- -
sublevels and, therefore, y4 <74 and vp = vp;.
(B) It requires that k,, = 1/2(i.e., ky, kp =1/2)
as well as 8 =1/2 for the value of M to increase
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Fig. 8 The relation between the parameter M and y/Ku. The pair of numbers in a
parenthesis on each block represents the value of k and £. The values of k,j used
for five curves in each block are (a) k,p=1, (b) kqp=1/2, (c) kqp=1/4, (d) kgp=

1/10, (c) kgp=0
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monotonously with increasing Pp, as were the
results shown in Fig. 2. According to the
discussion on k, in 2 (egs. (18)~(21)), the
range k, =1/2 corresponds to egs. (18), (19),
and (20). However, among these equations, only
eq. (19) satisfies also the conditions 2 =1/2.
Therefore, together with the conditions shown
in (A), it can be said that the value of M
monotonously increases with increasing Pr if
Yat = Ya, i-e., if the intracoherence between
Zeeman-sublevels are preserved. The same discus-
sion on k; holds true if the suffices @ and b are
interchanged in the discussion described above.
(C) Though the values of M in Fig. 8 are smaller
than those in Fig. 2 at each value of Pr, they
increase with increasing k and approaches those
in Fig. 2. That is, it is desirable for the value of
k to be large so that the values of M in
Fig. 8 approach those in Fig. 2. However,
according to the discussion on k in 2 (egs. (12)
and (13)), k takes the values of about unity, i.e.,
a large value, when the condition (A) (v, <7a,
Yp =7vp1) holds true. Therefore, this condition
is compatible with the condition (A).

Because these three condition are compatible
with each other and overlap with each other,
they can be summarized. That is, two conditions
described below are required so that the calculat-
ed result of the relation between M and Pr has
qualitatively the same characteristics as those of
the experimental results shown in Fig. 2:

(I) Increasing the rate of population exchange
between Zeeman-sublevels, and, equivalently,
Ya ="Yal> Y = Vb1

(II) Preserving the intracoherence between
Zeeman-sublevels, and, equivalently, v,y =Y,
Yot E=7p1-

It can be interpreted that these two points are
the causes of the characteristics of the ex-
perimental results shown in Fig. 2. Especially, for
the case of k,;,=0(i.e., v4¢, Ypt— =) as shown by
the curve e in each block of Fig. 8, the value of
M monotonously decreases with increasing Py
whatever the values of £ and k are. That is, the
characteristics of the calculated results will be
completely contrary to those of the experimental
results if the intracoherence between Zeeman-
sublevels is neglected, as was in the conventional

theory3). Therefore, it is necessary to introduce
the intracoherence into the model used for
calculation in such a manner as done in the
present work.

In additions, the pressure dependences of
other relaxation constants than y can be, if
desired, immediately estimated by using the
range of k, £, k,;, as shown in (A), (B), and (C),
and by egs. (7)~(11), and (22).

5. The Effect of Dispersion on the Parameter M

In 4, the value of M was obtained by the
calculated result of the relations between I, and
v;. On the other hand, the value of M was
experimentally obtained by the detuning curves
measured in the previous work"'), ie., by the
relations between I, and Q. Therefore, if the
relations between v, and Q: are nonlinear, the
results in 4 must be compared with those in
Fig. 2 after some corrections. In this section,
the relations between v, and Q:, ie., the
dispersion of the medium, are discussed to
know whether these corrections are required.

The values of v, and v. are obtained as
functions of Q, and Q. from egs. (65-a) and
(65-b) by the following method: As the first
step, the values of I, and I. are calculated by
substituting £, and Q. into vy and v. in eq.
(65-a). These values of I, and /. have already
been obtained in 4. The values of v, and v.
are obtained by substituting these values of I,
and I. into eq. (65-b). As the next step, more
exact values of I, and I. are obtained by
substituting these values of v, and v. into eq.
(65-2), and, finally, more exact values of »; and
v. are calculated from eq. (65-b). Though this
procedure can be iterated, this iteration was
carried only one stage in the present work
because the first step gave answers within 1x10™#
of the exact values of v, and v..

It is necessary to know the value of k in
eq. (65-b) when the values of v, and v. are
calculated from egs. (65-a) and (65-b). The
values of k was obtained from the experimental
results by the following method: The value of
the width of the power detuning curve measured
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*975MHz

2100 50 0 50 100
§:(MHz)

-160 -50 O 50 100

Vi (MHZ ) -10 .\—

(a) (b) (c)

Fig. 9 (a) The relations between /; and », in which the effect of dispersion is not
considered. Curves [, and /. represent the results in the absence of the mode
competition. In this figure, the value of M is found to be 0.271.

(b) The relations between f, and v, , i.e., the dispersion characteristics of the

active medium. The values of f, and f. are given in eq. (78). The value of k used

is 9.75MHz.

(c) The relations between I+ and s in which the effect of dispersion is

considered by using Fig. 9 (b). In this figure, the value of M is found to be 0.271.
In Figs. 9 (a)~(c), the values of parameters used are H=15 G, Pr=8.1 Torr,

Y/Ku=2.2, Ku=71.6MHz, k=0=k,,=1,and N:=1.15.

= 0.89MHz
0.5

50

Q+(MHz)

-05

(a) (b)

Fig. 10 The results for the case of low pressure. In these figures, the same values of
parameters were used as in Fig. 7.
(a) The relations between f. and v,, ie., the dispersion characteristics of the
active medium. k=0.89MHz.
(b) The relations between I, and Q. by using Figs. 7 and 10 (a). In this figure,
the values of M is found to be 0.029.
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in the experiment*) was larger than that of a
longitudinal-mode interval. This difference is due
to the effect of frequency-pulling.

The ratio between these values are tentatively
represented as r(>1) in this section. Then, the
values of k is determined so that the ratio
between the widths of the curves I, vs Q.
calculated in this section and those of I,vs. v,
calculated in 4 will be equal to r.

Calculated results are shown in Figs. 9 and
10. Curves in Fig. 9 correspond to the case of
the greatest value of M in Fig. 8, i.e., the case
when the mode competition is clearly observed.
The values of the three parameters (k, £, and
k,p) are unity. Figure 9 (a) represents relations
between I, and »,, which have been already
obtained in 4. The value of M is known to be
0.271 from this figure. Figure 9(b) represents
relations between f, and v, , where f, and f. are
defined as

fi =0y —pids — Tz It (78)
from eq. (65-b). The value of x used was
9.75MHZ, which was calculated from the ex-
perimental results by using the method des-
cribed above. Figure 9(c) represents the relations
between I, and Q. which were obtained by the
relations in Figs. 9(a) and 9(b). The value of M
obtained from Fig. 9(c) is 0.271 which is equal
to that of Fig. 9(a), i.e., it is found that the
values of M in Fig. 9 is independent of the
dispersion of the medium. This is because the
relations between f, and v, are linear. Fig. 10
represents the calculated results for the case of
low pressure, in which the same values of
parameters were used as in Fig. 7. Figure 7
represents relations between I, and v, as shown

in Fig. 9 (a), and the value of M obtained from
Fig. 7 is 0.029. Figure 10 (a) represents relations
between f, and v, in which the value of k used
is 0.89MHz. Figure 10(b) represents the relations
between /. and Q. which were obtained from
the relations in Figs. 7 and 10 (a). The value of M
is 0.029 in Fig. 10 (b), which is equal to that of
Fig. 7. Though one may notice the nonlinearity
in relations between f, and », in Fig. 10 (a), it is
known that this nonlinearity is not so clear as
to give any effects on the value of M.

The highest value of Pt on Fig. 8 was used
for Fig. 9(c), and the lowest value was for
Fig. 10 (b). It was known that the value of M
was independent of the dispersion at other
values of Py in Fig. 8., and therefore, the results
in 4 can be directly compared with those
shown in Fig. 2 without considering the effect of
the dispersion.

6. Isotope Effects of Xe on the Parameter M

It has been assumed that Xe gas contained
only one isotope in the previous sections.
However, naturally available Xe gas was used in
the experiment®), which has many kinds of
isotope. Therefore, isotope effects on the value
of M will be discussed in this section.

The physical quantities of each isotope in
naturally available Xe (Xe"®') are given in
Table 2'®). The values of I, and I. are obtained
after calculating each coefficient in eq. (65) for
Xe"?! which is the superposition of those of all
the isotopes by using Table 2. Each coefficient
is expressed as

Table 2. The phys1cal quantities of each isotopes in X532t

Ml :  The mass constant of the jth isotope.
: The fractional abundance of the jth isotope.
Af,— . The frequency shift of the jth isotope from the center frequency of

the 3.51um laser line.!6)

Ku; The Doppler broadening constant of the jth isotope.

MJ' | 124 126 128 129 139 131 132 134 136
GJ (%) 0.096 0.09 1,92 26.44 4,08 21.18 26.8 10.44 8,87
Af i (MHZ) / / -88 12 -34 -64 12 52 92
KuJ (MHz) 4.7 74,1 73,6 73.3 73.0 72.7 72,4 71,9 71.4
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/ ?d,' , (81)
where
L= V/\_[npz
: eoﬁKu]' (82)

The values of v, and v. at which the second
term of the right-side of eq. (79) takes the
maximum value are expressed as viy and vy,
respectively. The notes g;, Af;, and Ku; re-
present the fractional abundance, the isotope
shift, and the Doppler broadening constant of
the jth isotope, respectively. Calculated results
are shown in Figs. 11 and 12. The values of
parameters used in Fig. 11 are the same as in
Fig. 9. Figure 11 (a) represents the relations
between /. and v,. The value of M obtained
from this figure is 0.250, which is smaller than
that from Fig. 9. Figure 11 (b) represents the
relations between f. and v,, i.e., the dispersion
characteristics of the medium. Curves f, and f.
are linear, as those in Fig. 9 (b), and it is con-
firmed that the value of M is also independent of
dispersion. Curves in Fig. 12 were obtained by
using the same values of parameters as was used
in Figs. 7 and 10. Figure 12 (a) represents the
relations between I, and v.. The values of M
obtained from this figure is 0.012, and is smaller

* 975MHz
-1.0

1
-100

Y. (MHz)
(a)

1
-50 0 50 1|00

Vs (MHz) \ b
a
F-100

(b)

Fig. 11 Calculated results in which the isotope effect was considered. In these figures,
the same values of parameters were used as in Fig. 9.
(a) The relations between I, and v.. In this figure, the value of M is found to

be 0.250.

(b) The relations between f, and v,.

k=9.75MHz.
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Vi(MHz)
(a)

(b)

Fig. 12 Calculated results for the low pressure. The isotope effect was considered. In
these figures, the same values of parameters were used as in Fig. 7.
(a) The relations between I, and v, . In this figure, the value of M is found to

be 0.012.

(b) The relations between f; and v, . k=0.89MHz.

than that from Fig. 7. Figure 12 (b) represents
the relation between f, and »,. It is also
confirmed that the value of M is independent of
the dispersion shown in Fig. 12 (b).

According to the discussion above, it was
shown in the range of Pp in Fig. 8 that the
value of M decreased if the isotope effects were
considered, and the amount of decrease was
between 0.017 and 0.021. That is, the mode
competition is suppressed by isotope effects. On
the other hand, it was shown that the value of M
was independent of the effect of dispersion
even if isotope effects was considered.

7. Discussion

The coherence between Zeeman-sublevels (in-
tracoherence) has not been considered in the
previous works.!™3) In the present work, it
was considered and the calculated results were
obtained which agree with the experimental
results. However, this agreement is not quan-

titatively accurate, e.g., the value of M obtained
by the experiment is slightly higher than that by
the calculation. Furthermore, the shape of the
detuning curve experimentally obtained has some
differences with that of calculated one. It is
necessary to use a model which includes more
precise mechanisms of atomic collisions and
relaxation to reduce these disagreements. In the
present work, however, the calculated results
were obtained in which the sign of dM/dPr
agrees with that of the experimental results by
using the simple model and by using the
pressure dependence of the relaxation constants.
That is, it was shown by the calculation as well
as by the experiment that the strength of the
mode competition increased with increasing Pr.
Therefore, it can be said that one method of
explaining the cause of the experimental results
was obtained by the present study. The develop-
ments of a more precise model and better
formulations are remained to be solved.
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8. Conclusion

In the present paper, the results of the
numerical calculation were given which dealt
with the mode competition between two op-
positely circulaily polarized Zeeman components
(the o, and 0. modes) of a He-Xe laser at
3.51um in an axial magnetic field.

A parameter M was defined to express the
strength of the mode competition. Then, the
cause of the pressure dependence of M was
discussed by comparing the calculated and the
experimental results. The results obtained here
can be summarized as follows:

(1) It was interpreted that the increase of M
with increasing of the gas pressure Py was
due to the increase of population ex-
change between Zeeman-sublevels (v, <1,
Yp =7p1) and to the preservation of the
intracoherence between them (v,4 =v,,
Yot =Vp1)s

(2) It was shown that the value of M was
independent of the characteristics of the
dispersion of the active medium.

(3) It was shown that the value of M decreased
because of the isotope effects by several
kinds of isotopes in naturally available Xe
gas, and the amount of decrease was between
0.017 and 0.021. Furthermore, it was shown
that the value of M was still independent of
the characteristics of the dispersion when
isotope effects were considered.
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The authors have carried out an experiment
on the frequency stabilization of an He-Xe

= laser at 3.51 um by using the inverted Lamb dip

in H,CO.Y However, it is necessary to improve
the long-term frequency stability* of this laser
to use it as an optical frequency standard or a
light source for spectroscopic studies. In the
present work, the results of the improvement
are reported.

The laser tube used was the same as in the
previous work, with a more rigid cavity to
avoid mechanical vibrations. Furthermore, the
previous PZT (Lansing 21.837) was replaced by
a Burleigh PZ-81 to construct a new type of
PZT driver. The other parts of the apparatus
were the same as in the previous work."

The curve A in Fig. 1 represents the frequency
stability of the laser, which has previously been
measured.” The PZT driver used for this ex-
periment incorporated an integrating amplifier.
On curve A,

6=66x10"'2 at 1t=10s, 1))

where ¢ and 7 represent the square root of the
Allan variance? ¢? and the integration time,
respectively. For 7>10s, o increases with
increasing t because the drift due to thiermal
expansion of the cavity length could not be
compensated. In the present work, however,
as a filter (—7 dB/decade) was connected at
the next stage of the integrating amplifier, the
thermal drift could be compensated, and the
result shown by curve B in Fig. 1 was obtained.
On curve B, '

coct™ 2 for 100 ms<t<1000s, (2)

*In the present paper, this term is used to represent the
frequency stability for 7=1s, where 7 represents the
integration time.

1621
10
107
10"
o
107
1613I_
A4 1 1 1 1 ]
1% 102 g0 1 100 102 10°
Ts)
Fig. 1. The square root of the Allan variance o2 of

the frequency fluctuations. v and N represent the
integration time and the number of data, respec-
tively.

A: The result of the previous work.?

B: The result of the present work using the PZT
driver with an integrating amplifier and a filter
(—7 dB/decade).

C: The result obtained by the same apparatus as
for curve B. However, the signal-to-noise ratio of
the first derivative signal of the inverted Lamp dip
was lower than that of curve B.

D: The result obtained under almost the same con-
ditions as that of curve C. The difference was, a
proportional amplifier was added parallel to the
integrating amplifier in the PZT driver.

and
6=28x%x10"13 at t=100s. 3)

The signal-to-noise ratio of the first derivative
signal of the inverted Lamb dip was sometimes
low because of the instability of the discharge
in the laser tube. Such a signal is shown in
Fig. 2(a). For comparison, the signal obtained
under a stable discharge condition is shown in
Fig. 2(b). Curve B in Fig. 1 was obtained by
using the signal of Fig. 2(b). Curve C in Fig. 1
represents the result using the signal of Fig.
2(a). On curve C,

0=48x10"12 at 7=100s, (Y]

which is 17 times larger than that of eq. (3). A
proportional amplifier was added parallel to
the integrating amplifier in the PZT driver to
get a smaller value of ¢ than that of eq. (4)
under such an unstable discharge condition.
The block diagram of the PZT driver used is
shown in Fig. 3. Figure 4 represents the time
dependence of the laser frequency fluctuations
obtained by using the signal of Fig. 2(a). Part
A in this figure represents the result obtained
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H [

795kHz 605kHz
Frequency Frequency
(a) (b)

Fig. 2. The first derivative signal of the inverted
Lamb dip in H,CO traced on a chart recorder.
(a): The signal in which the signal-to-noise ratio is
lower than that of (b) because of the instability of
the discharge in the laser tube. By using this signal,
curves C and D in Fig. 1 were obtained.
(b): The signal obtained under a stable discharge
condition. By using this signal, curve B in Fig. 1

High Voltage | To
Power Supply | PZT
Proporticnal
Amplifier

Fig. 3. The block diagram of the PZT driver used
in the present work.

was obtained.
Integrating Filter
From Amplifier (-7dB/decade)

Lock in
Amplifier

without using the proportional amplifier in
Fig. 3.

Parts B and C represent the results using the
proportional amplifier. The voltage gain of the
proportional amplifier for part C is higher than
that for part B. It can be seen that the frequency
fluctuations of parts B and C are lower than
those of part A. The relation between ¢ and

for part C is shown by curve D in Fig. 1. On

this curve,
6=37x10"1% at t=100s. o)

This value is smaller than that of eq. (4) and is
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I100kHz

10min.

Time

Fig. 4. The time dependence of the frequency fluctu-
ations traced on a chart recorder. A: The result
obtained without using the proportional amplifier
in the PZT driver of Fig. 3.

B: The result obtained by connecting the propor-
tional amplifier with a low voltage gain to the PZT
driver.
C: The result obtained by connecting the propor-
tional amplifier with a high voltage gain to the PZT
driver.

nearly equal to that of eq. (3). From eq. (5), it
can be confirmed that ¢ can be kept smaller
than 1 x 10712 at t=100 s by using the propor-
tional amplifier along with the integrating
amplifier. Furthermore, it can be seen from
Fig. 1 that the values of ¢ on curves C and D
are smaller than that on curve A for t=>1s.
This is an improvement in the long-term
frequency stability compared with the previous
result.!

Higher stability can be expected by develop-
ing a low-noise laser tube and by increasing the
response speed of the controlling electronic
circuit.

This work was partially supported by a
Grant-in-Aid for Scientific Research from the
Ministry of Education, Science and Culture.
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Frequency-offset-locking techniques of gas
lasers have been used to construct a light
source for high-resolution laser spectroscopy.”’
The frequency of the offset-locked laser can be
“varied while a very high frequency stability can

be maintained. In the present work, a frequency-
offset-locked He-Xe laser was constructed
and its frequency stability was measured.

The experimental apparatus is shown in
Fig. 1. In this figure, the frequency of the first
laser is stabilized by using the inverted Lamb
dip in H,CO, and its stability is shown in Fig.
2.2 In Fig. 2,

6=37x10"'* at t=100s, 1)

where ¢ and t represent the square root of the
Allan variance® ¢? and the integration time,
respectively. The second laser was frequency-
offset-locked by using the first laser as a
reference laser. The beat frequency between
the first and the second laser, (i.e., the reference

CURRENT DATA

LN The 1st LASER  HaCO CELL

,M\ N SOURCE
RECORDER J

OSCILLATOR

Fig. 1. Experimental apparatus.
¢/V: The phase-to-voltage converter used to
control the beat frequency. F/V: The analog
frequency-to-voltage converter used to measure
the beat frequency for r<<1s. BS: Beam splitter.
C: Chopper. D: Detector. L: Lens. M: Mirror.
P: Polarizer. PH: Pinhole. Q: Quarter-wave plate.
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Fig. 2. The square root of the Allan variance o2 of
the frequency fluctuations of the first laser (the

reference laser). 7 represents the integration time,
N the number of data.

laser and the frequency-offset-locked laser) was
locked to the output frequency of a digital
frequency synthesizer. The phase-to-voltage
converter (¢/V converter) shown in Fig. 1 was
used to convert the time-integrated value of the
beat frequency into voltage. The experimental
results of the frequency fluctuations of the
locked beat signal are shown in Fig. 3. In this
figure, the value of o represents the frequency
fluctuations of the beat signal which are
normalized to the frequency of the He-Xe

S
T

~14}

| 1 1 [ 20

1 2070 |
10° 102 167 10 100 102 10

Fig. 3. The square root of the Allan variance 62 of
the frequency fluctuations of the beat signal between
the two lasers. The value of ¢ is normalized to the
‘He-Xe laser frequency. For 7<1 s, ¢ was measured
by using an analog frequency-to-voltage converter,
and for t=1 s, by a frequency counter.

A: A PZT driver with a proportional amplifier and
a filter (—7 dB/decade) was used to get the results
represented by this curve.

B: A PZT driver with a proportional amplifier,
an integrating amplifier, and a filter (—7 dB/
decade) was used here.
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laser at 3.51 um. These results can be inter-
preted as representing the traceability of the
frequency of the second laser to that of the first
laser. In Fig. 3, the values of ¢ for 1<1 s were
calculated from the data measured by an analog
frequency-to-voltage converter, while a fre-
quency counter was used for t=1s. Curve A
in Fig. 3 represents the experimental result in
which the output signal of the ¢/V converter
was applied to a PZT driver with a proportional
amplifier and a filter (—7 dB/decade). In
curve B, on the other hand, the PZT driver
with a proportional amplifier, an integrating
amplifier, and a filter (—7 dB/decade) was
used. It can be shown that higher stability was
obtained on curve B than on curve A. In this
figure, on curve A,

o=1.1x10"13
and on curve B,

06=38x10"'* at 7=100s. 3)

In the experiment with the results shown in
Fig. 3, the frequency of the first laser was
modulated but that of the second laser was not;
consequently, the beat frequency was modu-
lated. Figure 4 represents the experimental

at 7=100s, 2

i TA 1 8.
10 102 100 10° 0 1002 10°

Fig. 4. The square root of the Allan variance 62 of
the frequency fluctuations of the beat signal between
the two lasers. The same PZT driver was used as
for curve B in Fig. 3.

A: The frequency of the first laser only was modu-
lated. Therefore, the beat frequency was modulated.
The values of the modulation frequency and the
maximum frequency deviation of the modulation
were 501 Hz and 877 kHz, respectively. These
values were used for all of the experiments in the
present work.

B: The frequency of the second laser was modulated
synchronously with that of the first laser. Therefore,
the beat frequency was not modulated.
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results of the effect of frequency modulation on
the frequency stability of the beat signal.
Curve A in Fig. 4 represents the result in which
the frequency of the first laser only was modu-
lated, as it was in Fig. 1. Curve B represents
the experimental result in which the frequency
of the second laser was modulated synchro-
nously with the first laser. This synchronous
modulation can have no effect on the beat
frequency, i.e., the beat frequency was not
modulated. In all of the experiments described
here, the values of the modulation frequency
and the maximum frequency deviation of the
modulation were 501 Hz and 877 kHz, respec-
tively. It can be concluded from these results
that the stability of the beat frequency is
independent of frequency modulation for
10 ms <7 <1000 s because the shape of curve A
in Fig. 4 is similar to curve B in this range of 7.

In Figs. 3 and 4, the average value f, of the
beat frequency was 4.0 MHz. This value of f,
can be varied by changing the frequency of the
digital frequency synthesizer. The variable range
in which the beat frequency was locked was
5.8 MHz, i.e., 0.8 MHz< f,<6.6 MHz. In this
range, the characteristics of the relation be-
tween ¢ and T were independent of the value of
f»» and were similar to those in Figs. 3 and 4.

Because the value of ¢ on curves A and B in
Fig. 3 (or those of egs. (2) and (3)) are smaller
than that on the curve in Fig. 2 (or that of egs.
(3) and (9)), it can be said that the frequency
stability of the second laser is nearly equal to
that of the first laser.

By improving the performances of the pre-
amplifier for the beat signal, the ¢/V converter,
and the PZT driver, the frequency stability of
the second laser can be improved, and its
application to several kinds of measurements
can be expected.
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The width of - ‘the inverted Lamb dip in H,CO at 3.51um [5l s (ground

state)—->60 o(vs = 1)] was measured by using a low-noise He-Xe laser in an axial magnetic
field as the light source. To measure the dip width it was necessary to determine first
the range of the magnetic field strength and the maximum frequency deviation of the
laser frequency modulation. Based on these results, the power-broadening - .
characteristics were measured. Finally, the relation between the dip width free from the ' Ca
power broadening and the pressure of H,CO was obtained. The dip width (HWHM) ‘ L

was Av, = (1234-24)+(155431) P, (kHz), where P; represents the H,CO pressure ’ g !

expressed in Pascal.

PACS numbers: 35.80.+s, 07.65.Gj, 42.65.Gv, 42.60.—v

1. INTRODUCTION

The high-resolution spectroscopy of atoms and mole-

. cules recently has been improved by the saturated absorp-

tion method using highly stabilized lasers. For example, the
saturated absorption signal in CH, at 3.39 um ' has been
precisely measured and has been applied to stabilize the fre-
quency of He-Ne laser oscillation. The inverted Lamb dip in
H,CO [the vibration-rotation transition: 5, 5 (ground
state)—6, ¢(vs = 1)] at 3.51-um has been first observed in the
infrared-microwave double-resonance experiment.* Howev-

_er, the pressure dependence of its width has not been report-

ed yet. One of the main reasons is due to the difficulty in
getting a low-noise 3.51-um He-Xe laser light source. In the
present work, this dependence was measured with a low-
noise 3.51-um He-Xe laser developed by the authors.

-~ Il. EXPERIMENTAL APPARATUS

The experimental apparatus is shown in Fig. 1. The cav-
ity length of the laser was 149 cm and the length of the H,CO

absorption cell was 42 cm. A laser tube with a discharge part

- 0f 0.6 cm inner diameter and 75 cm length was used. A stable

and low-noise laser oscillation was obtained with a return
path and a titanium cold cathode. The output power was 0.5
mW when the total gas pressure was P,=4 Torr (533 Pa), the
pressure ratio of He and Xe being Py;./Px. =49, and the
discharge current was i,= 6 mA. Since the absorption-line
frequency of H,CO was about 180 MHz higher than the cen-
ter of the gain curve of a He-Xe laser, an axial magnetic field
of about 130 G was applied to the laser tube to compensate
for this frequency gap. A quarter-wave plate and a polarizer
were used to separate the higher-frequency component (the
o, mode)of the laser output from the lower (the o_.mode).*
One of the cavity mirrors was mounted on a piezoelectric
transducer (PZT) to control the laser frequency by applying
a dc or ac voltage to the PZT. The inverted Lamb dip in
H,CO was observed on the laser power tuning curve and its

w1dth was measured by varying the dc voltage on the PZT.
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~ of the abscissa of the tuning curve.

0021 -8979/ 79/020599603$01 io0-
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ill. DETERMINATION OF THE MAGNETIC FIELB
STRENGTH
A. Procedures

The longitudinal-mode frequency interval was 100 i
MHZz and was narrower than the width of the laser gain™ -
curve which was estimated to be about 150 MHz. Under thls j T
situation, two-mode oscillation occurred at the tail of the - “
tumng curve. Therefore, when the inverted Lamb dl,p ap- . -
pears at the tail of the tuning curve at a certain strerrgth of the S
magnetic field, the measured value of the dip width will'bs -
affected by the characteristics of the two-mode oscillafion. = -+
This is due to the fact that the linear relationship betweenthe -~
laser frequency and the cavity tuning (the abscissa of the - - '
tuning curve) is not valid in the case of the two-mode oscilla- -
tion. This is because of the frequency pushing between thh
modes. Therefore, it is necessary for the present expenment i
to determine first the range of the magnetic ﬁeld strength ;
which the relationship is linear.

This is accomplished through the followmg meth
The frequency v of a single-mode laser is expressed as *-

v=(0,4+52)/(1+5),

H,CO Cell He-Xe Laser PZT

.

R Invar Rod Solenoid R,
85%

100°

omy . (2m)

Current
Source

Chobper.

FIG. L Expenmental apparatus: "X in oﬂ‘set” was used to expand

© 1979 American institute of Physics




120 130 140 150

E He) _

. | e | 1 |
200 220 240

Zeeman shift (mz)

FIG. 2. The relation between 2, and H: The position of the zero point on the
ordinate was arbitrarily selected because it was necessary to measure only
the change of £2, with respect to H to obtain the right-hand side of Eq. (4).

curve of the o, mode, the longitudinal-mode frequency, and
the constant known as the "stabilization factor”*,
respectively.

A The value of the longitudinal-mode frequency £2, which
corresponds to the center frequency v, of the inverted Lamb
dip is given from Eq. (1) as

D= —0./S+(1+S)¥/S). ¢)]

Furthermore, @, can be expressed as a function of the
magnetic field H as

7/ {‘
1000} /
L / } . -9‘"“#—
= | § E
z $ :
ST .~ '.
f i A //i/}/ E
500} )
sl ;
| PR R T
0% 500 1000

- AV (kHz)

FIG. 3. The relation between 4v,, and 4v,,,: Pr = 2.1 mTorr (0.28 Pa).
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FIG. 4. The relation between 4v, and I,: P;- = 3.9 m Torr (0.52 Pa).

w,=w,+ 1.4gH, v 3

where w, ;epresénts o, at H = 0, and g( = 1.114) represents
the Lande g factor of the Xe transition at 3.51 um. From Egs.
(2) and (3), :
dn,
" dH _
Consequently, it is clear from Eq. (4) that the relation-
ship between £2, and H is linear in the case of the single-mode
oscillation. On the other hand, if Eq. (1) is used to express the
frequency of one mode in the case of the two-mode oscilla-

= — 1.4g/S.

tion, the value of S will be affected by the other mode and by

the frequency pushing effect between both modes. Thus, S is
no longer a constant because of its dependence on the fre-
quency, and the linear relationship between 2, and H will
not be valid. Hence, if df2,/dH is measured and the range of

H in which this value remains constant is found out, then it _

will be confirmed that the single-mode oscillation occurs. In
this range, the relationship between the laser frequency and
the cavity tuning is linear.

B. Results

Figure 2 shows the experimental result. From Fig. 2, it

600~

200}

1

R I ] A

C9 5 10 15

E ‘, (mTorr)

[T N 1 | !

0 05 10 15 20
pF (Pa)

FIG. 5. The relation between Av,, free from the power-brbadening and Pp
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can be seen that the value of Eq. (4) remains constant for . -

. 129 < H < 143 G. Therefore, H is fixed within _this range in
' the experiments which followed. In this range, S is found to
be 23.9. From Eq. (1),

, E:S/(I+S)=O.96. )

Equation (5) shows that the dip width expressed in the
frequency unit is 0.96 times measured on the tuning curve.
This conversion factor is used to determine the final result

[Egs. (6) and (7)].
IV. EXPERIMENTAL RESULTS

To measure the width of the inverted Lamb dip precise-
ly, the first derivative line shape of dip was traced on an X-Y
recorder. Figure 3 shows the results. It was observed that the
peak-to-peak width 4v,, of the signal increased with increas-
ing the maximum frequency deviation 4v,, of the laser fre-
quency modulation.

Because 4v, remained constant w1thm the experimen-
_“# ™l error (less than 10%) for Av,, < 200 kHz, Av,, was fixed
at 140 kHz for the following experiments. In the next experi-
ment, the dependence of 4v, on the laser power intensity in
cavity I, i.e., power-broademng characteristics, was mea-
sured. In the range of 3.5 <i; < 10 mA, I,, was linearly pro-
portional to i, and the noise level on the ﬁrst derivative signal
of the dip was low enough to enable the measurement of the
dip width.

The result is shown in Fig. 4. From Fig. 4, it was observed
that4 v'p was linearly proportional to I ,,. The power-broad-
ening coefficient was 0.2 kHz/u'W. This linear dependence

means that I, < <1, in this experiment, where I, represents

the saturation parameter of H,CO. The extrapolation of I,

to zero in Fig. 4 made 4v, free from the power broademng '

Figure 5 shows the dependence of the extrapolated value of
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Av on the pressure Ppof HZCO for Pr<13'm Torr (1,73 Pa)
The inverted Lamb dip could not be observed for Pp> 1311

Torr (1.73 Pa) because the laser power was too low due to the o
* linear absorption by H,CO. In Fig. 5, the relationship be-
tween Av, and Py (the pressure broadening) can be well ex-

pressed by the following linear equatlon (least-square ﬁtted)
Av _(142i28)+(179+36)PF (kHz); ©)

Py; in Pa. Assuming that the inverted Lamb dip has the Lor- _
entzian line shape, its half-width at half-maximum

(HWHM) 4v,, can be expressed as [from Eq. (6)]

Av,= —‘2-\/;41/1,

- = (123 + 24) + (155 + 31)P, (kHz); M

Pgin Pa. The value of Av,, in Eq. (7) includes the transit-time -
broadening of 55 kHz which is determined by the flight time : ,
of an H,CO molecule through the light beam; therefore, if =~

the beam diameter is enlarged, 4v, will become smaller.

V. CONCLUSION
In the present experiment, the width of the inverted -

Lamb dip in H,CO was measured. The results of the present -
work can be applied to the frequency stabilization of a He-Xe -

laser which might be used for the development of a new
frequency standard.
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Frequency Stability
of an H, CO-Stabilized He-Xe Laser
in an Axial Magnetic Field

Motoichi Ontsu and Toshiharu TAKO
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of Precision Machinery and Electronics,
Tokyo Institute of Technology,
4259 Nagatsuta-cho, Midori-ku, Yokohama 227

(Received July 4, 1978)

Frequencies of several lasers have been
stabilized by using saturated absorption spectra
in atoms or molecules to develop new wave-
length standards.!”® We report here the
results of frequency stabilization of the 3.51 um
He—Xe laser in an axial magnetic field by using
the inverted Lamb dip, that is, the saturated
absorption in H,CO.

The experimental apparatus is shown in
Fig. 1. A laser tube with a discharge part of
0.6 mm inner diameter and 75 cm length was
used. The total pressure was 533Pa. The
pressure ratio of He to Xe was 49. The discharge
current was 6 mA. Since the absorption line
frequency of H,CO was about 200 MHz
higher than the center frequency of the gain
curve of a He—Xe laser, an axial D.C. magnetic
field of 129.8G was applied to the laser tube to
compensate for this frequency gap. In this case,
as the center frequency of the gain curve of the
o, mode (one component between two oppo-
sitely circularly polarized Zeeman components
of the laser oscillation) coincides with the

f“"‘h\absorptlon line frequency of H,CO, this mode

was used in the present work. The frequency of
the o_ mode (the other Zeeman component)
was about 400 MHz lower than the absorption
line frequency of H,CO under this magnetic
field. A quarter-wave plate and a polarizer were

LockinAmg
Data
A>>|Recorder|

Recorder

Oscillator|

Driver

Fig. 1. Experimental apparatus: Broken lines re-
present plastic tubes used to reduce the effect of air
flow.

2169

fe—>f
1(MHz)

—
Frequency

Fig.2. The first derivative signal of the inverted
Lamb dip in H,CO.

used to separate the o, mode from the o_
mode. One of the mirrors, R,, was mounted on
a piezoelectric transducer (PZT) for frequency
tuning and modulation. The laser oscillated
with one longitudinal-mode in the frequency
range on the tuning curve in which the inverted
Lamb dip appeared.¥ The first derivative
signal of the inverted Lamb dip is shown in
Fig. 2. A. C. voltage of 10V (peak-to-peak)
was applied to the PZT to modulate the laser
frequency. The modulation frequency f, was
794 Hz. The frequency deviation corresponding
to the value of 10 V was 1.48 MHz. This value
is comparable to the width of the inverted Lamb
dip. For frequency stabilization, however, it
was necessary to use this value to obtain the
first derivative signal with high signal-to-noise
ratio. The linear part between the two peaks of
this signal was used as a frequency discriminator
to control the laser frequency. The control
system consisted of a lock-in amplifier and a
PZT driver with an integrator. The time con-
stant 7, of the low-pass filter in the output
stage of the lock-in amplifier was 3 ms. The
laser cavity was placed on an optical bench
with air dampers.

Error signals from the lock-in amplifier were
proportional to the fluctuations of the laser
frequency and were recorded by means of a

. data recorder The square root of the Allan
variance® ¢, which is the measure of frequency
stability, and the power spectral density S of
the laser frequency fluctuations were calculated
from these signals after analog-to-digital con-
version.

The result for ¢ is shown in Fig. 3. 1 and N
represent the integration time and the number
of data, respectively. Curves Fy, and Sy, are
for the free running laser and for the stabilized
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Fig. 3. The square root of the Allan variance 62 of
the frequency fluctuations. r and N represent integra-
tion time and the number of data, respectively:
Curves Fx. and Sx. are for the free running laser
and for the stabilized laser, respectively.

laser, respectively. The value of ¢ on the curve
Fy. increases proportional to t'/2 for 7>2s. It
is due to the thermal expansion of the cavity
length. As for the curve Sy, this increase is

suppressed by the feedback control. The
minimum value of this curve is
6=6.6x10"12 1)

at =10s. For 1<50 ms, curves Fyx, and Sy,
must be proportional to ™" with n about 1/2
because of the white-noise generated in the
frequency control loop. This relation has been
found not only in gas lasers®:”’ but also in dye
lasers.®) However, curves Fy, and Sy, are
proportional to 7!/2 for <50 ms as shown in
Fig. 3. This is because of the effect of the low-
pass filter in the output stage of the lock-in
amplifier. Though this effect has been expected
to appear for <3 ms (=1,), it appeared for T<
50 ms in the present experiment. If two equally
stabilized He-Xe lasers are available, the value
of ¢ for 7<50ms can be measured more
precisely by using the beat frequency between
them.

Results for the power spectral density, S, are
shown in Fig. 4. S is smaller in Sy, than in
Fx.. The dip at f=0.1 Hz in Sy, represents the
effect of the integrator in the PZT driver. This
dip corresponds to the minimum value (eq. (1))
of the curve Sy, in Fig. 3. There are peaks at
f=50Hz in both curves Sx. and Fx.. These
peaks represent voltage fluctuations of the
power supplies used in the present experiment.
Several peaks for f>100 Hz of the curve Sy,
are caused by the response characteristics of the
frequency control loop.

The frequency stability was improved in the
present work as compared to a free running
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tuations. Curves Fx. and Sx. represent the results
for the free running laser and the stabilized laser,
respectively.

He—Xe laser. The minimum value of ¢ given by
eq. (1) is comparable to CH ,-stabilized 3.39 um
He-Ne lasers (2x 1072 at 7=10s) which
have been carefully constructed by the authors
for frequency stabilization. Higher stability
can be expected by improving the laser tube,
the cavity, and the controlling electronic
circuit, and by using the results given in Figs.
3 and 4.

The authors are much indebted to Dr. M.
Ohi and Mr. Y. Akimoto of the National
Research Laboratory of Metrology for their
help with the experiments.

References

—

1) R. L. Barger and J. L. Hall: Phys. Rev. Letters sz-'

(1969) 4.

2) G.R. Hangs and K. M. Baird: Metrologia 5 (1969)
32.

3) F. R. Peterson, D. C. McDonald, J. D. Cupp and
B. L. Danielson: Phys. Rev. Letters 31 (1973) 573.

4) M. Ohtsu and T. Tako: to be published in J. appl.
Phys. 49 (1978).

5) D. W. Allan: Proc. IEEE 54 (1966) 2.

6) H. Hellwig, H. E. Bell, P. Kartaschoff and J. C.
Bergquist: J. appl. Phys. 43 (1972) 450.

7) V. S. Letokhov and V. P. Chebotayev: Nonlinear
Spectroscopy (Springer-Verlag, Berlin, Heidelberg,
and New York, 1977) p. 390.

8) R. L. Barger, M. S. Sorem and J. L. Hall: Appl.
Phys. Letters 22 (1973) 573.

9) K. Shimoda and T. Tako: Proc. of the 2nd Fre-

quency Standards and Metrology Symposium
Copper Mt., USA, 1976 (National Bureau of Stand-
ards, Colorado, 1976) p. 187.



JAPANESE JOURNAL OF APPLIED PHYSICS

VoL. 13, No. 4, ApriL, 1974
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The transmission of monochromatic light through the sandwich cell of MBBA (a typical
n-type liquid crystal) with vertical alignment is investigated. When the cell is set in crossed Nicol
and controlled by a.c. voltages, the transmissivity is zero at any voltage V below the threshold
value Viy. When V >V, it shows nearly a sinusoidal variation with V. This phenomenon is
observed even with fairly thick cells (50 um). The threshold voltage Vy;, is shown to be independ-
ent of the cell’s thickness and about 4.0 V (r.m.s.) at 24.0°C for f< 10 kHz. The orientation angles
of molecules and the phase differences of the light beams are calculated theoretically by using the
static continuum theory of liquid crystals. The experimental results agree well with the theoretical

calculations.

§1. Introduction

The birefringence of nematic liquid crystals
with a negative dielectric anisotropy (¢, —&,<0;
N, liquid crystals) occurs when they are
vertically aligned in a glass cell and a.c.
voltages are applied. For the mixture of
MBBA and EBBA, these phenomena have
been investigated by Schiekel and Fahren-
chen,” Soref and Rafuse,? Kahn,® Hareng
et al.¥), but their measurement were restricted
to thin cells (<10 pm).

In this experiment, birefringence of MBBA
cells for wide range of the thickness (d=12 um
~50 um) are measured to investigate the
phenomenon from the electro-optical point of
view. The results are then analyzed quanti-
tatively by using the static continuum theory
of liquid crystals.’ ="

The similar analysis has been performed for
the N, liquid crystal cells with the magnetic
field,® but because of practical considerations,
quantitative explanations are needed when the
electric field is applied. Hareng et al.*) did not
compare their calculations with experimental
results. Gruler and Meier,” using quite thick
cells of azo-C; as N, liquid crystals, have
measured its birefringence at high temperatures
and high voltages, and have analyzed these
results under the approximation that the
applied voltage is not much greater than the

threshold value.

In this paper a different approximation from
that of Gruler and Meier® is used and the
results which hold for wide range of voltages
are obtained. Then, calculated values of the
orientation angle of MBBA and that of the
phase difference of the light are compared with
experimental results.

§2. Measurement Procedure

The birefringence of MBBA was measured
with an arrangement shown in Fig. 1. A He-
Ne gas laser (1,=632.8 nm) and a mercury
lamp with an interference filter (1,=2546.1 nm)
were used as the light source. A polarizer and
an analyzer (Polaroid film HN 38) formed the

Light Lens.
source.

MBBA ceil.
Polarizer.  Analyzer.

Fig. 1. Experimental set-up; By a convex lens, the
light beam in the cell is made to be collimated and its
diameter to be small. Polaroid films (HN 38) are
used as a polarizer and an analyzer, and form the
crossed Nicol. The light sources are a He-Ne gas
laser (1o=632.8 nm) and a mercury lamp with an
interference filter (Ao =>546.1 nm).
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crossed Nicol. A photoelectric tube and a
phototransistor were used as detectors. When
the cell was set at the focal point of a convex
lens, the light beam was made to be parallel
and to have a small diameter in the cell because
of the depth of focus. In this method, the diam-
eter of the He-Ne gas laser beam was about

10 um in the cell, which was the same order of 3

cell’s thickness, while that of the beam from
the mercury lamp was about 0.1 mm. The
applied voltage was a sinusoidal wave from 0
to 10V and its frequency f was from 0 to
200 kHz. In all the measurements, the sample
cells were kept at 24.0°C (£0.1°C) in a ther-
mobath.

When a birefringent material is in the crossed
Nicol, as in Fig. 1, the transmissivity 7 is given
by a well known formula'®

. 2 . 20
T=sin* 2y -sin“z, )
where ¥ is the angle between the incident light
polarization (optical E vector) and that of the
extraordinary light and 4 is the phase difference
between the ordinary light and the extraordinary
light in the material. When the voltage is
applied to the MBBA cell, the induced electric
dipole moment of the molecule receives the
torque from the electric field, and the molecular
orientation will change. And when the align-
ment of molecules in the cell is varied, the
phase velocities of the light are modulated.
Then the value of § in eq. (1) is controlled by
the applied voltage. On the other hand, the
value of ¢ in eq. (1) is not controlled by the
applied voltage, but determined only by the
relative orientation of the cell to the crossed
Nicol. Therefore the value of ¥ is independent
of the applied voltage V.

In this experiment, MBBA of high purity
(99.8%)* was used as a N,, liquid crystal sample,
and was vertically aligned in the clean, humid-
ity-free transparent electrodes. The NESA coat
glasses were used as the transparent electrodes,
which is coated with SnO, film (surface resis-

*This value was obtained by measuring precisely the
melting point of MBBA at the Government Chemical
Industrial Research Institute, Tokyo.
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tivity is 500Q, and glass thickness is 2 mm).
These glasses were cleaned in the following way:
(1) Cleaning with the laboratory detergent.
(2) Immersing for 24 hours in a solution of
chromic acid. (3) Cleaning with flowing water
for 1 hour and with the distilled water for 10
minutes. (4) Removing the humidity in a
desiccator. (5) Cleaning in the ethylalcohol by
using the ultrasonic cleaner for 1 hour. (6)
Cleaning with hot trichloroethylene and with
hot ethylalcohol for 10 minutes respectively.
After this procedure, the value of surface
resistivity of SnO, film did not change.

It is known that when the lecithine is coated
on the glass walls, molecules of MBBA are
vertically aligned because of the dispersion
force between the lecithine and the butyl
group (—C,H,) of MBBA.'Y We dissolved
lecithine made from soy beans in ethylether to
the extent of about 1 mg/cm® and coated it on
the SnO, film of glass plates. The thickness of
this lecithine film was less than 150 nm. Next,
Myler films of uniform thickness (d=12, 25,
50 um) were put between two glasses as
spacers, and the sandwich cell was formed.
In this cell, MBBA was sucked up with capil-
larity at 24.0°C. Finally, it can be confirmed
with a conoscope that the molecules of MBBA
align vertically in the cell. We obtained easily
the cross image which is characteristic of the
uniaxial crystal. When these cells were sealed
with the epoxy adhesive agent and kept in the
desiccator, it was confirmed that the char-
acteristics of birefringence did not change for,
at least, a week.

§3. Experimental Results

Figure 2 shows the relation between the
transmissivity 7 and the applied voltage V
when 632.8 nm and 546.1 nm light beams were
normally incident on the 12 um cell. The
transmissivity has the threshold voltage ¥, as
is clear in Fig. 2. The value of V,, is determined
by the extrapolation in the plot of the relation
between 6 and ¥V which is obtained from the
relation between T and V by eq. (1). For the
case of Fig. 2, the values of V¥, obtained by
this method are 4.00 V (r.m.s.) for 1,=632.8
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Fig. 2. The relations between the transmissivity T
and the applied a.c. voltage V; d=12 um, f=100 Hz,
(@) —O— 490=632.8 nm, (b) —X— Ao=>546.1 nm.

nm and 3.94 V (r.m.s.) for 1,=>546.1 nm. The
phase difference & increases monotonically
with V (V>V,), and the rate of increase is
almost inversely proportional to the wave-
length of the incident light beam. Therefore,
when the white light is incident on this cell,
each wavelength is selectively transmitted for
V>V, In fact, the outgoing colour were
green at 404V, red at 4.30 V, blue-green at
4.58 V, yellow at 495V and red at 597 V for
the same cell as of Fig. 2. These results agree
precisely with the characteristics in Fig. 2.
Figure 3 shows the transmissivity of the 50 um
cell. Because the diameter of the incident light
beam was made small, similar characteristics
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Fig.3. The relation between T and V; d=50 um,
f=50Hz, 10=632.8 nm.

as in Fig. 2 were obtained even for such a thick
cell. The threshold voltage in Fig. 3, obtained
by the same method as in Fig.2, is 3.88V
(r.m.s.). For several results of the relation be-
tween T and V, the values of ¥, are obtained by
the same way as in Figs. 2 and 3, then from
these values the relation between é and V|V,
are obtained by using (1), as shown in Figs. 4
and 5. In these figures, solid lines are the results
of the theoretical analysis obtained in §4. The
dependency of V,, on the frequency f is shown

17AOL

nk

160

120

PHASE DIFFERENCE 72z
8 3

1 1
20 25

15
NORMARIZED VOLTAGE V/Vith

Fig. 4. The relations between the phase difference
/2% and the normalized voltage V/Vy,; A0=632.8
nm, (a) d=50um: M; f=20Hz, V;,=3.90V.
®; f=50Hz, V\znw=3.88V. A; f=10kHz, V\,=
4.33V. (b) d=25um: A; f=20Hz, V,=3.88V.
[®; f=50Hz, Vu,=3.85V. O; f=1kHz, Vy=3.70
V. (©) f=12um: @; f=20Hz, V\x,=400V [J;
f=50Hz, V,=4.00V. X; f=100 Hz, V;,=4.00 V.
V; f=1kHz, Vy,=3.87V. V; f=10kHz, V;=
4.09V.

The solid lines are the results of theoretical
analysis of §4, and for these lines the following values
have been used: x=—0.20, ¢,=5.84 &,F/m, &,=
4.49 goF/m.
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Fig. 5. The relations between 6/2z and V/V,; d=
12 pm, (a) o=632.8 nm: [J; =20 Hz, V;,=4.00
V.O; f=50Hz, V;,=4.00V. A; /=100 Hz, V,,=
4.00V. X; f=1kHz, V,=3.87V. V; f=10kHz,
Vie=4.09 V. (b) 10=546.1nm: @; f=20 Hz, V=
4.00V. @; f=100Hz, Vp= 3.94V. A; f=1kHz,
Va=3.85V.

The solid lines are the results of §4, and here k=
—0.20, £,=5.48 ¢&,F/m and £,=4.49 &,F/m have
been used.
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a2 ?

P
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Fig. 6. The relations between the threshold voltage
Vi and frequency f; 10=632.8 nm, () —O—
d=12 ym, (b) — —A—+— d=25um, () —X—
d=50 um.

in Fig. 6. In Fig. 6, the values of V,, are nearly
constant for f<10 kHz, but increase gradually
for f=10 kHz, as was measured by Soref and
Rafuse.?) In the same figure, the values of ¥V,
for thin cells are rather higher than those of
thick ones, but it is considered that V, is
independent of the cell’s thickness since this
difference is less than that caused by the
individuality of each cells. The value of V, is
independent of d due to the following reason;
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when d increases, the amplitude of the electric
field decreases at a given voltage, but since the
chains of MBBA molecules whose ends are
fixed on glass walls become long, the central
part of this chain becomes flexible with the
weak electric field. The value of V,, for the
pure MBBA obtained in this experiment was
about 4.0V (r.m.s.) while these values for
several mixtures of MBBA and EBBA meas-
ured by Soref and Rafuse? were about 8.0 V
(r.m.s.).

When d.c. voltages were applied, V,, was
about 4.20 V, but the transmissivity T deviates
from the regular behaviour of eq. (1) for V>
Vi Soref and Rafuse® obtained the results
which obeyed eq. (1) for d.c. voltages, too.
Since we used lecithine which is different from
the case of Soref and Rafuse,? it may be
considered that lecithine was electrolized by
d.c. voltages and the resulting electric current
perturbed the regular alignment of the liquid
crystal molecules.

The dependency of T on ¢ in eq. (1) as shown
in Fig. 7 was measured by rotating the crossed
Nicol about the direction of the light beam and
keeping the value of & constant by applying a
fixed voltage ¥V (> V). In Fig. 7, the shape of
solid line (a) for the thin cell agrees well with

Y50
7 ‘Q\“fﬁjamsmsrsny;

100
Y
(%)

Moo=

Fig. 7. The relations between T and y; These results
were obtained by applying the constant voltage
V (> V) and by rotating the crossed Nicol along
the light beam. 1,=632.8 nm, f=1 kHz. (a) —O—
d=12 um, V=4.87 V (r.m.s.). (b) —X—d=50 um,
V=5.69V (r.ms.).
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eq. (1). Though the dashed line (b) for the
thick cell has a slightly distorted shape, four
maxima and minima appear even in this case.

§4. Theoretical Analysis

In this section, the experimental results ob-
tained in §3 are explained by using the static
continuum theory formulated by Oseen,>
Zocher® and Frank.” The Cartesian co-
ordinate system is determined in the cell, as in
Fig. 8, and the orientation angle ¢(x) which
expresses the direction of the longer axis of a
molecule is defined. Furthermore, the unit
vector n which shows the direction of the
longer axis is defined. Then, from the formula
of the continuum theory, the elastic term of the
free energy per unit volume is

Sfa=3k1(V-n)* + 3k, {n-(v x n)}?
+3k33{n x (v xn)}2 —4(kys+k24)
x{(Vv-n)®+(vxn)?—yn: An}. 2

In eq. (2), the elastic constants k,,, k,, and
k33 come from ‘“‘splay”, “twist” and ‘“bend”
modes of the deformation of molecules re-
spectively, and k,, 2k;3;~10"'" N for nematic
liquid crystals. The fourth term in eq. (2)
vanishes when it is integrated over the volume.
On the molecule, the electric dipole moment is
induced by the applied electric field. When the
dielectric tensor is indicated as [¢], the polariza-

z
n
Light pd
] 0 Prax L Dix)
Light x
E
x=0 x=d/2

Fig. 8. The definitions of coordinates and the orienta-
tion angle ¢(x) of a molecule; The symbols E and n
denote the applied electric field and the unit vector
in the direction of the longer axis of the molecule.
At the center of the cell (x=0), the angle ¢ takes the
maximum value ¢y, and dg/dx=0 by the sym-
metry. Corresponding to the experiment, the angle
¢=0at x=4d/2.

tion P is

P=[e—eolE=(ep—eo)(E - m)n + (&, — &)
x [E—(E-n)n], €))

where ¢, and ¢, are the dielectric constants
perpendicular and parallel to the longer axis
and ¢, is that of vacuum. Then, the dielectric
term of the free energy per unit volume is

Jaier=—3P-E=4(g,—eo)(E - n)* —}(en — £0) E”
=4e,(E-n)’ — 4(e, — 20)E?, @

where £=6,— ¢, (5)

For N, liquid crystals such as MBBA, the
value of g, is positive.

Considering the two-dimensional model,
the orientation angle ¢ is the function of x,
then the vectors E and n are expressed as E=
(E,0,0) and n=(cos ¢(x), 0, sin ¢(x)). Sub-
stituting these expressions, then eqgs. (2) and (4)
are written as

2
Sam3{32) ey sin? 6+ cos? 600) ©

and

Fua=38,E? cos (), )

where the term independent of ¢(x) in eq. (7)
is eliminated because it has no effect on the
following discussions. The free energy per unit
area of the glass wall is, from eqgs. (6) and (7),

d/2
F= [ CGatfuuix
d/2 2
= j [(%) (kyq sin® ¢ +ks5 cos? ¢)

—-d/2
+&,E? cos qS]dx. 8)
Because the realized state is such that F takes
the minimum value, the following nonlinear

differential equation is obtained by minimizing
F with respect to ¢;

(k sin” ¢+ l)ngfﬂc sin ¢ cos ¢ (gxﬁ)z

2
+ <8“E )sin ¢ cos p=0, &)
k33
where KEM (10
k33
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Since it is clear that ¢(x)=¢(—x) by the
symmetry of the cell, only the region x=0 is
considered hereafter. The boundary conditions
are

d
¢=0 at x=3 (on the glass wall),

¢=¢.. and % =0 atx=0 (atthe center
of the cell).

Under these conditions, the first integral ob-
tained from eq. (9) is

dé{(1 +x sin? ¢)/(k? —sin? ¢)}*
= —(&,E?[k33)dx (x20),

k=sin ¢p,,.

(1
(12)*

As it was previously described, |x|«1 and
k<0 because k,,~ks; and k,;>k;;. There-
fore eq. (11) is approximated for x and to give

.d¢<1 +5sin? ¢> (e —sin? ¢)*
= —(eE*kss)t dx (x20).  (13)

Equation (13) is easily integrated and expressed
as

where

K K
(1 +§) Fi@, k)~ 5B k)
=§(s,/k33)*V(1—§x) (x20), (14)

where F(a, k) and E(a, k) are the elliptic
integrals of the first and second kind re-
spectively and
. —1fsin¢

o=sin (—k—)
In eq. (14), electric field E was considered to be
uniform in the cell and the value E-d was sub-
stituted by the applied voltage V. The value of
V is the root-mean-square value (r.m.s.) in the
case of a.c. voltages, which is clear from eq. (4).
By putting x=0 and ¢=¢,,,, in eq. (14), one
may obtain

(15)

(1 +g> -K(k)—g -E(k)= %(e,/ksa)*V, (16)

*Hareng et al.® defined k& as 1/sin @¢n.y. But by this
definition, it is inadequate to use k as the index of the
elliptic integral because |k|=1.

134

Motoichi OHTsu, Tadashi AKAHANE and Toshiharu Tako

where K(k) and E(k) are the complete elliptic
integrals of the first and second kind respec-
tively. The value of Vineq. (16) at k=0 (¢ =
0) is, when it is rewritten as V.

Via=n(kssfe,)?. a7

Equation (16) has no solution for k¥ when V is
lower than such a value as given by eq. (17) be-
cause the left-hand side of eq. (16) is a mono-
tonically increasing function of k. Therefore
the dependence of the orientation angle ¢ on
the voltage ¥ has the “threshold”, and its
value is given by eq. (17). This is the theoretical
value of the threshold voltage which appeared
in the experimental results in §3. By using eq.
(17), one may rewrite eqs. (14) and (16) as

K K
<1 +§> 'F(a, k)—E'E(a, k)

=§-<V/V.h)-(1-§x> x20)  (8)

and

K K b/
(1+§)~K(k)—§-E(k)=§(V/Vm). (19)

Equation (18) expresses the dependence of ¢ on
x and V, and eq. (19) expresses that of ¢,,,, on
V.

Figure 9 shows the relation between ¢,,,, and

70

-
o

Sbm:x (degree)

w
(=]

MAXIMUM_ORIENTATION ANGLE

% 75 20 75
NORMARIZED VOLTAGE V/Vth

Fig.9. The relations between the maximum orienta-
tion angle ¢n.x and the normalized voltage V/V,,
numerically calculated from eq. (19); (a) — =0,
(b) —— k=—0.20, (c) ---- x=—0.50.
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V|V, obtained from eq. (19) for several small
and negative values of k. In Fig. 9, little dif-
ference between the curves for k=0 and that
for k=—0.20 is recognized. In the case of

= —0.20, the dependence of ¢ on x and ¥V
obtained from eq. (18) is shown in Fig. 10.
As shown in Figs. 9 and 10, the value of ¢, in
the region V>V, increases rapidly at first and
then the rate of increase becomes small.
Accordingly, the value of & in eq. (1) may
increase in the similar way and the trans-
missivity T oscillates sinusoidally in the region
V>V Its oscillating period is small at first
but gradually increases, which agrees with the
experimental results as in Fig. 2. To explain
this inclination quantitatively, the expression
for 6 in eq. (1) is required. This is calculated
from the orientation angle obtained from egs.
(18) and (19).

As shown in Fig. 11(a), a thin film of MBBA
which is between x and x+dx is considered.
When the light beam of wavelength 1, is
incident on this film as in Fig. 11(a), the situa-
tion is equivalent to that of Fig. 11(b) in which
the same beam comes at an angle ¢(x) with
respect to the normal to the uniaxial crystal
plate. Two refractive indices of this uniaxial
crystal for this beam are'®

no =</t ‘

and (20)
o= {8y (8 005 G(x) + ¢y sin? G},

where p is the magnetic permeability. Accord-
ingly, the phase difference d(x, V) caused by
MBBA molecules between x and x+dx is,
from eq. (20),

5, V)=%%x(no—ne). @1)

Then the total phase difference due to the cell
is, from egs. (20) and (21),

5(V)= r/

41'[— 42 En—&p
—To ;ten{d/Z— ,[o (l + :
-3
x sin? ¢(x)> dx}.

Changing the integral variable from x to ¢ by

2
2rdx(n,—n.)/ Ao
/2

V/Vih
=Q0

2256 a1

(7]
o

@
o

1655

~
o

[ 1397

-2
o

[ 1.246

(24
o

[ 1148

o
o

[ 1.083

w
(=]

| 1.040

~N
o

[ 1.014

ORIENTATION ANGLE Puyvidegree)

[ 1.002 \
ol 1.000 ) .

0 05 1.0
NORMARIZED CO-ORDINATE
2z/d

Fig. 10. The relation between the orientation angle
¢ and x, V/V,, numerically calculated from eq. (18);
k=—0.20. The angle ¢ approaches 90° when V/V,,
goes to oo,

/
Light // ;
ol /Qi’(ﬁ
=
Light /
/
x /:m-dz
(a)
Light

e
x+dx kl I
N

(b)

Fig. 11. The model for calculating the phase dif-
ference ¢ in eq. (1); (a) In this model, the uniaxial
crystal plates of dx thickness are considered to be
piled with their optical axes inclined. (b) The situa-
tion equivalent to (a); The light beam coming at the
incident angle ¢(x) to the uniaxial crystal plate of
thickness dx.
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using eq. (11), one may obtain

4nd 1 Vy [¢me= g, —¢&
5(V)_—\/_[§—; I;"j <1+—2

&

x sin? ¢) N {(1 +x sin? ¢)/(k?

—sin? ¢)}* d¢>].

Equation (22) shows the dependence of  on the
applied voltage ¥V, but this relation is not clear
because it is expressed in the form of an integral.
Slightly intelligible expression is obtained from
eq. (22) by using the following approximation;
as Conners and Paxton!? used in their calcula-
tion, the values of ¢, and ¢,, for MBBA, are
about 5.3 ¢, F/m and 4.7 ¢y F/m respectively,
so that |(e,—¢,)/e,| ~0.1~|x|. Since the results
in Fig. 9 have little difference between each
value of k as previously mentioned, the approxi-
mation may be performed here with respect to
(¢.—¢p)/e, and k. Then one may obtain a
slightly easier equation from eq. (22),

B a6 Vi K xk2>
8(V)= \/ [<1+3 = ) K@)

k2

<1+§ +f—> E(k)] (23)

For V|V ,=~1, i.e. k=sin ¢, <1, the value of
k is, from eq. (19),

2 14

k> s +1c\/ Va~

Substituting this into eq. (23), one may obtain

sy

(22)

)
o a8 Kasf ¥V
£, -1), (24
* & ki ( )
which is the linear relation between (V) and
V|V and holds for the small values of @p,,-
Furthermore, when V/V,, is eliminated from
eq. (22) by using eq. (11), then

(V)—»—(\/yen Ve,) for k=sin ¢us— 1,
(25)
which is natural, because molecules in the cell
align perfectly parallel to the glass walls when
VIV, goes to infinity.
For A,=632.8 nm the relations between /27
and V[V of the 12 um, 25 um and 50 um cells
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can be now calculated numerically from the
value of «, &,, &, and p. The solid lines in Fig. 4
show these calculated values from eq. (22) by
using k=—0.20, ¢,=5.48 ¢, F/m, £,=4.49 ¢,
F/m and p=p, H/m (magnetic permeability of
vacuum), which were determined by those
used by Conners and Paxton'?. Figure 4 shows
simultaneously the experimental results for
several frequencies of applied voltages. By eq.
(25), 6/2n goes to 4.18, 8.70 and 17.40 for the
12 uym, 25pum and 50 um cells respectively
when V[V, goes to infinity. Figure 4 shows
these limits, too. The solid lines in Fig. 5 show
the calculated relations obtained from eq. (22)
for the case of A,=632.8 nm and 546.1 nm for
the 12 um cell, in which the same values of «,
&y &, and p as in Fig. 4 were used. By eq. (25),
d/2n goes to 4.18 and 4.83 for 1,=632.8 nm
and 546.1 nm when V/V,, goes to infinity, and
these values are shown in Fig. 5 simultaneously.

In eq. (22), the values of elastic constants,
dielectric constants, applied voltage and cell’s
thickness appear all in forms of the ratio such
as (kyy —ks3)lkss(=x), (ena—¢&y)/ep V[V, and
d[A,. Therefore one cannot know the absolute
values of k,, k33, ¢, and ¢, from experimental
results of 8. These values are estimated from the
experimental results of V', because Vy, as given
by eq. (17), is determined by these absolute
values. By substituting previously reported
values ¢,~0.8 ¢, F/m,'? k;;~107* 7 N into
eq. (17), one may obtain V,,~4.0V, which
agrees with our experimental results. i

In this section we used the two-dimensional
and static model, and it is adequate to use it
for f<10kHz by considering the results of
Figs. 6 and 7. But for f=10 kHz, this model
cannot be used because, in this region, ¥,
gradually increases as in Fig. 6. To explain
this phenomena, the hydrodynamic model
must be used which involves the space charges
and diffusion currents in the cell as adopted
by Dubois-Violette et al.'® The theoretical
analysis for this phenomenon is a remained
problem to be solved.

§5. Conclusion
When MBBA was set in the crossed Nicol
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and controlled by a.c. voltages, the trans-
missivity was zero at any voltage V below the
threshold value V,,. When V>V, it showed
nearly sinusoidal variation with V. This phe-
nomenon was observed even with fairly thick
cells (50 um). The threshold voltage V., was
shown to be independent of the cell’s thickness
and about 40V (r.m.s.) at 24.0°C for <10
kHz, which was smaller than that of the mixed
liquid crystals (MBBA + EBBA). Furthermore,
we obtained the relation between T and ¥ as in
eq. (1) even for the 50 um cell which was four
times thicker than that of Soref and Rafuse.?
This was caused by the fact that molecules were
aligned quite regularly by lecithine and that the
diameter of the incident light beam was small.

Theoretically, the orientation angles of
molecules and the phase differences of the light
beams were calculated by using the static con-
tinuum theory of liquid crystals. The experi-
mental results agreed well with the theoretical
calculations.

Due to this agreement, the validity of the
static continuum model was assured.
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Abstract

The spectral width of 0.8um AlGaAs laser. derived from the
experimental results of FM noise measurements. was less than
10MHz. The power-independent width was also estimated from 1/f
noises which was 2.0MHz. Several frequency ~controlling
techniques of 0.8 um AlGaAs and 1.5Mm InGaAsP lasers were
demonstrated to improve their long-term frequency stabilities.
The stabilities were about 1000 times improved then that of .the

free-running lasers. It was confirmed that the long-term
stability of AlGaAs laser was almost equal to the theoretical
limit. - Several examples of application of these highly

stabilized lasers were demonstrated in the field of coherent
optical measurements i.e.. Rb and Cs atomic clocks, pollutant gas
monitoring. and fiber-gyroscope. '

1. Introduction

‘ Due- to the increasing demand in optical communication
industries for Dbetter characteristics of semiconductor  laser.
several remarkable improvements in performances of 0.8um - AlGaAs
and 1.5 m InGaAsP lasers have been successfully carried out
recently. If these lasers are used for coherent optical
measurements, their spectral purities and 1long-term frequency
stabilities ( for integration time longer than Ius ). - have to be
improved. From ~these points of view. the author has tried to
measure the spectral widths and to improve the ‘long-term
frequency stabilities of these lasers. In this paper. these
results and several examples ?f applications . .to coherent optical
measurements are shown. - o B ‘

_ There are several lateral mode stabilized AlGaAs lasers at
0.8 Mm. Among them, ~ Channeled-Substrate-Planar (CSP) . type
lasers[1] are used in the present study because they have .larger
stripe width, that is. the cavity Q is larger. which means they
show narrower spectral widths and lower quantum nhoises.

2-29
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As for 1.5um InGaAsP Iasers. Plano-Convex-Waveguide (PCW)
type lasersl[2]® were employed here. which are similar to CSP
lasers.

2. Spectral Width Measurements of_O.%Mm AlGaAs Lasers

‘The spectral width AV  (FWHM) has been conveniently
expressed by the following modified Schawlow-Townes formulal3]l.

& =2 lZLvltjo (%CL)(QMR O(QL)UZMR)‘“ (1+d?

(1)

Here. represents the- broadening by the extra FM noises
induced by the carrier density fluctuations. which also
"~ corresponds to the ratio of the real and imaginary parts of the
change of the complex refractive indices by the carrier density
fluctuations(41l. The spectral width of CSP lasers with 3004m
long has been measured in Japan as being less than- - 10MHz[5.61].
On the other hand. the values reported in other countries are
sometimes as large asl00MHz, which is about ten times larger than
Japanese results (see, for example (31). As the - other
outstanding results. the power-independent spectral width has
been observed for TJS lasers, which is 1.9MHz at room
temperaturel3]. while this wvalue for the CSP lasers has been
reported as being 0.6 - 0.9MHz[7]. Following these results.
there are two problems to be solved. namely : the real value of
the spectral width and the origin of the power-independent
spectral width. In this section. the experimental results are
shown about these problems. '

There are several techniques of measuring the spectral
width. That is. measuring the beat spectrum between the two
lasers. using a high resolution Fabry-Perot interferometer(5].
and using an optical fiber which is called as the delayved self
heterodyne techniquel81]. However. these techniques have several
difficulties in them. 1i.e.. the extra FM noises are induced by
the light reflected ' back from the mirror surface of the
interferometer or the end of the optical fibers. These FM noises
also induces extra spectral broadening. or sometimes. narrowing.
To avoid this effect, an.indirect method was employed 1in the

present experiment. i.e.. the spectral width was estimated from
the measured value of the FM noises. - The experimental setup is
shown in Fig. 1. As a tilted Fabry-Perot interferometer can be

used as a frequency discriminator for FM noise measurements
because the finesse does not have to be high enough in this case.
the reflected 1light does not come back into the laser cavity.
Therefore. no extra noises are induced. and this method can be
safe enough to estimate the intrinsic spectral width.

.The spectra profile I(V ) can be given by the Fourier
transformation of the autocorrelation function RC T ) of the
amplitude E(t ) of the electric field of the laser light.As given

2-30
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by eq.(2). the amplitude E(t) contains the flurtuatlnq phase<¢(t)
in it. A .

E(t) = exp [ -i (2TLY,t + 4>(tm'.'“ S (2)

The tlme derivative of thls fluctuatlng phase gives the frequencv

fluctuations (FM noises) yd ( = d¢ /dt/2TV, )." " The
autocorrelation function R(T) is, then. expressed by the second-
order moment of the phase fluctuations < &db2(v) > . which

is expressed by eq.(3).

R(T) < E(t)-E(t + T >/ B2

exp [ i (2T T+ $t +T) - P11
exp [ i (2KV{C+ 349(‘(:))]

i

exp [ l”KVo‘C' <8¢(t)> /21, - - (3)

where T represents the integration time for the- fluctuation
measurements. The second-order moment of the ‘Phase fluctuatlons
{5&* (T )y is proportional to that of the “frequency
fluctuations 5 <V (THY > . as is expressed ‘in eq.(4).
Here, <.5W/( T) > can be also expressed by a measure Kknown
as the Allan varlance;-o—g( T) [97.

2T > <SSV (TtH)> |
2T ) Vo 6;;("&). R P

<§P T >

Therefore, R(T:) I(y). and the spectral wldth AL/can be given
by the Allan variance (eqs.(5) and (6))

R(T) = expl 12TV, T - 2(T Vs _’c)zv_o‘;(tv)]. o (5)

1Y) g exp [ 12TL(Vs - V)T - 2(T)T) q’(t)]d’c;
o R AERLY S G

C+c.co L T R

The Allan varlance is a convenient measure whlch has been
proposed by D. Allan. and is deflned by eq (7) [9] : '
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o 1 y :
6‘32(1;) = lim = i (}1&+\ —‘3& )2/2, (7)

N"W h ‘a-\
Here. yy represents the frequency fluctuations which is averaged
over the integration time T . The Allan variance can be also

derived from the power spectral density of the {frequency
fluctuations S} (f) by eq.(8). '

(-

0‘92(7:) =2 & Sy(f)

o

sin*(mfT)
(xfz)?

By these procedures. the spectral width can be derived by
measuring the Allan variance or the power spectral density of the
frequency fluctuations.i.e.. FM noises. .

Figure 2 shows the experimental result of the power spectral
density of FM noises at T = 293K. In the Fourier frequency range
higher than 5MHz, the noise is governed by the quantum noises.
i.e., the spontaneous emission and carrier density fluctuations.
These quantum noises are the white noises. and in the case of the
single longitudinal mode oscillation, this magnitude is inversely
proportional to the injection current I. which is expressed as

df . (8)

= - -1 -\
Sy (£) = Ay € I/lg - 1)  (Hz™h )
(9)
A, =2.8x 10" %" hz"1 )
where Iy, represents the threshold value of the current. When

the value of the proportional constant A, 1is derived. one should
be careful not to use the values of the FM noises in the
multimode oscillation region. If these data are used, the
proportional constant is overestimated. In the case of the
present experiment, the intensity of the satellite 1longitudinal
modes were only less than 1% of that of the main mode in this
region. Even by such weak satellite modes, the extra FM noises
can be induced and the deviation from this linear relation can be
seen, which is illustrated by Fig. 3. This can be also said
for direct measurement of the spectral width. If the spectral
width is measured in this region., which is slightly multimode,
its value can be overestimated because of the mode competition.
This may be one of the reason why sometimes the wvalue of the
spectral width is measured as large as 100MHz. By using . this
proportional constant. the spectral width can be estimated by the
procedure shown above. The broken line in Fig. 4 shows the
result, which corresponds to the modified Schawlow-Townes
formula. The conclusion obtained from this line is that the
spectral width is 1less than about 10MHz in the single mode
region, which is consistent with the results previously reported
in Japan [5.61.
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On the other hand, Kikuchi and Okoshi [10] pointed out that
a power-independent 1/f noise appears in the -power spectral
density_of FM noises, which can be formulated as @

Sy (£) = A, - £ ezt
| (10)

A, =3.4x107'%

It can be said that one of the origin of the power-independent
spectral width is this noise. To estimate the effect of this
noise, calculations were done by adding this value to eq. (9).
The solid curve in Fig. 4 shows the resultlll]. It is deviated
from the modified Schawlow-Townes formula (the broken line), and
has, the power-independent spectral  width of 2.0MHz at room
tenperature. This value is almost equal to the result for TdJS
laser[3], while it is about two times larger than those reported
for CSP lasersl(71. Though there are several differences between
each value, the power-independent 1/f noise can be one of the
origin of the power-independent spectral width because the
existence of this noise is quite possible, as has been popularly
observed in the current fluctuations and mobility fluctuations in
conventional semiconductor devices[12]. B . ' ‘

3. Frequency'Contrql and Stabilization{of qupm AlGaAs Lasers

| To improve the long-term frequency stability of the 0.8 Am
AlGaAs lasers, it has to be known how the frequency shift 1is

induced. The frequency shift is due to the «carrier density
change and the temperature change by the injection current. and
is also due to the change of the ambient temperature. The

frequency shifts by the unit change in the injection current and
temperature have been measured as being -2.5GHz/mA and -25GHz/K.
respectively, for the CSP lasers. - As the laser frequency is
controlled by the injection current in the present experiments.
its response charecteristics to the injection curremt should be

checked first. 1t has been known that the phase characteristics -

of the response can be expressed as

( &Y ) =
LRI T

- 0.82 log,y £+ 1.03 (rad)
Cfor f ¢ 10MHz. (D

whichA'shows‘ the phase lag for the current frequency £ up to

 {OMHz[131.  Therefore, to improve the long-term frequency
stability within this range of the current frequency ( i.e.,Tad
s ), the phase-lead compensation is "required.” That is,- a

differentiator has to be used to control the current.
Furthermore, a proportional amplifier and ‘integrator have to be
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also added to reduce a very slow frequency drift. Therefore,
PID control is required for long-term frequency stabilization for Tg
1Las. Figure 5 shows the frequency characteristics of the gains

of the PID controller employed. .

A very stable frequency standard has to be prepared for the
stabilization. Then, the laser frequency is locked to this
standard frequency by controlling the injection current. At the
same time, the Allan variance or the power spectral density of
the residual frequency fluctuations (FM noises) are measured.
To suppress the frequency fluctuations for ’Cgiﬂs. a stable atoms
or molecules can be used as a frequency standard.

3.1. Improvements of the stability for T 2{ms

To suppress the slow fluctuations for ’t~5 Ims, several
frequency standards can be used. The first example is the Fabry-
Perot interferometer which is stabilized by a He-Ne laser with.a
higher frequency stability. - The experimental setup is shown in
Fig. 6[141. The second example is the absorption spectra in Hz0
vapor, which has a great number of spectral lines due to the
rotational structure of the combination tones of the wvibration
transition around 0.8um wavelength region. If these spectra are
used,  the experimental setup becomes simpler than that of Fig.
6, which is illustrated in Fig. 7 [15].

The third example is the Rb-D, line which shows stronger
absorption than that by the Hz0 vapor. The absorption spectra
observed is shown in Fig. 8 [161]. Figure 9 shows the result of
the frequency stabilization using these three standard. where
Cu4(0 is the square root of the Allan variance of the residual
frequency fluctuations. The frequency stability was about 1000
times improved than that of the free-running lasers. Especially,
by using the Rb-D 1line, the minimum of 63('t) obtained was

(5}3 (T) = 1.4 x 1072 at T =100s. (12)

3.2. Improvements of the Stability for T < Ims

As the next step, to improve the stability for T < Ims. a
Fabry-Perot interferometer made of a rigid quartz block can be

used as a frequency standard. In this case,. several
differentiators have to be connected to expand the bandwidth of
the phase-lead compensation. Figure 10 shows the frequency

characteristics of the gains of these differentiators designed by
the author's colleaguel17]. As shown by the curve C of Fig. 11.
the frequency stability was improved also for SMs STslims by
this stabilization. This figure also shows the summary of the |
experimental results obtained above. The frequency stability forT=2 |
5 was about 1000 times improved by the stabilization. which is |

Imost equal to the theoretical limits. Here, the theoretical
limit was estimated by using the semiclassical Langevin's
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equation including spontaneous - emission. carrier density
fluctuations. current fluctuations. etc{18]. On the other hand. -
for T < Ims. it can be seen from this figure that the frequency
- stability of ‘the free-running lasers -(the curve D) 1is already
almost equal to the theoretical limit. This result means that
frequency stability within -this range of T . can not be
improved any more even if ‘the stabilization is employed.
However, if one wish to improve the stability for T < o
I\Ms (i.e., the short-term stability), the laser structure
itself has to be changed. One of the effective way for this
purpose is th increase the cavity Q by adding ‘an external grating
as shown by Fig. 12, the stability of the free running laser was
actually improved. and further improvements were obtained by the
stabilization. ' ~ i ' :
The results are given by Fig. 13[19). Though they are still
preliminary’ results, 1it:can be expected that this technlque is
really effectlve to 1mprove the ‘short-term stablllty ' -

4. Frequency Control and Stabilization of 1.54m InGaAsP Lasers

As 1.5um InGaAsP lasers are rather new type laser. some of
their oscillating characteristics are still unknown. However. by
several experiments, it has been Kknown that the frequency shifts
by the unit change in the injection current and temperature are -
1.0GHz/mA and -11GHz/K, respectively(20]. Furthermore. it was
found that absorption spectra in NH3 and H,0 vapor can be used as
the frequency standards for  the long-term - freéquency
stabilization(21]. Figuré 14 shows the- results of the
stabilization(211. The stability was improved about 1000 times
than that of the free -running lasers The minimum of :

0%0 was

0‘3(11):2.15(10"‘ at T= 200 s. (13)

5. Applications of Frequency Controlled Lasers

One of the most important applications of - 0.8mm AlGaAs
lasers if the optically pumped Rb atomic clock., which will be
used for communication. navigation, astronomy. etc [22]1. That
is, these lasers are used for optical pumping of Rb vapor to get
a stable microwave signal of 6.8GHz. As a preliminary
experiment, the Doppler-free saturated absorption spectra in Rb-D,
line has been measured by the author. which is shown by Fig.
150161].
' The second example is the optlcally pumped Cs atomic clock
which shows a higher frequency stablllty than that of Rb atomic

(4
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clock. and can be used as .a primary standard of timel23]. The
aukthor's colleagues have already succeeded in fabricating a
stable single mode CW laser ( S-MIS type AlGaAs laser ) used for
this . .experiment[24]. Several laser fabrications are now in
progress by the author's . group to get a better wavelength
coincidence with the Cs or Rb resonant lines for optical pumping.

The third example is the pollutant gas monitoring by 1.5M m
InGaAsP lasers and optical fibers. The remote sensing of the
local concentration of pollutant gases can be done by using the
optical fiber as a transmission line. The experimental apparatus

is shown by Fig. 16[21]. Figure 17 shows the relation between
the signal-to-noise ratio of the observed NH3 spectral shape and
the NH3 vapor pressure. - The minimum detectable concentration

was estimated as being 3ppm from this result.
The 1last example is the fiber gyroscope composed of a 1.

InGaAsP laser and optical fibers. Figure 18 is the schematic
diagram of the gyroscope proposed by the author, which is
composed of a ring Fabry-Perot interferometer(25]. It was

estimated that the sensitivity. shown by Fig. 19 . of this gyro
is as high as the one limited by the detector-shot noises. which
is more sensitive than a conventional Mach-Zender interferometer-
type fiber-gyro. The experiments are how 1in progress by
following this design.

6. Summaries

The results of the spectral width measurements and long- térm
frequency stabilizations of 0.84m AlGaAs and 1.5Mm InGaAsP lasers

were presented. These highly stabilized lasers may be used as
reliable 1light sources for coherent optical measurements in the
future. As examples of such application, several results for Rb

and Cs atomic clock, pollutant gas monitoring, and fiber-gyro
were also described.

[}
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LIMIT OF FREQUENCY STABILITY IN SEMICONDUCTOR LASERS

T. Tako, M. Ohtsu* and H. Tsuchida**
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** Electrotechnical Laboratory, Sakura-mura, Niihari-qun, Ibaraki 305

Semiconductor lasers during free-running operation exhibit large frequency
fluctuations due to the high sensitivity of the active layer refractive index
to temperature and injection current variations. For instance, the frequency
change per unit temperature and injection current changes are -20 GHz/°C and
-3 ~ -7 GHz/mA,in AlGaAs lasers. Therefore, these frequency fluctuations should
be reduced for such applications as precise optical metrology, high resolution
spectroscopy, coherent optical transmission systems. There have been several
reports on frequency stabilization in semiconductor lasers using a Fabry-Perot
etalon and atomic or molecular absorption lines as stable frequency references.

1. Frequency Stabilization Using a Fabry-Perot Etalon

A Fabry-Perot etalon is used as a frequency reference to improve the short-
term (T < 1 s ) stability. This method has an advantage in that the laser
frequency can be easily stabilized regardless of its wavelength. However, long-
term stability is limited mainly by the thermal drift of the length of the etalon.
Figure 1 shows the frequency stability of an AlGaAs laser ( Iy, = 57 mA, A= 815
nm, I/Ith = 1.25 ). The solid line represents the theoretical stability deter-
mined by the quantum noise of the laser, which is calculated by taking account
of the spontaneous emission coupled to a lasing mode, carrier and current modu-
lation noises. Curves A and B represent the frequency stability of the free-
running and the stabilized lasers, respectively. The value of &'y on the Curve
B is nearly proportional to T -%3.  The results of the experiment are in good
agreement with theoretical stability, which indicates that the stability obtained
with this method is limited by the quantum noise of lasers. To obtain higher
stability it is necessary to decrease the quantum noise, that is, to use the
laser with a higher Q-value.

2. Frequency Stabilization Using an Atomic or Molecular Absorption Line

Atomic or molecular absorption lines have been used for frequency stabili-
zation to improve long-term stability and reproducibility. In this method, it
necessay that the wavelength of the laser to be stabilized coincides with that
of the absorption line and that the laser frequency ( or absorption line freq.)
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is modulated to obtain the derivative signal of the absorption spectrum, which
can be used as a frequency discriminator. Figures 2 and 3 show the frequency
stability of the stabilized AlGaAs lasers using the 85Rb-D, line at 780 mm (
strong absorption ) and using the vibration-rotation spectrum of water vapor at
824 nm ( weak absorption ), respectively. The stabilities are seen to be limit-
ed by both the quantum noise and noise of the photodetector in Fig. 2 and by
the effects of the noise of the detector and the frequency modulation in Fig.3.
To obtain higher stability with this method, it is necessary to increase the
amount of the absorption and the signal to noise ratio.
References
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Fig. 1 The frequency stability of the lasers, where 9%, T
and N represent the square root of the Allan variance, inte-
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B correspond to the free-running and the stabilized lasers.
Solid line represents the theoretical stability determined
by the quantum noise of the laser. 3)
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SPECIFIC INSTABILITIES IN SEMICONDUCTOR LASERS
INDUCED BY REFLECTED LIGHT
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It has been experimentally found that a large level of intensity
instability appears in a semiconductor laser when the delayed reflected light is
injected into the laser. The characteristics of this instability is
investigated by analog computer simulation in this study.

The laser oscillation was described by van der Pol equation, to which a
term representing a reflected light was added. Coefficients in this equation

(n

were derived from one of the most precise model for semiconductor so that a
detailed comparison with previously reported experimental results can be done.
Since these coefficients are proportional to the number of active carriers in
the laser, the temporal variation variation of this number had to be
simutaneously considered. ‘

As the results of the simulation, it was found that a relaxation
oscillation in carrier number gave a specific instability of laser oscillation.
Figures 1,2 and 3 give power spectral density fluctuation for three levels of
reflected light intensity. When the reflected light intensity is low (Fig. 1),
a resonant peak by the influence of the relaxation oscillation can be clearly
seen. For the medium level of reflected light intensity (Fig. 2), it is seen
that this resonant peak is enhanced by the reflected light, and wideband
incoherent fluctuations are also induced. This profile of power spectral
density means that the laser intensity fluctuation shows a chaotic behavior7
Furthermore, for a larger intensity of a light (Fig. 3), resonant peaké
corresponding to even order harmonics of the relaxation oscillation were
induced, which is a specific phenomenon of the semiconductor lasers.

It can be concluded from these results that the chaotic behavior and

harmonics of relaxation oscillation in semiconductor lasers are strongly
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influenced by temporal variations of the number of active carriers and its

relaxation oscillation phenomenon.

Reference:

(1) M.Yamada and Y.Suematsu; IEEE Journal of Quantum Electron., QE-16 (1980) 347

Figure Captions:

Fig.l Power spectral density S(f) of intensity fluctuation for R=1.5x109( s7!
), where K represents the coupling coefficient of the reflected light into the
laser cavity.

Fig.2  S(f) for K=7.5x109( s~ ! ).

Fig.3  S(f) for K=6.0x1010( s7! ).
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FREQUENCY STABILIZATION OF AlGaAs LASERS BASED ON THE H,0 AND Rb-D,
LINES

T. Tako, M. Ohtsu and H. Tsuchida

Research Laboratory of Precision Machinery and Electronics, Tokyo Institute
of Technology, 4259 Nagatsuta-cho, Midori-ku, Yokohama, Kanagawa 227, Japan.

Abstract: Recent works on frequency stabilization of AlGaAs DH
lasers based on absorption lines of H20 vapor at 0.81 — 0.83ﬁm

or 85Rb—D2 line at 0.78um are reported. The minimum values of

11 12

the square root of Allan variance are 1.0 x 10~ and 1.4 x 10~

at 100s of averaging time, respectively.

$1. Introduction

Recently, spectral properties of semiconductor lasers have
been improved. A stable single longitudinal and transversal mode
oscillation has been obtained for AlGaAs double heterostructure
(DH) lasers and the spectral widths of these lasers have been )
estimated to be narrower than 1 MHz by interferometric measurementsl).
The frequency stability as well as the spectral width is a very
important factor for many applications, such as heterodyne-type
optical communication, high resolution spectroscopy, precise
metrology and so on.

There have been several reports on the frequency stabilization
of semiconductor lasers by using a Fabry-Perot imterferometer as

2-7)

a frequency reference. In our previous work,7) the frequency .

of AlGaAs lasers was stabilized at the resonant frequency of a
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interferometer, which was controlled by a Lamb dip stabilized
633nm He-Ne laser. By controlling the injection current, the

25 4 > 2.0x10711

frequency stability of 2.1x10 for 10msz t < 500s
was obtained, where o and 1 represent the square root of the Allan
variance and integration time, respectively.

Direct frequency locking of semiconductor‘lasers based on
atomic or molecular lines is important for the use of frequency
standards. Ohi reported the frequency stabilization of a PbSnTe

laser to methane absorption lines in the N band at about 7.7um8)
and Yabuzaki et al. reported the frequency stabilization of a

GaAlAs laser to the Cs—D2 line at 852.lnm.9)

In this paper the frequency stabilization of AlGaAs lasers
based on the absorption lines of water vapor and the hyperfine

components of 85Rb—D2 line are presented.
$2. Frequency stabilization based on H,0 lines
H,0 molecule has a vibration-rotation band (0,0,0)-(2,1,1)

at 0.81 -- 0.84um. Figure 1 represents the assignment and relative

intensity of the main lines of this band reported by Baumann and

10
Mecke ).
= 7

~ :,’ M
~ "‘ Le —~

T AV _ T G T~
u o NP9\ ™o N@oo S R
-~ g FNerTlo~ | U] ) '3
c 10} S EVXm Yo ,'Q‘,':-,’“C’ =P ey
> |y |Erx SISSS g by
. Dl | N~ Sl T dam
o D~ | - O o o
r wi @ | gl ~ / coaaa

1 ) 1 al |~ wn

o @ =] 4 - £ &
~ ~O o N _ 2 1 [
> B = = T/ ~ o~ ¥
= By X & =ffe T o~ R
(7] |L Lo ST Q. E:
c 5t © ‘SO l'oio

1 e
t £ 3l |litfe |z
£

[¢] 8
" | L 1
8150 8200 8250 8300 Fig. 1.

Wavelength (&)

160



C8-85

A single mode AlGaAs DH laser (csp typell)) was used. The
threshold current was about 80 mA. The dependence of the laser
frequency on the injection current was measured to be (-2.75)
GHz/mA by using an interferometer. The laser frequency was tuned
in the range of 822.5 — 824.5nm by the temperature change of
heat sink of 17 — 23°C.

An absorption cell of 1l0cm length with pure water drop was
used at room temperature (the corresponding vapor pressure being
about 20 Torr). The laser beam was focused on an APD after passing
through the absorption cell. The first, second, and third
derivative signals of the transmission spectrum of H20 vapor
was obtained by synchronously detecting with a lock-in amplifier.

Figure 2 shows typical examples of records. The uppér and
lower traces represent the first and second derivative signals
of the transmission spectrum, respectively. The lines marked (o)
correspond to that assigned by Baumann and Mecke and the lines
marked (x) are unassigned. At present we have found several

tens unknown lines.

P(0-14) Ths=21.6°C

[ ' IZSOpV.

.
«—Frequency '275;2

x

DS 125 v

_ 1 i A " i A i 1 A I 1 i

120 125 130
Injection Current 1(mA)

Fig; 2.
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Next, the frequency of AlGaAs DH lasers have been stabilized

in refer to one of H,0 absorption lines, P(0-1_ The third

1)
derivative signal shown in Fig. 3 was used as a frequency dis-

criminator. The square root of the Allan variance ¢? is shown
at Curve A in Fig. 4. Curves A and B represent the stabilities
of the free reunning laser and the stabilized laser by using a

Fabry-Perot interferometer and a Lamb dip stabilized 633nm He-Ne
7)

laser for comparison. The value of o on curve A is better than

that of curve B and is nearly proportional to T-l/z. The minimum

value on this curve is

o=1x10tt at T = 100s
1077
C(Free-running) 5 .
15 .
-8 LN=100 70 i
. |N=100 : £10 pv
108 B(Fabry-Perot) - B
o} / :
10-10 R
10"} IR
0 tfm=5 kHz - ’ GHz
im=05 mAp-p v <« Frequency
lO"z L 1 1 . - - :..
10‘2 107 100 10! 102 10 .
T (s)
Fig. 4 Fig. 3

$3. Freuquency stabilization to Rb—D2 line

Preliminary experiments are carried out on the frequency
stabilization of another AlGaAs laser to a hyperfine component
of Rb—D2 line at 780.0nm. Figure 5 represents the spectral profile
(the upper trace) and the first derivative (the lower trace) in
case of linear absorption for a 85Rb cell without buffer gas at

room temperature (the corresponding vapor pressure of Rb being

162



Cc8-87
——10_5 Torr). Figure 6 represents the result on the freugency
stabilization to the F=3 components. The minimum value of o is
o =1.4 x 1072 at © = 100s

and is several times better than the results on the H20 stabilized

laser in Fig. 4.

] -6
2 10
3
o
2 7
> 1 =
z Fo3 10
£
2t
f m <— Frequency -8
s 10
-
; S'J 5‘4 65
62
; Injection Current [(mA) g 10 91 B(Free running)

10-10} A(Stabilized)

10-" L

fm=50 kHz
, im=20 pAp-p 1250 By 10-12 N . N 40 e 3
) 102 107 1022: ( ;o‘ 102 10
. S
7] ) 0 8
Injection Current I(mA) 6
Fig. 6.

Fig. 5.
The saturated absorption spectrum of Rb-D2 line was also
observed as shown in Fig. 7 and the stabilization experiment to

this spectrum is in progress.

<—Frequency

tm=50 kHz ||}
im=20 pApp” |\

Injection Current [(mA)

Fig. 7.

163



c8-88 JOURNAL DE PHYSIQUE

References

1) T. Takakura, K. Iga and T. Tako: Jdpn. J. Appl. Phys. 19
(1980) wn725.
2) Yu. A. Bykovskii, V. 1. Velichanskii, I. G. Goncharov and
V. A. Masrov: Sov. Phys.-Semicond. 4 (1970) 580.
3) J. L. Picque and S. Roizen: Appl. Phys. Lett. 27(1975) 340.
4) T. Okoshi and K. Kikuchi: Electron. Lett. 16(1980) 179.
3) F. Favre and D. Le Guen: Electron. Lett. 16(1980) 709.
6) H. Tsuchida, S. Sanpei, M. Ohtsu and T. Tako: Jpn. J. Appl.
Phys. 19(1980) L721.
7) H. Tsuchida, M. Ohtsu and T. Tako: Jdpn. J. Appl. Phys. 20
(1981) 1403.
8) M. Ohi: Jpn. J. Appl. Phys. 19(1980) L541.
9) T. Yabuzaki, T. Ibaragi, H. Hori, M. Kitano and T. Ogawa:
Jpn. J. Appl. Phys. 20(1981) L451.
10) W. Baumann and R. Mecke: Zeit. Physik. 81(1933) 445.
11) K. Aiki, M. Nakamura, T. Kuroda, J. Umeda, R. Ito, N. Chinone

and M. Maeda: IEEE J. Quantum Electron., QE-14 (1978) 89.

164



H2C0 STABILIZED He-Xe LASER,
AND ITS APPLICATION TO H2C0
MOLECULAR BEAM SPECTROSCOPY

Toshiharu Tako
Motoichi Ohtsu

Research Laboratory of Precision

Machinery and Electronics,

Tokyo Institute of Technology,

4259 Nagatsuta, Midori-ku,

‘Yokohama 227, Japan

ABSTRACT: A highly stabilized frequency-offset-locked He-Xe

laser system at 3.5lum was constructed for the saturated absorp-
tion and molecular beam spectroscopies of H,CO. A Hzco-stabilized
He-Xe laser was used as a frequency reference, and its vacuum
wavelength was measured to be 3 507 979.48 pm. Its frequency

14 at T = 100 s. The frequency trace-

* stability was 1.0 x 10~
ability of the frequéncy-offset-locked laser to this laser was
8.0 x 10713 t7! for 10 ms < T < 100 s. Its frequency variable

range was 19 MHz. As an example of its application to the high

resolution laser spectroscopy, the H,CO molecular beam speétros-
copy and its experimental apparatus will be demonstrated at the

session.

OPTICAL RAMSEY RESONANCE

K. Shimoda

Department of Physics, University of Tokyo

Hongo, Bunkyo-ku, Tokyo 113, Japan

Telephone: 03/812-2111 ext.4164

ABSTRACT: The optical Ramsey resonance signal of two~level
molecules in three separated fields produced by a corner
reflector is studied, The transition probability of a molecule
that traverses the three interaction regions is calculated.

It is then integrated over distributions of molecular velocities
and positions to evaluate the signal observed with a gas cell.
The result is applied to compute the optical Ramsey resonance
signal in the absoption line of CH4 at 3.39um, which is under
experimental investigation, The pressure dependence and the
power dependence of the signal are numerically obtained in order

to find the optimal condition of experiment.
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(b) The hyperﬁne structure observed in
this experiment.
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Fig. 2 Schematic diagram of the experiment to
observe the Ramsey’s interference fringes in
the optical region by using a tunable dye
laser and a Na atomic beam (Bergquist ez
al3®), '

Fig. 3 Fluorescence signals observed wtih the
experimental apparatus shown in Fig. 2
(Bergquist” et al.®®).

(a) The Doppler profile of the Na atomic
beam spectrum (full width at half-maximum

" of 1.4GHz) showing saturation dip and Ra-
‘msey fringes.
(b) Saturation dip observed with two sepa-
rated laser beams.
(¢) Ramsey fringes and saturation dip with

- three laser beams. :
(d) Ramsey fringes and saturation dip with
four laser beams.
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Fig. 4 Spectral line shapes of the two-level ato-
mic system in the presence of saturation field
(Wu et al3®). A CW dye laser (5890A) and
a Na atomic beam were used in this experi-
ment. '

(a) Experimental results. The ordinates of
each figure represent percent change of probe
light intensity. Saturation field intensities are
(i) no saturation field ; (ii) 26 mW/cm?; (iii)
47mW/cm?; (iv) 130mW/em?; (v) 560 mW/-
cm?, ‘

(b) Theoretical line shapes calculated for
comparison with the measured line shapes in

(a).
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Fig. 5 Three lines of 42 hyperfine components
of the P (13) (43-0) and the R (15) (43-0)
lines between 13¢*(X) and 3/Jou* (B) electronic
states in the 127I; ‘molecular beam spectrum
observed with an Ar* laser (5145A) (Ruben
et al®®). The numbers 23, 24 and 25 in this
figure are numbered consecutively by Ruben
et al.#® for the purpose of identification. The
width of the line 23 is 300kHz (HWHM).

Fig. 5 1cR$ & 5ic 300kHz (FWHM) Tdh-72%.
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Fig. 6 The first derivatives of the absorptior
lines of @ (8, 7) tranmsition (927.4cm™) in
NHs molecular beam observed with a NzOr
laser (Chu and Oka*®), The values in the
figure represent the source pressure of the -
molecular béam.
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L]

Precise measurements were carried out on the Stark effect of the vibration-rotation transition 5;,s(v=0)—6,6(vs=
1) in H,CO using a low-noise, stable He-Xe laser at 3.51 um. The intracavity saturated absorption technique was

employed to improve the resolution.

Eight of the allowed transitions were resolved and the small Stark coefficients were determined with high accuracy
under a maximum applied field strength of 4.39 kV/cm. Furthermore, the first observation of six cross resonance

lines in this transition is reported.

§1. Imtroduction
Stark spectroscopy in the optical as well as the micro-

" wave region has been widely used as a potential tool for

the study of molecular structure.! = As an example, the
Stark effects of the. vibration-rotation transitions of
H,CO have been studied in the wavelength region be-
tween 3 and 10 um.'°~'® The transition at 3.51 ym
(51,5(v=0)-64 6(vs=1)) in H,CO has been studied using
a Zeeman-tuned He-Xe laser.!® However, the Stark
coefficient of this transition has not yet been determined
because it is too small to be measured by the conventional
linear absorption technique. Recently, the saturated ab-
sorption signal of this transition has been studied, and the
frequency of the Zeeman-tuned He—Xe laser has been
stabilized using this line as a frequency reference.!”1®
Furthermore, a highly-stabilized frequency offset locked
He-Xe laser system has been constructed for ultrahigh
resolution laser spectroscopy.!® As a result of this prog-
ress, it became possible to measure the Stark spectrum of

this transition with higher resolution using the saturated

absorption-technique.

In this experiment, the Stark effect of this transition was
studied with high resolution to assign the lines and to
measure the Starit\coeﬂ‘icient with higher accuracy using
the intracavity saturated absorption technique.

§2. Experimental Alingratus

The experimental apparatus is shown in Fig. 1. The

PZT

D e {10 =

ly
Lasertube ~ H,COcell ,.EYQ'?. __InAs det,

CHA
Solenoid 1 T A -
PZT b.C. .
Oriver Power. Supply Ref |LockinAmp
cillator
X-Y
Recorder

Fig. 1. Experimental apparatus.

low-noise He-Xe laser tube used in this study is of the
same type as in the previous work.'® It has a discharge
section of 5.8 mm inner diameter and 750 mm length, and
is excited by a d.c. discharge current of 3.8 mA. Since the
frequency of the transition 5; s(v=0)-6, ¢(vs=1) is about
180 MHz higher than the center of the gain curve of the
He-Xe laser, an axial magnetic field of 124G was applied
to the laser tube to compensate for this frequency gap.
Between two oppositely circularly-polarized Zeeman com-
ponents oscillated simultaneously,>® a higher-frequency
component (the ¢, mode) was used for the experiment.
Its intensity was measured after being separated from the
lower-frequency component (the o_ mode) by a quater-
wave plate and a polarizer. ‘

The laser cavity was 155 cm long, corresponding to a
longitudinal mode separation of 96.6 MHz. One of the
cavity mirrors was mounted on a piezoelectric transducer
(PZT) for frequency tuning and modulation. An a.c.
voltage of 500 Hz was applied to the PZT for frequency
modulation, and the maximum frequency deviation was
190 kHz. The first derivatives of the saturated absorption
signal were measured by phase-sensitive detection and
were displayed on an X-Y recorder. The value of the tuned
frequency was estimated from the d.c. voltage applied to
the PZT and the longitudinal mode separation.

The intracavity H,CO absorption cell contained a pair
of Stark electrodes made of aluminum plates, which were
330 mm long and faced each other with a separation of
6.38 mm. Since the flatness of the electrodes was better
than 20 um, the inaccuracy of the Stark field strength was
estimated to be less than 0.3 9. The maximum d.c. voltage
applied in this experiment was 2.8 kV, corresponding to
an electric field strength of 4.39 kV/cm.

§3. Experimental Results and Assignment

Figure 2 shows the derivative signals of the saturated
absorption lines observed under a Stark field of 4.39 kV/
cm. The H,CO pressure was 10 mTorr. The signal ob-
tained using a single scan of the laser frequency had a very
high signal-to-noise ratio. As seen from Fig. 2, sixteen -
separate lines (Nos. 0-15) were clearly observed. Number
0 was assigned to the strongest line, which exhibits the
lowest Stark shift. The width of each line was about -
500 kHz. Figure 3 shows the relation between the fre-

813

1



814

Electric Field: 4.39kV/cm

«—>
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Frequency 5

Fig. 2. Derivative of saturated absorption lines observed under
Stark field of 4.39 kV/cm. H,CO pressure was 10 m Torr.
Sixteen lines (Nos. 0-15) were observed with high sensitivity in
this measurement.
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Fig. 3. Relation between frequency shifts of sixteen observed
lines and square of Stark field strength. Circles and solid lines
represent experimental and calculated results, respectively.
Solid circles correspond to allowed transitions, and open circles
to six cross-resonance lines. Solid lines are calculated results,
where M,; and M, represent magnetic quantum numbers of
lower and upper levels of transitions, respectively.

quency shifts of the sixteen lines and the square of the
Stark field strength. The solid and open circles in this
figure show the experimental results. The solid lines re-
present the results of the assignment described below, for
which a rigid asymmetric rotator model was employed.

The second-order perturbation due to the Stark effect
for the nondegenerated rigid asymmetric rotator is
expressed as?!

Z ﬂgz [(ng)JtM sJ't'M ']2 (l)
. I'st'sg W.?t_ Wﬁz’ ?
where J is the total angular momentum, M is the magnetic
quantum number, 7 is the identification number for sub-

H(JtM)= WP+ E>

2
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levels of the asymmetric rotator belonging to the same J,
E is the applied electric field, u is the electric dipole
moment and P, is the direction cosine between the space-
fixed Z and molecular-fixed g axes.?? Since only one
component of u, has a value in H,CO, summation over g
can be eliminated. By using the formula in TableI of
ref. 22, eq. (1) can be transformed as follows:

H(JtM)=W?,+u3E*A4; .+ M*B; ]. )

In this equation, the value of the coefficients 4; . and B; ,
for the lower and upper levels of the transition i.e.,
5 ,5(v=0) and 6, ¢(vs=1) can be obtained from the values
in Table I, which are expressed as follows:

As’_4=2.7645 X 10—8 and
Bs, _,=—6.7914x10"° for 5, s(v=0), €))
Ag,_6=2.0943x107% - and

Bs_s=—1.5142x10"° for 6, (vs=1).  (4)

The Stark shifts of the sublevels in levels 5, s(v=0) and
60,6(vs=1) can be derived from egs. (2), (3) and (4).
Figure 4 shows the results. Since the H,CO molecules
interact with the circularly-polarized laser beam (the o,
mode), the selection rules of the transition are AM=+1
and 0. Following these rules, seventeen lines should ap-
pear. The third column of Table IT shows the calculated

Table 1. Molecular constants of H,CO used for calculations.

Ground state Exited state (vs=1)°

A (em™1) 9.406 171(105)* 9.227 87(34)
B(cm™*) 1.295 430 4° 1.293 49(49)
C(cm™Y) 1.134192 7# 1.130 61(56)
ua (D) 2.331 5(5)° 2.284 4(47)
aReferences 24, 15.
bReference 25.
°Reference 16.
2 b . 605 Vs.-.] IMUI:O 2
3
0 b
—_—
-2k 1 5
6
-7
P
g 5|‘5 V5=0
2
o
[
[~
w
=4
-6
-8
0 A

5 10
Electric Field? (kV/cm)2

Fig. 4. Stark shifts of sublevels in 5;,s5(v=0) and 6,,6(ws=1)
estimated using a rigid asymmetric rotator model.
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Table II.  Observed and calculated frequencies of H,CO Stark
spectrum. '

Stark coef.
Line Assignment (kHz/(kV/cm)?)
number | M-I M| Y
Calc.© Obs.
o - 1-1 —12.0 —12.
1-0 etc.? — 4.1
15 0-0 —41.0 —59.
0-1 —48.9
1-2 etc.? —35.7
14 2-3 35.6 45,
13 2-2 75.1 57.
12 2-3 and 3-3° 128. 108.
11 34 165. 145.
10 3-3 and 34° 193. 175.
9 3-3 220. 207.
8 4-4 and 3-4° 294, . 283,
7 4-5 352. 341.
6 4-4 and 4-5° 388. 385.
5 4-4 423. 421.
4 5-5 and 4-5° 518. 528.
3 5-6 597. 615.
2 5-5 and 5-6° 641. 667.
1 5-5 684. 717.

2Overlapped lines.
Cross resonance components.
°Calculated from the molecular constants shown in Table L

Stark coefficients for some of these lines. The solid lines
in Fig. 3 were drawn using these results, where M, and
M, represent the magnetic quantum numbers of the lower
and upper levels of the transitions, respectively.

Because no frequency reference was used in this ex-
periment, only the separations between lines were meas-
ured, i.e., the absolute values of the Stark shifts were not
determined. Therefore, the position of frequency origin
had to be found by least-squares fitting so that the ex-
perimental results of all the Stark coefficients consistently
agreed with that of the calculated ones.* As a result of the
fitting, it can be seen from the third and fourth columns
in Table II that the experimental results agree well with
the calculated ones without any contradiction in the as-
signment. It became clear from the results of assignment
that the solid circles of Nos. 1, 3, 5, 7,9, 11, 13 and 14 in
Fig. 3 correspond to eight of the allowed transitions. The
transitions between the levels of |M;| <2 were not clearly
resolved because their Stark shifts were too small, i.e.,
their estimated values were less than 109 of the value of
the line width. Lines Nos. 0 and 15 correspond to this case,
being composed of several unresolved lines as shown in
Table II. In the resolved case of |M;|>2, on the other
hand, the lines of the transition 4|M|= —1 were not ob-
served because their intensities I,,, estimated from the
following formula,? were lower than 10% of those of
A4|M|=0 and +1.

he=Io{(J+1)*— M?} for M~ M and
1
L=z iU M+ DU M+2)} for MMt (3)

The lines shown by open circles in this figure correspond

*The fitting was done considering also the cross-resonance lines
mentioned later.

to cross-resonances*® which are specific to saturated
absorption spectroscopy. These resonances occur when
two transitions inside the Doppler width share a common
level. The cross-resonance appears at a frequency halfway
between the two usual transitions and has an intensity
proportional to the geometric mean of the two parent
lines. As shown in Table IT and Fig. 3, lines Nos. 2, 6, 10,
4, 8 and 12 appeared because of cross-resonance between
the pairs of levels Nos. 1-3, 5-7, 9-11, 1-7, 5-11 and
9-14, respectively. These pairs share the common levels
|M,|=5, 4, 3, and |M,|=5, 4, 3, respectively. This is, to
the authors’ knowledge, the first observation of cross-
resonance in the transition 5, 5(v=0)-64¢(vs=1) in
H,CO.

Higher resolution can be expected by decreasing the
H,CO pressure, expanding the beam width, improving the
flatness of the Stark electrodes, and so on.

Furthermore, precise direct frequency readout will be
possible if a highly-stabilized frequency offset locked
He-Xe laser system'?® is used. Further experiments are
now in progress to improve the resolution and to deter-
mine the molecular constants with higher accuracy.

§4. 'Conclusions

Precise measurements were carried out on the Stark
spectrum of the vibration-rotation transition 5; s(v=0)-
60,6(vs=1) in H,CO using the intracavity saturated ab-
sorption technique. Eight of the allowed transitions were
resolved and their small Stark coefficients were deter-
mined with high accuracy, the results agreeing well with
the estimated values. Furthermore, the first observation
of six cross-resonance lines in this transition and the result’
of their assignment are reported.
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This paper reports the improvements in frequency stability of a saturated dispersion locked He—22Ne laser at 3.39 um.
The intracavity polarization spectroscopy technique was employed to measure the saturated dispersion spectrum in CH,
(the E component of the P (7) line in the v, band), which was used as a frequency reference. To improve the frequency
stability, the method using a Fabraday rotator was employed, which differs from that of the previous work. After
stabilizing the temperature of the Faraday rotator crystal and the laser intensity, frequency stabilization was carried out.
The highest frequency stability obtained was 3.0 x 10713 at the integration time of 500s.

§1. Introduction

In the previous paper,) the authors proposed the
intracavity polarization spectroscopy of CH, as a poten-
tial method for high resolution laser spectroscopy, and its
application to frequency stabilization of a He—*?Ne laser
at 3.39 um was demonstrated using a saturated dispersion
spectrum in CH, (the E component of the P(7) line in the
v; band). With this method, an optically induced circular
birefringence in CH, was detected by measuring the
direction of principal axis of the polarization ellipse of the
laser beam. This method has an advantage in that a
completely Doppler free spectrum can be obtained with
high sensitivity and high resolution. Furthermore, it can
be readily used for frequency stabilization without any
need for frequency modulation.

Two ways of measuring the direction of the principal
axis were proposed.!) They are:

I. Method using a Wollaston prism and two detectors.

II. Method using a Faraday rotator, polarizer and a

detectot.
In the previous paper,? the frequency stabilization was
carried out by employing method I only, and it was
pointed out that the following three quantities should be
reduced to suppress deformations of spectral shape of
CH, and to improve frequency stability.?

1. Difference in detector sensitivities 4s.

2. Misalignment angle of the Wollaston prism ¢.

3. Laser intensity fluctuations 61/1.

The most troublesome of these quantities is 4s. For ex-
ample, from the estimation in the previous paper (eq.
(34) in ref. 2), it can be seen that As has to be lower
than 1073-10"* to get a frequency stability higher than
10~12, which is almost impossible even if one uses a high-
performance detector array. The other two quantities can
‘be reduced without ‘any special practical trouble. There-
fore, it seems preferable to employ method II to improve
the frequency stability because only one detector is re-
quired, which means that it is free from the effect of 4s.

*Present address: International Cooperation Center for Science and
Technology, Tokyo Institute of Technology, 2-12-1 O-okayama,
Meguro-ku, Tokyo 152.

Following this prospect, experiments were carried out by
method II, and the results of improvements in frequency
stability are reported in the following chapters.

§2. Experimental Apparatus

Figure 1 shows experimental apparatus. The laser used
here is the same as for the previous work.!'?) A YIG
(Y; Fes O,,) crystal 7 mm in length was used as a Faraday
rotator in an a.c. axial magnetic field. The direction of the
principal axis of the polarization ellipse of the laser beam
was measured by a polarizer and an InAs photodetector
behind the YIG crystal employing the phase sensitive
detection method. An audio oscillator and a 100 W
power amplifier were used to supply an a.c. current to a
solenoid for the YIG crystal. The a.c. magnetic field
strength was 420 G (peak-to-peak value) which corre-
sponded to the Faraday rotation angle of 90 degrees. Its
frequency was 2kHz. A careful electromagnetic shield
was supplied around the solenoid to reduce the inductive
noise.

The misalignment angle ¢ mentioned as the second
requirement in §1 corresponds to the angle between the
optical axes of the Faraday rotator and the polarizer in
the present experimental set-up. This angle ¢ can be
accurately adjusted to zero by applying a small d.c.
magnetic field to the YIG crystal. However, even after
this adjustment, the misalignment will slowly be induced

Temp. HV.
Thermobath Control —

Mz CHI. He-ﬁ;le Ml

olenoid * celi  Tube

PZT
Controller

Data
Recorder

Low Pass
Filter

Fig. 1. Experimental apparatus. Ch: mechanical chopper. P:
polarizer. R: phase plate. An InAs photodetector D, and lock-
in amplifier 1 (LIA,) were used for laser intensity stabilization.
D, and LIA, were used for frequency stabilization.
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again if the Faraday rotation angle is drifted by the tem-
perature change of the crystal in the solenoid. To avoid
this drift, the crystal was installed in a thermobath made
of a Teflon block, and its temperature was controlled
using a thermistor as a sensor.

Following the third requirement in §1, the laser intensity
fluctuations 81/ were reduced by conveniently controlling
the discharge current of the laser tube, which is also
schematically shown in Fig. 1. Laser intensity stability was
measured using the error signals from the lock-in am-
plifier 1.

After these arrangements, the laser frequency was
locked at the center of the saturated dispersion spectrum
in CH, using a PZT controller, and the frequency stability
was evaluated by the error signals from the lock-in
amplifier 2 in Fig. 1.

§3. Experimental Results and Discussion

Figure 2 shows the observed saturated dispersion spec-
trum. It can be seen that it has a higher signal-to-noise
ratio than that of the previous work (see Fig. 5 of ref. 1),
and this ratio can be high enough to be used as a frequency
discriminator for frequency stabilization.

Figure 3 shows the temperature fluctuations of the YIG
crystal. These fluctuations were reduced as low as 0.01°C
around 60.4°C. The amount of such fluctuations cor-
responds to the following value of the fluctuations of the

e
2MHz
Frequency
_—

Fig. 2. The saturated dispersion spectrum in CH,.
| - :
60.4°C— st Aomprrnlrapemrtent § 001°C

10min.

—

t

Fig. 3. Temperature fluctuations of the YIG crystal measured
using a thermistor as a sensor.
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Fig. 4. Laser intensity fluctuations 6I/I. The output signal from
the lock-in amplifier 1 was recorded on a chart recorder. For this
measurement, the laser frequency was locked at the center of the -
conventional saturated absorption spectrum in CH,. A: Sta-
bilized by controlling the discharge current. B: Free running.

1 1
102 162 10" 10° 100 102 10°
T (s)
Fig.5. Square root of the Allan variance o for laser intensity
fluctuations. 7 and N represent the integration time and number

of data, respectively. The curves A and B correspond to parts
A and B in Fig. 4, respectively.

Faraday rotation angle.*
|¢]<0.14°. ()]

Figure 4 shows the laser intensity fluctuations. In this
measurement, the laser frequency was locked at the center
of the conventional saturated absorption spectrum in
CH,. Part A represents the fluctuations when the intensity
was stabilized by controlling the discharge current. In
part B, the intensity was not stabilized. Figure 5 shows the
square root of the Allan variance® o7 of these fluctua-
tions. Curves A and B correspond to the results of parts
A and B in Fig. 4, respectively. The stability of curve A
can be approximately expressed as

o;=1.0x10"%.7"12 for 1 ms<7<100s. ()

Here, 7 represents the integration time of the stability

measurements. By substituting eqgs. (1) and (2) into eq. (37)

of the ref. 2, expected frequency stability can be estimated
and is expressed as

or=14x10"13.¢ for 1 ms<z<100s.  (3)

Figure 6 shows the results of frequency stability meas-
urements using the saturated dispersion spectrum in CH,.

-172

*This value was obtained using the following value of the tem;
perature coefficient of the Faraday rotation angle for the YIG
crystal employed.

d¢/dT=14 deg/K for 22°C<T<72°C,
which was obtained in the preliminary measurements using a
He-22Ne laser at 3.39 ym.
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Fig. 6. Square root of the Allan variance o? for frequency
fluctuations. A: Result obtained when the laser intensity was

. simultaneously stabilized by controlling the discharge current.
B: Laser intensity was not stabilized. C: Result of the previous
work (curve A of Fig. 10 in ref. 1). D: Estimated frequency
stability.

For curve A, the laser intensity was simultaneously stabi-
lized, but not for curve B. Curves C and D represent the
results of the previous work' and the estimated value
(eq. (4)), respectively. It may be said that the stability of
‘curve B is slightly higher than that of the curve C, i.e., a
little improvement can be seen for 10 ms <7t<10 s. How-
ever, curve A shows distinct improvements for the full
range of t in this figure. The frequency stability on this
curve can be approximately expressed as

6;=4.0x10712.7712 for 10 ms<t<500s, (4)
and the highest stability obtained is
0,=3.0x10"1* att=500s. ©)

It must be said that the stability on this curve is still lower
than the estimated value of curve D. One of the causes is
that the discharge current control was employed for the
intensity stabilization. That is, changes in the discharge
current apparently vary, e.g., the electron density in the

10°
N=100
10°F
10" 2
o-f' 1012__
B
0
1614 | 1 1 1 1
10° 107 16" 100° 10 107 10°
T (s

Fig. 7. Stability of the laser frequency locked at the center of the
conventional saturated absorption spectrum in CH,. A: Result
obtained when the laser intensity was simultaneously stabilized
by controlling the discharge current. B: Laser intensity was not
stabilized.

laser tube, and consequently introduce new sources of
refractive index changes and frequency fluctuations. This
effect was quantitatively measured and is shown in Fig. 7.
This figure shows the frequency stability of the He-?2Ne
laser which was stabilized by the conventional method of
saturated absorption of CH,. Because the frequency stabil-
ity g of the laser thus stabilized is known to be free of the
intensity stability oy if 6;>10"1* and 0;<1073,% it can
be used to learn the effect of the current control on the
frequency stability in this study. Curve A in this figure
represents the result when the intensity was stabilized.
For curve B, the intensity was not stabilized. Comparison
between these curves shows that the discharge current
control really sacrifices the frequency stability, and the
stability lost by the current control is seen to be as much
as 3 dB for 10 ms<t<10s. For curve A in Fig. 6, it can
be estimated that almost the same amount of stability
must have been already lost by the current control. If a
more sophisticated method of intensity stabilization is
employed which does not disturb the frequency, higher
stability can be obtained. Further improvements can be
expected using the YIG crystal with lower temperature
coefficient, improving the signal-to-noise ratio of the
saturated dispersion spectrum in CH, and frequency servo
controlling electronic circuit.

Several experiments are now in progress to improve the
stability and to measure it more accurately using the beat
signal between the two equally stabilized lasers.

§4. Conclusion

Several experiments were carried out to improve the
frequency stability of a He-22Ne laser by the saturated
dispersion spectrum in CH,. For this purpose, a Faraday
rotator was employed for spectral measurement. Tem-
perature fluctuations of the YIG crystal for the Faraday
rotator were reduced as low as 0.01°C, and the laser
intensity was stabilized by controlling the discharge cur-
rent. The intensity stability obtained was

0;=1.0x10"%.7712 for 1 ms<t<100s.

After these arrangements, the laser frequency was stabi-
lized. The frequency stability obtained can be approxi-
mately expressed as

0;=4.0x10"12.7712 for 10 ms<7<500s.
The highest stability was
0r=3.0x10"1* atz=500s.
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Improvements in the Short-Term
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SUMMARY The frequency of an AlGaAs DH laser has been stabilized
with respect to a Fabry-Perot interferometer by controlling the injection
current. The frequency stability of 2.1 X 107'? was obtained at 7=
90 ms, which was better than the free-running stability by three orders
of magnitude.

Recently, spectral purities of semiconductor lasers
have been improved. The spectral widths of AlGaAs double
heterostructure (DH) lasers have been measured to be nar-
rower than 1 MHz by interferometric measurements). The
frequency stability as well as the spectral width is a very
important factor for many applications, such as heterodyne
-type optical communication, high resolution spectroscopy,
precise metrology and so on. .

There have been several reports on the frequency

stabilization of semiconductor lasers by using a Fabry-Perot
interferometer as a frequency reference(z)- In a previous
work?, the frequencies of AlGaAs DH lasers were stabilized
at the resonant frequency of an interferometer by con-
trolling the injection current. In that case, the long-term
stability was considerably improved because the interfero-
meter was controlled by a Lamb dip stabilized He-Ne laser
at 633 nm. However, short-term stability should be improved
for such an application as heterodyne-type optical com-
munication, in which a high-speed laser operation is required.

In this paper, the authors report the improvements
in the short-term frequency stability of an AlGaAs DH laser.

Figure 1 shows the experimental apparatus for fre-
quency stabilization. The experiment is carried out in an
underground tunnel for long-distance interferometry with
a constant temperature of +0.1°C/day. A single mode
AlGaAs DH laser® ( A= 823 nm) is driven by a dc current
source. A Fabry-Perot interferometer is made of a cylindri-
cal rod of fused silica with multilayer coatings on both end
faces. The interferometer has a free spectral range of 3.4
GHz with a finesse of about 30. The linear part of the trans-
mission spectrum of this interferometer is used as a fre-
quency discriminator.  Although the long-term stability
is limited mainly by the thermal expansion of the optical
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Fig. 1 The experimental apparatus for frequency stabilization.

pass length, this rigid interferometer has high short-term
frequency stability. The laser beam is split into two beams
by a beam splitter. One beam is directly detected by a
photodiode A4, whereas the other beam passes through the
interferometer and is detected by a photodiode B. The
output signal from the photodiode B is divided by that from
the photodiode 4 to eliminate fluctuations in the laser
output power. The output signal from the divider is com-
pared with a reference voltage, and, then fed to the current
source for the laser. The servo-controller for the laser con-
sists of an integrator, a low pass filter (—7 dB/decade), a
proportional amplifier and a differentiator ( /+P+D in
Fig. 1) In the present experiment, the cut-off frequency
f, of the proportional amplifier is varied between 72.3 Hz
and 72.3 kHz ( f, = 72.3 Hz in the previous work!”). The
dependence of the laser frequency on the injection current
is measured to be —2.75 GHz/mA. Error signals from the
differential amplifier are proportional to frequency fluc-
tuations and are recorded by a data recorder. The Allan
variance 02, which is a measure of frequency stability
commonly used, is calculated from these signals after analog
-to-digital conversion.

Figure 2 shows short-term fluctuations of the laser
frequency. The upper trace represents the frequency fluc-
tuations of the free-running laser. It can be seen that the
laser frequency fluctuates about 20 MHz. It can be thought
that the observed periodic fluctuations with frequencies
of 50 Hz and 3 Hz on this trace are from the power supply
for the injection current and from the microvibration of
the ground(g), respectively. The lower trace represents
the frequency fluctuations of the stabilized laser. The short
-term fluctuations of the laser frequency are reduced to
10 kHz, which are lower than those of the free-running
laser by three orders of magnitude.

Figure 3 shows the square root of the Allan variance
62  where v and N represent the integration time and
the number of data, respectively. Measurements are carried
out for 1 ms <7 < 100 ms in this work. The curve A4
represents the frequency stability of the free-running laser
(the upper trace of Fig. 2). The frequency stability is better
than 1.3 X 107% and the minimum value of ¢ on this
curve is
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Fig. 2 Short-term fluctuations of the laser frequency (playback signals
from the data recorder). The upper and the lower traces cor-
respond to the free-running and the stabilized lasers, respec-
tively.
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Fig. 3 The square root of the Allan variance o2, where 7 and N re-
present the integration time and the number of data, respec-
tively. The curve 4 represents the frequency stability of the
free-running laser. The curves B, C , and D represents the
frequency stabilities of the stabilized laser, where f, represents
the cut-off frequency of the proportional amplifier.

6=20x%x10"° at 7=90ms. (1)

The curves B, ¢ and D represent the frequency stabilities
of the stabilized laser. In the present experiment, the fre-
quency stability remarkably depends on the cutt-off fre-
quency f, of the proportional amplifier in the servo-con-
troller. The curves B, C and D are the results for different
value of f,. The value of 0 on the curves B, C and D
are nearly proportional to T~' . The highest stability is
" obtained at 7.23 kHz = f, =72.3 kHz. The curve D re-
presents the result for f = 7.23 kHz (the lower trace of
Fig. 2). The frequency stability is better than 2.2 X 107!

and the minimum value of ¢ on the curve D is
0=21x10"2 at =90ms . (2)

It can be seen that the values of ¢ on the curve D are
smaller than those on the curve 4 by three orders of magni-
tude. The results for f,>7.23 kHz are almost the same
as that for f,=7.23 kHz.

In conclusion, the short-term frequency stability of
an AlGaAs DH laser has been considerably improved by
locking its frequency to a rigid Fabry-Perot interferometer.
The frequency stability of 2.1 X 10-!'? was obtained at
7=90 ms when the cut-off frequency of the proportional
amplifier was set to 7.23 kHz. Both the short-term and
the long-term frequency stabilities can be simultaneously
improved by combining the method presented here with the
method in the previous work (7).
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The absorption spectrum of water vapor in the (2, 1,'1) vibration-rotation band has been observed by using
an AlGaAs semiconductor laser around 0.82 um. The laser frequency was stabilized to one of the absorption
lines by controlling the injection current. A frequency stability of 1.9 x10"°=¢=1.1 x 10~1! was obtained for

10 ms<7t<500s.

§1. Introduction

Recently, the spectral properties of semiconductor
lasers have been improved. AlGaAs semiconductor
lasers operate in a single longitudinal and transverse
mode, and the spectral widths of these lasers have been
estimated, by interferometric measurements,” to be
narrower than 1 MHz. The frequency stability, as well
as the spectral width, is a very important factor for
many applications, such as heterodyne-type optical
communication, high resolution spectroscopy, precise
metrology and so on.

There have been several reports on the frequency
stabilization of semiconductor lasers using a Fabry-
Perot interferometer as a frequency reference.?™®
In a previous work,” the frequency of AlGaAs lasers
was stabilized at the resonant frequency of an inter-
ferometer which was controlled by a Lamb dip stabilized
He-Ne laser at 633 nm. By controlling the injection
current, a frequency stability of 2.1x107°2¢=2.0x
10~!! was obtained for 10 ms< <500 s, where ¢ and
© represent the square root of the Allan variance and
the integration time, respectively.

Frequency stabilization of semiconductor lasers,
based on atomic or molecular transition lines, is
desirable especially for the use of frequency standards,
which require higher frequency stability and reproduci-
bility. Ohi® reproted the frequency stabilization of a
PbSnTe laser to the methane absorption line in the
v, band at 7.7 ym, in which the laser operated at a low
temperature and a stable cryostat had to be used.
Yabuzaki et al.!® reported the frequency stabilization
of an AlGaAs laser to the Cs-D, line at 8521 A. In this
experiment, it was difficult to find a laser whose wave-
length had a good coincidence with that of the Cs-D,
line. If this coincidence is poor, it is impossible to
stabilize the frequency of the laser.

This paper describes the experimental results for the
frequency stabilization of an AlGaAs semiconductor
laser based on the absorption line of water vapor. First,
the absorption spectra in the (2, 1, 1) vibration-rotation
band were observed by using the laser around 0.82 um.
This is described in §2. Then, the frequency stabilization

was carried out as described in §3. Since water vapor
has a great number of absorption lines in the near
infrared at 0.81-0.84 um, at least one of the lines must
be observed by each AlGaAs laser at room temperature.
Therefore, the frequency of every laser can be easily
stabilized if these lines are used as a frequency reference,
and from this point of view it can be said that this
method is superior to previous methods.

§2. Observation of the Absorption Spectra

A water vapor molecule has an asymmetric top
structure and has three normal modes of vibration v,,
v, and v;. The vibration-rotation band (0, 0, 0)-(2, 1, 1)
lies in the near infrared at 0.81-0.84 ym. Baumann
and Mecke!? observed and assigned this band as
atmospheric absorption lines in the solar spectrum.
Figure 1 shows the assignment and the relative inten-
sities of the main lines in this band.!?

The authors observed the absorption spectra of water

’ vapor using a CSP-type AlGaAs laser'? around 0.82

L1
11

um. The threshold current of the laser was about 80 mA.
The temperature of the laser was fixed at certain values
between 17°C and 23°C using a thermoelectric cooler.
The wavelength of the laser could be tuned between
8225 A and 8245 A if the temperature was varied within |
this range.* Fine tuning of the laser frequency was

@
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Fig. 1. The assignment and the relative intensities of the main.
lines in the (2, 1, 1) band observed by Baumann,and Mecke. 2

*There are several gaps in thls wavelength range due to mode
hoppmg
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Fig. 2. The absorption spectra of water vapor obtained by sweeping the injection current, where T}, repre-
sents the temperature of the heat sink to which the laser is attached. The upper and the lower traces
correspond to the first and the second derivative signals, respectively. The lines 1, 5 and 6 correspond to
Q(2:—2,) at 8227.0 A, Q(3,—3,) at 8233.9A and P(0—1_,) at 8243.5 4, respectively. The remaining

seven lines have not yet been identified.

achieved by adjusting the injection current. The laser
frequency change with injection current was measured
as —2.75 GHz/mA by using a Fabry-Perot interferome-
ter.

An absorption cell of 10 cm length containing pure
water was used at room temperature (221°C). The
corresponding vapor pressure was about 20 Torr. The
laser beam was focused on an APD after passing
through the cell. The laser frequency was modulated
by applying an a.c. injection current to the laser. The
output signals from the APD were synchronously
detected with a lock-in amplifier to obtain the derivative
signals of the spectra.

Ten absorption lines were observed in this work.
Figure 2 shows the absorption spectra obtained by
sweeping the injection current. The upper and the lower
traces correspond to the first and second derivative
signals, respectively. It can be seen from this figure that
the center of the line is not a zero-crossing point due to
the background of the light-current characteristics of
the laser. Three lines in Fig. 2 can be identified using
the results of Baumann and Mecke.!” The lines 1,
5 and 6 correspond to Q(2,-2,), Q(3,-3,) and P(0-1_,),
respectively. The remaining seven lines have not yet
been identified and were observed first by the authors.

Further experiments are now in progress to measure
more accurately the wavelengths of the lines by using a
wavelength stabilized He-Ne laser as a wavelength
reference.

§3. Frequency Stabilization of the AlIGaAs Laser

The:frequency of the AlGaAs laser was stabilized to
one of the absorption lines observed in §2 by con-
trolling the injection current. As an example, the line
P(0-1_,) at 8243.5 A wasused as a frequency reference.

An a.c: injection current of 0.5 mA,_, at a frequency
of 5 kHz was applied to the laser to modulate the laser
frequency. The third derivative signal of the absorption
spectrum was used as a frequency discriminator, which
is shown in Fig. 3. The peak-to-peak width of the
curve is 740 MHz. It can be seen that the background

12
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Fig. 3. The third derivative signals of the line P(O—1_,) used
for the frequency stabilization.

of the light-current characteristics of the laser dis-
cussed in §2 was eliminated. The output signals from
the lock-in amplifier were fed to the current source for
the laser. The servo-controller for the laser consists of
an integrator, a low pass filter (—7 dB/decade), a
proportional amplifier and a differentiator.”

Figure 4 shows the square root of the Allan variance
o of the frequency fluctuations. In this figure, r and N
represent the integration time and the number of data,
respectively. The curve A represents the frequency
stability of the stabilized laser estimated by using the
error signals for the frequency stabilization. The value
of ¢ on the curve A is nearly proportional to 7~ 1/2,
The minimum value on this curve is

c=1.1x10""" at 7=100s, )

and the stability is better than 1.9x10~° for
10 ms<t<500s. The curve B represents the results
from the previous work (the curve D in Fig. 5 of
ref. 7). The value of o on the curve A is slightly
smaller than that on the curve B. The curve C

in Fig. 4 represents the frequency stability of the -

free-running laser.®’ The value of ¢ on the curve C in-
creases with increasing 7 for 7>>0.3 s. This is mainly due
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Fig. 4. The square root of the Allan variance o2 of the frequency
fluctuations, where t and N represent the integration time
and the number of data, respectively. A(@): The frequency
stability of the stabilized laser. B(O): The result in the previous
work (The curve D in Fig. 5 of ref. 7). C(OJ): The frequency
stability of the free-running laser.®

to the temperature change in the active region. Com-
paring the curves A and C, it can be seen that long-
term frequency stability is improved considerably,
which demonstrates the effectiveness of this simple
method of stabilization. Similar stability can be ex-
pected if the frequencies of AlGaAs lasers are stabilized
by using the other lines in Fig. 1 as a frequency ref-
erence.

§4. Conclusion

In the present work, the absorption spectra of water
vapor in the (2,1,1) vibration-rotation band were
observed using an AlGaAs semiconductor laser around

0.82 um. Then, the laser frequency was stabilized to
one of the absorption lines by controlling the injection
current. The following frequency stability was obtained
for 10 ms<71<500s:

1.9%x107°=6=1.1x 10711, )
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Several results of numerical calculations are presented to estimate the characteristics of a
saturated dispersion spectrum in CH, for the frequency stabilization of a He-22Ne laser at
3.39 um. As a result of the calculations, the maximum of the signal intensity was estimated to be
0.465 %, of the probe beam intensity. The signal profile was deformed by the difference between
the sensitivities of the two detectors 4s and by the misalignment of the Wollaston prism ¢ used
for the measurement. These results were compared with experimental results, and close agree-
ments were obtained. Furthermore, the relations between the laser frequency stability and several
parameters (4s, ¢, and the intensity fluctuation of the laser beam J1/I) were estimated to design a
laser apparatus with improved frequency stability.

§1. Introduction

Several works on laser frequency stabiliza-
tion have been performed to develop new
wavelength standards.’~* In these examples,
derivative signals of the saturated absorption
spectra in atoms or molecules have been used
as frequency discriminators. The laser fre-
quencies were modulated to obtain these
derivative signals. As another possibility, the
authors have developed a new method for
frequency stabilization, in which a saturated
dispersion spectrum was used as the frequency
discriminator.® In this way, the laser frequency
can be locked to the center of the saturated
dispersion spectrum without any need for
frequency modulation. In the previous paper,>
the method of intracavity polarization spec-
troscopy was proposed to obtain a Doppler-free
saturated dispersion spectrum in CH, (the E
component of the P(7) line in the v; band), and
the results of frequency stabilization of a He-
22Ne laser at 3.39 um were reported.

In this paper, several results of numerical
calculations are presented to estimate the
characteristics of the saturated dispersion spec-
trum for laser frequency stabilization.

In §2, basic treatments for calculation and
several results are shown. These results are
compared with the experimental results® in §3.
In §4, the relations between frequency stability
and several parameters are discussed to design a
frequency stabilized laser apparatus. ’

§2. Numerical Calculations

2.1 Basic treatments

The experimental apparatus® is shown in
Fig. 1(a). One of the cavity mirrors, M;, is
mounted on a piezoelectric transducer (PZT)
for frequency tuning. R represents a phase
plate made of a mica sheet. Two polarized
beams from a Wollaston prism (WP) are
detected by two InAs detectors, and the
difference between the signals from these detec-
tors is measured by a lock-in amplifier (LIA).
Further details of the apparatus are shown in
ref. 5. The saturated dispersion spectrum can be
measured by this apparatus, and the principle
of the measurement is shown in the following.

One of the two counterpropagating beams in
the cavity, i.e., the one from M, to M,, cor-
responds to a probe beam of the polarization
spectroscopy in the present work. The other one
works as a pump beam. As the laser tube has
Brewster windows, these beams are linearly
polarized at point A in this figure. At point B,
they are elliptically polarized because of the
phase plate R. These polarizations are illust-
rated in Fig. 1(b). If the intensity of the pump
beam is high enough, anisotropic absorption,
i.e., circular dichroism, will be induced in CH,.
That is, the absorption coefficients for the
right (+) and left (—) handed circularly po-
larized components, in which the elliptically
polarized probe beam can be decomposed, are
expressed as®

2133
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Fig. 1. (a) Experimental apparatus. R: A phase plate, WP: A Wollaston prism, D,, D,: InAs
detectors, Ch: A chopper, LIA: A lock-in amplifier.
(b) The polarization ellipses for the electric vectors of the probe beam at points A; B, and
C in Fig. 1(a). Due to the circular birefringence induced by the pump beam, the difference 0
appears between the directions of the longer axes of the ellipses at points B and C. The
difference Ip, between the intensities I; and I, is measured using the Wollaston prism and

two detectors to determine the value of 6.
1
oy =0g 1- 2_1.S(Ii+2d1:p)

"{”(—w-&ﬁf}]- @

At the same time, circular birefringence is also
induced and the difference between the refrac-
tive indices for the two circularly polarized
components of the probe beam is expressed as®’

dolo

Mt - = B

(L= 1)1 -20) oS,
®

where

oo ; the linear absorption coefficient of CH,,
I, ; the intensities of the two circularly
polarized components,
I5; the saturation parameter of CH,,
7; the dipole relaxation constant of CH,,
@y, Ao; the transition frequency and wavelength
of CH,, and
; the laser frequency.

The parameter d is given by

2
2J -';31) JeJ-1),

d= 2(67°2

3
where J represents the rotational quantum num-
ber of one of the resonant level in CH,. It can
be seen that egs. (1) and (2) represent the
saturated absorption and dispersion spectra,

16

respectively. The circular birefringence induces
phase difference é between the oppositely cir-
cularly polarized components of the probe
beam, and the polarization ellipse of the probe
beam rotates. If this angle of rotation @ is
measured, the saturated dispersion spectrum
can be obtained. For this purpose, a Wollaston
prism and two detectors are employed. As
shown in Fig. 1(b), the directions of the two
optical axes of the Wollaston prism are ad-
justed so that the directions of the linear
polarizations of the two transmitted beams
are symmetric with respect to the longer axis
of the ellipse at point B. Then, the difference I,
between the intensities 7; and I, of these two
beams is measured. The expression for I is
derived as follows:

The electric vector of the elliptically po-
larized probe beam at point B can be expressed
as

Eg=a(x cos 15+ y sin 1)
+b(x cos Tg—y sin 1p),

“
where 15 represents the phase factor at point B.
The unit vectors x and y are along the x and y
axes which are parallel to the longer and shorter
axes of the polarization ellipse at this point,
respectively. The first and second terms of
€q. (4) correspond to the right and left handed
circularly polarized components, and a and b
are proportional to ./, and /I_, respectively.
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The electric vector at point C is expressed as

Ec=a(x cos tc+y sin 1¢)
+b{x cos (1c+8)—y sin (cc+ ) (5)

where 7. represents the phase factor at this
point. The phase difference J is expressed as

—n.)l, ©
where / represents the length of the CH,
absorption cell. Then, the angle 6 is derived by
using a fundamental formula of classical
optics” and is expressed as

0=0/2.

2n
5=/1_0'(n+

Q)

In this paper, the directions of the two optical
axes of the Wollaston prism are expressed by
the angles y+¢ and —y+¢ with respect to
the x axis, where ¥y =45° and ¢ represents the
misalignment of the prism on the xy plane. The
transmittances of the prism for the laser beams
are expressed as”’

Kiyso= %{l +cos 2f-cos 20F Yy —¢)}. (8)

In this equation,

B=tan™'b,/b,, )
where b, and b, represent the lengths of the
longer and shorter axes of the ellipse. By using

eq. (8), the intensities I; and I, of the two

beams from the prism are expressed as
Li=BZ+b)Ky 14
Iz=(b§+b:)1€_¢+¢. (10)

Here, following approximations hold because
d«17:
F+b2x2a®+bY)oc2(I, +1.),
2ab 2T, 1
cos 2 —— 216 1,41 (11)

By egs. (8), (9), (10), and (11), the difference I,
between I, and I, is given by

In=2(1 +1_)(S1Ky+— 52Ky +4)
=(s,—8)I+ +1-)
+ 2T, I_{s, cos 2(0—y —¢)
—s5,co82(0+y—¢), (12)

where s, and s, represent the sensitivities of the
two detectors.
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Equation (12) represents the signal intensity
obtained by the apparatus in Fig. 1(a). In the
following sections, the explicit expressions for
I, are derived for several cases by using eq. (12).

2.2 The ideal case (s;=s,, ¢$=0)

In this section, the ideal case is discussed, in
which the two detectors have equal sensitivities
(s,=s,=s5) and the Wollaston prism is per-
fectly aligned (¢ =0). In this case, I, of eq. (12)
is reduced to

ID=Saol(l—2d)ll,\/I+I_(I+—I_)
s .

(w-w) ¥ @@y (13)

(Lu-wo)2+a-l (0—@o)y* °

by using egs. (2), (6), (7), and (12). The inten-
sities I, and I_ are given by

1 z
I+=—1—+—ZI, I_=1—+ZI, 14
where I represents the intensity of the probe
beam and z is defined by
z=I_[I, (0Zz=1). (15)

This quantity z is related to the ratio y between
b, and b,, which is given by

y=b/b,= \/f (O=y=sD. (16
Since the value of y is easily measured in the
experiments, the value of z can be also derived
by eq. (16).

By using eq. (14), I, of eq. (13) is transformed
as

(0—=wo)y

L= Ime’ a7
where I, corresponds to the peak-to-peak

intensity of the signal and is expressed as
I./z(1-2)
Is (1+27% "

I, takes the maximum I, if z=0.172 (y=
0.414), which is given by

Ipp=s0tol(1—2d)I+ (18)

19

Here, the following typical values® are sub- -
stituted into eq. (19) to estimate the value of
Ime

1 I
Ime= Zsaol(l —2d)II_.S.

17
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0,=0.283m™!, [=20cm,
d=0.171 (J=8 for the P(7) line),

I/I=0.5. 20) 3
For these values, g
Ippm=4.65% 1073 51, (03] .

i.e., the expected intensity is about 0.465% of
the probe beam intensity. This is less than a
half of the saturated absorption intensity. How-

ever, it must be large enough to be measured by
the conventional phase sensitive detection. The -6
broken curve in Fig. 2(a) represents the signal

profile numerically calculated by egs. (17), (19) (b)
and (20), and that in Fig. 2(b) represents its (@

derivative. The value of the abscissa x in these  Fi8: 2-(2) The singnal profiles of the saturated
dispersion spectrum numerically calculated.

:

l

dlo/dx
(arb. unit)

figures is defined by (b) The derivatives of the signals in (a).
— In both figures, the solid curves represent the results
x=(0—wo)/y- 22) obtained by taking the effect of saturated absorption
The effect of the saturated absorption, ie., into account. The broken curves represent the results
the circular dichroism, should be considered in which the effect of the saturated absorption is
here because it is induced simultaneously by neglected.
the pump beam. In this case, I.. in eq. (13) have ol ol
to be replaced by [I.+dI., where dI,= dI,= 3 ID dr, + 3 ID dr_, 23)
—olI,. Therefore, the following term d/j, has
to be added to I, in eq. (13). where 0I,/01,. are obtained by eq. (13) and are
expressed as
af 1
3 ID =+ 3s00/(1-2d) 7 A \/ F@BI1.-1I3). (24)

By substituting these equations into eq. (23) and by using eq. (1), the signal intensity I, +dJ;, can
be derived, in which the effect of the saturated absorption is considered. This intensity Ip+dlp,
using here the previous notation I, again, is expressed as

1 _ 2
Io=s2ol(1~2d) ;- JTT-U, _I‘)@(C—DTSQZT[H aol 5 (1+ +1_){1 + (——w_a’)’o)z +y2}].
(25

The second term in the square bracket corresponds to the contribution from the saturated ab-
sorption. The solid curve in Fig. 2(a) represents the profile obtained by egs. (20) and (25), and that
in Fig. 2(b) represents its derivative. Comparison between the solid and broken curves in each
figure shows that the signal is almost free from the influence of the saturated absorption, i.e., the
correction required is less than 39/ of the signal intensity.

2.3 The case in which two detectors have different sensitivities (s, #S,)

When two independent detectors are employed, it should be expected that their sensitivities
are generally different from each other. In this section, several calculations are carried out for the
case in which two detectors have different sensitivities (s, #s,) and the Wollaston prism is per-
fectly aligned (¢ =0).

By using egs. (2), (6), (7), and (12), the following equation is derived.

S +S2

(51— 5Ty +1)+ 252 01(1—2d)i%(1+—1.)(—(—“"—‘"—°”— 26)

w—w0)2+')’2'

18
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The second term in this equation is just the same as eq. (13) if s=(s; +5,)/2. Now, the contribution
from the saturated absorption is considered. Equation (26) is transformed as follows by using
egs. (1) and (23).

2
ID=(s1—s2)[(l—ocol)(1++l_)+ (I++Iz+4dI+I_){ (—m}]

@K ® ©

s +s I W—w
(D) ,
34+-2d 2
xlil+ocol4—IS(I++I_){l+(w+o)2+y2}]. 27

Comparison between egs. (26) and (27) shows that three terms (A, B, and C) appeared in eq. (27)
for the first time because of the difference in the detector sensitivities. The first term A represents
the intensity of the light incident on the CH, cell. The second and third terms (B and C) represent
linear and saturated absorption, respectively. The fourth term D represents the saturated dis-
persion signal, which corresponds to the signal obtained in §2.2. As these three terms are super-
posed on the term D, the signal profile will be deformed. Figure 3 shows signal profiles for several
values of the difference in the detector sensitivities 4s, which are derived from egs. (20) and (27).
Here, 4s is defined by

As=2(s; —53)/(s1+52). (28)
Figure 4 shows the derivatives of the signals in Fig. 3.

2.4 The case in which the Wollaston prism is misaligned (¢ #0)
In this section, several calculations are carried out for the case in which two detectors have equal

05 =6’
484
82
03 480
«10°
478
01 2
2 !.5”1 0-3 "63 288 E.
As= 0 123"10'3 a0t 98 286 !
-K) :
-05 -03 -01 -245<0° -12340° ¢° 96 | |
’ 2 :

acleae
202 -202 -202

103

FETERENY 2
-20 2 -20] 2 20; lé;\- -20I 2 -20’ 2 02

-98 «10°3

Fig. 3. The signal profiles numerically calculated for several values of the difference 4s in the
detector sensitivities.
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-01 -2454012310° 0 12340° 24540° 01 03 05
AA%‘I 2.

sensitivities (s; =s,=s) and the Wollaston prism is misaligned (¢ #0). By using egs. (2), (6), (7),
and (12), the following equation is derived for ID.

ﬁé%k
e il
%
%
ﬁ%—»

R —

X
Fig. 4. The derivatives of the signals in Fig. 3.

)(COCD% Cos 2¢.

The second term in this equation corresponds to the signal of eq. (13). When the contribution from
the saturated absorption is also introduced, eq. (29) is transformed as follows by eqs. (1) and (23).
ool (1+2d)

ID=—4S~/I+I_|:(1—°‘01)+ 41

=—4s\/I+I_51n2¢+saol(l—2d) \/I+ _(I, - (29)

2
I +1 ){1-!- m}] sin 2¢
©)

w—
ol =207 I~ 16 2 58

»)

l:l +ozol

(I+ +I_){_1 + Lz}] cos 2¢.

(0—wo)*+y (30)

Three terms (A’, B’ and C') in this equation
correspond to the incident light intensity, linear,
and saturated absorption, respectively. The
fourth term (D’) represents the saturated dis-
persion. The first three terms appeared because
of the misalignment of the prism. It can be seen
from this equation that the conventional
saturated absorption signal is obtained when
¢ =t /4. Figures 5 and 6 show signal profiles
and their derivatives for several values of ¢
which are derived from egs. (20) and (30).

§3. Comparisons with Experimental Results

Figure 7(a) shows the signal profile measured
by the apparatus in Fig. 1.5 The CH, pressure
and the value of y in eq. (16) were 18 mTorr
and 0.29, respectively. Figure 7(b) shows its
derivative signal obtained by modulating the
laser frequency. For this modulation, a small
a.c. voltage was applied to the PZT. Close

20

agreements can be seen between the curves in
Fig. 2 and those in Fig. 7. The peak-to-peak
intensity in Fig. 7(a) is 6.5 uV, which is about
0.659% of the probe beam intensity because it
was measured to be about 1 mV. This value is
consistent with the approximately estimated
value of eq. (21) in §2.

Figure 8 shows the relation between the
peak-to-peak intensity of the signal Ij,, the
parameters z, and y. The white circles represent
the experimental results.” The CH, pressure
employed in this experiment was 15 mTorr.
The solid curve was drawn by using eq. (18).
Here, the least-square fitting was employed
because the values of s and 7 in eq. (18) cannot
be accurately determined from the experiment.
Again, close agreement can be seen between
this curve and the experimental results in this
figure.

Figure 9 shows the derivative signal profiles
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Fig. 5. The signal profiles numerically calculated for several values of the misaligned angle

of the Wollaston prism ¢.
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Fig. 6. The derivatives of the signals in Fig. 5.

experimentally obtained for several values of
4s. For this measurement, the sensitivity of one
detector was varied by an attenuator which was
connected between the detector and the lock-in
amplifier as shown in Fig. 1. The deformation
characteristics of these derivative signal profiles
are similar to those of the numerically estimated
results in Fig. 4.

As a result of the comparisons shown in this
chapter, the calculated results agree well with
the experimental results and are useful to
estimate signal characteristics of the saturated

dispersion spectrum.

§4. Discussion

In this chapter, necessary conditions for
laser frequency stabilization are discussed, and
expected frequency stability as well as resettabil-
ity are estimated by using the results of the
previous chapters.

According to Fig. 3, the signal profile is
deformed with increasing |4s|, and the zero-
crossing point of the profile x, is shifted. The
signal crosses the abscissa if

21
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Fig. 7. (a) The saturated dispersion spectrum exper-
imentally obtained using the apparatus shown in
Fig. 1(a).® The CH, pressure and the value of y
in eq. (16) were 18 mTorr and 0.29, respectively.

(b) The derivative of the spectrum in (a).
The modulation frequency and the maximum
frequency deviation used for the laser were 500 Hz
and 570 kHz, respectively.

o
o °
o

2
- o
£

2 )

o

o I L 1 I I I L L I

0 02 04 z 06 08 10
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10 0605 04 03 02 y 015 01 005 0

Fig.8. The relation between the peak-to-peak
intensity ‘of the saturated dispersion spectrum
I, the parameter z, and y. White circles represent
the experimental results,” where the CH, pressure
used was 15 mTorr. The solid curve was drawn by
eq. (18).

|4s| <2.45% 1073, 31)

Figure 10 shows the relation between x, and 4s
calculated from egs. (29) and (27). In this figure,
the following equation approximately holds
for a small value of |4s|:

xo=—2.08 x 1024s. (32)

When this signal is used as a frequency dis-
criminator for the laser frequency stabilization,
the laser frequency is locked at x,. Therefore,
the value of 4s has to be adjusted so that it
satisfies the relation of eq. (31). Under this
condition, Fig. 10 and eq. (32) show the effect
of As on the stabilized laser frequency. That is,
the frequency stability is reduced if 4s fluctuates
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]
10MHz

Fig.9. The derivatives of the saturated dispersion
spectra experimentally obtained for several values
of 4s. The value of 4s was varied using an atten-
uator connected between one of the detectors and
a lock-in amplifier. Each curve is given a number in
the order of increasing value of 4s. Though its value
cannot be accurately determined, As<0 for curves
1-4, As>0 for curve 5, and 4s>0 for curves 6-8.

Frequeniy

10}

08
%o 06

~ o4}

1 1 1 1
-2 -1 0 1 2
L As

Q 2
N (\X,--Z.OB 104s

N

-04F RN

103

Fig. 10. The relation between 4s and the zero-
crossing point of the saturated dispersion spectrum
Xo, Which was derived from egs. (20) and (27).

during the period of stability measurment. Even
if As does not fluctuate, the frequency reset-
tability is reduced if another pair of detectors
are used because each pair has a different value
of As.

Figure 11 shows the relations between x, and
relative laser intensity fluctuation 6I/I for
several values of As, which were derived from
egs. (20) and (27). It can be seen from this
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Fig. 11. The relations between x, and the relative
laser intensity fluctuation &1/ for several values of
As. These were derived from egs. (20) and (27).

figure that the frequency stability also depends
on the intensity fluctuation 6I/I if 4s#0, and
this dependence becomes more significant with
increasing |4s|. Figure 12 shows the relations
between JI/I and As for several values of
dx,(4s), which were derived from the results in
Fig. 11. In this figure, dx,(4s) represents the
shift of the zero-crossing point x, due to the
intensity fluctuation, which is defined by

140°
10“ | 5x,(AS)=

0'5 | 1
! 10° 10° 10*

AS

Fig. 12. The relations between JI/I and 4s for several
values of the shifts dxo(ds) of the zero-crossing
points. The definition of dx,(ds) is given by eq.
(33). These relations were derived from the results
in Fig. 11.

10°
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(33)

The curves were drawn for |6I/I|<1x 107! and
|4s|£1x1073. The following approximation
holds in this range:

8xo(45) =xo(SI/T) — xo(31/T=0).

8I[I=4.92x1073 5—)%(?‘). (34)
The error in this approximation is less than 5%
if |61/I]<1x107! and |45|£2.45%1073. Ac-
cording to Fig. 12 and eq. (34), the intensity
fluctuation |67/I| has to be lower than 4.92 x
1074, for example, to get dxo(4s)<1x107* if
As=1x1073, Since the half width of the
saturated dispersion spectrum in Fig. 7(a) is
about 1 MHz, the relation dx,(4s)<1x10™*
means that the frequency fluctuation is less
than 100 Hz, which corresponds to a frequency
stability higher than 1 x 10~!2 for the He-??Ne
laser at 3.39 um.

It can be seen from Fig. 5 that the signal
profile is also deformed with increasing |@|, as
was the case in Fig. 4. The signal crosses the

abscissa if
|| <4.96x 1072 (degree). (35)

For the frequency stabilization, The value of ¢
has to be adjusted so that it satisfies the relation
of eq. (35). Figure 13 shows the relation between

10
08

o6} p
X ,

A

02} .= 293+10" tan 2¢

S I T T N | FI WO S R B Iy ]
= 0z & &9
@ (degree)

Fig. 13. The relation between ¢ and x, which was
derived from egs. (20) and (30).
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xo and ¢, which was derived from egs. (20) and
(30). In this figure, the following relation
approximately holds for small values of |¢]:

X0=2.93 x 10% tan 2¢. (36)

Figure 13 and eq. (36) show that the frequency
stability and resettability also depend on ¢.
Figure 14 shows the relations between 61/7 and
x, for several values of ¢, which were derived
from egs. (20) and (30). By using this figure,
the relation between 67/7 and ¢ can be obtained
and is illustrated in Fig. 15 for several values of
0xo(¢), where dx,(¢) follows the same definition
as dxy(4s) of eq. (33). Here, the curves were
drawn for |61/I|<1x10™! and |¢|<1x 107!
degree. In this range, the following approxima-
tion holds within an error of 5%;:

9x0(9)
tan 2¢°

From this equation the value of |6/I| has to be
less than 1x107% to get dxo(@)<1x107% (a
frequency stability higher than 1 x 10712) if ¢ =
1x 1072 degree.

In this chapter, the effects of 4s, ¢, and 61/1

SIjI=—3.48x 1073 37

050] \l’ =
\ N 401*10%(degree)
040|

72 .

|

T
010F R

T E————573x107

286

[ ] 1

oy -005 0 005 o
§I/1

Fig. 14. The relations between x, and JI/I for
several values of ¢, which weére derived from egs.
(20) and (30).
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10° 10"

1
10°
¢ (degree)
Fig. 15. The relations between J1/7 and j for several
values of the shifts dx, (¢), which were derived from

the results in Fig. 14. The definition of dx, (¢) is
the same as that of dx, (4s).

on the frequency stability were discussed. For
more a general case in which 4s#0 and ¢ #0,
the effects of 4s and ¢ on the frequency stability
can be a simple arithmetic sum of both effects,
i.e., 0x(4s)+6xo(P), because |4s|« 1 and |¢| «
1 as shown by egs. (31) and (35). Improved laser
design and ‘a frequency stability higher than
those in the previous work® are expected by
using these results as a guiding principle. If the
values of 4s, ¢, and 61/1 are sufficiently reduced,
the attainable frequency stability will be
limited by other factors such as the noise in the
spectrum, the pressure shift, and so on.”

§5. Summary

The theoretical background was presented to
estimate the characteristics of a saturated dis-
persion spectrum in CH,. Furthermore, the
effects of several parameters on the laser fre-
quency stability were estimated to apply this
spectrum for the frequency stabilization of a
He-2?Ne laser. The results obtained are sum-
marized in the following.

(1) The signal intensity takes the maximum if
y=0.414, where y represents the ratio between
the lengths of the longer and shorter axes of the
polarization ellipse of the probe beam. The
maximum value is 0.465%; of the probe beam
intensity. '

(2) The signal profile is deformed by the
difference between the sensitivities of the two
detectors 4s.

The signal crosses the abscissa if

|4s|<2.45% 1073, (38)

/ﬂ\
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When this deformed signal is used for the fre-
quency stabilization, the following relation
holds:

3 0x(45)
4s

where 0x,(4s) and 8I/I represent the laser fre-
quency shift normalized to the half width of the
saturated dispersion spectrum and the relative
fluctuation of the laser intensity, respectively.
(3) The signal profile is also deformed by the
misalignment of the Wollaston prism ¢, and
crosses the abscissa if

|p|<4.96x 102 (degree). (40)

When this signal is used for frequency stabiliza-
tion, the following relation holds:

9xo(4)
tan 2¢°

where dx,(¢) follows the same definition as that
of dxy(d4s).

SI/I=4.92x 10" (39)

SI/I=—3.48x 1073 (1)

Close agreements were obtained between the
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results of (1) and the experimental results. The
results of (2) and (3) can be used to design a
laser apparatus to improve the frequency
stability.
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The authors have made an Allan variance real-time processing system (ARPS) to measure the
laser frequency stability, where the Allan variance is a measure of frequency stability, i.e., the
average of standard deviations of samples of two successive averaged frequencies. The ARPS
has two frequency counters of 24 bit length and an Allan variance processor using a micro
processor LSI 6802. The frequency counters are also controlled by the micro processor, and
have zero dead time of the gate. The ARPS unables us to compute the Allan variance in wide
range of integration time 7, that is, 1ms < 7 < 232 x f~! where f is the frequency of the input
signal measured in Hz. From this system we can obtain Allan variances on two different signals

independently.

1. Introduction

There have been considerable works on the
stabilization of laser frequency,!=5) and the
stability has been improved up to 1073, which is
enough to be utilized as a frequency standard.
Some of the authors (M.O. and T.T.) have
developed the frequency-offset-locked He-Xe
laser system at 3.51um.5~7) The frequency
stability of all three lasers in this system have to
be simultaneously measured at real time when
this system operates. For measuring the laser
frequency stability, a frequency counter with an
off-line mini computer or a real-time computing
counter (HP5390A)is conventionally used. These
are not necessarily suitable for measuring the
frequency stability of many lasers simultaneously,
since they are designed as universal measurement

* Qriginally published in Trans. IECE Vol. J64-C
No. 3 (1981)
** Graduate student.
*** Associate, Dr. Eng.
**%* Professor, Dr. Sci.

systems and moreover complex and expensive.
The square root of the Allan variance 0,>8-10)
is used as a typical measure of frequency stability,
which is the average of standard deviations of
samples of two successive averaged frequencies.
Since only a simple arithmetical operation is

required for the computation, it is suitable to

apply a micro processor to a single purpose
system for calculating the Allan variance.

For the purpose of computing and characteriz-
ing the frequency stability of a group of lasers
the authors have developed a real-time system for
measuring the stability of laser frequency, which
we call an Allan variance real-time processing
system, ARPS, for short.

2. The Measurement of Laser Frequency Stability

The Allan variance is defined as
1 ”z‘:' Ok —¥x)?
n—1 g=1 2 ’

(6]

0’ (1) =
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where we define,

Vi =Fxlf,

fx: the k-th averaged signal frequency measured
within the integration time 7.

f : the nominal frequency of the signal,

7 . an integration time, and

n : the number of the datafi’s.
In Eq. (1), fx and fx+, are successively measured
with zero dead time of the gate. This situation is
schematically explained in Fig. 1.

Figure 2 shows the block diagram for the
measurement of laser frequency stability using
the beat signal between two lasers.”) The fre-
quency stability of each laser is estimated by
calculating the Allan variance using counts of the
beat frequency.

f
A
freq.

7 T

k-1| k

' /

T t

Fig. 1. Frequency change of the
signal source.

----- )
----- X

Det.

FREQUENCY
COUNTER

ALLAN-variance
PROCESSOR

A.R.P.S.

Fig. 2. The measurement system of
the laser frequency stability.
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3. The Hardware of the ARPS

Figure 3 shows the block diagram of the
ARPS. An 8 bit micro processing unit (MPU)
LSI 6802 is used.!!) All the programs including
floating-point operations routines are fixed on a
read only memory (ROM), and the frequency
data are stored in a read write memory (RWM) of
3k byte. Each peripheral interface adapter (PIA)
is an LSI processing two group of 8 bit and four
1 bit input and output ports.!!) They are avail-
able for data transfer and control of interrupt-
request. One of the two PIA’s is used for data
transfer from keyboard switches and transfer to
silent thermal printer as shown in Fig. 3. Another
PIA controls interrupt-requests from counters
which indicate that the gate time for count is
over. The result of count are directly transferred
to the data bus lines of the system using tri-state
gates.

ROM 4KB

RWM 3KB

1/0 H LATCHES

(2ch)

-l KEY BOARD I

PRINTER

I

COUNTERS
(2ch)

H 1/0

Fig. 3. The block diagram of the
ARPS,

The frequency counters consist of two binary
counters and latches (Fig.4 (a)). As these
counters work without reset at every gate time,
they always overflow counts. The count is
latched after the gate time. It takes several tens
ns for counters to settle their counts after the
rising edge of input signal. In order to prevent an
ambiguity error, falling edge of the gate clock
which decides a latch timing is delayed untill the
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(a) FREQUENCY COUNTER

[ T0 MPU |
IRQ
#3

LATCH-1 LATCH TIMING LATCH-2 |

CIRCUIT

1 #2
binary GATE binary
COUNTER-1 CLOCK COUNTER-2

Input-1 Input-2

(b) LATCH TIMING
#1 INPUT SIGNAL

count

A1 AL

#2 GATE CLOCK

#3 LATCH TIMING

Fig. 4. The frequency counters.

falling edge of input signal. (Fig.4 (b)) When
the count is latched, the PIA switches the level of
the interrupt-request (IRQ) bus line. Then the
interrupt processing program runs where the
acquisition of the data of count and calculation
of the frequency are executed. As binary coun-
ters are 24 bit length, the accuracy of the fre-
quency calculation is about 7 digit. Thus, the
frequency is measured with zero dead time
because counters are never reset.

4. The Software of the ARPS

Figure 5 shows the flowchart of the program.
In the main routine, the parameters of the Allan
variance are set initially by the operator. The n
and 7 are given to two measured values of coun-
ters, independently. The following instruction of
the main routine makes a loop where a termina-
tion of acquisitions of appointed number of
frequency data is checked. When the appointed
number of frequency data n on one of the two
input signals are acquired, data acquisitions on

INITIALIZE
PARAVETERS

ACCUM
DATA U:Lél]El
ACCUMULATED?
Y
CALCULATE
THE
ALLAN VARIANCE

< >
N

ACCUMULATE
DATA OF Ch-2

( RETURN FROM
INTERRUPT

MAIN ROUTINE INTERRUPT PROCESSING ROUTINE

Fig. 5. The flowchart of the program.

the input signal is stopped and the Allan variance
is calculated. It takes about 0.7 s to complete
calculation the Allan variance if the number of
the data is 100.

On the other hand, as an interrupt-request
occurs in every period of the gate time, the inter-
rupt is identified and the data of count are
acquired. As the interrupt-request occurs every
period of the gate time of two frequency coun-
ters independently, the interrupt-request can
occur when the interrupt processing routine is
being executed. Considering this case, the ARPS
is designed to be able to execute multi-level
interrupt processing. In the interrupt processing
routine, difference between two successive data
of count is calculated and the difference is
accumulated for the integration time 7. As the
interrupt processing routine is used only for
acquisition and accumulation of the data of
count, the ARPS needs memory of the data
number n for storage. The interrupt processing
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routine, however, terminates more rapidly than
the case that the routine takes charge of whole
calculation of the Allan variance. The Allan
variance is calculated in the main routine using
the accumulated values of the frequency. The
interrupt processing routine is executed in every
period of the gate time, and the main routine is
proceeded for the time left. As it takes less than
400us for the interrupt processing routine to
terminate even though two frequency counters
request interrupts simultaneously, more than
600us is left for the main routine in the busiest
case of the gate time of 1 ms. Thus, by using the
two level structure of the main routine and the
interrupt processing routine, the ARPS processes
the Allan variances on the two signals simul-
taneously.

For the calculation of the Allan variance,
floating-point operation routines have been devel-
oped. By the floating-point representation, the
real number x is described as
+ % YxN® (2
where ay,4a,,... is a fixed point part, a is an
exponent and NV is a base. For the larger base V,
the indicating range becomes wider, however the
error increases due to the falling out of the fixed
point part by some operations,!2) here 2 is
adopted as V. The ARPS requires a high speed
floating-point operation for real-time processing,
and requires an accuracy of 3 byte length because
subtractions between two frequency data of
3 byte length counters are executed in the
calculation of the Allan variance. The data type
of floating point data is shown in Fig. 6.13) A
floating-point number is expressed using 4 byte
length which consists of a fixed point part of
3 byte, an exponent of 6 bit and signs of 1 bit

exponent+1000000, Fixed point part

L A\ N 1\
(01000001[100000000000000000000009|
Asign of mantissa

Fig. 6. The data type of floating-
point data (the case of +1.).
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for the fixed point part and the exponent, respec-.
tively. The range of the floating-point number x
using this notation is about 107 < | x| < 10",
and the accuracy is about seven digits. The
floating-point operation routines of the Allan
variance are attempt to be first in their execution
for the real-time processing even though the
program itself becomes tedious. Their execution
speeds are less than 2.6 ms for a multiplication,
about 350us for an addition and less than
16.6 ms for a square root. Thus real-time proces-
sing is available as the ARPS calculate the Allan
variance of data number of 100 within 1s.

5. Operation Test

The normal operation of the ARPS is con-
fimed by two experiments — the simulation
using frequency modulated signal and the com-
parison with the conventional measurement
system.

o: measured
(ARPS)
a: calculated
R
101
oy N
%
10%- N
.‘\
‘\
‘\
16° 1 | 1 '\
1073 1072 107 10° 10!

Tls)

Fig. 7. The result of the operation
test of the ARPS.

Figure 7 shows the result of simulation using
frequency modulated signal, of which center
frequency, the modulation frequency, and the
maximum frequency deviation are 500 kHz,
8.6Hz and 92kHz, respectively. The Allan
variance of the signal is calculated according to
the Eq. (1), then

0, () = 59_2 sin? (w7/2)

00 wT ’ (3)
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where w =27 x 8.6 rad/s. The measured Allan
variance of the modulated signal does not con-
verge with increase of number of the data n when
wr=mn(m=1,2,3,...), but is determined
only by the starting time of the measurement.
In this case the Eq. (3) indicates the average of
the result of measurements. As the result of the
measurements by the ARPS agree with that of
the calculation by Eq. (3), it has been confirmed
that the ARPS functions correctly.

10°

o:F/V converter

®:F counter

10l
1019 ;\i\ «: ARPS
LN
10" e
o 3
10-12 |
>°n
105 A
L 4

]o"l | 1 i |

]
0% 12 1 100 10 102 10
T(s)

Fig. 8. The result of the frequency
stability of He-Xe lasers at

3.51um.

Figure 8 shows the result of the measurement
of the frequency stability of the laser by using
the ARPS and using the conventional measure-
ment system simultaneously. The experimental
set up is shown in Fig. 2, and the two lasers are
stabilized frequency-offset-locked 3.51um He-Xe
lasers.”) The beat frequency was locked to be
2MHz, and the Allan variance was measured by
the ARPS and by the conventional system. To
measure the beat frequency for this purpose,
authors conventionally used a commercial fre-
quency counter and frequency to voltage (F/V)
converter, because the commercial frequency
counter yields some errors at the short term

+: The dead time is longer than 50 ms in commercially
available frequency counters.
t1: oy is about 107! at 7=107"s, in the case of the
3.51 um He-Xe laser of the authors’ group.

shorter than 1s which comes from the dead time
of counting for reset and display.t The F/V
converter, however, is less precise for the purpose
of measuring the long term stability of authors’
lasers.TT  Then no reliable Allan variance has
been measured in the region between 0.1s <7<
Is. The acquired data of the frequency have
been recorded on paper tape and analogue data
recorder, respectively, and processed to calculate
the Allan variance by an off-line minicomputer
(LSI-11). On the other hand, the Allan variance
can be measured by the ARPS in wide range of
7, that is, Ims < 7<23% x f~!s where f is the
frequency of the input signal measured in Hz.
The maximum value of the 7 depends on accumu-
lation of the counter data using 4 byte length.
As the result of the measurement by the ARPS
agree with that of the conventional system, it has
been confirmed that the ARPS can be used for
the real-time measurement of the stability of the
laser frequency.

6. Summary

Performances of the ARPS are summarized as
follows:

i) The ARPS can be used for real-time measure-
ment.

ii) Real Allan variance is computed without

dead time of the gate.

Allan variances of two independent signal

sources are available.

iv) The Allan variance in wide range of 1 ms <
7< 2% x f~1s is available.

v) More accurate Allan variance is achievable
compared with conventional F/V converters,
because the ARPS adopts 24 bit frequency
counters and accumulate counts on memory
of 32 bit length. '

vi) The present system is easily handled and
with low cost as it is designed for a single
purpose system.

i)
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As the input stage of the ARPS is composed
of simple TTL frequency counters, the ARPS
would give us wide variety of application such as
the stability measurement of quartz oscillators,
and signal frequencies in general. Furthermore,
if a V/F converter is used with the ARPS; it can
be also used to measure the amplitude stability
of any analog signals.
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The method of intracavity polarization spectroscopy was employed to measure the Doppler-
free saturated dispersion spectrum in CH, (the E component of the P(7) line in the v; band).
A He-?2Ne laser at 3.39 um was used as a light source. The experimental results agreed well
with the results of numerical calculations. This spectrum was used to stabilize the laser frequency
without frequency modulation, and a stability of 1.1 x 10~12 was obtained for an integration
time of 200 s. The second derivative signal of the spectrum was also used for the stabilization by
modulating the laser frequency. The stability obtained was 2.5 x 10~12 for an integration time
of 300 s. Furthermore, an alternative method using a Faraday rotator is proposed to get higher

frequency stability.

§1. Introduction

Frequencies of several lasers have been
highly stabilized by using saturated absorption
spectra in atoms or molecules to develop new
wavelength standards.! ™ In these examples,
the derivative signals of the spectra were ob-
tained by modulating the laser frequencies,
and were used as frequency discriminators.
However, the short-term stabilities of the laser
frequencies were reduced by this modulation.
If saturated dispersion spectra are used instead
of the saturated absorption spectra, the laser
frequencies can be stabilized without any need
for modulation because these dispersive-shaped
spectra immediately give error signals for the
servo loop, as do the derivative signals of the
saturated absorption spectra.

In this paper, the measurement of the
saturated dispersion spectrum in CH, (the E
component of the P(7) line in the v; band) and
its application to frequency stabilization of a
He-?2Ne laser at 3.39 um are reported.

The method of polarization spectroscopy is
employed here to measure the saturated disper-
sion spectrum. In the conventional method of
polarization spectroscopy,®'® an absorption
cell is placed outside the laser cavity, and the
directions of two counterpropagating waves,
i.e., the pump and probe beams, are set slightly
nonparallel to avoid feedback into the laser
cavity. Due to this nonparallelism, Doppler

broadening of the spectrum is not completely
eliminated. To eliminate this residual Doppler
broadening, the absorption cell was placed
inside the laser cavity in the present study.

§2. Measurement Method

Figure 1(a) shows the He-2?Ne laser used.
The laser tube has a discharge part of 3 mm in
inner diameter and 470 mm in length. The total
gas pressure was 2 Torr and the pressure ratio
of He to 22Ne was 9. The length of the CH,
cell was 300 mm. Cavity mirrors, M; and M,,
had reflectances of 90 9, and one of the mirrors,
M,, was mounted on a piezoelectric transducer
(PZT) for frequency tuning and modulation.
The cavity length was 1010 mm, and four
Invar rods were used to reduce the thermal
expansion of the cavity. R represents the phase
plate made of a mica sheet.

The standing wave in the cavity is composed
of two counterpropagating waves. One of them,
i.e., the wave propagating from M; to M, in
this figure, can be considered as a probe beam
in polarization spectroscopy because this beam
was monitored after transmission through M,
(see Fig. 2). The other one can be considered as
a pump beam.

Since the laser tube has Brewster windows,
both beams are linearly polarized at point A in
Fig. 1(a). At point B, they are elliptically polar-
ized by the phase plate R. Figure 1(b) shows the
vibrational ellipse for the electric vector of the
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© ®
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Fig. 1. (a) The He-?2Ne laser at 3.39 zm which was
used in the experiments. R represents the phase
plate made of mica sheet. One of the cavity mirrors,
M,, is mounted on a piezoelectric transducer (PZT)
for frequency tuning and modulation. One of the
counterpropagating waves in the cavity, the one
from M, to M., is considered as a probe beam, and
the other as a pump beam, respectively. (b) The
vibrational ellipses for the electric vectors of the
probe beam at points A, B, and C in Fig. 1(a). Due
to the circular birefringence induced by the pump
beam, the difference 6 appears between the direc-
tions of the large axes of the ellipses at points B and
C. By measuring the difference I, between the in-
tensities Z; and I, of the directions shown in this
figure, the value of @ can be obtained.

probe beam at each point in the cavity. If the
intensity of the pump beam is high enough, the
CH, transition is saturated, and this saturation
induces circular dichroism and circular bire-
fringence.”) That is, the absorption coefficients
o, and a_ for the right (+) and left (—)
handed circularly polarized components, in
which the elliptically polarized probe beam can
be decomposed, are expressed as

1
o4 =a0|:l—' 2_15(1:': +2d1;)

2
Y
8 {1+(w—wo)2+v2}]' o
And the difference between the refractive in-

dices, n, and n_, for both components is ex-
pressed as

(0 —ay)y
(0—wo)*+9*’
)

where a, is the linear absorption coefficient of
CH,, I, are the intensities of the two circularly

todo

e mR-= 8nl

(I —1-)1-2d)
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polarized components of the probe beam, I is
the saturation parameter of CHy, y is the dipole
relaxation constant of CH,, w,, A, are the
transition frequency and wavelength of CH,,
and w is the laser frequency.
The parameter d can be expressed as
2

d= %’_3—1) JorJ—1), 3)
where J represents the rotational quantum num-
ber of one of the resonant levels in CH,. It can
be easily seen that egs. (1) and (2) correspond
to the saturated absorption and dispersion
spectra, respectively. The direction of the large
axis of the polarization ellipse of the probe
beam rotates because of the difference between
n, and n_. That is, this direction at point C in
Fig. 1(a) is different from that at point B. This
situation is shown in Fig. 1(b) where the 0 is
the angle between the two directions. The
information about the saturated dispersion can
be obtained if the angle 6 is measured.

Figure 2 shows two ways of performing the
measurement. Figure 2(a) shows a method using
a Wollaston prism followed by two InAs
detectors. The directions of the two optical
axes of the Wollaston prism are adjusted so

LIA D,

| XY X
Recorder

(@)
LIA D P S

- S {Laser]

To PZT

High Voltage
Power Supply

XY
Recorder

(b)

Fig. 2. Experimental apparatus used to measure the
difference Ip between the intensities 7, and I, in
Fig. 1(b). (a) The method using a Wollaston prism
and two detectors. WP: The Wollaston prism made
of MgF,. Dy, D,: In As detectors. Ch: Mechanical
chopper (1 kHz). LIA: Lock-in amplifier. (b) The
method using a Faraday rotator and a detector.
F: YIG crystal for the Faraday rotator. S: Solenoid
for the a.c. axial magnetic field. P: Polarizer. D: An
InAs detector.

x_|High Voltage
Power Supply




Frequency Stabilization of a He-*?>Ne Laser

that the directions of the linear polarizations
of the transmitted .ight beams are symmetrical
about the large axis of the ellipse at position B
in Fig. 1(a). The signal, which is proportional
to 6, can be obtained by measuring the differ-
ence between the intensities /; and I, of these
light beams, as shown in Fig. 1(b). In this
method, however, the difference between the
sensitivities of the two detectors can produce
signal waveform asymmetry. Furthermore, it
is rather difficult to measure the signal at a high
speed because a mechanical chopper is used for
phase sensitive detection. The frequency of the
chopper used was 1 kHz.

Another method is proposed to avoid these
difficulties, in which a Faraday rotator is em-
ployed. This method is shown in Fig. 2(b),
which is basically the same as that in Fig. 2(a).
The direction of the large axis of the ellipse is
oscillated by applying an axial a.c. magnetic
field to a YIG(Y;FesO,,) crystal. The differ-
ence between I; and I, can be measured by a
polarizer and a detector behind the crystal
when phase sensitive detection is employed.
The output of the oscillator for the a.c. magnetic
field is used as a reference input for the phase
sensitive detection. This method is better than
that in Fig. 2(a) because only one detector is
required and the frequency of the magnetic field
can be easily set higher than that of the mechan-
ical chopper.

In §4, the results obtained by both methods
will be given.

§3. Estimation of the Signal Intensity

Numerical calculation is carried out in this
chapter to estimate the signal intensity. Only
the case of Fig. 2(a) is discussed here because
the method shown in Fig. 2(b) is basically the
same as that of Fig. 2(a).

The circular birefringence (eq. (2)) induces
the phase difference § between the oppositely
circularly polarized components of the probe
beam. This is expressed as

=T @
where [ represents the length of the CH, ab-

sorption cell. The rotation angle 6 of the ellipse
shown, in Fig. 1(b) is given by

0=5/2. ©)
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Then, the difference I, between the output
intensities from the two detectors in Fig. 2(a)
can be easily calculated by using egs. (2), (4),
(5) and several formulae from optics theory.®
This is expressed as

ID=saol(1—2d)‘_;;\/I+I_(I+ _I.)

(@—ao)y
(0—wo)* +7*’

©)

where s represents the quantity which corre-
sponds to the detector sensitivity. It can be seen
from eq. (6) that I, is proportional to the
saturated dispersion signal. Actually, as the
circular dichroism (eq. (1)) is simultaneously
induced, I, and I__ in eq. (6) have to be replaced
by I,(1—a,l) and I_(1—a_I) to the approxi-
mation of the first order, respectively. These
replacements lead to the following expression
for I.

1 —
ID=saol(1_2d)7 I+I_(I+_I_)
S

3+2d

(w—wO)y +aolTIS'_(I++I_)

x (w—wo)f+v2[1

,y2
X {”(w—wo)%v’}]’

The second term in the square brackets in
eq. (7) represents this correction. However,
eq. (6) will be used in the following discussion
because this term is negligibly small, as is shown
in Fig. 3.

Here, the intensity ratio z between two cir-
cularly polarized components is defined by

M

z=I_[I, (0Z2zZ1). ®)
Then, I, and I_ are expressed as
1 z

Li=173h -=13zr 6))

where I represents the total intensity of the
probe beam. Substituting eq. (9) into eq. (6),
the following equation is obtained.

Iz2(1-2) (0—wo)y
I (1427 (0—wo)*+7y*

(@—wo)y
=or (o~ +77 b

where I, represents the peak-to-peak value of
the signal in eq. (10), and is expressed as
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1
Ipp=50,1(1 —2d)172 %ﬁ—) (12)

This quantity I, corresponds to the signal
intensity. It can be easily seen that the param-
eter z in eq. (8) is related to the ratio between
the lengths of the two axes of the ellipse, which
is expressed as®

_1-yz
TN

If z=0.172, I, in eq. (11) takes the maximum
which is given by

(O=y=D. (13)

(14)

The value of y here is 0.414. The following
values are substituted into eq. (14) to estimate
the value of Iy,,:

1 I
Ime= Zsaol(l —2d)I’E.

0o=0.283 m™1,
=20 cm,
d=0.171 (J=8 for the P(7) line), (15)

[/I=0.5.

The value of «, in this equation is for a CH,
pressure of 18 mTorr.”) The value of I/I5 was
obtained with a discharge current of a few
milliampere, and a conventional saturated
absorption signal has been clearly observed at
~ this value of I/I,.* Substituting eq. (15) into
eq. (14),

(16)

This equation implies that the maximum signal
intensity will be 0.465 9 of the total intensity of
the probe beam, which is about a half of that
of the conventional saturated absorption
signal. However, it must be able to be detected
without any special difficulties.

Figure 3(a) shows the signal waveforms nu-
merically calculated from eq. (15). Figure 3(b)
shows their derivative signals. In both figures
the solid curves represent the results obtained
by using eq. (7) i.e., the effect of the saturated
absorption was considered. The broken curves
are the results using eq. (6), in which the satu-
rated absorption was neglected. Comparison
between the solid and broken curves shows that
the signal waveform is almost free from the
effect of saturated absorption.

Topm=4.65x1073sI.
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Fig. 3. (a) The saturated dispersion spectrum numer-
ically calculated. (b) The derivative of the spectrum
in (a).

x=(w—awo)fy
In both figures, the solid curves represent the results
obtained by considering the saturated absorption.
The broken curves represent the results in which the
saturated absorption is neglected.

§4. Experimental Results

Figure 4(a) shows the signal waveform
measured using the apparatus shown in Fig.
2(a). The discharge current of the laser tube
and CH, pressure were 10 mA and 18 mTorr,
respectively. The value of y in eq. (13) was 0.29
(which corresponds to z=0.55). The value of
y was easily measured by using a polarizer and
a detector instead of the apparatus shown in
Fig. 2(a). That is, y corresponds to the square
root of the ratio between the maximum and

064V
0
2]
2MHz 2MHz
Frequency Frequency
—_— —_—
@ (b)

Fig. 4. (a) The saturated dispersion spectrum ob-
tained by using the apparatus in Fig. 2(a). The dis-
charge current of the laser and the CH, pressure
were 10mA and 18 mTorr, respectively. The value of
z of eq. (8) and y of eq. (13) were 0.55 and 0.29,
respectively. (b) The derivative of the spectrum in
(a). The modulation frequency and the maximum
frequency deviation used were 500 Hz and 570 kHz,
respectivey.
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minimum intensities of the transmitted light
through the polarizer, which were measured by
rotating the optical axis of the polarizer. The
peak-to-peak value of the signal in Fig. 4(a) is
6.5 uV, which corresponds to about 0.6 9% of the
total intensity of the probe beam because it was
measured to be about 1 mV. This value of the
signal intensity is almost the same as the roughly
estimated value in eq. (16).

Figure 4(b) shows the derivative signal.
Here, the laser frequency was modulated by
applying an a.c. voltage of 2.6 V (peak-to-peak
value, which corresponded to the maximum
frequency deviation of 570 kHz) to the PZT.
The modulation frequency, i.e., the frequency
of the a.c. voltage, was 500 Hz. It can be seen
that the curves in Figs. 4(a) and (b) are similar
to those in Figs. 3(a) and (b).

Figure 5 shows the signal waveform meas-
ured using the apparatus shown in Fig. 2(b).
The strength of the a.c. magnetic field was
420 G (peak-to-peak value), which corre-
sponded to the Faraday rotation of 80 degree.
Its frequency was 2 kHz. As this frequency is
higher than that of the chopper in Fig. 2(a),
faster measurements were able to be performed
using this apparatus. However, the signal-to-
noise ratio of the curve in Fig. 5 is unexpectedly
lower than that in Fig. 4(a). The noise on the
curve is thought to be from the current source
for the a.c. magnetic field. A larger signal-to-
noise ratio is possible and experiments are now

Frequency

Fig. 5. The saturated dispersion spectrum obtained
by using the apparatus in Fig. 2(b). The frequency
of the a.c. magnetic field was 2 kHz. Its strength was
420 G (peak-to-peak value), which corresponded to
a Faraday rotation of 80 degrees. The values of
other parameters were the same as given in Fig. 4(a).
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in progress to achieve this by improving the
current source. In the following experiment in
the present work, the method of Fig. 2(a) was
employed.

Figure 6 shows the relation between the
peak-to-peak value Ip, of the signal and the
CH,, pressure. It can be seen from this figure
that the value of I, is maximum at a CH,
pressure of 18 mTorr.

Figure 7 shows the relation between I, z,
and y. The value of the parameters z and y were
varied by rotating the direction on the optical
axis of the phase plate R. The solid curve in
this figure was drawn by using eq. (12). Here,
the least-square fitting was employed because
the values of s and 7 in eq. (12) cannot be
accurately determined. Close agreement can
be seen between this curve and experimental
results.

Q. _
6 // ° ~~“‘~cg~\
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0 10 20 30
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Fig. 6. Relation between the peak-to-peak value Ip,
of the saturated dispersion spectrum and the CH,
pressure Py. The value of y in eq. (13) was 0.25. The
discharge current of the laser was 10 mA.
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Fig. 7. Relation between the peak-to-peak value Ip,
of the saturated dispersion spectrum, the parameter
z and y. The discharge current of the laser and the
CH, pressure were 10 mA. and 15 mTorr, respec-
tively. The solid curve was drawn by using eq. (12).
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§5. Application to Frequency Stabilization

The laser frequency can be stabilized without
frequency modulation when the signal in
Fig. 4(a) is used as a frequency discriminator.
Figure 8(a) shows the apparatus used for the
frequency stabilization. The laser frequency
can be also stabilized by the second derivative
of the saturated dispersion signal when the
laser frequency is modulated. Figure 8(b)
shows the apparatus used for this method of
stabilization. Figures 9(a) and (b) show the
second derivative signal used as a frequency
discriminator. The modulation frequency and
the maximum frequency deviation were 500 Hz
and 660 kHz, respectively. For comparison
with the methods of Figs. 8(a) and (b), Fig. 8(c)
shows the apparatus for frequency stabilization
by the derivative of the conventional saturated
absorption signal shown in Fig. 9(c). The
values of the modulation frequency and the

2 wp ch
-:-‘E’"H“" L aser
To PZT
<ontrol PZT
Low Pass| |Data in | Controller
Filter Recorder
(@)
LIA D, WP
oo [Laser]

D, ¥ ToPZT
2nd Harmonics |, o PZT
Generator m Controller

L)
i

Low Pass| [Data control in

Filter Recorder

(b)
D LIA
-
o PZT
PZT )
Controller

Data Low Pass
Recorder Filter
(c)

Fig.8. (a) Apparatus for frequency stabilization
without frequency modulation by the signal in Fig.
4(a). (b) Apparatus for frequency stabilization with
frequency modulation by the signal in Fig. 9(a).
(c) Apparatus for the conventional frequency
stabilization with frequency modulation by the
signal in Fig. 9(c).
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Fig. 9. (a), (b) The second derivative of the spectrum
in Fig. 4(a). The central part of the spectrum in (a) is
magnified and is shown in (b). The modulation fre-
quency and the maximum frequency deviation of the
laser were 500 Hz and 660 kHz, respectively. The
values of other parameters were the same as in Fig.
4(a). (c) The derivative of the conventional saturated
absorption spectrum. The output beam through the
mirror M; was used for this measurement, which is
shown in Fig. 8(c). The values of the parameters
were the same as in (a).

maximum frequency deviation were the same
as in Fig. 9(a). In all the cases of Fig. 8, error
signals from the lock-in amplifier were recorded
by a data recorder, and the frequency stability
was estimated from these signals after analog-
to-digital conversion.

Figure 10 shows the square root of the Allan
variance 62 of the frequency fluctuations,
which is a useful measure of the frequency
stability.!® In this figure, curves A, B and C
represent the results when the apparatuses in
Figs. 8(a), (b) and (c) were used, respectively.

1079
10'!0 q—0—-0-0—0~Q
o— 10-]]
107
0" ] ! ! | 84
102 10" 10° 10 10 10°

T (s)

Fig. 10. The square root of the Allan variance o2 of
the frequency fluctuations. 7 and N represent in-
tegration time and the number of data, respectively.
Curves A, B, and C represent the results obtained by
using the apparatuses in Fig. 8(a), (b), and (c),
respectively.
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On the three curves in Fig. 10, the values of ¢
are approximately proportional to 7~ /2, where
T represents the integration time. In the range
of 12 ms<t<500s, the minimum values of ¢
on these curves are

curve A; o6=1.1x10"*2 at t=200s,
curve B; ¢=2.5x10"'* at t=300s, (17)
curve C; ¢=2.7x10"13 at 7=500s.

For t21s, the value of ¢ on curve B is almost
the same as that on curve C. However, the value
on curve A is larger than both of them. One of
the reasons may be the difference between the
sensitivities of the two detectors in Fig. 8(a),
which slowly fluctuated with time. It can be
inferred that this fluctuation is due to the tem-
perature changes of these detectors. This trou-
ble can be avoided by using the method shown
in Fig. 2(b). Higher stability can be expected if
a signal with higher signal-to-noise ratio is ob-
tained by the method shown in Fig. 2(b).

§6. Conclusion

The method of intracavity polarization
spectroscopy was employed to measure the
Doppler-free saturated dispersion spectrum in
CH,. A He-??Ne laser at 3.39 um was used as
a light source. From the numerical calculations,
the signal intensity was estimated to be as large
as 0.4659% of the total intensity of the probe
beam. The experimental results agreed well
with the results obtained from numerical cal-
culations. This signal was used to stabilize the
laser frequency without frequency modulation,
and a stability of 1.1 x 10~ 12 was obtained for
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an integration time of 200s. The second de-
rivative signal of the spectrum was also used
for the stabilization by modulating the laser
frequency. The stability obtained was 2.5 x
10713 for an integration time of 300 s. These
stability values were comparable to those ob-
tained by using the conventional saturated
absorption spectrum in CH,. Furthermore, an
alternative method using a Faraday rotator was
proposed to get higher frequency stability.
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The frequency of a 3.51 um He-Xe laser has been stabilized without frequency modulation by
means of the derivative signal of the Stark-modulated inverted Lamb dip in the vs transition of
H,CO. We have obtained o=1.2x 1014 as the square root of the Allan variance of the fre-
quency fluctuation for an integration time of 25s, showing comparable stability to that ob-

tained using a conventional method.

Frequencies of several lasers have been
stabilized by using saturated absorption spectra
in atoms or molecules to develop new wave-
length standards.!” In these samples, the
derivative signals of the saturated absorption
spectra, i.e., the inverted Lamb dips, have been
used as frequency discriminators. To obtain
these signals, the laser frequencies have been
modulated by applying a.c. voltage to piezo-
electric transducers (PZTs).

In the present work, the frequency stabiliza-
tion of a He-Xe laser at 3.51 ym is demon-
strated by the Stark modulation technique. The
derivative signal of the inverted Lamb dip in
H,CO (54,5(vs=0)-6¢ ¢(vs=1)) is obtained by
applying an a.c. electric field (the Stark field) to
H,CO molecules. By using this signal, the laser
frequency can be stabilized without any need
for frequency modulation.

The experimental apparatus is shown in
Fig. 1. A laser tube with a discharge part of
5.8 mm inner diameter and 750 cm length is
used. The total pressure is 4.0 Torr and the
pressure ratio of Xe to the total pressure is
0.025. The discharge current is 3.8 mA. Since
the center frequency of the spectrum in H,CO
is about 200 MHz higher than the center fre-
quency of the gain curve of a He—Xe laser, an
axial d.c. magnetic field of 124 G is applied to
the laser tube to compensate for this frequency
gap. Under the axial magnetic field, the two
oppositely circularly polarized Zeeman com-
ponents (o, and ¢_) oscillate.>) The ¢, mode
is used in the present work because the center
frequency of the gain curve of this mode coin-
cides with the absorption line frequency of

A
Lasertube  H,COcell ,-g{@.e. _.InAs det,

PZT
et {11 o-
Solenoid || 7771 Pol” ™" -
PZT STARK
Controller Power Supply St LockinAmp
3
DATA [L.PF
Recorder | 330Hz
/I L.PF

10Hz

VIF

¢ [Conv. [ |

Fig. 1. Experimental apparatus: ARPS represents
an Allan variance realtime processing system using
a micro processor.”

ARPS

H,CO. A quarter-wave plate and polarizer are
used to separate the o, mode from the o_
mode. One of the cavity mirrors is mounted on
a PZT for frequency tuning. The absorption
cell contains Stark electrodes of 10 mm separa-
tion and 26 cm length. The electrodes are made
of 36 silver coated steel wires of 0.1 mm in
diameter which are separated by | mm. An a.c
voltage of up to 6 kV (peak-to-peak value) is
applied to the electrodes for Stark modulation.
The second harmonic signal of the applied
electric field is used as the reference for the
phase sensitive detection. This is because the
absorption line shows the second order Stark
effect, i.e., the frequency shift is proportional
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41

Paan



Frequency Stabilization of a He-Xe Laser

to the square of the electric field.® Its Stark
coefficient is 5.90, x 102 kHz/(kV/cm)?.* The
ARPS represents an Allan variance realtime
processing system using a micro processor
developed by the authors.”

The first derivative signals of the inverted
Lamb dip are shown in Fig. 2. Figure 2(a)
shows the signal obtained by using the con-
ventional method of cavity modulation, i.e.,
by applying the a.c. voltage to the PZT. In this
figure, the value of the maximum frequency
deviation used is 770 kHz. Figure 2(b) shows
the first derivative signal using the Stark
modulation mentioned above. The a.c. electric
field of 2.5 kVp-p/cm is applied and the modula-
tion frequency is 3 kHz.

The linear part between the two peaks of
this signal is used as a frequency discriminator
to control the laser frequency. The control
system consists of a lock-in amplifier and a
PZT driver with an integrator, a proportional
amplifier and a differentiator.®) As the deriva-
tive signal using Stark modulation has a d.c.

Fig. 2. The first derivative signal of the inverted
Lamb dip in H,CO, using PZT modulation (a), and
Stark modulation (b).

*K. Uehara: Dr. Thesis, Faculty of Science, University
of Tokyo, Hongo, Tokyo, 1968.
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offset value, it is compensated by the lock-in
amplifier.

Error signals from the lock-in amplifier are
proportional to the fluctuations of the laser
frequency, and are recorded and analyzed by
means of the square root of the Allan variance®
o2, which is the measure of frequency stability.
The results are shown in Fig. 3, where t and N
represent the integration time and the number
of data, respectively. The curves A and B
show the results of stabilization using con-
ventional cavity modulation and Stark modula-
tion, respectively. It can be seen that the result
obtained by using Stark modulation exhibits
better stability than that obtained using cavity
modulation for t>0.1s.

As mentioned above, it is necessary to com-
pensate for the d.c. offset value for the stabiliza-
tion required when the Stark modulation is
employed. By using the sixth harmonic of the
a.c. Stark field as the reference signal for the
phase sensitive detection, the third derivative
signal can be obtained for stabilization and the
d.c. offset is eliminated. Curve C shows the
result of laser stabilization using the third
derivative signal. As the intensity of the third
derivative signal is about one half that of the
first derivative signal in the present work, the
stability of the stabilized laser using the third
derivative signal (curve C) is worse than that for
the first derivative (curve B).

1(510
10"
107}
o
1071
=14
10
8020 57
8
ISSI— ] ] 1 g ]
103 102 107 10 100 102 103
Ts)

Fig. 3. The square root of the Allan variance o2
of the frequency fluctuations. N and t represent
the number of data and the integration time,
respectively: Curves A, B and C represent results of
stabilization using cavity modulation, Stark modula-
tion (first derivative signal) and Stark modulation
(third derivative signal), respectively.
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On the three curves in this figure, the mini-
mum values are,

curve A; 6=1.7x10"1* at t=40s,
curve B; 6=1.2x10"1* at t=25s,
curve C; 6=8.3x10"1* at t=12s.

By comparing these results, it can be said that
the frequency stability obtained by using Stark
modulation is as high as that using conventional
cavity modulation. This stabilized laser is
considered to be almost free from frequency
modulation, apart from some slight modula-
tion owing to the dispersion effect in H,CO.
An evaluation of the dispersion effect can be
obtained from a measurement of the beat fre-
quency between two stabilized lasers..
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The frequency of AlGaAs DH lasers was stabilized at the resonant frequency of a Fabry-
Perot interferometer by controlling the injection current. The interferometer was controlled by

a Lamb dip stabilized He-Ne laser at 633 nm.

The frequency stability obtained here was 2.0 X

10-11<0<2.1x10-2 for 10 ms<7<500s, where o and 7 represent the square root of the
Allan variance and the integration time, respectively.

§1. Imtroduction

The frequency stabilization of semiconductor
lasers is very important for a number of applica-
tions, such as heterodyne-type optical commu-
nication, high resolution spectroscopy, precise
metrology and so on. Several results for the
frequency stabilization of semiconductor lasers
have been reported by using a Fabry-Perot
interferometer as a frequency reference.!™>
In this method, the resulting frequency stability
depends not only on the frequency traceability
of the laser to the interferometer but also on the
stability of the interferometer. Therefore, it is
necessary to improve both to obtain higher
frequency stability.

In the previous work,* the long-term fre-
quency stability (z>10s) of AlGaAs double
heterostructure (DH) lasers was improved by
controlling the temperature. In this case,
however, the frequency stability was limited
mainly by the slow response of the feedback
loop and by the stability of the interferometer.

In this paper, the authors report experimental
results for improving the frequency stability of
single mode AlGaAs DH lasers by using a
Fabry-Perot interferometer. First, the injec-
tion current is controlled to improve the fre-
quency traceability, which is shown in §2.
Then the frequency stabilization is carried out
and is described in §3. For this experiment, the
interferometer is stabilized by using a Lamb
dip stabilized He-Ne laser at 633 nm and the
method shown in §2 is employed. This method
was used for the frequency stabilization of dye
lasers by Barger et al.®

§2. Improvement of the Frequency Traceability
of DH Lasers

The frequency of single mode AlGaAs DH
lasers” was locked at the resonant frequency of
a Fabry-Perot interferometer. The experimental
apparatus used was almost the same as in the
previous work,* except that the injection cur-
rent was controlled instead of the temperature.
The laser frequency has a fast response to the
injection current. The experiments were carried
out in an underground tunnel for long-distance
interferometry. As the temperature in the tunnel
was constant within 0.1°C/day, no special
methods were employed for controlling the
temperature of the DH laser. The interferom-
eter had two Al-coated flat mirrors with a
reflectivity of 85% whose distance was kept at
12.3 cm by using an Invar tube and a piezoelec-
tric transducer (PZT) as a spacer. The laser
beam was focused on a photomultiplier after
passing through the interferometer whose
length was piezoelectrically modulated at a
frequency of 1 kHz. The first derivative signal
of the transmission spectrum of the inter-
ferometer was obtained by synchronously
detecting the output signal of the photomulti-
plier with a lock-in amplifier and was used as a
frequency discriminator. The output signal
from the lock-in amplifier was fed to the current
source for the DH laser. The dependence of the
laser frequency on the injection current was
measured by wusing the interferometer at
—2.75 GHz/mA. The servo-controller for the
DH laser is shown schematically in Fig. 1,
which consists of an integrator, a low pass
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Fig. 1. Block diagram of the servo-controller for the

DH laser.

B c
(1+P) (1+P+D)

Fig. 2. Error signals from the lock-in amplifier.
A: The result obtained by using the integrator and
the low pass filter in Fig. 1 (I).
B: The result obtained by turning on switch 1 in
Fig. 1 I+P).
C: The result obtained by turning on switches 1
and 2 in Fig. 1 I+P+D).

A
(n

filter (—7 dB/decade), a proportional amplifier
and a differentiator.

Error signals from the lock-in amplifier are
shown in Fig. 2. Part A represents the result
obtained by using the integrator and the low
pass fiiter in Fig. 1(I). It can be seen that the
laser frequency follows the resonant frequency
of the interferometer with residual fluctuations
of 500 kHz. Part B represents the result obtained
by turning on switch 1 in Fig. 1 (I+P). Part C
represents the result obtained by turning on
switches 1 and 2 in Fig. 1 (I+P+D). In part C,
the residual fluctuations are reduced to 50 kHz,
which are about a hundred times smaller than
the results in the previous work.>

The square root of the Allan variance® o
which represents the frequency traceablhty of
the DH laser to the interferometer, is shown in
Fig. 3. In this figure, T and N represent the in-
tegration time and the number of data, respec-
tively. Measurements were carried out for
10 ms <t <500 s in this work. Curves A, B and
C correspond to parts A, B and C in Fig. 2,
respectively. On every curve, o is nearly propor-
tional to 7~ for 10 ms <7< 500 s and the mini-
mum value of ¢ on each curve is
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Fig. 3. The square root of the Allan variance o2
which represents the frequency traceability of the
DH laser to the interferometer, where v and N
represent the integration time and the number of
data, respectively. Curves A (A), B ((0) and C (Q)
correspond to parts A, B and C in Fig. 2, respec-
tively. Curve D (@) represents the result in the
previous work (The curve D in Fig. 3 of ref. 5).

A: 6=34x10"'2 at t=50s, 0))
B: ¢=8.0x10"'% at t=500s, (2)
C: o=1.8x10""%? at 7=100s. (3)

It can be seen from this figure that the value of
o on curve C is about ten times smaller than that
on curve A. This fact shows that it is effective
to use the proportional amplifier and the differ-
entiator to improve the traceability for a wide
range of 7. Curve D in Fig. 3 represents the
result in the previous work (curve D in Fig. 3
of ref. 5). It can be seen that the value of ¢ on
curve C is more than a hundred times smaller
than that on curve D, which shows that it is
better to control the injection current than the
temperature. The results obtained in this
chapter indicate the feasibility of stabilizing the
frequency of DH lasers to the order of 10”12 by
using a very stable frequency reference.

§3. Frequency Stabilization Using a Stabilized
Interferometer

To make the Fabry-Perot interferometer a
more stable frequency reference, the resonant
frequency of this interferometer was stabilized
by using a frequency stabilized He-Ne laser at
633 nm. The experimental apparatus is shown
in Fig. 4. The frequency of the He—Ne laser was
locked at the center of the Lamb dip in Ne.
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Lamb dip stabilized
He-Ne Laser (633nm)
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AlGaAs DH Laser PMT 2
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Fig. 4. The experimental apparatus for the frequency stabilization of DH lasers.

The servo-controller for the He-Ne laser con-
sisted of an integrator and a low pass filter
(—7 dB/decade). The interference fringe of the
He-Ne laser was measured by adjusting the
DC voltage applied to the PZT and the error
signal from a lock-in amplifier 1 was fed to the
PZT to control the length of the interferometer.
The servo-controller for the interferometer
consisted of an integrator. The interference
fringe of the DH laser was measured by ad-
justing the injection current, then the fre-
quency of the DH laser was stabilized to this
stabilized interferometer by the same method as
in §2.

The square root of the Allan variance o? is
shown in Fig. 5. Curve A represents the fre-
quency stability of the He-Ne laser oy, esti-
mated by using the error signal for the frequency
stabilization. Curves B and Cin Fig. 5 represent
the frequency traceability of the interferometer
to the He-Ne laser op and the frequency trace-
ability of the DH laser to the interferometer
oy, Tespectively. The value of ¢ on curve C is
about three times larger than that on curve C
in Fig. 3. The reason for this can be considered
as follows: In Fig. 4, the light intensity of the
DH laser detected by the photomultiplier 2 was
reduced to about 1/10 after passing through
two beam splitters, which caused a reduction in
the signal-to-noise ratio of the first derivative
signal used for frequency stabilization. The
frequency stability of the stabilized DH laser
opy can be estimated by using the following

relation:®

opu (0% +otp+0pm)"/ % “

1077
5
7
E 30
10" 8 | N=100
\‘M
N=100
1078 A D
o NN\
10-10.
10"
lo-‘Z ~ . — N N N 3
10 10 100 10! 102 10

T(s)

Fig. 5. The square root of the Allan variance o2,
where 7 and N represent the integration time and
the number of data, respectively.

A(A): The frequency stability of the Lamb dip
stabilized Ne-Ne laser at 633 nm.

The frequency traceability of the Fabry-

Perot interferometer to the He-Ne laser.

The frequency traceability of the DH laser

to the interferometer.

The frequency stability of the stabilized

DH laser estimated by using eq. (4), curves

A, Band C.

The frequency stability of the free-running

DH laser.®

B(H):
C(O):
D(O):

E(®):

Curve D in Fig. 5 represents the frequency
stability opy estimated by using eq. (4), curves
A, B and C. The value of ¢ on curve D is nearly
proportional to t~ /2. The minimum value on
this curve is

6=2.0x10"11 at t=100s, )

and the stability is better than 2.1x107°.
Curve E in Fig. 6 represents the frequency
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stability of the free-running DH laser obtained
in the previous work. The value of ¢ on curve
E increases with increasing t for 7>0.3s,
which is mainly due to the temperature change
in the active region. Comparing curves D and
E, it can be seen that the frequency stability of
the DH laser was improved by about one order
of magnitude for t<0.1 s and more than two
orders of magnitude for 7>10 s. It also can be
seen from this figure that the method used in
this chapter is effective for improving the fre-
quency stability, especially the long-term
stability, and that the frequency stability is
limited mainly by the frequency stability of the
He-Ne laser. Higher stability can be expected
by using a stabilized laser by saturated ab-
sorption of molecules, such as CH,-stabilized
He-Ne laser at 3.39 um.®

§4. Conclusion

In the present experiments, the frequency of
AlGaAs DH lasers was stabilized at the re-
sonant frequency of a Fabry-Perot interferom-
eter which was controlled by a Lamb dip
stabilized He—Ne laser at 633 nm. By control-
ling the injection current, the frequency trace-
ability of the DH laser to the interferometer was
improved considerably compared to results in
the previous work.> The following stability was
obtained for the DH laser frequency:
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20x10711<6<2.1x107°
for 10 ms<t<500s.
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Performances of a Frequency Offset Locked He-Xe
Laser System at 3.51 um

MOTOICHI OHTSU, SEIICHI KATSURAGI, anp TOSHIHARU TAKO

Abstract—A highly stabilized frequency offset locked He-Xe laser
system was constructed for high resolution laser spectroscopy of H,CO
[51,5(v = 0)—> 69 6(vs = 1)] at 3.51 um. Itiscomposed of three He-Xe
lasers. The first laser is H, CO-stabilized and is used as a frequency
reference in the system. The second laser is frequency offset locked to
the first laser by using the beat frequency between these lasers, and is
used as a local oscillator. The third laser is frequency offset locked to
the second laser, and is used to observe the H,CO spectrum by slowly
varying the beat frequency between these lasers. The frequency stability
of the first laser, measured against a similarly stabilized and synchro-
nously modulated laser, was 1.0 X 10714 at ~ = 100 s, where 7 repre-
sents the integration time. The frequency traceability of the second
laser to the first laser was expressed as 8.0 X 10713 . 771 for 10 ms =
7100 s. It was found that this value of the traceablhty was indepen-
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dent of the frequency modulation of the first and second lasers. The
frequency traceability of the third laser to the second laser was nearly
equal to that of the second laser described previously. The variable
range of the frequency of the third laser was 19 MHz. In this range, the
frequency traceability of the third laser to the second laser was inde-
pendent of the beat frequency between these two lasers. From these
results, it was concluded that this system can be used for the observa-
tion of the H,CO spectrum.

I. INTRODUCTION

EVERAL experimental methods in high resolution laser

spectroscopy have recently been developed. For some
experiments, it is necessary that the laser frequency must be
varied while a high frequency stability is maintained. As an
example of such a method, a frequency offset locked He-Ne
laser system at 3.39 um has been constructed using a CHy-
stabilized He-Ne laser. The system was used for ultrahigh reso-
lution laser spectroscopy of CH, with a resolution of about
1 X 107 [1]. It can be seen from this example that frequency
offset locking is an effective technique for constructing a light
source for high resolution laser spectroscopy.

0018-9197/81/0600-1 100$00.75 © 1981 IEEE
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The inverted Lamb

/<:lip in H,CO
|

The Ist laser
: f
f,-1,: fixed
forbbiden
M
2MHz
The 2nd laser 1 ———
f,
-1 variable
forbidden The H,CO
— spectrum
L2 2MhHz | /\< .
The 3rd laser ._'....- - | -

Fig. 1. Relation between frequencies of the three lasers of the fre-
quency offset locked He~Xe laser system. The frequency f; of the
first laser is locked at the center frequency of the inverted Lamb dip
in H,CO. The frequency f, of the second laser is frequency offset
locked to'f;. The beat frequency fy — f> is fixed at a constant value.
The frequency f3 of the third laser is frequency offset locked to f,
in the same way as for f. The beat frequency f» - f3 is swept and
the H,CO spectrum is measured by the third laser. To reduce dis-
turbance of the stable oscillation caused by the injection from one
laser to the other, |fy - f21 and |f; - f3] should be kept larger than
about 1 MHz. C

The authots have carried out some experiments on frequency
stabilization of an He-Xe laser at 3.51 um by using the inverted
Lamb dip in H,CO [5;,5(v=0)>60,6(vs =1)] [2], [3].
Furthermore, a frequency offset locked He-Xe laser system
has been prepared using an H,CO-stabilized He-Xe laser as a
reference for high resolution laser spectroscopy of H,CO
[51,5(v=0)—>6 6(vs = 1)] [4].

In this paper, the performance of this system is reported.

II. EXPERIMENTAL APPARATUS

The frequency offset locked He-Xe laser system is composed
- of three lasers, i.e., an H,CO-stabilized He-Xe laser and two
frequency offset locked lasers. Fig. 1 shows the relation be-
tween the frequencies of these lasers. The first laser is H,CO-
stabilized and its frequency f; is locked at the center frequency
of the inverted Lamp dip in H,CO. This laser is used as a
frequency reference in the system. The second laser is used
as a local oscillator whose frequency f, is controlled so that
the beat frequency fi - f> is maintained constant at a few
megahertz. This technique is called frequency offset locking.
The third laser is used to observe the Doppler-free spectrum
(saturated absorption, molecular beam absorption, etc.) in
H,CO whose width is less than a few megahertz. This laser is
frequency offset locked to the second laser by the same method
as used for the second laser. In this case, however, the beat
frequency f, - f3 is slowly varied while the high frequency
stability of f, - f3 is maintained. Since f3 can be stably varied
over more than about 10 MHz around the center frequency of
the H,CO spectrum by this method, the spectral profile of
H,CO can be measured with high resolution.

The frequency f, of the second laser can also be varied while
it is frequency offset locked to f; . However, | f; - f2| must be
higher than about 1 MHz. If not, the frequency of one laser
will be disturbed by the other by such phenomena as the injec-
tion locking which occurs because of the reflection of the laser

1101

‘S/mhesizer |

IDiscriminutor
& Divider

__ To H,CO gas cell,
” H,C0 molecular beam,
etc.

Spectru
Analyzer

Fig. 2. Experimental apparatus. ¢/V: phase-to-voltage converter. A:
wide-band amplifier. BS: beam splitter. D: InAs detector. L: lens.
M: mirror. P: polarizer. PH: pinhole. Q: quarter-wave plate.

beams on the plane, such as the detector window. Since this
condition must be satisfied, the frequency f, cannot be varied
through the center frequency of the H,CO spectrum which is
equal to f;. Therefore, the second laser cannot be used to
observe the H,CO spectrum even though £, can be varied. For
this reason, the third laser is required. Although the value of
|2 - f3| must also satisfy the same condition as above, f5 can
be varied through the center frequency of the H,CO spectrum,
as shown in Fig. 1, if the value of |f; - f,| satisfies the pre-
viously mentioned condition. '

- Fig. 2 shows the experimental apparatus of the frequency
offset locked laser system, which is composed of three lasers.
These lasers and optical elements were placed on an optical
bench with air dampers. Each laser was placed in an aluminum
case with glass wool to reduce the acoustic vibration.

It has been rather difficult to get a stable oscillation in the
He-Xe laser for the following two reasons. The first is the
separation between the He and Xe gases when they are excited
by a dc discharge. The second is that the Xe pressure decreases
with time by the clean-up effect and, as a result, the discharge
current decreases when a regulated voltage power supply is
used for the discharge. To avoid these phenomena, a radio
frequency discharge and an Xe gas reservoir have been used
[51, [6]. In the present work, on the other hand, a solenoidal
return path was used to avoid the separation of the gases, and
the discharge current was stabilized by using a Ti-cold cathode
[7]1. Fig. 3 shows the laser tube used. v

Since the absorption line frequency of H,CO is about 200
MHz higher than the center frequency of the gain curve of the
He-Xe laser, an axial dc magnetic field of 129.8 G was applied
to the laser tube to compensate for this frequency gap. In this
case, two opposite circularly polarized Zeeman components
(the o0, and o_ modes) oscillated because the laser windows
were fixed perpendicular to the optical axis. As the center
frequency of the gain curve of the o, mode coincided with the
absorption line frequency of H,CO, this mode was used for
the present work. The center frequency of the gain curve of
the o mode was about 400 MHz lower than that of the g,
mode. A quarter-wave plate and a polarizer were used to
separate the o, mode from the o_ mode. One of the cavity

50



~

1102

Ti-Cold Cathode

Discharge Tube W-Pin Anode

LiF -JWIndcw
[ e 7

| 9657 >

Fig. 3. The laser tube used for the first laser. The inner diameters of
discharge tube and the return path are 5.8 mm. The length of those

LiF-Window

tubes are 750 and 852 mm, respectively. The lengths and inner -

diameters of the discharge tubes used for the second and third lasers
are 505 and 5.8 mm, respectively. Those of the return paths are 607
and 5.8 mm, respectively.

Integrating Filter .
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Fig. 4. Block diagram of the PZT driver used for the three lasers.

mirrors of each laser was mounted on a piezoelectric trans-
ducer (PZT, Burleigh PZ-80) for frequency tuning and modu-
lation.

The control system for the frequency of the first laser was
composed of an InAs detector, a lock-in amplifier, and a PZT
driver. The block diagram of the PZT driver is shown in Fig.
4. A proportional amplifier, a differentiator, an integrating
amplifier, and a filter (-7 dB/decade) were connected in paral-
lel in the PZT driver. The filter was used to improve long-
term frequency stability! because the voltage gain of the PZT
driver in the low frequency range increased when this filter
was connected in series with the integrating amplifier [3].

The control system for the frequency offset locking of the
second laser was composed of an InAs detector, 3 wide-band
amplifier, a discnrmnator and divider, a phase-to-voltage (¢/ V)

™= converter, a drgltal frequency synthesizer, and a PZT driver.

The PZT dnver ‘used here was the same as that for the ﬁrst
laser. The beat signal between the first and second lasers de-
tected by the InAs detector was converted into a TTL com-
patible signal by the discriminator after amphﬁcatlon by the
wide-band amplifier. The phase of the beat signal was then
compared with that of the signal from the digjtal frequency
synthesizer by the ¢/V converter after the beat frequency was
divided by the divider (g or 54). The output of the ¢/V con-
verter was applied to the PZT dnver and the frequency f; of
the second laser was controlled so that the frequency fi - f,
was locked at the frequency of the digital frequency synthe-
sizer. In this way, the frequency J2 of the second laser was
frequency offset locked to the frequency f; of the first laser.
The control system for the frequency offset locking of the
third Jaser was the same as that for the second laser.

Since the output frequencies of the digital frequency syn-

In the present paper, this term is used to represent frequency sta-
bility for 7 2 1 s, where 7 represents the integration time.
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Fig, 6. Experimental apparatus used to measure the frequency stability
‘of the first laser.

thesizers for the second and th1rd lasers were programmable,
the frequencres of these lasers could be slowly swept while
they were frequency offset locked. Howeyer, the synthesuer
frequency for the second laser is fixed at a constant value as
shown in Fig. 1 when this system is used for high resolution
laser spectroscopy of H,CO. The synthesizer frequency- for
the third laser is, on the other hand, aufomatically swept by
using a frequency sweep controller. :

The frequency stabilities of the three lasers are represented
by the square root of the Allan variance o [8]. The value of
o for the three lasers were measured by the Allan variance real-
time processors (the ARP) developed by the authors [9]. The
block diagram of the ARP is shown in Fig. 5. Since the fre-
quency stability is estimated from the beat frequency between
the two lasers [10], the first stage of the ARP is composed of
a frequency counter. The value of the counted frequency is
processed by a microprocessor 6802, and the calculated value
of o is recorded on a printer. As we have developed the fre-
quency counter with zero dead time at the gate, we are able to
measure the value of o aver a wide range of the mtegratlon
time7 (1 ms <7< 3 X 103 5).

To measure the frequency stability of the first laser, a con-
ventional method was used, as was employed by Hellwig et al.
[10]. That is, another similar H,CO-stabilized He-Xe laser
was constructed and frequency fluctuations of the best signal
between these two lasers were measured by the ARP. The
experimental apparatus is shown in Fig. 6. The beat frequency
was fixed at 5.0 MHz by placing a small dc bias at the input of

51



OHTSU et al.: FREQUENCY OFFSET LOCKED He-Xe LASER SYSTEM 1103

Fig. 7. The third derivative signal of the inverted Lamb dip in H, CO.

- parere—
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Fig. 8. Time dependence of the frequency fluctuations of the first
laser. Curve A: the result obtained by using the integrating amplifier
and the filter in the PZT driver in Fig. 4. Curve B: the result obtained
by using the proportional amplifier, the integrating amplifier, and the
filter. Curve C: the result obtained by using the differentiator, the
proportional amplifier, the integrating amplifier, and the filter.

the integrating amplifier of the PZT driver. In this figure, the
InAs detector and wide-band amplifier are the same kinds as
those in Fig. 2, with bandwidths of about 30 MHz. Using a
phase shifter, the frequency of one laser was modulated syn-
chronously with that of the other so that the beat frequency
was not modulated. By this synchronous modulation, the
fluctuations due to the frequency modulation, i.e., artificially
forced fluctuations for stabilization, were removed from the
stability measurement.

The square root of the Allan variance of the frequency fluc-
tuations between the first and second lasers was measured by
the ARP. It can be interpreted as representing the frequency
traceability of the second laser to the first laser. At the same
time, the frequency traceability of the third laser to the second
laser was also measured by using the beat signal between these
lasers. In the next section, these results are shown, and the
frequency stabilities of the second and third lasers are approxi-
mately estimated by using the results of the frequency trace-
abilities.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS
A. Frequency Stabilizatior: of the First Laser

Fig. 7 shows the third derivative signal of the inverted Lamb
dip in H,CO used for the frequency stabilization. The laser
frequency was modulated by applying the ac voltage of 3 V
(peak-to-peak value, which corresponds to the maximum fre-
quency deviation of 1.15 MHz) to the PZT to obtain this
derivative signal. The modulation frequency f,,,, i.e., the fre-
quency of the ac voltage, was 500 Hz. The signal-to-noise
ratio of this signal was larger than that of the first derivative
signal used in the previous work [3, Fig. 2] . The improvement
was attained by carefully choosing the values of the total gas
pressure Py and the discharge current iy of the laser tube to
get a stable discharge. The values of Py, k, and i; used in the
present work were 4.0 torr, 0.025, and 3.5 mA, respectively,
where k represents the pressure ratio of Xe to Py. Fig. 8 shows

10°
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Fig. 9. Square root of the Allan variance o of the frequency fluctua-
tions of the first laser, measured against a similarly stabilized and
synchronously modulated laser. 7 and NV represent the integration
time and the number of data, respectively. Curve A4: the result ob-
tained by using the proportional amplifier with the integrating ampli-
fier and the filter in the PZT driver. Curve B: the result obtained by
using the differentiator with the proportional amplifier, the integrat-
ing amplifier, and the filter. Curve C: the result from a previous
‘work [3]. :

the time dependence of the frequency fluctuations of the first
laser when its frequency was locked at the center frequency of
the derivative signal of Fig. 7. Part A in this figure represents
the result obtained by using the PZT driver with the integrat-
ing amplifier and the filter of Fig. 4. Part B represents the
result when the proportional amplifier was used with the inte-
grating amplifier and the filter in the PZT driver. Part C repre-
sents the result when the differentiator was used with them.
It can be seen that the frequency fluctuation of part B is lower
than that of part 4, and that of part C is still lower than that
of part B. This is because the bandwidth of the voltage gain of
the PZT driver was expanded. The bandwidth was about 100
Hz when the proportional amplifier was used with the inte-
grating amplifier and the filter. When the differentiator was
also used with them, it was about 1 kHz. Fig. 9 shows the
frequency stability of the first laser measured by the ARP
using the setup of Fig. 6. Curve 4 in this figure represents the
result obtained by using the proportional amplifier with the
integrating amplifier and the filter in the PZT driver. Curve B
was obtained when the differentiator was also used with them.
Curve C represents the result in the previous work [3]. It can
be seen from this figure that a higher stability was obtained
when the differentiator was also used, as was seen in Fig. 8.
The minimum values of ¢ on these curves are as follows:

0=16X107
0=10X10™"

curve 4:
curve B:

at 7=100s
at 7=100s. 6))

Fig. 10 represents the power spectral densities S of the fre-
quency fluctuations. The results represented by curves 4 and
B correspond to those by curves 4 and B in Fig. 9, respectively.
The value of S on curve B is smaller than that on curve A4
except around f= 50 Hz, which is the frequency of the power
supply. From this figure, it can be also said that a higher
stability was obtained on curve B than on curve A. Therefore,
the method of frequency control used to obtain curve B in
Figs. 9 and 10 was used for the first laser in the following
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Fig. 10. Power spectral density S of the frequency fluctuations of.the

first laser. Curves 4 and B represent results corresponding to those
of curves 4 and B in Fig. 9, respectively.
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Fig. 11. Frequency traceablhty of the second laser in terms of the
square root of the Allan variance o2 of the frequency fluctuations
of the beat signal between the first and second lasers. The second
laser was frequency offset locked to the first laser. The value of o is
normalized to the He-Xe laser frequency at 3.51 um. Curve 4: the
result obtained by using the proportional amplifier with the inte-
grating amplifier and the filter in the PZT driver. Curve B: the result
obtained by using the differentiator with the proportional amplifier,
the integrating amplifier, and the filter.

experiments. It was seen from a comparison between curves
A or B and curve C in Fig. 9 that long-term stability was im-

broved. Improvements in short-term stability will also be
expected by expanding the bandwidth of the voltage gain of
the PZT driver and by using a fast PZT.

B. Frequency Traceability of the Second Laser

Fig. 11 shows the experimental results of the frequency
fluctuations of the beat signal between the first and second
lasers measured by the ARP when the second laser was fre-
quency offset locked and the frequency of the first laser was
stabilized. Here, the beat frequency f; - f> was locked at 4.0
MHz. In this figure, the value of o represents the fluctuations
of the beat frequency normalized to the frequency of the
He-Xe laser at 3.51 um. These results can be interpreted as
representing the traceability of the frequency of the second
laser to that of the first laser. Therefore, the frequency sta-
bility of the second laser can be approximately expressed as
the square root of the sum of 0? on the curves of Figs. 9 and
11 at each value of . Curve A represents the result when the
proportional amplifier was uscd with the integrating amplifier
and the filter in the PZT driver. Curve B represents the results
when the differentiator was also used with them. It can be
seen that a higher stability was obtained on curve B than on
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Fig. 12. Relation between the value of o and the value of the beat fre-
quency f; - fo between the first and second laser, where o represents
the same quantity as that shown in Fig. 11. The same PZT driver was
used as for curve B in Fig. 11. V:7=1 ms, N=100; X: 7= 10 ms,
N=100; o: 7=100 ms, N=100; ¢: 7=1s, N=100; a: 7=10 s,
N=20;v:7=100s,N=10.

curve A, as in Figs. 9 and 10. The values of ¢ on both curves
are proportional to 7 and are expressed as’

0=20X102 .71  (10ms<7=5100s)
6=80X10" .71  (10ms < 7= 1005).

@

It can be said that the frequency stability of the second laser is
6<10X10™ at 7=100s, whlch was roughly estimated by
the square root of the sum of 6> on curves B in Figs. 9 and 11.
In the following experiments, the differentiator was used with
the proportional amplifier, the 'iptegrating amplifier, and the
filter in the PZT driver for the second laser.

Fig. 12 shows the relation between the value of ¢ of the beat
frequency fi - f and the value of f; - f>. It can be seen from
this figure that the value of o was independent of the value of
fi-f; for 1 MHzS f; - f, £16 MHz. Furthermore, it be-
came clear from subsequent experiments that this indepen-
dence held for 1 MHz < f; - f, £ 20 MHz. Therefore, the
results in Fig. 11 hold within this range of f; - f5.

In the experiments with the results shown in Figs. ll and
12, the frequency of the first laser was modulated but that of
the second laser was not. Consequently, the beat frequency
fi - f> was modulated. Fig. 13 shows the experimental results
of the effect of frequency modulation on the stability of the
beat frequency f; - f,. White circles in this figure represent
the result in which only the frequency of the first laser was
modulated. This is the result of the same experiment shown
by curve B in Fig. 11. Black circles, on the other hand, repre-
sent the result in which the frequency of the second laser was
modulated synchronously with that of the first laser. There-
fore, the beat frequency was not modulated because of this
synchronous modulation. It can be said that the stability of
the beat frequency is independent of the frequency modula-
tion for 1 ms £ 7 £ 100 s because no difference is clearly seen
between the two experimental results in this figure.

curve 4:
curve B:

C. Frequency Traceability and Tunability of the Third

Laser . A
In these experiments, the frequency of the first laser was

stabilized and the second laser was frequency offset locked
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Fig. 13. Frequency traceability of the second laser in terms of the
square root of the Allan variance o2 of the frequency fluctuations of
the beat signal between the first and second lasers. The second laser

. is frequency offset locked to the first laser. The value of ¢ is normal-
ized to the He-Xe laser frequency at 3.51 um. The same PZT driver
was used as for curve B in Fig, 11. o: the frequency of the first laser
only was modulated. Therefore, the beat frequency was modulated.
o: the frequency of the second laser was modulated synchronously
with that of the first laser. Therefore, the beat frequency was not
modulated.
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Fig. 14. Frequency traceability of the third laser in terms of the square
root of the Allan variance o2 of the frequency fluctuations of the
beat signal between the second and third lasers. The third laser was
frequency offset locked to the second laser. The value of ¢ is nor-
malized by the He-Xe laser frequency at 3.51 um. The differentiator
was used with the proportional amplifier, the integrating amplifier,
and the filter in the PZT driver for the third laser. o: the beat fre-
quency was modulated. e: the beat frequency was not modulated.

to the first laser. Fig. 14 shows the normalized frequency
fluctuations of the beat signal between the second and third
lasers. In these experiments, the différentiator was used with
the proportional amplifier, the integrating amplifier, and the
filter in the PZT driver for the third laser. The white circles
_represent the result in which the beat frequency f, - f; was
modulated and the black circles are for the experiment in
which f, - f3 was not modulated, as shown in Fig. 2. Since
no difference was clearly seen between the two results, it can
also be said that the stability of the beat frequency f, - f3 was
independent of the frequency modulation. The value of ¢ in
Fig. 14 is nearly equal to that in Fig. 13. Furthermore, it was
found that other characteristics of the stability of the beat
frequency f, - fs were almost the same as those of f; - f;
which are shown in Figs. 11 and 12. Since the value of o'in Fig.
14 can be interpreted as representing the traceability of the
frequency of the third laser to that of the second laser, the
frequency stability of the third laser can be approximately
expressed by the square root of the sum of 0> on curves B in
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Fig. 15. Experimental result in which the beat frequency f, - f3 be-
tween the second and third lasers was automatically swept at a 10
kHz interval when the third laser was frequency offset locked to the
second laser. Therefore, the frequency of the third laser was swept at
a 10 kHz interval in this figure.

Figs. 9 and 11 and that on the curve in Fig. 14. Its stability
at 7=100 s can be estimated to be about 1.0 X 10 from
these figures. _ ‘

Next, the frequency tunability of the third laser is reported.
Fig. 15 shows the experimental result in which the frequency
of the third laser was automatically swept at a 10 kHz interval
while the third laser is frequency offset locked to the second
laser. 'In this experiment, the frequency of the first laser was
stabilized and the second laser was frequency offset locked to
the first laser so that the value of the beat frequency f; - f,

G

. was fixed at 8 MHz. Tt is seen from this figure that the vari-

able range in which the beat frequency f, - f5 was locked was
18 MHz, i.e., 2 MHz £ f, - f; < 20 MHz. From subsequent
experiments, it was found that this range was 19 MHz, i.e., the
lowest value of f; - f3 was 1 MHz. When f, - f; was lower
than 1 MHz, the frequency stabilities of the second and third
lasers were decreased because the oscillation of one laser was
disturbed by the injection from the other laser, as described
in Section II. When f, - f; was higher than 20 MHz, on the
other hand, the amplitude of the beat signal was too low to

convert it into a TTL compatible signal by the discriminator /™ >

in Fig. 2. The variable range of the beat frequency will be -
increased by improving the bandwidth of the InAs detector.
However, since a variable range higher than 10 MHz was ob-
tained and the frequency stability was found to be high in
the present work, it is said that this frequency offset locked
laser system can be used for high resolution laser spectro-
scopy of H,CO whose spectral width is narrower than a few
megahertz. '

IV. CoNcLUSION

A frequency offset locked He-Xe laser system was con-
structed for high resolution laser spectroscopy of H,CO at
3.51 um. The frequencies of the three lasers were controlled
by the PZT drivers with the bandwidth of about 1 kHz, and
the following results were obtained.

1) The frequency stability of the first laser, the H,CO-stabi-
lized He-Xe laser used as the frequency reference, was

g=10X10"" at 7=100s

©)]
which is the minimum value of ¢ in the present experiment for

~the first laser.
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2) The frequency traceability of the second laser, the fre-
quency offset locked laser used as a local oscillator, to the first
laser was

0=80X10"2 -7  for 10ms<7<100s. @
It was found that the value of the traceability was independent
of the frequency modulation of the first and second lasers.

3) The frequency traceability of the third laser, the fre-
quency offset locked laser used to observe the H,CO spec-
trum, to the second laser was nearly equal to that of (4).

4) The variable range of the beat frequency f, - f5 was

1MHz < f, - f; < 20 MHz. 5)

Therefore, the variable range of the frequency of the third
laser was 19 MHz. In this range, the frequency traceability of
the third laser to the second laser was independent of the value
of f, - f;. This independence also held for the frequency

Mtraceabﬂity of the second laser to the first laser.
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