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PREFACE

This is a research review on éoherént opto-electronics by
Assoc. Prof. M. Ohtsu, Tokyo Institute of Technology. It contains
copies of technical papers published while he belonged to the
International Cooperation Center for Science and Technology (
Jan. 1982 - May 1985 ). M. Ohtsu wishes to thank Prof. T.
Yanagisawa , Director of International Cooperation Center, for

his encouragement during these works.
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The frequency of an AlGaAs semiconductor laser was stabilized by using the linear absorption spectrum of the
85Rb-D; line. By controlling the injection current, the frequency stability of 3.0x10-1°>5>1.4x10-12 was
obtained for 10 ms<7<500s. First observation of the saturated absorption spectrum of the 85Rb-D, line is de-
monstrated, which can be used as a frequency reference to improve the frequency stability.

§1. Introduction

There have been several reports on the frequency
stabilization of semiconductor lasers, by using a Fabry-
Perot interferometer,! =7 and by using atomic or molec-
ular absorption lines,®~1? as frequency references. In
the previous work,'? the frequency of an AlGaAs semi-
conductor laser was stabilized by using the linear ab-
sorption spectrum of water vapor in the (2, 1, 1) vibration-
rotation band as a frequency reference. By controlling
the injection current, the frequency stability of 1.9 x
107°2621.1 x 107! was obtained for 10 ms<t<500s,
where o and 7 represent the square root of the Allan
variance and the integration time, respectively. In that
case, however, the stability was limited mainly by the

- signal-to-noise ratio of the signals of the frequency
reference, which was caused by the weak absorption of
water vapor in this band. Therefore, in order to obtain
higher frequency stability, it is necessary to increase the
signal-to-noise ratio of the signals, i.e., to use stronger
absorption lines. In addition, it is also necessary to use
narrower spectra, such as saturated absorption spectra.

In this paper, the authors report the frequency stabiliza-
tion of an AlGaAs semiconductor laser based on the
85Rb-D, line (1=780.0 nm), which has a strong absorp-
tion. First, the laser frequency was stabilized by using
the linear absorption spectrum, which is described in §2.
In §3, first observation of the saturated absorption
spectrum of the ®>Rb-D, line is demonstrated to improve
the frequency stability. It is expected that Rb-stabilized
lasers can be used as optical pumping sources for Rb
atomic frequency standards to improve the short-term
frequency stability.!?

§2. Frequency Stabilization of the AlGaAs Laser

The experiments were carried out in an underground
tunnel for long-distance interferometry with tempera-
ture fluctuations within 0.1°C/day. An AlGaAs laser!?
oscillating near the 8°Rb-D, line (A=780.0 nm) was
selected and mounted on a copper plate which was
attached to a thermoelectric cooler. The threshold current
of the laser was about 48 mA. Laser frequency was roughly
tuned by changing the temperature. The fine tuning of
the frequency was achieved by adjusting the injection

current.

An absorption cell of 6 cm length was used at room
temperature. This cell did not contain any buffer gases
and the corresponding vapor pressure was about 1073
Torr. The Doppler width of 3Rb at A=780 nm was
about 500 MHz.

The laser beam was focused on an APD after passing
through the cell. The laser frequency was modulated by
modulating the injection current and the output signals
from the APD were synchronously detected with a lock-
in amplifier. The output signals from the amplifier were
fed to the current source for the laser. The servo-con-
troller for the laser consisted of an integrator, a low pass
filter (—7 dB/decade), a proportional amplifier and a
differentiator.®) Laser frequency stability was estimated
from the error signals for the frequency stabilization.

Figure 1 shows the linear absorption spectrum of the
85Rb-D, line obtained by sweeping the injection current.
In this figure, T represents the temperature at the copper
plate on which the laser was mounted. The upper trace
represents the spectral profile. Lines A and B correspond
to the transitions from the hyperfine levels with F=2
and 3 in the lower level 5%S,,,, respectively; distance
between the lines is about 3 GHz. The upper level 5°P;,
has four hyperfine levels with F=1, 2, 3 and 4, but they
are not resolved in this figure due to Doppler broaden-
ing. The lower traces represent the first derivative used
as a frequency discriminator. The modulation frequency
and the modulation amplitude of the injection current
are f,=50kHz and i,=20 puA,_,, respectively, which
corresponds to the frequency deviation of about 20
MHz,_,. The peak-to-peak widths of lines A and B are
530 MHz and 640 MHz, respectively. Laser frequency
was locked to line B in this experiment.

Figure 2 shows the time dependence of the fluctuations
of laser frequency. The upper trace corresponds to the
free-running laser. Frequency varied about 200 MHz
during a period of 10 min, caused mainly by the tem-
perature change in the active region. The lower trace
corresponds to the stabilized laser. The frequency fluctua-
tions were reduced to less than 100 kHz, which are less
than those of the free-running laser by three orders of
magnitude.

Figure 3 shows the square root of the Allan variance
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Fig. 1. Linear absorption spectrum of the 8°Rb-D; line obtained
by sweeping the injection current. The upper and lower traces
represent the spectral profile and its first derivative, respectively.
Lines A and B correspond to the transitions from the hyperfine
levels with F=2 and 3 in the lower level 528, ,,, respectively.
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P Ieoo KHz
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Fig. 2. Time dependence of the frequency fluctuations. Upper
and the lower traces correspond to the free-running and the
stabilized lasers, respectively.

a2 of the frequency fluctuations. In this figure, 7 and N
represent the integration time and the number of data,
respectively. Curve A represents the frequency stability
of the free-running laser, which corresponds to the upper
trace in Fig. 2. The value of ¢ on this curve is nearly
proportional to 7!/2 for 7>0.3 s, which was caused by
the thermal drift of the laser frequency. Minimum value
on curve A is )

Omin=2.8%10"%at =035, ¢))

Hidemi TsucamA, Motoichi OHTsU, Toshiharu Tako, Naimu KuramocH! and Nobunori OURA
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Fig. 3. Square root of the Allan variance ¢* of the frequency
fluctuations, where = and N represent the integration time and
number of data, respectively. A(®): Frequency stability of the
free-running laser. B(O): Frequency stability of the stabilized
laser. C({J): Frequency stability obtained by using the absorp-
tion spectrum of water vapor (curve A in Fig. 4 of ref. 10).

1
107!

and the stability is better than 1.1x 1077 for 10ms=<
t<100s. Curve B in Fig. 3 represents the frequency
stability of the stabilized laser, which corresponds to the
lower trace in Fig. 2. The value of ¢ on this curve is nearly
proportional to v~ /2. The minimum value on curve B is

Omin=1.4x10"1%at t=100s5, (¢

and the stability is better than 3.0x 107*° for 10 ms<
7<500s. It can be seen that the long-term stability is
improved by five orders of magnitude. Curve C in Fig. 3
represents the frequency stability obtained by using the
absorption spectrum of water vapor in the previous work
(curve A in Fig. 4 of ref. 10). The values of o on curve B
are about ten times smaller than those on curve C at
each value of 7 in this figure. These improvements are
attributed to the increased signal-to-noise ratio of the

"signals of the frequency reference. Similar stability can

be expected if the 8°Rb-D; line (1=794.8 nm) is used
as a frequency reference.

§3. Observation of the Saturated Absorption Spectrum

The saturated absorption spectrum of the ®°Rb-D,
line was observed to improve frequency stability, which
also improves frequency reproducibility. The laser beam
was collimated by an objective lens and passed through
the cell as a strong saturating beam. A small protion of
the transmitted beam was reflected back into the cell by
a mirror as a weak probe beam and was detected with the
APD.

Figure 4 shows the saturated absorption spectrum
obtained by sweeping the injection current. The upper
and the lower traces represent the spectral profile and its
first derivative, respectively. The modulation parameters
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Fig. 4. Saturated absorption spectrum of the 85Rb-D, line ob-
tained by sweeping the injection current. Upper and lower traces
represent the spectral profile and its first derivative, respectively.

for the injection current were the same as in Fig. 1. Since
six transitions are allowed between the lower and the
upper levels (5%S,,,, F=2-5%P;,,, F=1, 2 and 3, 5S,,,
F=3-5%P;,,, F=2, 3 and 4), six saturated absorption
lines and six cross-resonance lines should be observed
on the Doppler broadened profiles. However, only two
lines can be seen in this figure. The cause for this dis-
crepancy is not clear at present and is still under in-
vestigation. One of the possible explanations is that the
light intensity inside the cell was not adequate, that is,
it was so strong as to induce power broadening, or it
was too weak to produce complete saturation. The width
of the saturated absorption line on the Doppler broadened

L563

profile A is about 53 MHz, which is consistent with the
value estimated from the radiative lifetime of the upper
level 52P;, (t=27.0 ns).'® Further experiments are now
in progress to use the saturated absorption spectrum as
a frequency reference to improve frequency stability.

§4. Conclusion

In the present work, the frequency of an AlGaAs
semiconductor laser was stabilized by using the linear
absorption spectrum of the 8°Rb-D, line. By controlling
the injection current, the following frequency stability
was obtained for 10 ms<7t<500s:

3.0x1071°2621.4x 10712, 3)

Furthermore, the first observation of the saturated
absorption spectrum of the 8°Rb-D, line was demon-
strated and the spectral width obtained here was 53 MHz.
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The frequency of AlGaAs semiconductor lasers with external grating feedback has been locked to a Fabry-Perot
interferometer by controlling the external cavity length with a PZT. The lasers were tunable over a wavelength range of

3.0~4.5 nm. The frequency stability of 8.0x 10719 >0, 23.2x 10712 was obtained for 1 ms<t<100s.

Introduction

§1.

Frequency-stabilized semiconductor lasers' ~> are very
useful light sources for such applications as precise met-
rology, high resolution spectroscopy, coherent optical
transmission systems® and so on. Frequency stabilities as
high as®107!2 have been obtained by controlling the
injection current.> >

In addition to high frequency stability, a wide wave-
length tunability of lasers is also desirable for the above
applications. In semiconductor lasers, wavelength tuning is
generally achieved by changing the temperature
(0.2~0.3nm/°C for AlGaAs lasers). However, this
method has a disadvantage in that a large temperature
variation is required in order to obtain the wide tuning
range, which influences the lifetime of lasers significantly.
For instance, a tuning range of 5nm corresponds to a
temperature variation of about 20°C.

Another method to obtain a wide tuning range is the use
of an external cavity configuration. With this method, a
single longitudinal mode oscillation was obtained over a
wavelength range as wide as 10 nm.”"!® An external
grating” ~'% or intracavity etalons with the combination of
an external mirror'! can be used as frequency selective
elements. The external cavity configuration is also attrac-
tive for the purpose of spectral linewidth reduction. The
spectral linewidths obtained with this method were less
than 100 kHz,'%°*2~!5 which were narrower than those of
solitary lasers by two orders of magnitude.

In this paper the authors report the simultaneous
achievement of high frequency stability and wide wave-
length tunability in AlGaAs semiconductor lasers with
external grating feedback. The wavelength of the lasers is
tuned by the grating, and then the frequency is stabilized by
controlling the external cavity length with a piezoelectric
transducer (PZT). A Fabry-Perot interferometer is used as
a frequency reference.

§2. Experimental Procedure
Figure 1 shows the experimental setup. A channeld

*Present address: Radio Research Laboratory, 4-2-1 Nukui-Kitamachi,
Koganei-shi, Tokyo 184

',.'-----Ianbry-Perot |-0------ﬁ>hotodiode-2 V2

PZT .~ Laser v
—— 0-%-0 ---------------------- Photodiode- 1]
Grating <L Differential ‘
rr
o] Amp- 2V Divider
PZT 1
Controller .
Data
Recoder
Fig. 1. The experimental setup.

substrate planar (CSP) laser'® (/,=62mA, A=776 nm)
and a transverse junction stripe (TJS) laser'” (I, =22 mA,
A =840 nm) were used. In order to obtain a wider tuning
range, it is necessary to increase the optical feedback ratio.'”
For this purpose, the reflectivity of the front facet of the TJS
laser was reduced to about 0.14 by evaporating a SiO film
onto it.

The experiments were carried out in an underground
tunnel for long distance interferometry. Since the tempera-
ture in the tunnel was stable within 0.1°C/day, no special
techniques were employed for controlling the temperature
of the heat sink on which the lasers were mounted.

The laser beam was collimated by AR-coated objective
lenses. An external diffraction grating had 750 nm blaze
wavelength, 13° blaze angle and 1.67 um groove pitch and
was mounted in a Littrow configuration. The junction
plane of the lasers was parallel to the grating rulings and the
first order diffracted beam was reflected back into the lasers.
Laser wavelength was tuned by rotating the grating. The
grating was mounted on a PZT to precisely control the
external cavity length. To reduce the influences of the
ambient temperature fluctuation and mechanical vib-
ration, the lasers, objective lenses and grating were rigidly
mounted on Invar rods.

The oscillation mode spectrum and the frequency tuning
characteristics of the lasers were analyzed using a Fabry-
Perot interferometer. The interferometer has a free spectral
range of 10 GHz and a finesse of about 20.

The interferometer was also used as a reference for
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/
frequency stabilization. The zeroth order diffracted beam
from the grating was detected with a Si photodiode (PD)-2

after passing through the interferometer. The output beam

from the rear facet was directly detected with a PD-1.
Output signal from the PD-2 was divided by that from the
PD-1 to eliminate the intensity fluctuation of the lasers. The
output signal from the divider was compared with a
reference voltage and then fed to the PZT controller. The
servo-controller for the PZT consisted of a proportional
amplifier, an integrator, a low pass filter (—7dB/decade),
and a differentiator.'® Frequency stability was estimated
from the error signals for stabilization.

§3. Experimental Results and Discussion

The wavelength tuning ranges obtained by rotating the
grating were about 4.5 nm and 3.0 nm for the CSP and TJS
lasers, respectively. The tuning range of the TJS laser was
narrower. This fact indicates that the feedback ratio was
higher in the CSP laser than in the TJS laser in spite of the
lower facet reflectivity of the latter. The cause for this
discrepancy can be attributed to the smaller active region of
the TJS laser. The other characteristics such as frequency
tuning and frequency stability were almost the same for the
two lasers. In this section, the experimental results for the
CSP laser are presented.

A stable single longitudinal mode oscillation was obser-
vedfor8 cm<L<10cmandfor1.03< /L, <1.1,whereL,I
and I, represent the external cavity length, the injection
current and the threshold current with optical feedback,
respectively.

The rate of the laser frequency change by the injection
current was —0.3 GHz/mA (—2.65 GHz/mA for the laser
without optical feedback). The continuous tuning range
was about 0.2 GHz due to the frequency jump pheno-
mena.'*'® On the other hand, a wider continuous tuning
range of about 1.5 GHz was obtained by sweeping the
external cavity length with the PZT. For this reason, PZT
control was employed for frequency stabilization.

Seventeen longitudinal modes were independently selec-
ted by rotating the grating, which corresponds to the
wavelength range of about 4.5 nm. However, continuous
tuning could not be achieved due to the longitudinal mode
hopping. In order to overcome this difficulty, it is necessary
to reduce the facet reflectivity.'® Frequency stabilization
and frequency stability measurement were carried out for
six longitudinal modes within this wavelength range. The
frequency stability was almost independent of the selected
mode for both cases of free-running and stabilized oper-
ation.

Figure 2 shows the typical results for the frequency
stabilities, where o, T and N represent the square root of
the Allan variance, the integration time and the number of
data, respectively. Measurements were carried out for
I ms<7<100s.

Curve A corresponds to the free-running laser without
optical feedback. The value of g, increases with increasing t
mainly due to the thermal drift.

Curve B in Fig. 2 corresponds to the free-running laser
with optical feedback. By comparing curves A and B, it can
be seen that the stability of the laser with optical feedback is
better than that without feedback by an order of magnitude
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Fig. 2. Typical results for the frequency stabilities, where a,, T and N
represent the square root of the Allan variance, the integration time and
the number of data, respectively. Curves A and B correspond to free-
running lasers without and with optical feedback, respectively. Curves
C and D correspond to stabilized lasers with and without optical
feedback, respectively. Curves C and D are obtained by controlling the
PZT and the injection current, respectively.

for 1 ms <t <1s. This difference is attributed to the supp-
ression effect of the frequency deviation in external cavity
configuration.'*1%

Curve Cin Fig. 2 corresponds to the stabilized laser with
optical feedback. The minimum value on this curve is

0,=32x107"2 at 1=100s, (1)

and the stability is better than 8.0 x 107'%. The value of 5,
on curve C for t>1s does not represent exactly the
frequency stability of the laser, because the stability of the
interferometer itself is not high enough in this time region."
Itisinterpreted as representing the frequency traceability of
the laser to the interferometer. But such a stability can be
expected if stable frequency references such as atomic or
molecular absorption lines are used. Vibration-rotation
spectra of water vapor,* 85Rb-D, line,” or Cs-D, line??
can be used in the near infrared region. By comparing
curves A, B and C, it can be seen that the stability is
improved by more than one order of magnitude.

Curve D in Fig. 2 corresponds to the stabilized laser
without optical feedback. The laser is locked to the in-
terferometer by controlling the injection current.® The
value of ¢, on this curve is about ten times smaller than that
on the curve C for t<1s. The cause for this is that the
response time of the injection current is faster than that of -
the PZT. Therefore, the short-term stability of the stabi-
lized laser with optical feedback (curve C) was limited by
the response time of the PZT.

Further experiments are now in progress to increase the
tuning range and to improve the short-term (t<1s)
stability. The results will be reported later.

§4. Conclusion

In the present work, high frequency stability and wide
wavelength tunability were achieved simultaneously in
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AlGaAs semiconductor lasers with external grating feed-
back. The frequency stability obtained here was

8.0x1071°2¢,23.2x 1071

)

for ] ms<t<100s. Single longitudinal mode oscillations
were obtained over the wavelength range of 3.0~4.5 nm.
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The frequency stabilities of 0.8 um AlGaAs lasers were estimated by using the Allan variance as a measure of the stability.
The contributions of the quantum noise (the spontaneous emission, carrier, and current noise) and additional noise (current
source noise and temperature noise) are given. The highest frequency stability of the free-running laser was estimated to be
6.3x 107" at an integration time of 0.1 s. It is shown that the frequency stability of the stabilized laser is limited by the
quantum noise. The estimated results were compared with the experimental results and with the estimated stability of
3.39 um He—-22Ne lasers. The derivations of the spectral width from the frequency stability are also given. The narrowest
limit of the spectral width was estimated to be 5.5 MHz (HWHM) for I/, = 1.3, while the corresponding experimental result
was 6.2 MHz for a channeled-substrate planar (CSP)-type laser.

§1. Introduction

The spectral properties of semiconductor lasers have
been greatly improved as a result of the demands of the
optical communication industry. When these lasers are
used in new applications such as laser gyroscopes, air
pollution monitoring, and high-speed coherent com-
munication, better frequency stability will be required.
Theoretical and experimental studies have recently been
done on spectral width,"»? AM and FM noise,>* and
frequency stabilization®~® with these applications in
mind.

In the present paper, the frequency stability limits of
0.8 um AlGaAs lasers are estimated for the Fourier freq-
uency range up to 1 GHz, i.e., an integration time of more
than 1ns, to obtain one of the guidelines for designing new
lasers with better frequency stability for new applications.
The estimated results are compared with experimental
results and with the frequency stability of a gas laser.
Estimations of the spectral width from the frequency
stability are also given.

§2. Noise Sources Limiting Frequency Stability

In this chapter, several kinds of noise source and their
contributions to the frequency stability are discussed.
Before going into this discussion, the definitions of the
measures for frequency stability are given.

If the electric field of the laser is expressed as

E(f)=(Ao+a(t))-exp [i{2nvot + o(1)}] +cc., (1)
its instantaneous frequency is given by '

d .

W(t)=vo+ d—‘f/znsvo+5v(t), )
where 4, and a(¢) are the amplitude and its fluctuations, v,
is the optical frequency, ¢(t) and dv() are the fluctuating
phase and frequency, and c.c. means the complex con-
jugate. The normalized fluctuating frequency can then be

defined by

i ®)

and its autocorrelation function is expressed as

V() =ov(1)/vo= d—‘f / 2nv,

T/2

RE=0upter=lm 7 [ oy de (@)

where { ) represents the time average as shown by the
right-hand side of this equation. The one-sided power
spectral density is calculated from this autocorrelation
function using the following Fourier integral :
0
S,(f)=4 j Ry(t)cos 2nf7) dt (5)
o
This power spectral density is a popular measure which is
used to represent the characteristics of the frequency
fluctuations in the Fourier frequency domain. An alter-
native measure which is also widely used is the Allan
variance.!® This is defined by
N-1

o@=lin 5 ¥

(fk‘l'lz—j)k)z’ (6)
where j, is the value averaged over the integration time 7 as
given by

1 te +1
= z J () de,

tie

(k=1,2,3,---) W)

The Allan variance can be used to represent the characteris-
tics of the frequency fluctuations in the time domain. It is
used particularly widely in the field of frequency standards
such as cesium atomic clocks, hydrogen masers, and
frequency-stabilized lasers. Because this measure has sev-
eral practical advantages in representing the frequency
stability, it has been commonly used to represent the

hy1=h+t
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frequency stability since 1966.'*12
Considering the historical situation, the frequency stabi-

lity discussed in this paper will be represented by the Allan -

variance for convenience in comparing our results with
experimental results on the frequency stability and with
other kinds of laser. The conversion from S,(f) to a; 2(7)is
given by

sin* (nf7)
(nfz)

As a special case, when S,(f) is proportional to M (M;
integer, —2< M < 2), the mutual conversion between the
two is readily carried out, and is shown in Table A(I) in
Appendix A. Using eq. (8) or Table A(I), the frequency
stability limited by several noise sources can be expressed
by the Allan variance. Since 0.8 yum channeled-substrate
planar (CSP)-type lasers'® were used in these experiments,
numerical values of the parameters for these lasers are used
for the estimations described in this paper.

o2(c)=2 J sHEEM g g

2.1 Free-running lasers
2.1.1 Spontaneous emission noise

One fundamental type of quantum noise is due to
spontaneous emission. The frequency fluctuations induced
by this phenomenon can be discussed by Langevin’s
method of formulation.!*!® In eq. (1), the fluctuating
component is expressed as

Ht)=(Ao+a(t))exp [ip(1)], 9
which can be assumed to vary far slower than exp (121zv0t)
Langevin’s equation for K1) is given by

dE e

&+ —d0+BoEEVE=I(t), (10)
where «, is the small signal gain, BoEE* is the saturated
gain, and y is the cavity loss of the laser. F(t) Tepresents
Langevin’s force, which gives the fluctuations due to
spontaneous emission. By substituting eq. (9) into eq. (10),
following equation is obtained for the phase ¢(¢):

4,52 —ry0), (1)

dt
where I';(¢) is the imaginary part of I'(¢). By using eq. (11),
the second-order moment for phase fluctuations within the
integration time t can be calculated as

<<S<p2>—L f ' J' ‘ ry(e)ry(ydede.  (12)

As I'(t) represents the quantum noise due to spontaneous
emission, it can be considered to be composed of pulses
with widths narrower than the value of the time constant
(2o —7) ! of the laser oscillation, and can be expressed as

KTi(t) Ti(t+7)) =5(t)yhvonsp, (13)

where 5(1) is the delta function. The spontaneous emission
factor n,, is given by?

ng={1—exp [(hvo + Ep, — Eg.)/KT1} ", (14)

where Eg. and Eg, are the conduction-band and valence-
band quasi-Fermi levels, & is Boltzmann’s constant, and T
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is the temperature. From eqgs. (12), (13), and (14), one
obtains

2y hv(,nsp .

o9y = (15)

where P represents the intracavity power of the laser, given
by
P=2yA3}. (16)

As the Allan variance ¢2(t) corresponds to the second-
order moment for frequency fluctuations (v} /v3, it can
be derived from eq. (15), and is expressed as

<5(P2> /vz

03 (1) ={ov*)/v=
_2lthng 1
- VoP T

(2nT)?
(17)

where I', represents the cavity linewidth (HWHM), which
is given by
I'.=y/2n. (18)

Furthermore, the cavity linewidth I', and the intracavity
power P can be expressed as

I'.=c(yL—In R)/AnnL }
P=P[(in R—;L)/In/R]}>
where c is the speed of light, «, is the mode loss coefficient, L
is the cavity length, 7 is the refractive index, R is the facet

reflectivity, and P, is the single-ended output power of the
laser. Substitution of eq. (19) into eq. (17) gives

_h
16m2vo Py

(19)

o2(1)= ( ) (In R—a,L)(In R)ngy- = (20)

The following numerical values are used for calculation:

vo=3.75x10'* Hz, P,=3.0mW, n=3.5, ”
L=300 yum, R=0.3, 2;=80cm™* nsp=22’}. (21)
The value of P, shown above is for /I, =1.3 in the CSP-
type laser used in the experiments, where I and /,;, are the
injected current and its threshold value, respectively. The
value of o; was derived by measuring the slope of the
injected current-output power curve of the CSP-type laser.
These values give the following result:

02(1)=2.6 x 1072471,
The result is shown by curve A in Fig. 1.

(22)

2.1.2 Carrzer noise and current noise

Other types of quantum noise specific to semiconductor
lasers are due to carrier and junction current fluctuations.
As the power spectral densities of the frequency fluc-
tuations by these types of noise have been given by
Yamamoto et al.,> ¥ the values of the Allan variance due to
the noise will be derlved here using their results and eq. (8).

The carrier noise is due to quantum mechanical fluc-
tuations by spontaneous emission. The power spectral
density of the frequency fluctuations dv () by this pheno-
menon for a CSP-type laser of L =900 um can be expressed
as (Fig. 16 of ref. 4)
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Fig. 1. Calculated results of the square root of the Allan variance 62(r) of the frequency fluctuations for 0.8 um AlGaAs lasers. A;
spontaneous emission noise (eq. (22)). B; carrier noise (eq. (25)). C; current noise (eq. (28)). D ; current source noise (eq. (37)). E;
temperature noise (eq. (41)). F; free-running laser (sum of egs. (22), (25), (28), (37), and (41)). G ; tentative result for frequency-
stabilized lasers (eq. (47)). H; frequency-stabilized laser (sum of egs. (22), (25), and (28)).

S (f)=7.0x10° (Hz)

for I/I,=1.3. This power spectral density S,(f) has a
resonant peak at the Fourier frequency f, of about a few
GHz, and this is specific to semiconductor lasers.¥ The
frequency stability around this resonant peak is rather
complicated because the integral of eq. (8) does not
converge to a finite value. Further study is now in progress
to overcome this difficulty, and the results will be published
elsewhere. In the present work, however, the stability for
f<1GHz,i.e.,7>1x107%s,isdiscussed as the first step of
the study. The power spectral density for y(¢) is given by
S,(f)/v3, and its Allan variance can be derived by using
egs. (8) and (23). It is expressed as

63(r)=2.5x 102471, (24)

As this carrier noise is originally induced by the spon-
taneous emission, the dependence of ¢Z(t) on the cavity
length L is the same as that of the spontaneous emission,
which is shown by eq. (2). Therefore, the value of 63(t) for L
=300 um due to the carrier noise can be estimated from
egs. (20) and (24), and is given by

02(r)=9.7x 107 **¢71, (25)

The current noise is due to the fluctuations of the injected
current caused by the quantum mechanical fluctuations of
the carrier density described above, and the corresponding
power spectral density of S,(f) for L=900 um can be
expressed as (Fig. 16 of ref. 4):

5.0 x 108 (Hz) (f <1x 10* Hz)
5.0x 10'°F 1 (Hz) (f=1x10*Hz).

(23)

8.()= { (26)

The value of S,(f) decreases with increasing Fourier fre-
quency f for =10 kHz because the induced temperature

fluctuations of the laser cannot follow the high-frequency
component of the current fluctuations. The Allan variance
due to this noise source can be derived from egs. (8) and
(26):

49x1071°
o3(0)= { 1.8 % 10" 2371

As this current noise is also from the spontaneous em-
ission,® the dependence of a2(z) of eq. (27) on the cavity
length L is the same as that of eq. (20). Therefore, the value
of ¢2(r) for L=300 ym due to the current noise can be
estimated from egs. (20) and (27), and is expressed as

(t<1x10"*s)

(t=1x107%s). @7)

2 1.9x 10718 (t<1x1074s)
o;(t)= a3 _
y 6.9x10"23¢7! (t=1x10"4s).

The results given by egs. (25) and (28) are shown in Fig. 1.

(28)

2.1.3 Current source noise

The frequency fluctuations described in 2.1.1 and 2.1.2
are due to quantum mechanical phenomena, and the noise
sources are therefore intrinsic to semiconductor lasers.
Additional noise sources should be investigated when the
lasers are used in practice. One of these additional noise
sources is the regulated current supply used in the experi-
ment. Figure 2 shows a schematic diagram of a typical
regulated current supply. As shown by this figure, the
regulated current supply is generally composed of active
electronic devices such as transistors and operational
amplifiers. Thus the output current fluctuations depend on
the noise characteristics of these active devices. The power
spectral density of the voltage fluctuations of typical
operational amplifiers can be expressed as
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Fig. 2. Schematic explanation of a typical regulated current supply. A;
low-noise operational amplifier. V,; reference voltage. R;; resistor for
current monitoring. L.D.; semiconductor laser.

VLIS (S <f)
Svlf ’={V3 (= 1)

i.e., the noise characteristics are dominated by the 1/f
noise for f < f., and by the thermal noise for f>f.. As an
example, typical values of V, and f, for the low-noise
monolithic JFET-input operational amplifier LF356 are
15 nV and 50 Hz, respectively.!® Since the output current
is monitored by the reference resistor R in the current
supply in Fig. 2, the power spectral density of the current
fluctuations is given by

Si(f)=Sv(f)R? (30)

Its Allan variance is derived fromegs. (8), (29), and (30),and
is expressed as

(V?/Hz), (29)

(A?/Hz).

Ly rymt @<si
o} (r)=< 2
@ 2(VuR) . @2fIY

Figure 3 shows the calculated and experimental results of
the spuare root of 67(z). Curve A represents the calculated
result derived from eq. (31), where R; of 25 Q was used for
the calculation as the value actually employed in the
experiments. The experimental curve B has a bump at
around 7 of 1 x 10~ 2 s. This bump is due to the ripple from
the AC power supply with the frequency of 50 Hz and its
second harmonics, 100 Hz. Except for this bump, appro-
ximate agreement can be seen between the two curves.
Curve A in Fig. 3 oreq. (31) can be thought to represent the
lowest limit of the current fluctuations attainable by
modern low-noise electronic circuit design techniques.

The fluctuations of carrier density and temperature are
induced by this current noise, and these in turn induce the
laser frequency fluctuations. The induced laser frequency
change is given by'”

(A?). (31)

10°
~ B
<10’
)
6 10°} A o—o—
10 | { | | |
10° 10° 10* 10° 107 100 10°
T (s)

Fig. 3. Square root of the Allan variance of the current fluctuations. A;
calculated results for R,=25Q (eq. (31)). B; experimental results for
regulated current supply used in experiments of Fig. 5.
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ovfvo=—A4 %cSNc — (g + Br)oT, (32)
where A is the refractive index change due to unit change in
the carrier density, 5N, is the change in the carrier density,
ar is the temperature coefficient of the cavity length, 7 is
that of the refractive index, and 6T is the temperature
change. The change in the carrier density due to the current
can be expressed as

dN, 0N,
a1~ oI

aN, dT
aT dI-

(33)

The first term of the right-hand side of this equation
represents the direct modulation by the current, and the
second term is the thermally-induced change in the carrier
density. The relation between év and 6/ is obtained from

egs. (32) and (33), and is expressed as
} :Ié[ (34)

10N, 10N,

Ovvo= _[ ar * {AZ aT

The value of the quantity in the square brackets [ ] in this
equatlon i.e., the proportional constant between the
change in the injected current and that of the laser freq-
uency, has been obtained experimentally.'®!? Figure 4
shows the relation between the square of this proportional
constant and the frequency of the injected current, obtained
from the experimental results reported by the authors (Fig.
3 of ref. 19). If this experimental value, represented by curve
A in Fig. 4, is approximated by curve B for simplicity, its
value, represented by H( f), can be expressed as

1.3x10%° (f <1x10* Hz)
H( )= 1.3x10%°f~! (1 x10* Hz< f<8x 10° Hz)
)= ‘ (Hz%/A?)
17x102  (f28x10° Hz) . (35)

In this equation, the thermal effect, i.e., the term in curly
brackets { }ineq.(34), gives the main contrlbutlon forf <1
x 10™4 Hz, and the value of H( f) decreases with increas-
ing frequency for f > 1 x 10* Hz. This feature is consistent
with that of eq. (26) in 2.1.2. For f =8 x 10° Hz, only the
effect of direct modulation of the carrier density, i.e., the
first term in eq. (34), contributes to H(f). As mentloned in
2.1.2, the effect of this direct modulation also gives a
resonant peak to H( f) at the Fourier frequency f; of about
a few GHz.!'® However, in the discussion for f <1 GHz
(z>1x 10" s) in this paper, eq. (35) can be safely used. By

1
o 100 1©¢ 1t 10 10° 10 10
f (H2)

Fig. 4. Square of the coefficient of the laser frequency change due to the
injected current, where f is the frequency of the injected current. A;
experimental results obtained by authors (Fig. 3 of ref. 19). B; curve
fitted to curve A to estimate frequency stability (eq. (35)).
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using eq. (35) with egs. (29) and (30), the power spectral
density S,(f) is expressed as

. .

5,(f)= gH(f) - 8,(f) (36)

The Allan variance ¢2(r) is then derived from eqgs. (8) and

(36). On substituting the numerical values given above, this
is expressed as

22%10726t7! (z<125x10"7s)

46x1071°  (125x1077s<t<1x107%5)
1.7x 1072371 (1x10"‘s§1<2x10‘2s)
23x10"% (t=2x1072%5s) . (37)

This result is shown in Fig. 1.

ol(r)=

2.1.4 Temperature noise

Noise due to temperature fluctuations should also be
discussed when the laser is used in practice. As the laser is
usually fixed on a heat sink and its temperature is con-
trolled electronically, its residual temperature fluctuations
induce the laser frequency fluctuations. Several techniques
for temperature stabilization have been developed recently,
and the temperature fluctuations have been reduced to as
low as 1 x 10~ ¢ K.2? One typical example of such a precise
temperature control is reported in ref. 21, where the
temperature of a stable quartz oscillator was stabilized by
using a Pt resistor as a sensor and its temperature fluc-
tuations were measured. Figure 8 of ref. 21 gives the
following value of the power spectral density of the tem-
perature fluctuations:

Sp(f)=30x10"13f"2  (K?/Hz). (38)

To estimate the frequency stability limits, this value can be
used as the lowest limit of the temperature fluctuations
attainable by modern temperature control techniques. As
given by eq. (34), the laser frequency change produced by a
temperature change is given by

5V/Vo= - [A%aaA;f + (a1+ﬁr)]5T.
The value of the quantity vo[An~*(ON./0T)+ (ar + fr)] in
this equation, i.e., the temperature coefficient of the
frequency change, has been measured as 25 GHz/K for
CSP-type lasers.2? On using this value, the power spectral
density S,(f) is given by

S,(f)=(25x10"/v0)*S7(f). (40)

The Allan variance, ¢2(z), is then derived from egs. (8),
(38), and (40), and is expressed as

02(1)=8.8x 107 .

This result is shown in Fig. 1.

As random fluctuations are induced in the frequency of a
free-running laser by the noise sources described in
2.1.1-2.1.4, its Allan variance is expressed as the sum of the
values given by egs. (22), (25), (28), (37), and (41). This is
shown by curve F in Fig. 1. It can be seen from this figure
that the minimum value of ¢2(r) attainable by a free-
running laser is ’

02(r)=4.0x10"2

(39)

(1)

at t=1x1071s, 42)
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or its square root is

0,(1)=6.3x10""" at 7=1x107's. 43)
2.2 Frequency-stabilized lasers

The laser frequency can be stabilized to the appropriate
frequency references by servo-controlling electronic cir-
cuits. Several atomic and molecular spectra as well as a
stable Fabry-Perot interferometer have been successfully
used as the frequency references for 0.8 um AlGaAs
lasers.®~® Among these references, the linear absorption
spectra in H,O vapor will be generally used as the re-
ferences for 0.8 um AlGaAs lasers because a great number
of vibration-rotation spectra of the (vy, v, v3)=(2, 1, 1)
band are widely distributed in the 0.8 um region, and,
therefore, almost all the AlGaAs lasers can be tuned to at
least one of these spectra even if they exhibit mode
hopping.” For this reason, these spectra are employed as
the most popular frequency references in the present
discussion.

General discussions of the frequency stability of a stabi-
lized laser have been given by Shimoda.?® According to
Shimoda’s theory (eq. (19) of ref. 23), the minimum
frequency fluctuations detectable by the servo-controlling
system are expressed as

ovfve=2.1 (l—cl)\/l’—,./?.,

where u is the most probable velocity of the H,O molecule,
and P; is the laser power incident on the detector. The noise
power of the detector P, is given by

P,=FkTB+ (hvo/n)B, (45)

where B is the bandwidth, kT the thermal noise energy, Avo
the photon energy, F the noise figure, and # the quantum
efficiency, When an ideal detector is used (F=n=1), the
Allan variance of the frequency fluctuations is given by egs.
(44) and (45), and is expressed as

u)sz+hv0‘l

[4 Pi T’

(44)

o2(z)=(v/vo)*=1.1 ( (46)
where 7 is the integration time of the phase-sensitive
detector, given by t=1/4B. For u=520m/s, c=3x10°
m/s,k=1.38x10"23 J/K, T=293 K,and P;=3.0 mW, the
value of ¢2(t) of eq. (46) is

62(t)=2.8x10"28¢ "1, (47)

This result is shown in Fig. 1 together with that of the free-
running laser. It can be seen that this value is smaller than
those of egs. (22), (25), and (28), i.e., those due to the types
of quantum noise given in 2.1.1 and 2.1.2. This troublesome
fact does not mean that the quantum noise is reduced as low
as that of eq. (47) by the frequency stabilization. It means
that the frequency fluctuations reduced by the frequency
stabilization are only those due to additional noise such as
the current source noise and temperature noise, which are
usually far larger than those of egs. (37) and (41) under
actual experimental conditions. Therefore, even though the
frequency stability is improved by the stabilization, it is
limited by the quantum noise. That is, the frequency
stability of the stabilized laser is actually described not by

n



1162

eq. (47), but by the sum of egs. (22), (25), and (28), which

can be approximately represented as follows:
2(2)= 12x10723z71  (¢<5x107%s)

Z181x10723 Y (¢>5x10755).

This result is shown by curve H in Fig. 1.

(48)

§3. Comparison with the Experimental Results -

Figure 5 shows the experimental results of the square
root of the Allan variance for CSP-type lasers with a cavity
length of 300 um. Curves A;, A,, B,, and B, represent the
results previously reported by the authors.” % Curves A,
and B, represent the results for free-running lasers, while
curves A, and B, are for frequency-stabilized lasers. By
comparing these curves and the results of Fig. 1, it can be
seen that the frequency stability of a free-running laser is
limited by the temperature noise for t>3 x 107! s. If the
frequency is stabilized, this additional noise is reduced and
the stability is improved until it is limited by the quantum
noise; it can be seen that the values of curve B, closely
approach the quantum noise level represented by curve F.

Curve C represents the measurements of the present
work to find the stability of the free-running laser for 5
x1076s<7<1x10"%s. The data were accumulated by
using an auto-digitizer S210 (by Autonics Co. Ltd.,) with a
sampling time of 1 us. The other signal processing pro-
cedures were almost the same as the previous ones ¢~ 9.
The bump at around =1 x 10~ 2 s is due to the ripple from
the power supplies of the experimental apparatus, as with
curve B of Fig. 3. Except for this bump, the Allan variance
of curve C has a constant value of

o2(1) =49 x 10717 (49)

By comparing Figs. 1, 3, and this curve, it can be seen that
the frequency stability of the free-running laser for 5
x107®s<7<1x10" 25 is limited mainly by the current
source noise. It can also be seen that the extrapolated line

Motoichi OuTsU, Hiroyuki Fukapa, Toshiharu TAKO ano_l Hidemi TsucHIDA

from curve C approaches curve E, where the frequency
stability is limited by the quantum noise, i.e., the spon-
taneous emission and carrier noise.

In this quantum-noise-limited region of t, the frequency
stability can be estimated from the experimental results by
Yamamoto et al.¥ According to their results (Fig. 16 of ref.
4), the power spectral density of S,(¢) of a CSP-type laser
900 um in length is expressed as

S,(f)=1.0x10° (Hz) (1x107 Hz< f<1x10°Hz)
(50)

for I/I,=1.3. By using thlS value and eq. (8), the Allan
variance is given by

02(r)=3.6x107 47!

As the spontaneous emission noise and the carrier noise
contribute to this value, it is given by the sum of 6 2(z) due to
these types of noise. As was described in 2.1. 2 the de-
pendence of the value of ¢%(r) due to the carrier noise on the
cavity length L is the same as that due to the spontaneous
emission, given by eq. (20). Therefore, the value of o; 2(t) for
a CSP-type laser with L=300 um is given by egs. (20) and
(51), and is expressed as

o2(r)=1.4x107%3¢"!

(1x107%s<7<1x107 7). (51)

(1x107%s<7t<1x1077s). (52)

This result is represented by curve D in Fig. 5.

The extrapolation of curve D intersects that of curve C at
1=2.9x10"7s. It can be seen from this figure that no
improvements in the stability for 1<2.9x 1077 s can be
expected even if the frequency is stabilized, because the
stability of the free-running laser in this region of 7 is
already dominanted by the quantum noise, i.e., the spon-
taneous emission and the carrier noise. The frequency
stabilization suppresses the fluctuations due to the tem-
perature noise to as low as the quantum-noise-limited
values for =3 x 107! s, as shown by curve B, in Fig. 5.
Therefore, one of the problems remaining to be solved

10°
D c -
10°f- ~ %M \&/
= ~ 6
™ ; A H00
5[ 51z
10°F i - A; . =
a 3 N
i F g 2 8
10—12 - E \./
| L I L1 | I \ | | 0
1078 0-6 1 0—1' . 10-2 1 00 1 02
29~10'Z 5 T (5) ,

Fig. 5. Experimental results of the square root of the Allan variance of the frequency ﬂuctuatlons of CSP-type lasers. A,, B, ;
experimental results of free-running lasers.”® A,, B, ; experimental results of frequency-stabilized lasers using absorption
spectrum in H20 vapor,” and 3*Rb-D, line,” respectively. C; experimental results of free-running laser measured in present
work for 5 x 1076 s<t<1x 10”2 5. D; experimental results of free-running laser estimated from results obtained by Yamamoto
etal ¥ for1 x 107 °s<t<1x 10”7 s (eq. (52)). E ; calculated results for free-running laser (curvesF inFig. 1). F; calculated result

for frequency-stabilized lasers (curves H in Fig. 1).
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concerning the frequency stabilization is to improve the
stability for 2.9 x 1077 s<3 x 10! s until the ‘Allan vari-
ance approaches the quantum-noise-limited value, where it
is limited by the current source noise in actual systems.

As a reference, the 3.39 um He—22Ne laser is an approp-
riate example for comparison with semiconductor lasers
because the oscillating characteristics and frequency stabi-
lization have been fully reported as well as its use as a
highly-accurate unified standard of both length and
time.24~ 31 The estimated frequency stability limit of the
3.39 um He—22Ne laser is shown in Fig. 6. Derivations of
the results in this figure are described in Appendix B. By
comparing Figs. 1 and 6, it can be seen that the contri-
bution of the spontaneous emission to the He—22Ne laser,
for example, is far lower than that to the semiconductor
laser. The ratio of the value of eq. (B.3) to that of eq. (22) is
2.3x1078,

In experimental tests on the frequency stabilization of the
3.39 um He—-??Ne laser, a frequency stability as high as

62(r)=1.0x10"25 at t=10s (53)
has been obtained.?®

§4. Estimation of the Spectral Width

In this chapter, several calculations are carried out to
estimate the spectral width of the laser from its frequency
stability. If it is assumed that the normalized amplitude
fluctuations a(t)/A4, is negligible compared with the norma-
lized frequency fluctuations y(¢) in egs. (1) and (3), the
autocorrelation function of the electric field of eq. (1) is give
by 19

Rg(t)={exp [i{2nvor + o(t+17) — 0(D)}])

={exp [i{2nvot +50(7)}])- (54)
Since {d¢(r)> =0, this can be expressed as
Ry(t)=exp (i2m;0‘c) . [ 1— %(&pz) + - :l

~exp [i2nvor —{5¢p?)/2]

=exp [i2nvor — 2(nvor) 20 l(7)] (55)

for small values of 7, where the relation {(5¢>) =(2nvot)*
o2(t)is used, as in eq. (17). Thus the spectral line shape can

10° 10¢

10" J10*
= )
5 10* L
~
&

10" 107

18 1 1 1 1 1 1 1'0-1-

0 10 107 10° 10°

Fig. 6. Calculated results of the square root of the Allan variance of the
frequency fluctuations for 3.39 um He—22Ne lasers. A ; quantum noise
(eq. (B.3)). B; current source noise (eq. (B.7). C; temperature noise (eq.
(B.9)). D; free-running laser (sum of egs. (B.3), (B.7), and (B.9)). E;
frequency-stabilized laser using saturated absorption spectrum in CH,
as frequency reference (eq. (B.12)).
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be derived from the Fourier transform of eq. (55), and is
given by

I(v)=4 jw Rg(7) - cos (2nvr) dr, (56)
0 .

and the spectral width is estimated from this line shape.

As an example, egs. (55) and (56) are applied for the case
in which the Allan variance is inversely proportional to t as
follows:

o2(c)=az"\. 57

In this case, the following Lorentzian spectral line shape
can be readily derived from egs. (55), (56), and (57).

1 1

IVf=—— 58
ol 72 (v—vo)? +(4v)? (58)

where the spectral width (HWHM) is
Av=mvia. (59)

In this calculation, only the values of ¢Z(r) for an in-
tegration time 7 shorter than about 1 x 10~ ¢ s are required,
as in the numerical example shown below. This is because
Rg(7) for t<1x10™®s contribute mainly to the Fourier
integral of eq. (56). Therefore, egs. (58) and (59) are also
valid for the free-running laser in Fig. 1 (curve F) because
the values of ¢2(t) for T <1 x 10~ % s are given by the sum of
those given by the spontaneous emission and carrier noise,
which are inversely proportional to 7. By defining the
quantity K as the ratio of the value of the carrier noise to
that of the spontaneous emission, the width of the Loren-
tzian spectrum for the free-running laser is derived from
egs. (20), (57), and (59), and is expressed as

syt (€ 2(112 L)(In R)n_(1+K
v= 162P, \ nL n R—oL)(In ng,(1+K).

(60)

This is exactly the same as the result of the modified
Schawlow-Townes theory given by Welford and Moor-
adian,” where the quantity X is represented by g2, cor-
responding to o? in Henry’s paper.3® Since the quantity «
or B was introduced to explain the additional spectral
broadening by the fluctuations in the carrier density due to
the spontaneous emission,? 3% it corresponds to K, which
represents the contribution of the carrier noise in 2.1.2 in
the present paper. The agreement between eq. (60) with the
previously-reported result shows the validity of the present
formulations. The quantity « or f also represents the ratio
of the change in the real part of the complex refractive index
of the active layer to the change in the imaginary part due to
the spontaneous emission, which depends on the working
conditions of the lasers. The reported values of « or § fall
between 3 and 6,%3% while that estimated from egs. (22)
and (25) is about 1.9. The cause of this diifference is now
being investigated. Following these formulations, the nar-
rowest limit of the spectral width can be estimated from egs.
(22), (25), (57), and (59), and is given by

Av=55x10° (Hz) (HWHM)

for I/l =1.3. A
On the other hand, the actual spectral width for a CSP-
type laser with L =300 um can also be derived by using the

(61)
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experimental results shown in Fig. 5. The value of Rg(t) for
1<29x1077s is determined by the Allan variance of
curve D, and that for 1=2.9 x 10~ 7 s is determined by the
Allan variance of curve C. Thus it is seen that the value of
R (7) decreases monotonically with increasing 7, and at ¢
=29x10""s, its value is exp (—11) from egs. (49), (52),
and (55). This small value means that the Allan variance of
curve C makes little contribution to Rg(t), and it is almost
wholly determined by that of curve D, i.e., by the spon-
taneous emission and the carrier noise. Thus it can easily be
shown from egs. (52), (57), and (59) that the spectral line
shape is the Lorentzian with the spectral width of

Av=6.2x10° (Hz) (HWHM)

for I/I,,=1.3. This experimental result is consistent with
the results of the measurements using a high-resolution
Fabry-Perot interferometer.”

As was pointed out in 2.1.2, the power spectral density
S,(f) due to the carrier noise has a resonant peak at the
Fourier frequency f; of about a few GHz.* ® It can easily be
seen that this resonant peak induces the modulation in the
laser frequency, and an infinite number of low-intensity
FM sidebands are generated at the frequency votnf,
where n=1, 2, 3, -- - . Since the values of f, are far larger
than those of 4v in egs. (61) and (62), the strong optical
carrier frequency component at vy and weak FM sidebands
at votnf, are well separated from each other in the
frequency domain, which means that this frequency mod-
ulation does not cause any drastic line broadening in the
spectrum of the optical carrier frequency component at v,.
Therefore, the effect of this resonant peak in the carrier noise
does not have to be considered in estimating the spectral
width of the laser, and egs. (61) and (62) can be safely used as
the results of the estimated spectral width.

Further studies are now in progress to investigate the
effect of this resonant peak on the spectral line shape by
considering more detailed features of the resonant peak in
the carrier noise. :

§5. Summary

The frequency stability limits of 0.8 um AlGaAs lasers
for t>1x 1072 s were estimated by using the Allan vari-
ance as a measure of the stability. The contributions of the
quantum noise, i.e., the spontaneous emission noise, carrier
noise, and current noise, were obtained. As additional
noise, the current source noise and temperature noise were

also discussed. The minimum of the square root of-the.

Allan variance of the free-running laser, given by the
superposition of the contributions from all of these
different types of noise, was estimated to be

0,(1)=63x10"" at t=1x 107 1s. (63)

This value can be interpreted as the highest frequency
stability limit of the free-running laser. It was also shown

that the frequency stability of the stabilized laser is limited
by the quantum noise, and is expressed as

: 3.5x10712¢7Y2 (7<5x 107 %s)
o,(t)=

4
9.0x1071277 Y2 (1>5x107Cs). (64)

These estimated results were compared with the expe-
rimental results and with the frequency stability of 3.39 um

14

(62):
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He-22Ne lasers. Furthermore, the narrowest limit of the
spectral width of the laser oscillation (HWHM) was esti-
mated to be 5.5 MHz for I/I,;, =1.3 by using the estimated
value of the frequency stability of the free-running laser. By
using the experimental results of the frequency stability, the
spectral width of the actual CSP-type laser was found to be
6.2 MHz for I/I; =1.3.

The results obtained in this study can also be used to
estimate the frequency stabilities of other kinds of semicon-
ductor laser such as 1.3 ym or 1.5 ym InGaAsP/InP lasers.
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Appendix A

When the one-sided power spectral density S,(f) is pro-
portional to f¥ (M integer,—2< M <2), the following
table for the mutual conversion between S,(f) and ¢2(7)
can be obtained from eq. (8).!%1?

Table A(I). Relation between S,(f) and ¢2(z).!""*?

M Sy(f) 0;/(T)

2 (2123::1 ) " by T

1 mmf;”(*’ higgr[ £ + 312wt~ In2) 22
0 ho.f° ;_ho.z-l

-1 hyf" (2An2 ¥h, 20
-2 h; 1?2 ety g

A low-pass filter with a cutoff frequency of f;, was used.

Appendix B: Frequency Stability of 3.39 pm He—*?Ne
Lasers

B.1 Free-running lasers
B.1.1 Spontaneous emission noise

The quantum noise for frequency fluctuations of gas
lasers would be due to the spontaneous emission only.
Following the discussion of 2.1.1, the Allan variance due to
this noise is given by eq. (17). In the gas laser, the quantities
T, P, and n,, in this equation are expressed as

_c(1-R) )

° 4nL/R
P,

P= B.A
T_R > (B.1)

N

n5P= 2 B )

(NZ_Nl)th

where N, is the population of the lower level of the laser
transition, N, is that of the upper level, and (N, — Ny, is
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the threshold value of the population inversion. By using
egs. (17), (B.1) and the following values -

vo=38.85x 10'3 Hz, R=0.95, n,, =2 (B.2)
Py=0.23mW, L=0.4m , o

the value of the Allan variance is found to be
02(t)=6.1x1073%¢7".

This result is shown in Fig. 6 in the text.

(B.3)

B.1.2 Current source noise

In addition to the quantum noise source discussed in
B.1.1, one of the additional sources investigated is the one
from the regulated current supply used for the discuarge
tube. The gas laser frequency is expressed as

___vGFc-I-chG

4
r.+rg ’ (B-4)

where v, is the resonance frequency of the cavity, v is the
center frequency of the gain curve, and I'g is the width
(HWHM) of the gain curve. As the discharge current noise
induces fluctuations dvg in the center frequency of the gain
curve, the fluctuations of the laser frequency év are given by
(B.5)

ov= II:—; ovg,
where the relation I'g» I is used with eq. (B.4). The
change in the center frequency of the gain curve due to the
discharge current has been measured as — 1.4 GHz/A for
the 3.39 um He-22Ne laser.>? By considering that the
current fluctuations can be reduced to as low as that of eq.
(31) or curve A in Fig. 3, the Allan variance ¢2(z) dueto this
current source noise is obtained from egs. (31), (B.5), and
the above value of the current shift, and is expressed as

ar [98X107 (L Va/ToRyoY T (< f3Y)
= 27 x 10V ToR Sy @2 f7Y).

Again using V,=15nV/,/Hz, f,=50 Hz, R,=25Q, and
FG = 1.4 GHZ,

, 2.2x 107341
5= 30x 1032

This result is shown in Fig. 6.

In actual lasers, however, fluctuations in the discharge
current also induce plasma instabilities in the discharge
tube, which induce further frequency fluctuations.>® Since
these fluctuations depend on experimental conditions such
as the structure of the discharge tube, gas pressure, and so
on, and there are no quantitative theories concerning these,
the frequency fluctuations due to this phenomenon are not
discussed here. This topic is a problem remaining to be
solved for gas lasers.

(B.6)

(t<2x10"25s)

(t=2x 10" 2s). (B.7)

B.1.3 Temperature noise

Another additional noise source examined is the tem-
perature fluctuations. Here, it is assumed that the tempera-
ture fluctuations of the laser cavity are reduced to as low as
that of eq. (38) by installing the laser in a thermobath. As a
thermal change in the cavity length induces a change in the
resonant frequency v, in eq. (B.4), the power spectral
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density of the laser frequency fluctuations is given by

S,(f)=K>S7(f), (B-8)

where egs. (38), (B.4), and the relation I'g» I'; are used.
The quantity « in this equation represents the temperature
coefficient of the expansion of the spacer used to define the
cavity legth. For k=1x10"¢K™!, the Allan variance
o 2(t) is obtained fromegs. (8) and (B.8), and is expressed as

02(t)=2.0x10"241, (B.9)

which is shown in Fig. 6.

In the actual experimental setup, fluctuations larger than
that by eq. (B.9) would be induced because the self-heating
by the discharge tube must induce further temperature
fluctuations in the thermobath.

The Allan variance for the free-running laser is given by
the sum of egs (B.3), (B.7), and (B.9), and is shown in Fig. 6.
The minimum of the Allan variance of the free-running
laser is

02(r)=7.0x10"2% at t=2x10""*s, (B.10)
or its square root is
0,(t)=2.7% 107" at t=2x10"*s. (B.11)

B.2 Frequency-stabilized lasers

To stabilize the frequency of the 3.39 um He—2%Ne laser,
a saturated absorption spectrum in CH, has been success-
fully used as a frequency reference by installing an absor-
ption cell of CH, inside the cavity. The frequency stability
of this stabilized laser has been estimated in Shimoda’s
paper (eq. (30) of ref. 23) for the same operating conditions
as given by eq. (B.2), and is expressed as

62(r)=5.5x10"2%"1, (B.12)

This result is shown in Fig. 6. It can be seen that this value is
larger than that of the quantum-noise-limited value of eq.
(B.3). This relation is contrary to that of the semiconductor
laser, and it means that the frequency stability of the
stabilized laser is given by eq. (B.12) itself but does not
reach the quantum-noise-limited value of eq. (B.3).
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The spectral profile of a CSP-type 0.8 um AlGaAs laser and its spectral width (FWHM) were estimated from experimental
results on the lasers FM noise at room temperature. The power-independent spectral width was also derived from the
recently-reported power-independent 1/f noise. The result was 2.0 MHz, which agrees well with previous experimental
results. The power-dependent width 4v was also derived as 2.0 MHz < 4v<8.8 MHz for 0 < (I//,,— 1) "' £7, where I and I,
represent the injection current and its threshold value, respectively.

Introduction

§1.

Since the spectral properties of semiconductor lasers
have become greatly improved, a number of application
using these lasers as light sources, such as optical com-
munications, optical disk systems, fiber gyroscopes etc.,
have been investigated. However, a narrower spectral
width is required for these applications, especially in
coherent optical communications, and several basic exper-
imental studies have been done on measuring and narrow-
ing the spectral width of these lasers.! =%

One of these studies was by Welford and Mooradian,"
who discovered the power-independent spectral width in
0.8 um AlGaAs lasers, an effect which cannot be explained
by the Schawlow-Townes’ formula. They attributed it to
carrier density fluctuations in the devices. As well as this, a
power-independent 1/f noise in the frequency fluctuations
of semiconductor lasers has recently been observed by
Kikuchi and Okoshi,” and this is also caused by carrier
density fluctuations, as pointed out in ref. 1.

In this paper, a relation between the spectral width of
0.8 um AlGaAs lasers and the laser power, i.e., the in-
jection current, is presented, using the authors’ experimen-
tal results on FM noise and those on the power-
independent 1/f noise by Kikuchi and Okoshi.® From
these results, the value of the power-independent spectral
width is estimated and the deviation from the Schawlow-
Townes’ formula® is reported.

§2. Measurement of FM Noise

There are several ways of measuring the spectral width of
semiconductor lasers, e.g., by using a high-finesse Fabry-
Perot interferometer,? by the delayed self-heterodyne tech-
nique,” and so on. However, these methods have the
common problem, i.e., extra spectral broadening or nar-
rowing is induced if the reflected light wave comes back
into the laser cavity from the mirror surface of the
interferometer or the ends of the optical fibers employed in
the measurements. These reflected waves must be com-

*This work was presented orally at the Meeting on Opto-quantum
Electronics, Inst. Electron. & Commun. Eng., Jpn, October, 1983 (paper
number OQES83-67).
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pletely suppressed for accurate measurements of the intrin-
sic spectral width. In this study, a technique which is free
from the effects of reflected light waves wasemployed. In the
method, FM noise is measured by a tilted Fabry-Perot
interferometer. The spectral profile and spectral width are
then derived from the experimental results on the FM noise
by taking a Fourier transformation.

Figure 1 shows the experimental setup for measuring the
power spectral density of the frequency fluctuations. A
single-mode, CSP-type AlGaAs laser with a cavity length
of 300 um was used. The laser was mounted on a heat sink
consisting of a copper block, and its temperature was
stabilized to within +0.01 K at room temperature by using
a Peltier element. A low-noise d.c. current source was used
to drive the laser. The noise of this source, induced from the
low-noise operational amplifier used, was measured and
found to be as low as the theoretical limits.” The optical
isolator was composed of a Fresnel prism and a Glan-
Thompson prism, while the Fabry-Perot interferometer
consisted of a rigid cylindrical rod of fused silica with
multilayered films coated on both ends, and had a free
spectral range of 3.4 GHz with a finesse of about 30. The
linear part of the slope of the transmission spectrum of this
interferometer was used as a frequency discriminator.
However, the slope of this linear part, and the finesse of the
interferometer, do not have to be large enough for FM
noise measurements, because the sensitivity of the
measurements can be maintained at a high enough level by
appropriately increasing the gain of the preamplifiers for
the detectors, even if the finesse is low. The finesse can
therefore be reduced by slightly tilting the optical axis of

ET
'\
- >:— --\->.
PH (3 PA
- A

D

Fig. 1. Experimental setup for FM noise measurements. LD: 0.8 um
AlGaAs laser (CSP-type). L: AR-coated collimator lens. I: Optical
isolator. FP: Fabry-Perot interferometer. PH: Pinhole. PA:
Preamplifier. DA : Differential amplifier. SA: Spectrum analyzer.
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the interferometer from the direction of propagation
of the laser beam. The effect of the reflected wave can
be suppressed by this configuration, which is the main
advantage of the present method. The angle of tilt was 3
degrees, and the distance between the interferometer and
the laser was about 30 cm.

Figure 2 shows the experimental results on the power
spectral density S,(f) of the frequency fluctuations at a
temperature of 293 K. Here, y =6v(t)/vo, where dv(¢) and
v, represent the temporal fluctuations and stationary value
of the laser frequency, respectively. The figure shows the
results for 1 MHz < f <20 MHz. For f<1 MHz, the value
of S,(f) increased with decreasing f because of the slow
thermal expansion of the laser cavity. As this expansion
gives only the drift of the center frequency of the laser
spectrum, it does not have to be considered in estimating
the spectral width. Measurements for f >20 MHz were not
carried out because the bandwidth of the preamplifier for
the Si-avalanche photodiode was 20 MHz. However, since
S,(f)isknown to take a constant value for f > several mega
herz,” the value of S,(f) for f >20 MHz can be estimated
by extrapolating the curves in Fig. 2. S,(f) also shows a
resonant peak at a Fourier frequency f; (a few giga herz)
because of fluctuations in the carrier density.®” This re-
sonant peak induces modulation in the laser frequency, and
an infinite number of low-intensity FM sidebands are
generated at the frequency vo+nf,, where n=1,2,3,---.
Since the value of f; is far larger than that of the spectral
width of the laser oscillation, the strong optical carrier
frequency component at v, and weak FM sidebands at v,
+nf, are well separated from each other in the frequency
domain. This means that this frequency modulation does
not induce any line broadening in the spectrum of the
optical carrier frequency at v,. Therefore, we can say that

‘the spectral width is determined not by this sharp resonant

peak but by a broad-band white noise as shown in Fig. 2.
The effects of this resonant peak are also briefly described
in ref. 7.

The magnitude of the white noise in Fig. 2, due to the
intrinsic quantum noise, is inversely proportional to the
injection current / when the laser is operated with a single
longitudinal mode.”-® Therefore, S,(f) can be expressed as

10°

T F 1111
®
2=
i

[¢]

(HZ™")
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2 N \(e) R a A_A
10 ) "’va .

- g_ S VIV gy v T g
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Fig. 2. Experimental results on power spectral density S,(f) of FM
noise for several values of injection current (solid curves) at 293 K,
where (I/I,,—1)"'=11.1 (a), 8.3(b), 5.9 (c), 4.2(d), and 2.9 (e). The
measured value of I, was 53 mA. The broken line represents the 1/f
noise reported by Kikuchi er al.
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where I, and A, represent the threshold value of the
injection current and a proportional constant, respectively.
The measured value of I, was 53 mA at a temperature of
293 K. Figure 3 shows the relation between S,(f)and (I/I,,
—1)7! for f=10 MHz and 18 MHz, these values being
extracted from Fig. 2 to determine the value of 45 ineq. (1).
It can be seen that the parts for (I/I,—1)~!>8.3 on these
curves do not follow eq. (1). This is probably due to the
extra frequency fluctuations caused by the longitudinal-
mode competition phenomenon because of the multimode
oscillation around the threshold current. However, the
parts for (I/I,—1)"'<5.9, where the single-longitudinal
mode oscillation can be realized, follow eq. (1) well.

" Therefore, the value of 4, should be determined from the

results for (I/I,—1) "' <5.9 in Figs. 2 and 3. It is then given
by

A,=28x10"2* (Hz™?). @)

As described above, one should be careful to avoid using
the values of the FM noise in the multimode oscillation
region when the value of the proportional constant 4, is
derived. If these data are used, the proportional constant is
overestimated. In the present experiment, the intensities of
the satellite longitudinal mode were less than 19 of the
main mode in the region (I/I,— 1)~ >8.3. Extra FM noise
can be induced even by such weak satellite modes, and the
deviation from the linear relation of eq. (1) can be seen in
this region.

The results of FM noise measurements are also reported
in refs. 5 and 8. However, the derivation of the spectral
width from the measured values of the FM noise is not
presented in these papers. The detailed relation between the
magnitude of the noise and (I/I,,—1)~*, and the experim-
ental details for removing the effect of reflected light are not
described in these papers, either. In the present paper,
however, the spectral width will be estimated, in the next
section, using the experimental results on FM noise

10"22
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Fig. 3. Relation between S,(f) and (Z/I,,—1)"! at f =10 and 18 MHz,
extracted from Fig. 2.
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measurements. For this purpose, accurate measurements
of the FM noise, free from reflected light, were carried out
using a tilted Fabry-Perot interferometer, and a linear
relation between the noise magnitude and (I/I,,~1)~! was
found.

As the frequency fluctuations depend on (I/f,—1)7%,
the spectral width may be expected to depend on
(I/1,—1)"! as well. This corresponds to the well-known
Schawlow-Townes’ formula.®” However, it has recently
been reported that the power-independent 1/f noise can
also exist in the frequency fluctuations, and is given by

S,(f)=A4;-f71 (Hz™), €)

where
A;=34x10718 )

Therefore, the actual power spectral density should be
given by the sum of egs. (1) and (3). In the next section, the
spectral profile of the laser oscillation and its spectral width
are estimated from the power spectral density of the
frequency fluctuations, which is given by the sum of egs. (1)
and (3).

§3. Derivations of the Spectral Profile and Spectral Width

In this section, the sectral profile /(v) and its width Av
(full width at half-maximum) are derived when S,(f) is
expressed as

Sy(f)=Ao- (/lu=1)7'+4, 71 (Hz™), )

which is the sum of egs. (1) and (3) in §2.

When S,(f)is given by eq. (5), the Allan variance ¢2(r), which is an alternative measure of frequency fluctuations in the

time domain, is expressed as”-®

630)= 5 {do" (=)} 7 +QIn2)- A =007 +a, ©

where 7 represents the integration time of the measurements, and the following conversion formula from S,(f) to ¢62(z)

was used”?:

6§(T)=2I Sy(f)-

©
0

sin* (nf7)

@l df. (7)*

The autocorrelation function Rg(t) of the electric field E(f) of a laser can be expressed by using 67 (z), which is given by (eq.

(55) of ref. 7)

Re(t)=C(E(t)- E*(t+1))/{E(t) - E*(2)) =exp {i- 2mvot — 2(nvoT)? - 0 3(7)}

=exp {i* 2mvoT—2(mvo)* - (@0t +ay7%)},

(8)*

where i is the unit of an imaginary number, { ) represents the time average, and * represents the complex conjugate,
respectively. The Fourier transformation of this autocorrelation function gives the spectral profile I(v):

I(v)= jw Rg(z)-exp (—i2nvt)-dt+cc. = jw exp {i - 21(vo — V)t —2(nvo)* - (@oT +ay7%)} - dT+cc., )
o

o

where v and c.c. represent the Fourier frequency and the complex conjugate of the first term, respectively. This equation

can be transformed to

1 @ .
I(V)—\/W J\o exp (l

where

J2(mv)a; -t

. Tvoag

Vo—V
J2via, ik J2a,

X

¢

*In several papers, e.g., ref. (10), Rg(t) is expressed not by using eq. ),
but by the following integral:

® sin? (% f7)

However, it should be pointed out here that the expression for Rg(z) in
the present paper is more accurate than that determined using this
integral, especially when nonstationary fluctuation processes, e.g., flicker
noise (S,(f)oc f ') and random walk (S,(f)oc f ~2), exist in the relevant
noise properties. For further details on this discussion, see, for example,
refs. 9 and 11. Extensive experimental and theoretical studies on this topic
have been carried out in the field of frequency control and metrology in
quartz oscillators, atomic clocks, hydrogen masers, and gas lasers.

2x—x*)-dx+cc.=

“Im [Z(0)), (10)

1
o/ 204

(1)

and Z(() is the complex function known as the “Plasma
Dispersion Function” whose value was presented in a
numerical table by Fried and Conte.!? Im [Z({)] represents
its imaginary part. It should be noted again that a, and a,
in egs. (10) and (11) correspond to the first and second
terms in egs. (5) and (6), respectively. The solid curves of
Fig. 4 show the spectral profile I(v) for several values of the
injection current calculated from eq. (10). As a reference,
the broken curves represent the Lorentzian spectral profiles
using the first term of egs. (5) and (6) only, which
corresponds to the result obtained using Schawlow-
Townes’ formula. It can be seen that the spectral shape is

19
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Fig. 4. Calculated spectral shapes for several values of (I/I,—1)~*. The broken curves represent the Lorentzian line shapes
obtained by neglecting the 1/ noise in eq. (5). Here, (1/I,,—1)"'=0 (a), 0.9 (b), 1.9 (c), 3.7 (d), 5.6 (), 7.5 (f), and 9.3 (g).

considerably deformed from the Lorentzian when (/1
—1)"1~0, owing to the effect of the 1/f noise.

Figure 5 shows the relation between the spectral width
and (/I,,—1)"*. The broken line in this figure represents
the result derived by considering the white noise, i.c., the
first term of egs. (5) and (6), only. Therefore, this line
corresponds to the result given by Schawlow-Townes’
formula. The solid curve represents the result obtained by
adding the 1/f noise to this white noise, ie., using the
second terms of egs. (5) and (6) also. The power-
independent spectral width on this curve, i.e., the value of
Avat (I/I,,—1)"' =0, is 2.0 MHz, as induced by 1/ fnoise.
This value is almost equal to the experimental results by

20

Welford and Mooradian (1.9 MHz at 273 K).’ On the
other hand, the power-dependent spectral width, i.e., the
value of Av for (I/I,,—1)~! %0, takes the following value:

20MHz< 4v<8.8 MHz
for 0<(I/I,—1)"1<7. (12)

The result of eq. (12) is considered sufficiently reliable,
because it was derived from careful measurements of FM
noise which were free from the effects of reflected light, and
is consistent with previously-reported spectral width
méasurements.?® ‘

From the results in Fig. 5, it is concluded that one origin
of the power-independent spectral width is the 1/ fnoise of
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10

0 ] 1 [ 1
(1/1-1)"

Fig. 5. Relation between spectral width 4v (full width at half-
maximum) and (I/I,—1)~. The solid curve shows the present result,
while the broken line shows the results obtained when the 1/f noise is
neglected in eq. (5).

frequency fluctuations. This is quite plausible, because the
1/f noise of several quantities, e.g., current fluctuations, is
commonly observed in a variety of semiconductor de-
vices.!> We can also conclude that the power-dependent
spectral width has a value lower than ten MHz for (I/I,
—1)"1<7, as shown by eq. (12).

§4. Summaries

The spectral profile of a 0.8 um AlGaAs laser and its
spectral width were derived from FM noise measurements.
The existence of a power-independent spectral width was
demonstrated by adding the recently-reported 1/ f noise to

the white noise in the frequency fluctuations. The value of
the power-independent width was 2.0 MHz (FWHM), and
the power-dependent width was 2.0 MHz< 4v<8.8 MHz
for 0< (I/l,—1)"'<7.
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An electrical feedback technique was proposed for stable reduction of the spectral linewidth of a 1.5 um InGaAsP
laser (DFB type). By controlling the injection current with a servo control circuit of 0.5 kHz~0.8 GHz bandwidth, the
linewidth was reduced by more than five times that of the free running laser. The minimum value obtained here was 2
MHz. Attainable minimum value, which was limited by the shot noise of the detector, was estimated as being 1.0x 10~¢
times that of the value given by the modified Schawlow-Townes formula.

§1. Introduction

A narrower spectral linewidth of a semiconductor laser

is required for applications of coherent optical com-
munication, optical heterodyne measurements, and so
on. For example, a linewidth narrower than 1 MHz is
essential to reduce the bit error rate as low as 10™° in a
PSK heterodyne optical communication system." Several
techniques for reducing the linewidth for these applica-
tions have been reported. On of them is to increase the
cavity Q factor by using an external mirror or an op-
tical fiber. This has been called an optical feedback
technique>® and makes use of the injection of the light
reflected into the laser from the external mirror or optical
fiber. For example, the linewidth of an AlGaAs laser has
been reduced to 30 kHz by connecting an optical fiber to
the laser.® However, this technique presents several pro-
blems, e.g., the linewidth can be temporally varied by
phase fluctuations of the reflected light which are induced
by the mechanical vibration of the external mirror or ther-
mal extension of the optical fiber. Furthermore, oscilla-
tion characteristics sometimes become very unstable as a
result of these phase fluctuations. To overcome these
difficulties, the authors propose here a simpler and more
stable technique, and electrical feedback for reducing the
FM noises and the linewidth of a 1.5 um InGaAsP laser

by controlling the injection current. The authors have

already succeeded in improving the stability of the line
center frequency by controlling the injection current with
a servo control bandwidth of about 1 MHz.? It is ex-
pected that the linewidth can also be reduced if the band-
width of this servo control is sufficiently expanded.
Quite recently, Saito ef al.” reported that the FM noise
of a 0.8 um AlGaAs laser can be reduced to a value of
less than the one limited by the spontaneous emission by
the application of electrical feedback. This means that
the linewidth can also be stably reduced to a value less
than that given by the modified Schawlow-Townes for-
mula.® This makes electrical feedback a more promising

*Read at 45th Meeting of the Japan Society of Applied Physics,
Okayama, October, 1984

technique than optical feedback. For the electrical feed-
back, Saito ef al. detected the FM noise of a slave laser by
heterodyning it with a stabilized master laser;” however,
the attainable minimum linewidth of the slave laser is
limited by the linewidth of the master laser. Therefore,
the linewidth reduction of the master laser would also be
required for further reduction of the linewidth of the
slave laser, making the system more complex.

In the present study, a Fabry-Perot interferometer was
employed for FM noise detection to make the control
system simpler and more stable.

This letter reports the first successful results of
linewidth reduction for a 1.5 um InGaAsP laser by the
electrical feedback technique. This mode can be used as a
potential coherent light source for many applications.

§2. Experimental Apparatus

A distributed feedback-type InGaAsP laser at 1.5 um
was used.” Reproducible measurements were carried out
with-this laser because a single longitudinal mode oscilla-
tion was guaranteed for a wide range of injection current
or output power. Figure 1 shows the experimental ap-
paratus. D.C. current was injected to the laser by a low
noise current source with current fluctuations of 0.6
nA/\/_I-E. Temperature fluctuations of the heat sink for
the laser were reduced to 0.05 K at 293 K. The laser light
was transmitted through a Fabry-Perot interferometer
which worked as a frequency discriminator for servo con-
trol. This interferometer was made of a cylindrical rod of
fused silica of 5 mm thick with dielectric multilayers

Fig. 1.

Experimental apparatus.
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coated on both ends; reflectivity of the layers was 80%.
The intensity fluctuations of the transmitted light, which
were proportional to the FM noise of the laser, were
detected by a Ge-avalanche photodiode (APD), and its
output signal was negatively fed back to the injection cur-
rent after being amplified by a video amplifier and a
variable attenuator. Bandwidth of the Ge-APD was
0~0.8 GHz. The gain and bandwidth of the video
amplifier were 60 dB and 0.5 KHz ~ 1.0 GHz, respective-
ly. The attenuation and bandwidth of the variable at-
tenuator were —40 dB ~ 0 dB and 0 ~18 GHz, respective-
ly. These values imply that the bandwidth of the servo
control was 0.5 kHz ~ 0.8GHz. The distance between Ge-
APD and the laser was kept as short as possible by direct-
ly connecting each component of the control circuit (the
Ge-APD, video amplifier, variable attenuator, and so
on) without using any coaxial cables between them. By
this configuration, the resultant time delay around the
feedback loop was reduced to 10 ns. Furthermore, these
components were carefully shielded to reduce the elec-
tromagnetically induced noises.

The FM noise of the laser was monitored by a spec-
trum analyzer, and the spectral line shape was observed
by the delayed self-homodyne technique® using a single
mode fiber 1.5 km long. - :

§3. Experimental Results and Discussion

Figure 2 shows the relation between the power spectral
density of the FM noise and the attenuation of the
variable attenuator. FM noise intensity was reduced
within the frequency range of the bandwidth of the servo
control by decreasing the attenuation of the variable at-
tenuator, i.e., by increasing the gain of the servo control.
When the attenuation was 0 dB, the FM noise intensity
was minimum, being limited by the noise from the Ge-
APD. The linewidth measurements were done under this
feedback condition. Figure 3 shows the spectral line
shapes for the free running and feedback conditions; the
linewidth reduction by the feedback can be clearly seen.
The spectral line shape showed none of the temporal fluc-
tuations which have sometimes been observed in the op-
tical feedback technique. Figure 4 shows the relation bet-
ween linewidth, output power, and injection current nor-
malized to its threshold value. The linewidth of the free
running laser was measured as larger than about 10

~10°F

101~

SN

o . 05 1.0
f (GHz)

S(f) (HZHz)

Fig. 2. Relation between power spectral density of the FM noise of
the laser and attenuation of the variable attenuator. Here,
(I/1,—1)"'=1.0, where I and I, are the injection current and its
threshold value, respectively. I, was 30.2 mA at 293 K. The attenua-
tions were —40dB (A), —10dB (B), and 0dB (C).
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Fig. 3. Spectral line shapes I (v—v,) for the free running (A) and feed-
back (B) conditions, where (I/1,—1)"'=0.67. For the curve B, at-
tenuation of the variable attenuator was 0 dB. A sharp peak at 0 Hz
represents the zero beat signal from the spectrum analyzer.
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Fig. 4. Relation between the linewidth 4v (full width at half max-
imum), ouput power P,, and normalized injection current 7/1. The
curves A and B represent the results for the free running and feed-
back conditions, respectively.

MHz. When compared with this value, the effect of the
electrical feedback was notable, that is, the linewidth was
reduced by more than five times that of the free running
laser, and the minimum value obtained was 2 MHz. This
approaches the value required for the PSK heterodyne op-
tical communication system mentioned in §1. The results
obtained here show that the present simple technique is
quite effective for linewidth reduction. Further reduction
can be expected by improving the finesse of the Fabry-
Perot interferometer and by reducing noise from the
detector. _

For further improvements in this technique, the at-
tainable minimum linewidth is roughly estimated in the
following. If the claim for the heterodyning method
given by Saito et al.” (see §1) is applied to the present
method of FM noise detection, such noise can be reduced
to that limited by the shot noise of the detector used for
the servo control. This value for a 0.8 um AlGaAs laser
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has already been estimated by the authors (eq. (46) of ref.
4). If the numerical values for a 1.5 um InGaAsP laser
are substituted into it, the value of the FM noise, limited
by the shot noise of the detector, is given by

auw(=1.5%10"%2-77}, 1)

where 6%(7) and 7 are the Allan variance for the frequen-
cy fluctuations® and the integration time for the fluctua-
tion measurements, respectively. The value of the FM
noise for a 0.8 um AlGaAs laser, limited by the spon-
taneous emission, has also been derived (sum of egs.
(22), (25) and (28) of ref. 4). Using the numerical values
for the 1.5 um InGaAsP laser, this is given by

o%(1)=1.5X10"2.771, ?2)
The ratio between these two values is
0% (1)/ o%(1)=1.0X 1075, ?3)

Since it has been pointed out that the linewidth is propor-
tional to the Allan variance of the FM noise,*>'? it is
estimated from eq. (3) that the linewidth can be reduced
by 1.0X 1076 times that of the value limited by the spon-
taneous emission, i.e., the value given by the modified
Schawlow-Townes formula. The implication is that, in
an ideal case, the electrical feedback can make it possible
to realize a linewidth narrorwer than 1 kHz, which can be
very attractive for several applications.

Further experiments and theoretical work are now in
progress and will be published elsewhere.

§4. Summary

With electrical feedback, the linewidth of the 1.5 um
InGaAsP laser was reduced to more than five times less

‘temporal  fluctuations.

Motoichi OHTsU and Shinichi KoTAJIMA

than that of the free running laser; the minimum value
obtained was 2 MHz. The spectral line shape showed no
The attainable minimum
linewidth by this feedback was roughly estimated at
1.0X 10~¢ times that of the value given by the modified
Schawlow-Townes formula. It can thus be concluded
that this electrical feedback is quite effective in reducing
linewidth.
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A simple technique for obtaining a stable frequency sweep in a waveguide-type CO, laser is described. The laser
was compact, and contained a Stark cell inside its cavity, and the Stark spectrum in NH,D was observed in the
frequency range at the 10.6 ym P(20) laser transition. The frequency of the laser was stabilized at the center of the
inverted Lamb dip in one of the Stark components, and a stability as high as 2.1 x 107" was obtained at an
integration time 7 of 250 s. The stabilized laser frequency was swept by slowly varying the d.c. electric field applied to
the NH,D molecules. It was swept for the whole frequency range of the single longitudinal-mode oscillation
(195 MHz) while maintaining a traceability to the center frequency of the inverted Lamb dip of as high as

55%x10710-77V2 for 1 s<t<100s.

§1. Imtroduction

Many types of gas laser are in use as coherent light
sources for optical measurements. Infrared CO, lasers in
the 10 um region are the most popular of these, and they
are employed in high-resolution laser spectroscopy, pol-
lutant gas monitoring and so on. However, to improve the
accuracy of such measurements, the laser frequencies
should be stabilized. It is especially important in spectro-
scopic measurements for the laser frequencies to be tunable
over a wide frequency range in a sufficiently stable manner,
while the laser maintains its single longitudinal-mode
oscillation. One of the best types of laser for use as such a
broad-band frequency-variable CO, laser is the
waveguide-type,’ because the spectral width of its gain
curve is considerably pressure-broadened by its high-
pressure operation. A pressure of as high as 50—300 Torr is
usually employed in this type of laser, and this value is more
than ten times as high as that of a conventional, d.c.
discharge-excited CO, laser.? Furthermore, the waveguide
laser has a wider longitudinal-mode frequency interval,
and its single longigudinal-mode oscillation has a wider
frequency range than that of a conventional CO, laser
because of the short cavity length of the waveguide type.
Thus the waveguide CO, laser promises to be an efficient
frequency-variable laser. However, its frequency stability
has not yet been quantitatively evaluated. Up to now, most
efforts have been directed toward how to increase the
output power and the efficiency.® Recently, a preliminary
result on the frequency stabilization of such a laser was
reported, with the Stark component of NH,D in an
external absorption cell being used as a frequency ref-
erence. Meanwhile, Herlemont er al. have observed
several saturated absorption spectra in CH;Br using an
intracavity absorption cell and a free-running waveguide
CO, laser.>

*Present address: Fujitsu Co. Limited, Kamiodanaka, Kawasaki, Kan-
agawa 211.
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In the present study, a simple technique for obtaining a
stable frequency sweep in a waveguide CO, laser was
developed by using the intracavity saturated absorption
spectral components, i.e., the inverted Lamb dips, in
NH,D, as frequency references. First, the laser frequency
was stabilized to a Stark component of NH,D. For this
purpose, the absorption cell for NH,D was installed inside
the cavity so as to make the whole system sufficiently
compact and to obtain the inverted Lamb dip in NH,D to
be used as a frequency reference. Second, was locked to the
Stark component and slowly swept.

More accurate techniques than that described here for
obtaining a stable frequency sweep in CO, lasers, have
previonsly been reported, e.g., using a frequency-offset
locking technique,® ” which has been used for ultrahigh-
resolution laser spectroscopy. However, compared with
the latter technique, the one described here is simpler,
because no auxiliary lasers or fast photodiodes are re-
quired, and furthermore, the apparatus is more compact.
As a result, the present technique can be used to develop
stable light sources for practical coherent optical measure-
ments such as pollutant gas monitoring, and so on.

§2. Experimental Apparates

Figure 1 shows the experimental apparatus. For power
calibration, the laser output was detected by a conventional
power meter. For frequency stabilization, it was detected
by an LiTaO; pyroelectric detector (Eltec-Model 420) with
a response time shorter than 1 ns, and its output signal was
amplified by a lock-in amplifier. A folded-type laser cavity,
originally designed by Hotta et al.,*’ was employed. It
consisted of a grating (G) and two mirrors (M, and M,).
The cavity length, i.e., the distance between G and M,
along the optical axis, was 640 mm. The grating G,
150 lines/mm, was driven by a stepping motor to select
each branch of CO, laser oscillation with high repro-
ducibility. The reflectivity of the flat output mirror M; was
909,. This mirror was placed about 2 or 3 mm from the end
of the waveguide. The reflectivity and radius of curvature R
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Fig. 1. Experimental apparatus. M, : flat output mirror with reflectivity
of 90%. M,: concave mirror. The radius of curvature R and the
reflectivity were 400 mm and 100%, respectively. G: 150 lines/mm
grating.

The cavity length of the laser was 640 mm, and the distance between
M, and G, as well as between M, and the Brewster window of the
waveguide, was fixed at R/2 (=200 mm). The switch SW was turned
on when the laser frequency was stabilized.

of the concave mirror M, were 1009, and 400 mm, re-
spectively. Mirror M, was mounted on a piezoelectric
transducer (PZT) for fine tuning and stabilization of the
laser frequency. The distance between M, and G, as well as
that between M, and the left-hand side of the waveguide,
was fixed to R/2 (=200 mm) to keep the coupling efficiency
of the laser beam high enough at the end of the wave-
guide.” The free space between the mirror M, and the
waveguide was used for the absorption cell for NH,D.

Figure 2 shows a hollow waveguide made of Al,O;
ceramics, originally designed by Hotta.'? It is 240 mm in
length, and a ZnSe plate is fixed on the left-hand end of the
waveguide at the Brewster angle. The other end is open to
the enclosed space which is filled with the laser gases, and
faces mirror M;.

The cross-section of the waveguide is shown in Figs. 2(b)
and (c). The two Al,O; ceramic rods shown in Fig. 2(b)
were joined with epoxy adhesive to form the waveguide
shown in Fig. 2(c). The surface of the inner wall of the
waveguide was polished to a flatness of 0.5 um, and two
hollow copper electrodes were fixed on the waveguide and
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(b) Cathode  (c)

Fig. 2. Schematic of hollow waveguide made of Al,O; ceramic. (a) The
left hand end of the waveguide was cut at the Brewster angle for a ZnSe
plate. (b), (c) Cross-section of ceramics. Two ceramics with the cross
section of (b) were fixed together with epoxy adhesive to produce the
hollow waveguide (c).

used for d.c. discharge. The diameter and length of these
electrodes were 3.5 mm and 11 mm, respectively. ‘

In order to obtain stable oscillation of the laser, the
waveguide must be supported rigidly in the cavity and the
cavity mirrors must be accurately adjusted. In the present
configuration, accurate optical adjustment of mirror M, is
rather difficult owing to the position of the mirror, which is
very close to the end of the waveguide. To overcome this
difficulty, the accurate mechanism shown in Fig. 3 was
developed. The waveguide was buried in a heat sink
consisting of a brass block and was fixed to the flange A..
Tap water was then passed through a hole bored in the heat
sink for temperature stabilization. The heat sink was fixed
on the Invar rods used as the cavity spacers, while flange A
was connected to flange B. Flange B was connected to
flange C by a flexible bellows. Mirror M; was mounted at
the end of the pipe on flange D, which was also connected
to flange C. :

Two accurate adjusting screws F on flange C were used
to connect flanges C and E, and also for optical alignment
of M,. Mirror M; and the waveguide are mechanically
isolated by the flexible bellows, so optical alignment of
these components can be carried out independently. This

e
/
. Gas handling system °
- ZnSe Window & Gas reservoir ——.
. A ZnSe
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Water , - _J-ring
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Fig. 3. Schematic diagram for optical alignments of waveguide and mirror M,.
A, B, C, D, E: Flanges. F: Accurate adjusting screws.
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mechanism permits stable and reproducible optical align-
ment of the cavity. Flanges A and B, as well as C and D,
‘were connected with each other via O-rings so that laser
gases were confined inside the waveguide, bellows, and the
pipe on flange D. This enclosed volume was connected to
the gas handling system and a gas reservoir 200 cm? in
volume through a capillary tube.

A mixture of CO,, Xe, N,, and He gase was employed as
the laser gas, and the total pressure P; was empirically
adjusted between 50 and 75 Torr so as to give a low noise
output. The fractional gas pressures were adjusted so that
0.20< fc0,£0.24, Jxe=0.05, 0= fn,=0.10,
0.65 < fn.<0.71, respectively, where fco, + fxe+ fn, + fre
=1.00. The d.c. discharge current iy was adjusted within
the range 3.5 mA<i;<4.0 mA.

Figure 4 shows the Stark electrode for the absorption gas
used as a frequency reference for stabilization. The elec-
trode was made of a glass plate 15 mm in thickness, and its
surface was polished to a flatness of 0.05 ym. Thin films of
Crand Au were coated in succession on the shaded portion
in Fig. 4. Two glass plates, prepared as above, were fixed
together using three 00-class block gauges 3 mm in thick-
ness as spacers, and two ZnSe plates were fixed on both
ends of the glass plates at the Brewster angle. With this
configuration, these two glass plates could be operated not
only as a pair of Stark electrodes but also as the wall of the
Stark cell. As the spot size of the laser beam inside the Stark
cell was only about 1 mm, no insertion loss was produced
when the cell was installed inside the cavity.

§3. Experimental Results and Discussions

3.1 Oscillating properties of the free-running laser

Prior to the frequency stabilization, several oscillating
properties of the free-running laser were measured without
the Stark cell in the cavity.

Figure 5 shows the output power of each branch ob-
tained by rotating the grating G. Each power was measured
by a conventional power meter. The experimental con-
ditions were the same as those of Fig. 1 except that the
Stark cell was removed and the feedback loop was open.
Here, Pr=61 Torr, fco,=0.21, fx.=0.05, f,=0.08, fy.
=0.66, and i;=4 mA. Oscillations of thirteen R branches
and eighteen P branches were obtained at the 10.6 um
region (the transition between the 00°1 and 10°0 levels),
while eight R and P branches were oscillated in the 9.6 um
region (the transition between the 00°1 and 02°0 levels).
The power drift of the laser output of each branch was
measured as less than 19 in 10 minutes, which confirms
that stable oscillation was obtained. Figure 6 shows the
tuning curve of the P(20) branch of the 10.6 um region

Fig. 4. Stark electrode also used as wall of absorption cell. The electrode
was made of a glass plate 15 mm thick, whose surface was polished to a
flatness of 0.05 um. Thin films of Cr and Au were coated in succession
onto the shaded portion of the figure.
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Fig. 5. Output powers of each branch of laser oscillation. The R(n) and
P(n) branches on the 10.6 um transitions between the 60°1 and 10°0
levels are shown by (a) and (b). Those of the 9.6 um transition between
the 00°1 and 020 levels are shown by (c) and (d), respectively. Here, the
values of n are given on the abscissa of each figure in order of increasing
oscillation wavelength. Pr=61 Torr, fco,=0.21, fx.=0.05, fy,=0.08,
fue=0.66, and iy=4mA.

234MHz

Intensity (arb. unit)

\' 195MHz i

Laser Frequency

Fig. 6. Tuning curve of P (20) branch at 10.6 yum. Py =52 Torr, fco,
=0.24, fx.=0.05, fn,=0, fu.=0.71, and iy=3.6 mA. The values of
these parameters were fixed in the remaining parts of this study. The
longitudinal-mode frequency interval was 234 MHz. By extrapolating
the tails of the tuning curve to the abscissa, it was estimated that the
single longitudinal-mode oscillation was obtained within the frequency
range of 195 MHz on the tuning curve. Point A represents the starting
point of the frequency sweep of the laser in Fig. 11, while points Band C
represent both-ends of the range of the single longitudinal-mode
oscillation.

measured by sweeping the d.c. voltage of the PZT on which
mirror M, was mounted. Here, Pr=52 Torr, fco,=0.24,
Jfxe=0.05, fn, =0, fu.=0.71, and iy=3.6 mA, respectively,
and a pyroelectric detector was employed for this measure-
ment. These experimental conditions were kept the same in
the remaining part of this study. The smooth curve in this
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figure is evidence for the fact that stable, low-noise oscil-
lation was actually obtained. As the cavity length was
640 mm, the corresponding longitudinal-mode frequency
interval was 234 MHz. Here, two longitudinal modes were
simultaneously oscillated around the tails of the tuning
curve, because the spectral width of the gain curve was
larger than this longitudinal mode frequency interval
because of the pressure-broadening phenomenon. The
existence of this two-mode oscillation can easily be
confirmed because the tails of the tuning curve do not cross
the abscissa in this figure. Extrapolation of the curve th the
abscissa gives an estimate of the frequency range of the
single longitudinal-mode oscillation, about 195 MHz, as
shown in the figure. The two ends of the frequency range of
the single longitudinal-mode oscillation, about 195 MHz,
as shown in the figure. The two ends of the frequency range
of the single longitudinal-mode oscillation are given by
points B and C in the figure. In §3.3, a stable frequency
sweep within this frequency range will be described.

3.2 Measurements of intracavity Stark components in
NH,D

In this study, Stark components in NH,D were em-
ployed as frequency references for the stabilization of the
laser frequency. NH; and ND; were mixed at equal
pressure to give NH,D. It is well known that about 459 of
a mixture of these low-pressure gases converts spon-
taneously into NH,D at room temperature.!’’ As the
transition frequency between the (1,50, 5) and (0,4 4)levels
in NH,D is only about 1.7 GHz lower than the center
frequency of the 10.6 um P(20) laser transition, and as the
energy of the lower level, i.e., (0,40, 4), suffers the Stark
shift, this spectral line can easily be tuned to the P(20)
branch by applying an electric field to the NH,D mol-
ecules. The magnitude of the Stark shift of the transition
frequency can be expressed as

=—2042+0.143- |M|- E (MHz), 1)

where E represents the amplitude of the applied electric
field expressed in V/cm.* The quantity M is the component
of the rotational quantum number of the (0,4,,4) level in
NH,D in the direction of the Stark electric field vector. The
selection rule for the transition is given by AM=+1
because the direction of the electric field vector was set
perpendicular to that of the electric field vector of the laser,
oscillation in the cavity configuration of Fig. 1.

After the Stark cell had been installed in the cavity,
linear absorption spectral components on NH,D were
measured. Figure 7 shows their derivative shapes. They
were measured by sweeping the d.c. electric field, whose
value is shown along the abscissa. An a.c. electric field of
167 V/cm (peak-to-peak value), with a frequency of 5 kHz,
was superimposed on this d.c. electric field, and the output
signal from the pyroelectric detector was amplified by a
lock-in amplifier. The time constant 7, of the output stage
of the lock-in amplifier was kept at 3 ms throughout this
study. The total pressure of the NH; and ND; mixture was
80 mTorr. In Fig. 7, the components for |[M|=2, 3, and 4
are shown. The small dips appearing on the top or bottom
of these derivative signals are the inverted Lamb dips, and
these are indicated by arrows in the figure. However, these

Intensity (arb. units)

N

30 40 5.0 6.0 7.0
DC. Electric Field (kV/cm)

Fig. 7. Derivative signals of linear absorption spectra of NH,D in
intracavity absorption cell, measured by P (20) branch at 10.6 ym
of laser oscillation. The pressure of the NH; and ND; mixture was
80 mTorr, and the peak-to-peak value of the amplitude of the a.c.
electric field was 167 V/cm. The three signals correspond to |M|=2,
3, and 4, respectively, and were measured by sweeping the d.c.
electric field applied to the NH, D molecules while keeping the PZT
voltage at a constant value. The small dips indicated by the three
arrows represent the inverted Lamb dips.

dips are not clearly seen because the amplitude of the a.c.
electric field was too large, i.e., the value of 167 V/cm
(peak-to-peak value) corresponds to the maximum fre-
quency deviations of 47.8 MHz, 71.6 MHz, and 95.5 MHz,
for |[M|=2, 3, and 4, respectively (see eq. (1)). The ampli-
tude of the a.c. electric field was thus decreased to
16.7 V/cm (peak-to-peak value) to show up these dips more
clearly and the result is given in Fig. 8. Here, the spectral
shape for |M|=4 is shown, for which the value of
16.7 V/em corresponds to the maximum frequency de-
viation of 9.6 MHz. A sharp dispersive line shape can be
seen at the center of the derivative of the linear absorption
spectrum, and this represents the derivative of the inverted
Lamb dip. Its half-width at half-maximum (HWHM) was
measured as 5 MHz by assuming that it had a Lorentzian
line shape. The value of the HWHM decreased as the
amplitude of the a.c. electric field and the gas pressure
decreased. The minimum value of the HWHM obtained
here was 4 MHz, and this would be limited by the transit-
time broadening, power broadening, the temporal and
spatial fluctuation of the applied electric field, etc. How-
ever, no full quantitative estimations have yet been made.

3.3 Stabilization and continuous sweep of the laser fre-
quency

As the first step, frequency stabilization of the laser
oscillation in the P (20) branch at 10.6 um was tried using
the inverted Lamb dip of |M|=4 as a frequency reference.
For this experiment, the total pressure of the NH; and
ND; mixture was kept at 70 mTorr, while the other
experimental conditions were the same as in Fig. 8. After
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Fig. 8. Derivative of inverted Lamb dip clearly appearing at center of
derivative of linear absorption spectral shape. This spectral shape is
for |M|=4. The peak-to-peak value of the amplitude of the a.c.
electric field was 16.7 V/cm, when the other experimental con-
ditions were the same as those of Fig. 7. The HWHM of this dip was
measured as 5 MHz.

the feedback loop was closed, the laser frequency was
locked to the center of the inverted Lamb dip in NH,D by
using the linear part of the derivative of this dip as a
frequency discriminator and by controlling the PZT vol-
tage applied to the cavity mirror M,. The PID servo-
control technique was employed to control the PZT vol-
tage.” The response time of this servo-control system was
limited by the time constant t; of the lock-in amplifier to a
value of 3 ms. Figure 9 shows the temporal fluctuations of
‘the stabilized laser frequency. It can be seen that the
frequency fluctuations were reduced to as low as 125 kHz

by the stabilization. To evaluate the frequency stability’

more quantitatively, the Allan variance o2 of the frequency
fluctuations'® was measured ; the output signals from the
lock-in amplifier were recorded on a data recorder and the
value of 62 was calculated from these recorded signals by
using a micro-computer after analog-to-digital conversion.
Figure 10 shows the square root of ¢2, where t and N
represent the integration time and number of data, re-
spectively. Curve A represents the result for the stabilized
laser, while curve B is for the free-running laser. These
curves represent the laser frequency traceability o, to the
center frequency of the inverted Lamb dip in NH,D. The

(n
=
> 6 400
€5 200
3 < 0
¢ 3 -200
w i -400F 50 min.
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Fig. 9. Temporal frequency fluctuations of P (20) branch at 10.6 prﬁ’ of
laser oscillation, which was stabilized to center frequency of
inverted Lamb dip of |M|=4 in NH,D. '
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Fig. 10. Square root of Allan variance ¢ for frequency fluctuations.
Here, 7 and N represent the integration time and number of data,
respectively. Curves A and B are the frequency traceability o,, of the

. stabilized and free running laser to the center frequency of the
inverted Lamb dip in NH,D, respectively. Curve C represents the
stability o, ; of the center frequency of the inverted Lamb dip in

~ NH,D, as estimated from the temporal fluctuations of the Stark

electric field. Curve D is the laser ftequeticy stability g, estimated
using the results of curves A, C, and eq. (2).

value of g, on curve A decreases with increasing t for
t21s, which means that the thermal drift of the cavity
length was compensated by the stabilization. In the range
t<0.1s, however, no distinct differences can be seen
between the values of the two curves. This is because the
overall noise characteristics of the servo-control system for
stabilization are governed not only by the laser frequency
fluctuations but also by the noise of the pyroelectric
detector for 7<1.0s. A higher frequency stability can be
expected to be obtained by employing a detector with lower
noise. The laser frequency stability o2 is given by the sum of
the traceability 62 and the frequency stability of the center
frequency of the inverted Lamb dip o2 ;, i..,

oi=0l+0l, )

Curve C represents the value of o, ;, which was estimated
from the temporal fluctuations of the Stark electric field.
Curve D shows the laser frequency stability o, obtained by
using the results of curves A, C, and eq. (2). This curve can
be approximately expressed as

6q=5.5x10"10-7712 for 1s<t<100s, 3)

and gives the minimum value of 2.1 x 107 at t=250s. A
further decrease in this minimum value can be expected by
improving the stability of the high-voltage power supply
for the Stark electric field.

As the second step, a stable laser frequency sweep was
tried by slowly varying the d.c. electric field applied to the
NH,D molecules, with the frequency locked to the center
of the inverted Lamb dip in NH,D. The result is given in
Fig. 11. This figure shows the relation between the d.c.
electric field and the d.c. voltage applied to the PZT for the
cavity mirror M,. The former was proportional to the
center frequency of the inverted Lamb dip, and the latter to
the laser frequency locked to.it. The ordinate is marked in
units of the laser frequency shift (MHz) of the laser
oscillation . instead of that of the PZT voltage. The time
required for this sweep was about 10 s. A smoother curve
would be obtained by increasing this time, because the
sigularities on.the curve are due to the slow response of
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Fig. 11. Result of a continuous sweep of laser frequency by slowly
varying the d.c. electric field applied to the NH,D molecules. This
was done by keeping the laser frequency locked to the inverted
Lamb dip in NH,D. The abscissa represents the value of the d.c.
electric field, while the ordinate corresponds to the laser frequency
shift derived from the PZT voltage applied to mirror M,.

Points A and B in this figure represent the interval of the

frequency sweep, and correspond to points A and B on the tuning
curve of Fig. 6.

PZT to the large excursions of the applied voltage. The
deviation from the linear shape of the curve in this figure is
due to the nonlinear response of the PZT expansion.
Point A in this figure represents the values of the d.c.
electric field and the locked laser frequency when the sweep
was started. On increasing the d.c. electric field, the locked
laser frequency also increased until it reached point Bin the
figure. The range of the locked frequency excursion is
shown as being 134 MHz. These points correspond to
points A and B of Fig. 6, respectively. That is, the laser
frequency was initially located at around the center of the
tuning curve, and by the frequency sweep, it reached the
end of the higher-frequency side of the single longitudinal-
mode oscillation region. It was also possible to sweep down
to the end of the lower-frequency side of this region, shown
by point C in Fig: 6. These results confirm that the laser
frequency can be swept over the whole range of single
longitudinal-mode oscillation of the 10.6 um P (20) laser
transition, i.e., 195 MHz, while it is locked to the inverted
Lamb dip in NH,D. When the sweep time was longer than
10s, it was confirmed that the laser frequency traceability
o\, was almost equal to the result of curve A in Fig. 10, i.c.,

0, =55x1071%-7712 for 1 s<7<100s. 4)

This high traceability means that the laser frequency was
tightly locked to the center frequency of the inverted Lamb
dip in NH,D even though this center frequency was slowly
swept. A higher frequency traceability can be produced by
expanding the bandwidth of the servo-control system. The
laser frequency stability o, can also be estimated by
analyzing the stability o, ; of the swept frequency of the
inverted Lamb dip. A full quantitative analysis of this
stability is now in progress. However, it can be said from
the fluctuation measurements of the Stark electric field that
no distinctive deteriorations in the stability o, ; were seen,
even though the inverted Lamb dip was slowly swept.
Therefore it can be concluded that the laser frequency
stability o, was maintained approximately as high as that

of curve D in Fig. 10 when the laser frequency was slowly
swept.

A shorter cavity length and a lower-noise detector are
required in order to expand the range of the frequency
sweep and to obtain a higher frequency stability, re-
spectively. If other molecules are employed, the present
technique can also be used to stabilize the laser frequency
of other oscillation branches.

§4. Summaries

A simple technique for obtaining a stable frequency
sweep in a waveguide-type CO, laser is presented. It has
several practical applications, such as pollutant gas mon-
itoring. The laser is compact and has an absorption cell
inside its cavity. The Stark components of NH,D in this
absorption cell were observed in the frequency range at the
10.6 um P (20) laser transition. The laser frequency was
stabilized at the center of the inverted Lamb dip in one of
these NH,D Stark components, and the resulting stability
was as high as 2.1 x 107! at an integration time 7 0f 250 s.

The stabilized laser frequency was then swept by slowly
ecules, while the laser frequency was locked to the spec-
trum. It could be swept over the whole frequency range of
rum. It could be swept over the whole frequency range of
the single longitudinal-mode oscillation, about 195 MHz.
When the laser frequency was slowly swept by this tech-
nique, its traceability to the center frequency of the inverted
Lamb dip was maintained as high as 5.5 x 10710 - ¢ 71/2 for
1s<7t<100s.

Further experiments are now in progress to improve the
performance of this laser system.
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An offset-locked He-Xe laser system for high resolution spectroscopy on H,CO at 3.51 pym,
was constructed using a Stark shifted line. In this offset-locked laser system, a local
oscillator laser which is necessary in conventional system can be eliminated, because
reference laser is locked at offset-frequency. The frequency stability and tunable range of
this system is ¢=8.8%x10~" (at z=10s) and 12 MHz, respectively, where ¢ is the square root
of Allan variance and ¢ is the sampling time. The performance of this offset-locked laser
system satisfied the requirement for a light source of ultra-high resolution spectroscopy.

The pressure broadening coefficient of H,CO was measured to be 567 kHz/mTorr, using
present system.

Stark coefficient of H,CO at 3.51 ym was precisely measured using beat frequency between
two stabilized He-Xe lasers. The electric dipole moment at ;=1 excited vibrational state
was measured to be 2.288+0.005 D.
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Fig. 1 (a) Conventional offset-locked laser system.
The reference laser is stabilized using the
inverted Lamb dip in H,CO.
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Fig. 1 (b) Proposed offset-locked laser system.
The reference laser is stabilized to Stark
shifted line.
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Fig. 2 Derivative signal of Stark components of H,CO.
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Fig. 3 Frequency stability of the reference laser
as measured by Allan variance.
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Fig. 4 Experimental set-up for precise measure-
ment of Stark coefficient of H,CO, using
two He-Xe lasers which are stabilized to
a ‘Stark shifted line and a zero field ab-
sorption line, respectively.
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Table 1 A list of Stark coefficients of H,CO
absorption lines at 3.51pm. Calculated
values are computed using molecular con-
stants in refs. (9), (10), (11) and (12).

Line Frequency Electric Stark coef.
Shift field (kHz/(kV/cm)?)

| M| — | M|

(kHz) (kV/cm)  Obs. Calc.
5-5 1439020 4.6155+1 676+1 684
cross res. 13531+20 4.6155+1 635+1 641
5-6 12716+20 4.6155+1 597+1 597
cross res. 11040+20 4.6155+1 518+1 518
4-4 9026+20 4.6155+1 421+1 423
cross res. 8281+20 4.6155+1 389+1 388
4-5 7518+20 4.6155+1 353+1 352
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Fig. 5 Block diagram of the He-Xe offset-locked
laser system for high resolution spectro-
scopy on H,CO at 3.51 ym.
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Lines show the result of curve fit-
ting using the method of least squares.
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A waveguide-type CO, laser was constructed, whose frequencies were stabilized and simul-
taneously swept by using Stark shifts of molecular spectral lines. The frequency of the
laser was stabilized at the center of the inverted Lamb dip of a Stark line of NHD, and
the frequency stability obtained was 1Xx10-!! at the integration time of 250s. This stability
was kept when the laser frequency was then swept by slowly varying Stark electric field
applied to NH,D. The swept range was as wide as the free spectral range of the cavity
(340 MHz). '

25, BEBRE Y-+~ 0K\ RBEEATERE A VT
B v—¥F-REENAEELIh, HORBEENITETH
BT ENBEEL. ZOLRMGCAS BREBREMAEEL
TRAEBA 7y b ey 7ENRREIRTWED,
hXREE ARBEI W REREBL R V—F—§

1. F ]

BERE CO, v—¥F—ix % O RIEHRRE em HFRO
10 pm Fe BV TEELORIEF S vbidh, ¥1B
BRCHAZhABEATAOEN LB TEB ), E

DERYR L b ERIET 5 v F ORIBAGKOTEIEY
Fo75—BXhRKELTHZLMTE, Lrb/ET
BN T, o CO, v—¥—rH~GHAKEL
LTHEHTHS. BERM CO, v—¥—2ESREY
—¥F—FXAXEE L TRV R V- —-RER0R
EBERDETHS. B REBRLEELB5HRRE
Wi FH ADEMBIE L BABORIWHETHSD

b5 —ARDV—F—~LOREEEYHE— bR RAVT—
BLED L 5RHMTS LT, FECHCREENRD
bhb. LirL, ZOHER Vv—¥F— 2R"BUET D
D, ¥FlkE— P EAET B D HE MHz~$ GHz
TRECHIET 2B NBERNLE D, HERIV

—~F—D/hHRERE WS HEEV T, BEAERD

HECBEORMELELTS. chbHLELELR

43



21 DAk B EuB 1B

B v — 4 —Hi—E5 T b b I B C 5 5 R
FLEREO L O T BE T EANR HEY EEL
B, Tiobb, HERE CO, v —¥—0RBAIC

VA BANT e EBRELTUVSY— Dfﬁ%ﬁ%ﬁ?ﬁ'x

DY a2z NI RIRERELTHI LR LD, BEEH
BECRELSh, H oS R R b Y
CEETEB V—¥—%RAELIC. FHRTEZ hicD
EOSEV—F—OMBEYHURL, BEEELEERCA
VR AL BT L RRLEDT, Thbn
R OXHETS.

2. EFE CO, L—H—DEK

Fig. L RBfFL e v — ¥ — ORBERT. JUidaE
5=

T, Vv X, HERROCHIIHLA ¢
BIh3. vy XpRWciERY A LD, KR
B Y 2 AT L BETE A~ ARFERL,

HOTEBRBYLBERESLEN LTHBRRARY P A -

¥R, v—F—0REETEREKRESTELDTDH

5. ZORER, FEROIEL BWIRRD OHRRR 640,

mmiZL4dl mm LR TH T kmf%t LTt
REDOERSEHHTS. :

mgzmgw%ogﬁyﬁi.:oﬁﬁuﬁmbW:.“

X%530T, ZOME% (b).(iRT. (b)CmdMi

27mm l 127mm
i Sturkceu"e“s Wuvegutde Output

Grctmg . ) Mirror,

23 mm‘

LASER o

Fig. 1 Cav:ty conﬁguratlon ‘of the laser. A»
gratmg and a PZT are supported by a
rotation stage.

/ 190mm
I ' Calhode () ALD; Ceramics Anode
T 1.5x1.5mm,
RN F-Epoxy -
P I__JJ_) | 85mm
e . . /

- Anode& o
(b) Cathode (c)
Flg 2 (a) Schematlc dlagram of the hollow
* waveguide 'made  of- ALO, ceramics.
(b), (c) Cross “sectiomal view of the-
.ceramics. S

' Output-’ -

- (1985)

w HIEARENFIT(C)D X S WAL, HRodWE
BT, TV a—RAR— — YIS e (a) Dk HE
ZuSe OBEH% Wy MFrhZeoii L Ui, Hiko
MBS BERE Lim’ T CHRBESh T 5. B
BB X BEE LA L DA UL FIGOET & e,
“.Fig, 8 R TR ERERO  — F & v 7 O bAE
h, Kikde—t vy 7 HECBRIETHAL T
%, MR LS M3 BUEER97% 0 FHigE T Fig. 3
RTBCHERANRL D 2~3mmo L ZAREINT

5. BpD77 v A~DE=4 s/ rA—K—~y F

Fi2s M, oXliEs ik > 85 s,

Fig. 4 EHHTF & ZoEERE RS, AvcEyr
BF O AR BN 1504/mm, 7 v — X PR 10.6 ym ¢
H5H. BTV —¥—~ BEELH#ET 55 PZT
CRAR bR THBD, V—¥—RERORELDOE,
PZT e & 5 RIEA% PZT % 2 5 BRE& 2 FT

"B ZONCHL TEESOEMRET 5 DR B/

{3k, BEEAFig 5 R HNCERE % 51mm

Gas handling system F
. & Gas reservoir ~~ ..} -

. A y
i Cn}hode‘ Waveguide Anode 1 N'H'B C--
. N ~n -

. ZnSe Window
|

ZnSe
-0 Window

e & v g . Laser
: N\ * output

Y N
: Bellow || “0-ring
0-ring Mirror
M

. 1 -
\ F
Z =
/
Waveguide lnvor rod .
T -Support T

Heat-sink

' Fig. 3 Schemiatic dlagram “for the héat sink
' * " and optxcal ahgnments of Wavegulde
' and output mirror M,
Sprmg

AAAAAAAAA\AAAAAAAAAAAA
VIVVY

Micrometer head

DC motor with gears
- (900:1)

: 9/ Pz
“ . _PZT holder

_—— Grating

~—— Center of rotation

‘Flg 4 Top view of the rotatxon stage, Wthh

) supports-the PZT. The d.c. motor is

. 7 . .'used to smoothly change the gratmg R
- angle. - .



i - oKHE - S KA CO, v — v — DB L 25

BRO—BO7 v¥ 2 5 —FEWMTTH25HRELES
el % 18, BEEMOERSY C25Bh/ &Lk, @
HkFomE ik Fig. 40FEF 7 —f+% DC £—x—
CIXIDEOLMEELDBZENTE, BHRCRES v+
BRIRTBZLMNTES.

Vv X KBS IEBEAT @ ZnSefl ¢4k & BE fE 127mm
Thb. Fig. l i RTHCEFBTE VY XL OEHER

ﬂ\: PZT holder

Angular ball bearing

Shaft
Housing

Fig. 5 Schematic diagram for the rotation
shaft supported by two angular ball
bearings separated by 51 mm.

5 85 5

wn
-]

AN

™)
[ H s 0
Fig. 6 A stark electrode made of a glass plate.

Thin films of Cr and Au are coated
onto the shaded portion.

nSe
Window

Fig. 7 Illustration for the Stark cell assembly.

UHEEHARLE vy XL OFMx v v X0 E LML %
Ll ZOBEETIE, HEKkErmT v Hicv—¥—
K v v XL ERETF 2R CHCEE IR R CEHE &
oTRY, HERIEIRC ST 5EABENIERT/IE

5.

BN H AEEATD Y 2 247 AL, L—YF—%E
et/ L, ILRABCANMBINES BB D
i Fig. WORTHCSIRBRFCRE L. €1 0BE
DOk #% Fig. 6 iwRr3. BK-74 35 A8¢E X215 mm,
ik 0.1 ym OREE CHEL, fBORFITr el
SYIERAE L TEB L Lic. w1k Fig. TR
Va2 Z N BENEREROBYEROBEL L, Wk
ik B IEBER D ZnSe BIBH % el L 5 EEHD
TR fHdle. BEAX—4—DEZ X 6mm, 0D
MM T e v 75— R AW

3. L—¥—0ORiEHH

Fig. 8, Fig. 9 @BfFL i v —¥— ORIE K% R
T V=¥ —KOREOLEY, REROVEHEARY
RIBREOK & D =20 KD Fhi b BB
Z, WE» AD £ER 71 Torr, HE» AD FEH %
CO,:Xe:He:N,=1:0.25:3.9:0.75, HKBEH I
3mA rLli. ZOHHUBEOWEITNTEDOLEETT
Tiebhhiz, Fig. 813 v~ — D & RIFH OBATIRMK
EThs. 10m P75 v+ TiRl6E, R75v+T
13154, 9pm HP75 v+ 94k R FSv+Tix
6 ADFIENB L. Fig. 91210 pm # P (20) 80

600
10uband 10pband
g P(n) R(n)
£ oot
@
2 L
o
=1
2 200 \ ‘
) ’ \ |
” | \ ! \ T
0 0 20 30 Iso 20 10
n
z 9pband 9uband
% P(n) R(n)
2 200-
é o
~§. L
3 OH”m“ th
20 30 20 %
n n

Fig. 8 Output powers of laser lines when the
laser oscillation was tuned to each line.



46

26 SO BF O E34%Ek H 18 (1985)

200 —

Output Power (mW)

340MHz

Frequency
Fig. 9 Tuning curve of the P (20) line at 10.6
pm. The free spectral range was
340 MHz.

FREME C, B v—v¥—o BlkessTs PZT
CHIMUABE, f v — ¥ — ORIRRETHS.
PQROJBTIZV—V—3LRBOBAB AR 7 P VRDE
HCRIEL, RERAEER340MHz Licofc. FE
HEREELDTHY, o kA7 LADEAC LD V-
P €= ADEWNRE K FFOP I VRELRIENB S
niZ ERRLTVS.

4. NHD O a2 §LIZRR7 b

VaBAIARY P AR REBEEL LTHY, B
S0 BEHEERLYERT 5 lcdic, AP Tid NHD
DBIER (s, 40a)—(1as 505)s (0as 40)—(Ls, 514)s (0, 414)
—(1a,52) D=FREDY 22127 A7 b ARB.
ZhboREHzzhth CO; v—¥—0D 10pum #H
P(20),P(14),R(12) @D FEHEEEEL T35,

Fig. 10 RBRIR O =k A F— BRI RS, RIGE
DTHEAL (00, 40e) & (0s,414) &£ 12T 22 644 MHz Lo JE
RTWisWicd FEHRY © X ) BRRC ST &
DYa2BZANIY7 F CHELTEFC KERK—KDY 2
EN7 7 b HELRE. MEBMIIBROMINCHEGE
WERETHHANY 7ML, —KRD v 275K
1% 1.45X108| Mj[Hz/(V/m)] (M : REETFH M=—4,
=3,000,0,...3,4)9 LR &icfl L Ve B DT HBHIER
R CRIFRORBERERERACBRIE LRAATES.

Fig. 11w NH:D 0> 2 202 22 b AR BIETS
DAV ARIERERT. R0 Detector 3¥kfF%E
RTHRH LI v 7Y ~BBho HgCdTe JtutHins A
Wit Ya &7 e AOREBRORMNCEED &
Y 7 Mix200s ¢ 5X 10" RE, BEOFZEMML0.5

a

52 Fa

514 g

Sis g

= g
fr(20-17202 60 MHz
fma)-ZBOO:SOMHz——ﬁ
fr02)+28002100MHz

I a

v ;=f: 644MHz
bou s

Fig. 10 Energy levels of NH,D. Three transi-
tions shown by arrows were used for
the frequency stabilization.

High Voltage
P
Stark Cell ower Supply

+,
O e }H—{ Detector |

Lens Waveguide [

High Voltage Mirror
¢ Power Supply| .
X
Sine Wave Harmonic

Oscillator Generator
ref.in X1, x

Lock-~in
| Amplifier ['5ion

t—{Crart Recorder]

Fig. 11 Experimental set up for measuring

absorption lines and the frequency
stabilization.

~6kV Th b, BEIZ0.05V/s 58 50 V/s KT
ReITrz L2cds. RIROBRHIZY 2 2V 2 F
TR, Y22 7 BRICS5kHz OFFREROE
REeBEEL, XEHBOHNEEEXr vy 74 v TV T %k
AWTE 0=k OBERAERS #REREL, BRAR2

FADSRESES B, va g e REHATS
NH,D 13NH; & ND; #BE AT itk hBbh%.
NH; ¢ NDyoFEHE#1:1 21, £FE#50mTorr &
LTHAW.

Fig. 121 10 pm # P20} CRIEL 7z NH,D of
TG (0a,400)—(La,505) D=% Bo g vRd. 8
TR OFMELIEE ISMHz Lich, EANERDY 1D
FHRINBEHEHISMHZ)D L h b REV. ZOEXV—
P — DR & BRINAH ADEN®E L CTHELL
TEhnb, V2RV BEOBRIT L WIENEMN ST



R - ke - BB CO, v —¥ — ORTEHEAKER 27

100~ _
- 15MHz
E?
> 50 ~
@
<
2 LA A £, A
: A
&
& -50- -
-100— —
Frequency

Fig. 12 The third derivative signal of the sat-
urated absorption line of NH,D meas-
ured by the lasing P (20) line at 10.6
pm.

BT bt BERRY - 24 7 BENEEERBO
B¥i#hTw50T, XKEECX Y BECEARE LR
i Bbhs. fho=FXORIFREOVTH FEKEOH
BxThE, REAROEELEB. Thbb, s
TEDMEE (0a.40)—(15,5y,) 2Tk 17 MHz, (05, 4,4)
—(1a,52¢) ©OWTi2 18 MHz ThH o 7.

5. REBOREL

P, v 2 A7 BEDEYRSTAC ek b CO,
V- —DRIBKOFRIE NHD offkivig s R
LCEZEL, v—¥~—0REEE anRigo=k#s
EEORLARKCEELLT, v-F—DORERLE
EERE L. SRR OS5 B X BB
Mg & LCH\, Fig. 1l o241 » 5 SW 2B U CEE
BoHffEr —72BRL, HflxTrot. FiEEEL
T PIDO%j#% B\ 7.

Fig. 1312 10 ym # P(20) 4 > R R Fe NHD o
SAFIRMLER (0as4dos)—(La, Sos) I REAL L B O RBEHE
EEERT. BRINYADEN & v —+ —ORIREMTH
Ho@Eb Chs. BEBRXey 74 v 7Ty 7IOHNE
hs AEROBREES X VB, HofiREREE
EEHLTT7 7 v SEBOTHR o BEIEIRHE « T
»5. BEELEE L c=250s 123\~ T 1x1071 235
bh, 79 —5=v 7N r=1s i\ T—H,
=100 I\ CEHT, KEBEOH EMXZ bR, o
ZADOBRIGRIC BT RIFRAKOFKENELhI. *
fo, T OB O 5.5Xx1071(z=2508) X H H L\
MRS hI.

’ /T\_.«//w ’""""‘"‘-"Mﬁ‘t
: | :
]
gk . . Fi X
8 “ﬂ'\\\w\ ree runring
g

-9

10
-10- . . ./ .
10 Stabilized "“Hl}.l 1

»

Wi
M |l
10-17 1 1 1 1 1
0w 102 ' 10 ' w0 0]

T [sec)

Fig. 13 Frequency stability of the laser. ¢ is
the square root of Allan variance and
7 is the integration time.

7~

Frequency
<~-—— PZT Voltage

3% 36 38
Stark Electric Field (kV/cm)

Fig. 14 Result of a continuous sweep of the
laser frequency; the abssisa repre-
sents the d. c. Stark electric field, and
the ordinate the PZT voltage.

6. RBE%Fs

Fig. 1412 10 pm # PQRO)§ TO v — ¥ — D BT 5T
BloBTETRT. RO 20 2BRTCHS. #E
#i PZT cHIMLA-BETHH, ZhidiFsixhs v
—F—REROECHIEL T3, ¥, HhokEn:
AgdEB I oFALTRT. v—¥—ARRORIEET
1s¥ph 0.5MHz L L. X b v—F—0FEHEsE
FRINRO=K G OPORERCREBEIhicE ¥
RGO 2 FA 7 o7 MICEREL, BEFENRS
RT3 Ehbnns. i B s isihdih 5 Ok
PITDe AT VY AR IZLDTHS. REHRSIT
BE7c PR HE310 pm # P(20) 2 €814 MHz TH » /.
RSO 195 MHZ2 X h kX \WMERC I - Tk D,

47



48

28 G % B % HoaE E1E (1985

-8

10 T T T

0 1
' /ﬁ_‘-

°

10 o//_o—

10 T=100s b

‘11 1 1 1

100 1 2 3 4

Sweep Rate (MHz/s)

Fig. 15 Dependence of the frequency trace-
ability on the sweeping rate.

HEEDOE EAHERTES. ki, SED B0 pm
P (14.R (12) 735 vFronTh EESEIIMNTE,
% OFIFE FhEh 113 MHz,164MHz T < 1-.

PROBTIIVv—F—~DBHBEA< 7 + A5 (340 MHZ)
DRIFL CRBEORFSIHEEL A, P(14),R(12) T
BV —F—DXBETRROLDHR R  LBDLIR
TOREIEShTAERERGB I A, Zhug, &
EHR L BE Y ADRH(L, BRBoSHET L hik
HBEIh3:Bbhs.

Fig. 15 @5 (thd v —+ — Fk B0 SRR ILg o
DREBICHRT 5 v —¥ — R OBMHE L 55
DOBIR TR T, RoREN BRETHY, BORE I
10s RU100s & Lic. & 0B X b#5 %K »#0.1 MHz
BT bilbBRERSELic2 L AR TES. 2 h
1%, Z ORETRAEREELO» ORI HE 5
CEPN T BIedbEELBRS.

7. ¥ & 08
ARETIE, ¥ af A7 el e HIBBRATCREL,
vy X v, PZT »[EBRA G %t OB
CO, v—#~%RAMEL, = DRERORELRUEER
DREIRI 21T S B BR L. BELE: v

=12 10 pm HERO 9 pm HrT 3\ T it 46 RO £ TR
28 bh, 10pm #Ho P(20),P(14) Kt RU12) 75+~
FRBWT NHD DRI v — — Rk Bor %
EEL, BEARH 250 1w\ T 11071 DRELHE
bhiz. NHbD ova.s1027o7F #FBALT V—¥
—DREB R BIRCLE LI ¥ 253 L. Fodk
GIHEE. 10 pm # P(20),P(14),R(12) 0 £ TENF
h 314MHz,113 MHz,164 MHz } #rt-. = hoDfE
WEEMOBERD I hT¢hCwa s LR TR, +
D=XD Hofpic, CH,CIP,CHBr,CH,F,NH,, NF;,
C.H,F®,C,H,F,,PF; /& DRIY HAEZRGRE, 9%,
10 ym H D % < DRIBHR CRBBOLREIL L 577 | pTTHE
ThdEELZBLIS.

FHEO—RE Y ﬂ?ﬂ%%ﬁ%ﬁ%ﬁ&ﬁf‘%@)o
BohrZidi.

References

1) Ch. Borde, M. Ouhayoun, A. Van Lerberghe,
C. Salmon and S. Avriller: Laser Spectroscopy
IV eds. H. Walter and K. W. Rothe, Springer
Series in Optical Sciences, Vol. 21 (Springer-
verlag, Berlin, 1979) p. 142.

2) T. Kunikane, M. Ohtsu, T. Nakamura and T.
Tako: Jpn. J. Appl. Phys., 23 600 (1984).

3) K. Hotta, K. Inoue and K. Washio: Proc. Conf.
Lasers and Electro-Optics Systems, 1978, San
Diego(Opt. Soc. Am. Washington, 1978 Th AA 4).

4) C.H. Townes and A.L. Schawlow: Microwave
Spectroscopy. (McGraw-Hill, New York, 1955).

5) A.R. Johnston and R.D.S. Melville, Jr.: Appl.
Phys. Lett. 19 503 (1972). .

6) M. Ohtsu, S. Katsuragi and T. Tako: IEEE J.
Quantum Electron. QE-17 1100 (1981).

7) F. Shimizu: J. Phys. Soc. of Japan 38 1106
(1975).

8) J.M. Martin, V.]. Corcoran and W.T. Smith:
IEEE J. Quantum Electron. QE-10 191 (1974).



36th Annual Frequency Control Symposium - 1982

2-4 June 1982
Marriot Hotel

Philadelphia, Pensylvania

FREQUENCY STABILIZATION OF AlGaAs LASERS usa

Motoichi Ohtsu*, Hidemi Tsuchida** and Toshiharu Tako**,

* International Cooperation Center for Science and Technology,

** Research Laboratory of

Precision Machinery and Electronics,

Tokyo Institute of Technology,
2-12-1 O-okayama, Meguro-ku, Tokyo 152, Japan

SUMMARY

Spectral width measurements and frequency
stabilizations of AlGaAs lasers were carried out,
and their applications were demonstrated. It was
shown that the spectral width can be reduced as
narrow as lMHz. A stabilized Fabry-Perot 85
interferometer, absorption spectra in Hzo and "Rb
were used as frequency references to improve the
long-term(T > 1s) frequency stability. The 2
minimum of the square root of thgl§llan variigce g
in these eggsriments were 2.0x10 , 1.1x10 ’
and 1.4x10 (at T = 100s), respectively. For
the laser with an externgizgrating, the minimum
of O obtained was 3.2x10 (at T = 100s). Several
experiments were carried out to improve the short-
term (T < 1s) frequency stability, and power spec-
tral density for frequegsy fluctuations was
reduced to less than 10 ° of that of free running
lasers for the Fourier frequency range lower than
200kHz.

An Allan variance real-time processing system
(ARPS) was developed for frequency stability
measurements, and optimal frequency control was
carried out by using this apparatus.

As an application of frequency stabilized
lasers, the precise wavelength measurements of the
H_O absorption spectra were demonstrated, in which
tfe preliminary results of 8164.8737% 0.0003A° for
R(42-3 ) line was obtained. Furthermore, a brief
commeng on the preparation of optical pumping
experiments for Rb and Cs was given.

1. INTRODUCTION

Performances of semiconductor lasers have been
remarkably improved by the demand of the optical
communications industry. Recently,a single lon-
gitudinal mode, CW oscillation at room temperature
has been realized. ~ The price of each
laser has been reduced as iow as $250. These lasers
are mostly oscillated in the near-infrared, and
the coherent lights of 0.83um and 1.3-1.6um in
wavelengths are obtained by AlGaAs lasers and
InGaAsP lasers, respectively. Since few number of
other kind of lasers oscillates in these wavelength
regions, these semiconductor lasers could be conven-
iently used not only in optical communications but
in many fields of application, e.g., laser spectros-
~opy, optical pumping, frequency and length stand-
ards, laser radar, air-borne gyroscope, etc..

For these applications, however,CW oscillation
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performances such as spectral width, mode struc-
tures, FM and AM noise, etc. have to be understcod.
If these performances are not sufficient enough

for these applications, they must be improved by
external optical components and electronic circuits,
or by manufacturing thoroughly new type of sem-
iconductor lasers. For example, long-term fre-
quency stabilities of these lasers have to be
improved for high resolution laser spectroscopy

and short-term frequency stabilities have to be
considerably improved for heterodyne-type optical
communications. For these applications, the stabil-
ities of semiconductor lasers are still considerably
low.

In this paper, recent results on frequency
stabilization of AlGaAs lasers, with the main
purpose of looking for new possibilities for
applications, will be discussed.

2. NOISE AND SPECTRAL WIDTH

In the present study, channeled- substrate-
planar (CSP) type AlGaAs lasers were mostly used.
As an initial check for the present work, the
intensity fluctuations, frequency fluctuations
and spectral width were measured. The temperature
at the heat sink for the laser was kept at the room
temperature with the fluctuations of -0.1°C and
the laser was driven by a current-regulator.

The temperature coefficient of the current from
the regulator was 30ppm. The power spectral den-
si§¥zof ETe intensity fluctuations was lower than
10 (Hz 7). The frequency fluctuations were
measured by a stable Fabry-Perot intereferometer,
and the results are shown in Fig. 1. In this
figure, it is segazthat pogsz spggtral density
falls between 10 and 10 (Hz ) for the wide
range of Fourier frequencies.

Figure 2 shows the spectral width of the laser
measui?d by a long Fabry-Perot interferometer (=
10m). The value of the spectral width dvy, is
decreased with increasing the injection current I
and it can be seen that it gradually approaches
the theoretig?lly estimated value, which is
exprezsed as4“hv(Av )2

vy, = ——-—1;-JL-- ’ (1)
where Avc is the spectral width of the cavity, hv
is the photon energy, and P is the laser power,
respectively. In this figure, 8vp is reduced as
narrow as 1lMHz, which means that this laser can be

1)
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used even for sub-Doppler spectroscopy.

3. METHODS FOR FREQUENCY TUNING AND STABILIZATION

The relative frequency shift Av/v can be
expressed as 1

Av/v = -A = BANg -(q § B) (AT; + ATy), (2)
where 2 = -4 x 20-29 (m3) ), n is the refractive
index in the cavity, AN, is the variation of the
carrier density by the injection current, a and B
are the temperature coefficients of the cavity
length and refractive index, respectively, AT

and AT. are the temperature variations at p-n
junction by the injection current and ambient
temperature variation, respectively. Here, o + B
= 25GHz/°C at 0.83um, which corresponds to 0.06nm/
°C. Both AN, and AT; depend on the injection
current, however, their response speeds are widely
-different, ‘ive:, the response of AN. to the injec-
tion current is fast and that of AT; is slow. On
the other hand, the magnitude of the first term in
eg. (2) is about ten times smaller than that of
the second term. Therefore, when the laser is
driven by a low frequency current, the frequency
shift depends almost only on ATy, and it induces
the red shift. On the other hand, when the laser
is driven by a high frequency current, the shift
depends only on ANc}which induces the blue shift.
The cross-over frequency of the current between the
.red and blue shifts appears at around 10MHz.S5)When
the laser was driven by a d.c. current, the follow-
ing value of the frequency shift, i.e., the red
shift through AT;, was measured for the CSP laser
used here.

AV/AT = -2.75GHz/mA.

Following the discussions described above, both
of the injection current control (AT;) and ambient
temperature control (AT;) can be employed to im-
prove the long-term’ frequency stability. When the
ambient temperature control (AT;) method is employ-
ed, the temperature at the p-n junction has to be
varied, for example, by using a Peltier electric
cooler to compensate for the frequency fluctuations.
In this case, the accuracy of the temperature
control should be better than 10-3°C to get the
frequency stability higher than 10710, which looks
very difficult to realize and must need a sophis-
ticated technique for temperature control. From
this reason, in the present work, the authors
employed the injection current control method.

The ambient temperature was roughly fixed at around
the room temperature with fluctiations of + 0.1°C,
and the injection current was accurately controlled
by a wide band servo controller. By this method,
the frequency stability higher than 10~ can be
expected.

The drift of the laser output power is one of
the problem which is induced when the frequency is
controlled by the current. The relation between
the laser power P and the current can be expressed
as

(3)

PO (I"Ith) ’ N

P = - : (3)
where the threshold current Iy depends on the
temperature which is given by7) =~

Itn = Itho exp (T/T), (4)

where Itho = 4mA and T, = 98.5K for the CSP laser
used. Therefore, the power change AP due to the
current and temperature changes is expressed as

AP = P [AI - (ATy) + AT2) Iy, exp(T/Tg)l. (5)

6)
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By controlling the current, AI is determined so
that AT, is cancelled by AT; (AT + AT, = 0),

but as a result of this cancellation, the term of
AI remains in eq.(5), i.e., the power drift of Py AI
is induced. Figure 3 shows this phenomenon.

In this figure, the time dependences of the power
are shown for the frequency stabilized laser and
for the free running laser. In this figure, power
drift can be clearly seen for the stabilized laser,
as discussed above. Therefore, if one needs to
stabilize the frequency and power simultaneously,
one has to suppress the power drift by controlling
the temperature while controlling the frequency by
the current.

Mode hopping phenomenon also gives a trouble
in the present study, which is due to the tem-
perature dependence of the energy gap of the
semiconductor. The red shift of about 90-130GHz
(=0.2-0.3nm at 0.83um) is induced by the mode
hopping when the temperature is increased, which -
limits the continuous frequency tuning range of
the laser. Furthermore, even if the lasers are
made from the same material and using the same.
processes, the lasers. have their own individual
wavelength. To some extent, they can be com-
pensated for by adjusting the temperature or-
current. However, a complete compensation can not
be obtained because the working range of the
temperature and current should be limited to 15°C
<1£25°C andI/I¢h £ 1.4 to keep the life time of
lasers long enough, which would also limits the
continuous frequency tuning range. -

To overcome these difficulties, it would be
necessary to use other type of lasers with a high
wavelength-selectivitz, e.g., DBR lasers developed
by Suematsu's school. ) .

4. IMPROVEMENTS IN LONG-TERM FREQUENCY STABILITY

It would be necessary to improve the long-
term frequency stability, especially for T 2 1s,
for such applications as spectroscopy, frequency
standard, etc.. In this case, a stable Fabry-
Perot interferometer and absorption spectra of
several atoms or molecules can be used as frequency
references. Figure 4 shows the apparatus for
frequency stabilization by using a Fabry-Perot
interferometer as a reference, which is also
stabilized by a Lamb dip-stabilized He-Ne laser
(sP119).9) 1In this figure, the amplifier (I+P+D)
for current control are composed of an integrator
(I), a Eroportional amplifier (P), and a differen-
tiator.10) The frequency characteristics of theéir
gains are shown in Fig. 5. Their gains and cut-
off frequencies are manually adjusted to find the
optimal control conditions in each experiment.
These amplifiers were always used in the present.
work. Figure 6 shows the frequency stability-
obtained. The curve D represents the stability of
the semiconductor laser, and the minimum of the
square root of the Allan variance G2 on this curve
is - . L

o = 2.0x10711 at T = 100s..
The curve E is for the free running laser. .
For this experiment, the apparatus is rather
complicated because the Fabry-Perot interferometer
has to be stabilized by the stable He-Ne laser to
reduce the thermal drift. Turthermore, the -
stability higher than 10-11 cannot be expected



because the stability of the interferometer is
limited by that of the Lamb dip of the Ne transi-
tion in the discharge tube of the He-Ne laser.

If some absorption lines of stable atoms or mol-
ecules are used as references, the apparatus may
become simpler and higher stability can be expected.
The authors started this stabilization scheme by
employing H,0 molecules as the reference. It has
been well known that H70 has a combination tone of
the vibration spectra (vy, vy, v3) = (2, 1, 1)
around O.Sum.ll Though the absorption by the
combination tone is weak in general, that of this
band is exceptionally strong because it is coupled
with (0, 1, 3) band by Darling-Dennison resonance.
A great number of rotation structures can be found
within this band, and they have been assigned by
Baumann and Mecke.l3) Figure 7 shows some of
these lines around the wavelength of AlGaAs lasers.
It can be said from this figure that each laser
can be tuned at least to one of those spectra

even though the wavelenths of the lasers are
individually distributed. It is expected that
almost all of the lasers can be stabilized by
using these spectra as references. Figure 8

shows the first and second derivatives of the
linear absorption spectra observed. The H0
absorption cell of 1l0Ocm in length was used at

room temperature, which means the H0 vapor
pressure of about 20Torr. Figure 9(a) shows the
simple exprimental apparatus for stabilization
and, as an example, in Fig. 9(b), the third
derivative of the spectra of P(0~l-.3j) line used as
a reference, is shown. Figure 10 showns the
frequency stability obtained, in which the curve

A represents the result of stabilization. The
minimum of O on this curve is

0 = 1.1 x 10711 at T = 100s. (N
The curve B represents the result of the previous
experiment (the curve D in Fig. 6). Comparison
- between these curves shows that higher stability
was obtained in the present method by a simpler
apparatus. .

In the stabilization method employing atomic
or molecular spectra as references, the stability
would depend on the S/N value of the signals, i.e.,
higher stability is expected by using a stronger
absorption line. For such a strong absorption
line, 85Rb--D2 line at 780nm was employed to improve
the stability. Though it is not so easy to tune
the laser frequency to the D; line because of the
mode hopping, it can be highly stabilized if such
a wavelength coincidence can be obtained.
Fortunately, the authors found such a laser among
their several CSP lasers, and wavelength coincidence
was attained with the temperature of 24.6°C at the
heat sink. Figure 11 shows the linear absorption
spectra and their first derivative line shapes.

It can be seen that theyhave higher S/N values

than those of Hy0 spectra in Figs. 8 and 9.

The quantum numbers F in this figure are for the
lower level (551/2). The lines for different
velues of F in the upper level (5P3/2) are not
resolved in this figure. The 85pp absorption cell
of 6cm was used at room temperature.') The corres-
ponding vapor pressure is about 10~5 Torr, and any
buffer gas is not contained in it. Figure 12 shows
the frequency stability obtained by locking the
frequency at_the center of the first derivative of

*) This cell has been used for Rb atomic standard.
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The minimum of 0 in this figure is
(8)

the D3 line.
0 =1.4 x 10712 2t T = 100s.

‘By comparing it to that by H,0 spectra, it can be

said that higher stability was obtained, as expected.
The authors are now preparing to use the saturated
absorption spectra in D line as references to
improve the stability. Figure 13 shows the
saturated absorption spectra. The spectral width
in this fiqure is 52.7MHz, which is consistent with
the value estimated from_the radiative life time
of 5P3/2 level (27.0ns).15) Six saturated absorp-
tion lines and six cross-resonance lines should be
seen on the Doppler broadened profile in this
figure because the upper and lower levels for Dj
line have four and two sublevels, respectively.
However, only two lines can be seen in this figure.
The cause of this discrepancy is still now under
investigation. It is expected that the 85Rpp-
stabilized lasers with such a high stability can
be used as powerful tools for Rb atomic standards.
The frequency tunable range of the laser used
above was limited by the mode hopping phenomenon,
as mentioned before. One way of overcomifg)this
phenomenon is to use an external grating. The
authors just followed this method and have obtained
preliminary experimental results. Figure 14 shows
the experimental apparatus. All of the experiments
described in this paper, the authors used CSP lasers,
however, in this paticular experimenti a transverce
junction stripe (TJS) laser was used. One of
the cleaved facet of this laser was AR coated and
its reflectivity was reduced as low as 14%. A
grating was placed at 6cm away from the facet to
pick out one of thelongitudinal modes. Seventeen
longitudinal modes were separately picked out by
rotating the grating. The frequency of each mode
was tuned for 1-3GHz by translating the position
of the grating, and was stabilized by using a
stable Fabry-Perot interferometer as a frequency
reference. Fiqure 15 shows the result. Comparison
between the curves A and B tells us that the stabil-

16)

ity of the free running laser is improved by using

the external grating, which is because the longitu-
dinal mode competition is suppressed and the cavity
-Q velue is increased.  The curve C represents the
result of stabilization, and the minimum of O on
this curve is

0= 3.2 x 10712 at T = 100s. (9)
The stabilities of other longitudinal modes were
almost the same as that shown by the curve C.

5. IMPROVEMENTS IN SHORT-TERM FREQUENCY STABILITY

In 4., several experiments were carried out
to improve the long-term frequency stability, i.e.,
the stability for T 2 1ls. For applications in
heterodyne-type communications, hijh speed optical
measurements, etc., the short-term stabilities
(T < 1s) of the lasers have also to be improved.

In this case, even a simple Fabry-Perot interferom-
eter made of a rigid fused quartz block can be
satisfactorily used as a frequency reference.
However, it is essentially necessary to expand the
bandwidth of the servo controller as much as
possible.

The stability for lms £ T £ ls was easily
improved by increasing the cutoff frequency f_ of
the proportinal amplifier in Fig. 5. The depend-
ence of the stability on f. is shown in Fig. 16.19)
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In this figure, the highest stability was obtained:
at fc = 7.23kHz, and_the minimum of O was

o =2.1x 10712 at T = 100ms. (10)

To improve short-term stability for T < lms,
one needs to use different type of servo-controller.
Figure 17 shows the frequency characteristics of
the gain of such a controller developed by the-
authors, The bandwidth was increased as high as
500kHz by connecting two differentiators (D; and
Dy) in parallel with the proportional amplifier (P),
which were constructed by using faster operational
amplifiers than those in Fig. 5. Figure 18 shows
the power spectral densities S of frequency
fluctuations of the stabilized laser obtained by
this circuit. It can be seen that the value of
S for the stabilized laser is about 1072 of that
of free running laser for Fourier frequency up to
200kHz, and that this circuit is effective to
improve the short-term frequency stability.

This work is now in progress and faster servo
controller Ls belng designed by using faster video
ampllflers.

As-described in this and previous chapters,
improvements of long and short term stabilities
have been carried out separately until now. As
the next step, several experiments are now in
progress to improve the stability for a wide range
of T by combining both of these techniques.

6. APPLICATION OF MICRO COMPUTERS

It is quite favorable if the real-time meas-
urement of frequency stability can be done when.
the laser is ‘stabilized. Such a real-time meas-
urement system can be inexpensively made by using
microprocessors. Figure 19 shows the block
diagram of an Allan variance real-time processing
system (ARPS) which have been developed by the
authors for this purpose.

It is then possible to find the condition of
optimal control for frequency stabilization by
using the ARPS: The appropriate gains-and cutoff
frequencies of the amplifiers in Fig. 5 are found
by a micro computer so that the value of 0, meas-
ured by the ARPS, will ensure the minimum value.
Figure 20 and 21 show the experimental apparatus
for optimal control and the result obtained by
this apparatus, respectively. It can be seen that
the stability obtained by this method is higher
than the method in which the gains and cutoff
frequencies of the controller are manually adjusted.
By using this method, the conditions for optimal
control can be kept so that the highest frequency
stability is maintained even if the working
conditions of the laser may change in time.

This system can be widely used not only for
the present study, but for other frequency stand—
ards.

7. APPLICATIONS OF FREQUENCY STABILIZED
SEMICONDUCTOR LASERS

Frequency stabilized semiconductor lasers can
be used in many fields of applications:. As an’
example, the authors are preparing the precise
wavelength measurements of absorption spectra in
H,0 to find more accurate values of the molecular-
constants of H«O. These wavelengths can be meas-
ured by comparlng the wavelength of Hzo—stablllved
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laser with that of. a frequency stabilized He~Ne
laser by using a pressure-scanned Fabry-Perot-
interferometer. As a preliminary result, the
wavelength of R(4,-3,) line has been measured to
be 8164.8737 + 0.0003&.

As another example, the vibration-rotation
spectra in several molecules can also be measured
by InGaAsP lasers at 1.3 or l.6um, which may be
used for pollutant gas monitoring system.

It has been proposed that AlGaAs lasers can
be used for optical pumping of Rb and Cg beam
atomic standards, and sev Sr?I experiments have
already been carried out. For this‘partucular
study, it is very difficult to use commercially
available lasers due to the mode hopping phenomenon.
A specially designed semiconductor laser has to be
made for this purpose, The authors are now prepar-
ing facilities:. for crystal growing to make DBR
lasers®’ with good wavelength selectivity for the
optical pumping study. It is expected that these
new lasers can be used also for the spectroscopy
of the Rydberg states in alka11 atoms.,

8. CONCLUSIONS

Recent results on spectral width measurements
and frequency stabilization of AlGaAs ‘lasers were
described.” It was demonstrated that ‘the spectral
width can be decreased as narrow as 1MHz.

A stabilized Fabry-Perot interferometer, absorption
spectra in H,0 and °°Rb were ‘used as frequency
references to improve the léng-term frequency
stability. The minimum of the square root of.the
Allan variance. in these exE riments. were 2. 0x10'll
1.1 x 10711, and 1.4 x 10 (at T= 100s), respec-
tively. For the laser with an external grating, .
the stability obtained was 3.2 x 10”12 at T= 100s.
Several experiments.were carried out to improve
the short-term stability, and the power spectral
density of' frequency fluctuations was reduced to
less than 10~2 of that of free running lasers for
the Fourier frequency range lower than 200kHz.

An Allan variance real-time processing system
(ARPS) - was developed for frequency stability meas-
urements, and optimal. frequency control was carried
out by using this apparatus.

As an application of the frequency stabilized
lasers, the precise waveléngth measurements of the
absorption spectra in Hy0 are prepared, and prelim-
inary result of 8164.8737 + 0. ‘00033 for R(45-33)
line was obtained. - Flnally, a brief comment on
the preparation of optical pumping experiments
for Rb and Cg was given.
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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 0.8um
AlGaAs and 1.5um InGaAsP lasers were demon-
strated to improve their long-term frequency
stabilities. The stabilities were about
1000 times improved than 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 sta-
bilized 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 better character-
istics of semiconductor lasers, several
remarkable improvements in performances of 0.8
um AlGaAs and 1l.5um InGaAsP lasers have been
successfully carried out recently. 1If these
lasers are used for coherent optical measure-
ments, their spectral purities and long-term
frequency stabilities ( for integration time
longer than lus ), have to be further 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 of applications to
coherent optical measurements are shown.

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

As for l1l.5um InGaAsP lasers, Plano-Convex
-Waveguide (PCW) type lasers[2] were employed
here, which are similar to CSP lasers.

$2. Spectral Width Measurements of 0.8um
AlGaAs Lasers

The spectral width Av (FWHM) has been
conveniently expressed by the following
modified Schawlow- Townes formula[3].

-12-1 O-okayama, Meguro-ku,

h\)u

(£__
161rP0 nL

(1nR - alL)(lnR)nsp(l + azl
(1)

Av

Here, o represents the broadening by the
extra FM noises induced by the carrier densi-
ty 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[4]. The
spectral width of CSP lasers with 300um long
has been measured in Japan as being less than
10MHz[5,6]. On the other hand, the values
reported in other countries are sometimes as
large as 100MHz, which is about ten times
larger than Japanese results (see, for exam-
ple [3]). As the other outstanding results,
the power-independent spectral width has been
observed for TJS lasers, which is 1.9MHz at
room temperature[3], while this value for the
CSP lasers has been reported as being 0.6 -
0.9 MHz[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 measur-
ing the spectral width. That is, measuring
the beat spectrum between the two lasers,
using a high resolution Fabry-Perot interfer-
ometer[5], and using an optical fiber which
is called as the delayed self heterodyne
technique[8]. However, these techniques have
several difficulties in them, i.e., the extra
FM noises are induced by the light reflected
back from the mirror surface of the interfer-
ometer 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
in 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 tilited Fabry-Perot
interferometer can be used as a frequency
discriminator for FM noise measurements be-
cause the finesse does not have to be high
enough in this case, the reflected light does
not come back into the laser cavity. Therfore
, no extra noises are induced, and this method
can be safe enough to estimate the intrinsic
spectral width.

The spectral profile I(v) can be given
by the Fourier transformation of the auto-
correlation function R(t) of the amplitude
E(t) of the electric field of the laser light.
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As given by eq. (2), the amplitude E(t) contains
the fluctuating phase ¢(t) in -it.

E(t) E exp[-i(vaOt + ¢(t))]. (2)

0
The time derivative of this fluctuating phase
gives the frequency fluctuations (FM noises)
y(t) ( = d¢/dt/2mv, ). The autocorrelation
function R(t) is, ghen, expressed by the second
-ordeE moment of the phase fluctuations

<8¢~ (1)> , which is expressed by eq. (3).

R(1) = <E(t)-E(t+r) >/ B
= exp[i(2nvot + ¢ (t+T) - ¢())1]
= expli(2mv T + §¢(1))]
= expli2mv,t - ‘<6¢2(T)>- /21, (3)
where T represents the integration time for

the fluctuation measurements. The second-
order moment of the phase fluctuations <§¢ (T)>
is proportionil to that of the frequency fluc-
tuations '§6v (1>, as is expressed in eq. (4).
Here, <$v“(1)> can be also expressed by a
measure known as the Allan variance o_ (1) [9],
which is given also in eq. (4). y

<862 (1)>

(2171:)2 <6\)2('t)>
(2nr)2.vg -0;(1).

(4)

Therefore, R(t), I(t), and the spectral width
Av can be given by the Allan variance (egs. (5)
and (6) ) :

. 2 2
R(T) expli2mv, T - 2(nv01) 'cy(r)]. (5)

(o]

I(v)

2 2
i2 - -2 . d
0 expli2m(vy-v)T (mvgyT) GY(T)] T

(6)

+ c.c. .

The Allan variance is a convenient measure,
which has been proposed by D. Allan, and is
defined by eq.(7) [9].

2 1 N -1 2
oy(r) =Nli.m°° N -1 kzi ) (yk+1 - yk) /2.
(7)
Here, y, 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 Sy(f) by eq.(8).

® . 4
2ss(f)—wl’§ﬂdf.
o ¥ (mfT)

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

Figure 2 shows the experimental results
of the power spectral density of FM noises at

6;(‘[) (8)

8o

T = 293K. 1In 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

-1 -1
= - H
S,(£) = a5 (I/Ty - 1) (Hz )
- - (9)
a, = 2.8 x 1074 (@z7h ,
where I represents the threshold value of

the cur%gnt. When the value of the propor-
tional constant A, is 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 longitudinal 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 over-
estimated because of the mode competition.
This may be one of the reason why sometimes
the value of the spectral width is measured
as large as 100MHz. By using this propor-
tional 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 less
than about 10MHz in the single mode region,
which is consistent with the results previ-
ously reported in Japan{5,6]. .
Oon the other hand, Kikuchi and Okoshi
[10] pointed out that a power-independent
1/f noise appears in the power spectral den-
sity of FM noises, which can be formulated
as :

A, £~

S (f)
¥ 1 (10)

18

1 3.4 x 10

A

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 result[ll]. It is deviated from the
modified Schawlow-Townes formula(the broken
line), and has the power-independent spectral
width of 2.0MHz at room temperature. This
value is almost equal to the result for TJS
laser[3], while it is about two times larger
than those reported for CSP lasers[7].

Though there are several differences between
each value,the power-independent 1/f noise
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can be one of the origin of the power-independ- of the combination tones of the vibration

ent 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].

$3. Frequency Control and Stabilization
of 0.8um AlGaAs Lasers

To improve the long-term frequency sta-
bility of the 0.8um AlGaAs lasers, it has to
be known how the frequency shift is 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 fre-
quency shifts by the unit change in the injec-
tion current and temperature have been measur-
ed as being -2.5GHz/mA and -25GHz/K, respec-
tively. for the CSP lasers. As the laser fre-
quency is controlled by the injection current
in the present experiments, its response

characteristics to the injection current should

be checked first. It has been known that the
phase characteristics of the response can be
expressed as

Sv
arg(‘g}?};) = -0.32 loglof f 1.03 (rad)
for £ <10MHz, (;Ll)

which shows the phase lag for the current .-
frequency f up to 10MHz[13]. Therefore, to
improve the long-term frequency stability
within this range of the current frequency

( i.e., T ¥ 1lus ), the phase-lead compensa-
tion is required. That is, a differentiator
has to be used to control the current.
Furthermore, a proportional amplifier and
integrator have to be also added to reduce a
very slow frequency drift. - Therefore, PID
control is required for long-term frequency
stabilization for T 2 1lus. 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 fluc-
tuations for t £ lus, a stable Fabry-Perot
interferometer, spectra in stable atoms or
molecules can be used as a frequency standard.

3.1. Improvements of the Stabilit
for T 2 Ilms , .

To suppress -the slow fluctuations for -
7 2 1ms, 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[14].
The second example is the absorption spectra
in H,O vapor, which has a great number of.
spectral lines due to the rotational structure
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~ itself has to be changed.

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 thain that by the
H,O0 vapor. The absorption spectra observed
i§ shown in Fig. 8 [16]. . Figure 9. shows .the
result of the frequency stabilizations using
these three standard, where o_(1), 'is the
square root of the Allan varifnce of the
residual frequency fluctuations. The fre-
quency stability was about 1000 times im-
proved than that of the free-running lasers.
Especially, by using the Rb-D2 line, the
minimum of Gy(T) obtained was

12

oy(r) =1.4 x 10~ at t = 100 s. (12)

3.2. Improvements of the Stability
for t<Ilms : .

As the next step, to improve the sta-
bility for 1 <1lms, a Fabry-Perot interfer-
ometer 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 frequen-
cy characteristics of the gains of these
differentiators designed by the author's,
colleague[l7]. As shown by the curve C, of
Fig. 11, the frequency stability was improv-
ed also for 5us ¥ 1 £ 1lms by this stabiliza-
tion. This figure also shows the summary of
the experimental results obtained above.

The frequency stability for t 2 5.5 was
about 1000 times improved by the stabiliza-
tion, which is almost equal to the theoreti-
cal limits. Here, the theoretical limit was
estimated by using the semiclassical
Langevin's equation including spontaneous
emission, carrier density fluctuations,
current fluctuations, etc.[18]. On the
other hand, for Tt <1lpus, it can be seen from
this figure that the frequency stability of
the free-running lasers (the curve D) is
already almost equal to the theoretical
limit. This result means that frequency
stability within this range of T cannot be
improved any more even if the stabilization
is employed. However, if one wish to im-
prove the stability for 17 <1lus (i.e., the
short-term stability), the laser structure

" One of the
effective way for this purpose is to increase
the cavity Q by adding an external mirror or
grating, which has been tried also by :many
peoples. 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. The results are given by
Fig. 13 [19]. Though they are still pre-

. liminary results, it can be expected that

this technique is really effective to improve
the short-term stability.

$4. Frequency Control and Stabilization

of 1.5um InGaAsP Lasers



As 1.5um InGaAsP lasers are rather new
tvpe laser, some of their oscillating charac-
teristics are still unknown. However, by
several experiments, it has been known that
the frequency shifts by the unit change in the
injection current and temperature are -1.0GHz/
mA and -11GHz/K, respectively[20]. Further-
more, it was found that absorption spectra in

and H O vapor can be used as the frequency
stgndards for the long-term frequency stabili-
zation[21]. Figure 14 shows the results of
the stabilization[21]. The stability was
improved about 1000 times than that of the
free-running lasers. The minimum of Oy(T) was

o (1) = 2.1 x 1071 a4t t = 200 s. (13)

$5. Applications to Metfology

One of the most important application of
0.8um AlGaAs lasers is the optically pumped Rb
atomic clock, which will be used for communi-
cation, navigation, astronomy, etc.[22].

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 spec-
tra in Rb-D., line has been measured by the
author, whléh is shown by Fig. 15 [16].

The second example is the optically
pumped Cs atomic clock which shows a higher
frequency stability than that of Rb atomic
clock, and can be used as a primary standard
of time[23]. The author's coleagues 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 1.5um 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 NH spectral shape and the NH, vapor
pressure. %he minimum detectable concéntra-
tion was estimated as being 3ppm from this
result.

The last example is the fiber gyroscope
composed of a 1.5um 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 interferom-
eter[25]. It was estimated that the sensi-
tivity, 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 now in
progress by following this design.

$6. Summaries
The results of the spectral width meas-

urements and long-term frequency stabiliza-
tions of 0.8um AlGaAs and 1l.5um InGaAsP lasers
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were presented. These highly stabilized
lasers may be used as reliable light sources
for coherent optical measurements in-the
future. As examples of such application,
several results for Rb and Cs atomic clocks,
pollutant gas monitoring, and fiber-gyro were
also described.
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results of frequency stabilization and
the theoretical limits.
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B, : Stabilized by ©° Rb-D, [16].
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Perot interferometer [17].

E : Theoretical limit for the free-
runninag laser [18].

F : Theoretical limit for the stabi-
lized laser [18].
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Spectral 1linewidth of a semiconductor laser should be
reduced for coherent optical communication, coherent optical
measurement, and so on. One of the popular technique for
linewidth reduction is to use an external mirror or an
optical fiber, which has been called an optical feedback
technique. The linewidth, as narrow as 1 kHz, has been
realized by this technique[1]. However, it presents several
problems, e.g., oscillation instabilities can be induced by
the phase fluctuations of the reflected light. To overcome
these difficulties, a novel and simple technique of
electrical feedback is proposed here, in which the guantum FM
noise can be directly controlled by the injection current.
The linewidth can be stably reduced by this technique without
changing the cavity structure. It has been pointed out that
the electrical feedback can reduce the linewidth to a value
limited by the noise of the feedback loop(2], which is far
narrower than the one given by the modified Schawlow-Townes
formula. This 1is a consequence of the analysis by using a
quantum mechanical Langevin equation. From these reasons,
the electrical feedback can be a more promising technique to
realize an ultranarrow linewidth.

Figure 1 shows the estimated minimum attainable
linewidth 1limited by the noise of the detector in the
feedback loop. Rpprepresents the reflectance of a Fabry-Perot
interferometer used as a frequency discriminator. It is
concluded from this estimation that the linewidth narrower
than 1 kHz can be realized if Rgp > 0.9. It was also
estimated that the required bandwidth f, for the feedback
does not have to be larger than 100 MHz, which means that any
special wideband amplifiers are not required for the feedback.

Figure 2 shows the simple experimental apparatus used.
A 1.5 pm InGaAsP laser ( DFB type ) was employed for the
experiment. A compact Fabry-Perot interferometer of 10 mm
long was used as a frequency discriminator, and f., was fixed
at 100 MHz. A delayed self-heterodyne technique was used for
the linewidth measurement[3]. Figure 3 shows the



ThZ5-2

experimental result. Effect of the feedback is notable, and
the minimum linewidth of 330 kHz was easily obtained. The
spectral line shape showed none of the temporal fluctuations
which have sometimes been observed in the optical feedback
technique. Further reduction and approach to the minimum
attainable linewidth of Fig. 1 can be expected by improving
the sensitivity of the FM noise reduction, e.qg., by
stabilizing the laser power. .
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A novel technique is proposed for measuring the frequency deviation of semiconductor lasers under direct modula-
tion using a Michelson interferometer. This technique is applicable to a wide range of modulation frequency and
does not require high-speed photo-detectors. The accuracy of the measurement is not reduced by the spectral line-
width of lasers, the misalignment of the optical axes, or the depth of intensity modulation.

Direct modulation of semiconductor injection lasers
induces frequency modulation as well as intensity modula-
tion because the refractive index in the active region
depends on the temperature and the carrier density.
Direct modulation of laser frequency is very attractive
for such applications as coherent optical transmission
systems,!) precise metrology, and so on. Since the fre-
quency deviation of semiconductor lasers under direct
modulation depends on the laser structure and modula-
tion frequency,? it is necessary for these applications to
measure the frequency deviation characteristics precisely.

Several methods have been employed to measure these
characteristics.2~> However, these methods were ap-
plicable to a narrow range of modulation frequency
and, in some methods,?'> the accuracy of the measure-
ments was reduced with the increase in the depth of in-
tensity modulation.

In this paper, a novel technique is proposed for meas-
uring these characteristics precisely using a Michelson
interferometer. In this technique the above difficulties
are drastically reduced because the dependence of the
visibility of the interference fringes on the frequency
deviation is used in the measurement.

Figure 1 shows the arrangement for the measurement
which consists of a Michelson interferometer with an
optical path difference of AL. The intensity of the inter-
ference fringes, which are produced by the frequency
modulated optical wave, is detected with a Si APD.
The dc component of the output signals from the APD
is recorded by sweeping the optical path difference
with a PZT. The visibility of the interference fringes is
then estimated from this trace.

PZT
M B, | PZT
! Driver
H M
EF 0S|
Isolator :
[APD} (L) ldc
Current| LPF| X-Y
Source Recorder,

Fig. 1. The experimental arrangement for the measurement.
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The electric field E(t) of the frequency modulated
optical wave is expressed as

E(t)=E, exp |:i <2ﬂvot+AT: sin 2nfmt)] . 1)

where E, is the amplitude of the electric field, v, is the
center frequency, Av is the frequency deviation, and
fu is the modulation frequency. The intensity I(¢) of the
interference fringes is expressed as
I(t)

=|E(@t)+E(t+7))?

=I, {1 +cos I:vao‘t + i‘:(sin 2nf,.(¢+1)—sin 2nfmt):|} ,
@

where 1=A4L/c is the delay time and I, is the constant.
Equation (2) can be expanded in terms of Bessel func-
tion of the first kind J,(x). The dc component I, of
eq. (2) is expressed as follows:

I.= Io{l +cos (21rvo1:)|:JO(Ac) Jo(AY)

2 % (——1>"'Jzk<Ac)J2k<As)]}, 3
k=1

A= Q(l —cos 27f,,1), O]
A= % sin 2xf,.7. 5)

If f,,t«1, A, and A, are approximated by
A.=20, A, 22ndvr. (6)
Substituting eq. (6) into eq. (3), the following equation
is obtained.
I = I [1+ Jo(2rdvr) cos (2nvyT)). @
Then, the visibility ¥ of the interference fringes is derived
from eq. (7) and is given by
V|J(2rAdvr)). ®)
This equation represents the dependence of the visibility
on the frequency deviation 4v and the delay time <.
In this measurement, the optical path difference is

fixed and the visibility is measured as a function of the
modulation current of the laser. It can be seen from

n
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eq. (8) that the visibility becomes zero when the frequency
deviation Av satisfies the condition 2ndvt=j, ,, Where
Jjo.n Tepresents the n-th zero of the Bessel function Jy(x).
Although visibility is sensitive to the spectral linewidth
of lasers and the misalignment of the optical axes, the
position where the visibility becomes zero is determined
only by the zero points of the Bessel function Jy(x),
that is, by the frequency deviation and the delay time.
Hence, the frequency deviation can be accurately esti-
mated from the zero points of the visibility. But it is
necessary that the laser oscillates in a single longitudinal
mode because, for multimode lasers, the visibility be-
comes zero under a certain condition, even if the laser
frequency is not modulated.®’

It should be noticed that the visibility is not affected by
the depth of ‘the intensity modulation, because the
component of the intensity modulation is eliminated by
the low pass filter, as shown in Fig. 1. This technique
can thus be applied to a case where the modulation
index is high.

In the methods of Saito et al. and Dandridge and
Goldberg,” the maximum modulation frequency was
limited by the response time of the photo-detectors.
Another advantage of this technique is that high-speed
photo-detectors are not necessary, because only the dc
component of the light intensity is used in the measure-
ment.

In this technique, the condition f,,t« limits the maxi-
mum modulation frequency, that is, an error appears if
the above condition is not satisfied. A numerical analysis
shows that the error due to this is less than 1.7% for
fut=0.1. Therefore, this technique is applicable to the
modulation frequency up to several GHz, if the optical
path difference is less than 1 cm. Another cause for the
error is the measurement of the optical path difference.
One of the methods to reduce this error is to measure it
using the dc frequency deviation characteristics of the
laser. Details of the error analysis will be reported later.
The minimum modulation frequency lies around 1 Hz,
which is limited mainly by the cut-off frequency of the
low pass filter and by the intensity fluctuation of the
laser.

As a demonstration, the frequency deviation charac-
teristics are measured using an AlGaAs semiconductor
laser with a channeled-substrate-planar (CSP) struc-
ture.” The laser chip is mounted with the p-side down.
The laser is biased at I/I,=1.26. The value of f,7 is
kept less than 6.0 x 10™3 throughout the measurement.

Figure 2 shows the visibility measured as a function
of the amplitude of the modulation current i, The
optical path difference and the modulation frequency
are AL=0.36 m and f,,=100kHz, respectively. The
solid line represents the Bessel function Jy(x). Close
agreement is obtained between the solid line and the
experimental results.

Figure 3 shows the modulation efficiency 4v/i,, that
is, the frequency deviation per unit modulation current,
measured as a function of the modulation frequency f,,.
It can be seen from this figure that the modulation
efficiency decreases with increasing modulation frequency,
which is attributed to the thermal effect.? The results
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1.0t 1/1th=1.26
> fm=100 kHz
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Fig. 2. Visibility of the interference fringes measured as a
function of the modulation current. Solid line represents the
Bessel function Jo(x).
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Fig. 3. Dependence of the modulation efficiency of the AlGaAs
semiconductor laser on the modulation frequency in the 10
Hz-10 MHz frequency range.

in Fig. 3 agree well with the theoretical and experimental
results of Kobayashi et al.?). Further experiments are
now in progress to measure the modulation efficiency
at higher frequency, which will be reported later.

In summary, a novel technique is proposed for meas-
uring the frequency deviation of semiconductor lasers
under direct modulation using a Michelson interferome-
ter. This technique has the following advantages:

(1) The accuracy of the measurement is not reduced
by the spectral linewidth of lasers, the misalignment
of the optical axes, or the depth of the intensity modula-
tion.

(2) High-speed photo-detectors are not necessary.

(3) It is applicable to a wide range of modulation
frequency (1 Hz-several GHz).
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The alternating quarter-wavelength layers of MgF, and ZnS were coated on the facets of 1.55 yum GalnAsP/InP BH
lasers to decrease the threshold current by increasing the reflectivities of their facets. A precise optical thickness monitor was
constructed, and its measurement error was about 3%,. By coating five and six alternating layers, beginning with MgF, as the
first layer, the threshold currents were decreased to 83% and 79%; of the uncoated lasers, respectively. Calculations of the
reflectivities, by considering also the coupling loss at the end of the waveguide due to diffraction, give estimations of 689, and

849 for five and six layers, respectively.

§1. Imtroduction

Performance of semiconductor lasers has been re-
markably improved by the demands of the optical com-
munication industry. When these lasers are used not only
for the optical communication but also for other appli-
cations such as optical signal processing and spectroscopy,
low threshold current and large external differential quan-
tum efficiency are required. One way of satisfying these
requirements would be to increase the reflectivity of laser
cavity mirrors by coating thin films on cleaved facets.
Application of this technique will suppress the AM noise
caused by the reflected laser beam and reduce the spectral
line broadening caused by the increase in the reflectivity.
Therefore, it is expected that this technique wil have
potential application in improving the performances of
laser diodes. Alternating quarter-wavelength layers of
Al,O; and Si have already been used for 0.8 um
GaAs/AlGaAs lasers for these purposes.” Kokubun and
Iga® have made some designs on the layers of SiO, and
TiO, for short cavity or surface emitting GalnAsP/InP
lasers at 1.3 yum by using a plane wave approximation
method.

In the present study, the coatings of alternating quarter-
wavelength layers were carried out for 1.55pum
GalnAsP/InP lasers, which can be widely used for several
applications together with low-loss optical fibers in the
near future. The authors employed popular and chemically
stable dielectrics as coating materials for this purpose. A
precise optical thickness monitor was also developed.
Furthermore, the reflectivities of the layers were calculated
to discuss the experimental results by including the effect of
diffraction.

§2. Method for Measuring the Layer Thickness

ZnS and MgF , were employed as dielectric materials for
alternating quarter-wavelength layers. These chemically
stable materials have been commonly used to make high
reflectivity mirrors for gas lasers, and are transparent at the
wavelength region from visible to infrared. The refractive
indices of ZnS and MgF, at 1.55 um are 2.27* and 1.37,%
respectively.

There are several ways of measuring layer thickness,
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such as using quartz oscillators,” however, an optical
method was employed here for real-time and precise
measurements. For these purposes, a precise optical thick-
ness monitor was developed, whose optical part can be
installed in the vacuum chamber for evaporation.

In this method, a stable and inexpensive infrared light
source at the laser wavelength 1=1.55 um is required,
however, such a source, e.g., Galn AsP/InP laser itself, have
not yet been so popular now. Therefore, instead of using
such a light source, the one with the wavelength 1/3
=0.52 um was employed here for the measurements. This
is a possible substitution because the reflectivity of the
alternating quarter-wavelength layers has the same value
for the odd-order harmonics of the light.®) The visible light
source at 4/3=0.52 um can be easily prepared by using an
inexpensive miniature bulb and a color glass filter. Figure 1
shows the principle of measuring layer thickness, where the

* difference in the reflectivities R(4,) and R(A_) at the

wavelengths 1, and A_ is measured while coating the
layers. When this differences 4 R(= R(1,.)— R(A_)) beco-
mes zero, it means that the layer has the optical thickness
nD of aquarter-wavelength for the light of the wavelength 1,
=(A4++4_)/2 where n, D, and A, are the refractive index,
thickness of the layer, and 1/3, respectively. By this zero-
method, one can precisely measure the thickness of
quarter-wavelength layers.

Figure 2 shows the experimental setup of this equipment.

R

Fig. 1. The schematic explanation of the principle of the thickness
measurements : -—————; the reflectivity for nD <1,/4, where nD repre-
sents the optical thickness of the layer. s nD=/4y/4,—-—-—;
nD> 1,/4. By measuring the difference 4R between the reflectivity at A,
and that at A_, one can know that nD=1,/4 if AR=0, where (1,
~Ao)Ao=(Ao—A_)/2y, and A,=4/3, for the present experiment.
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Fig. 2. An optical thickness monitor for the coated layers. The lights
with the wavelengths A, and A_ were passed through the color glass
filters F; and F,, respectively, D,, D, ; photodiodes. A,, A, ; variable
gain preamplifiers for the photodiodes. DA ; a differential amplifier
used to measure the difference between the reflectivity at 1, and that at
A_. LIA; a lock-in amplifier. The block bounded by the broken lines
corresponds to the optical part which was installed in the vacuum
chamber used for evaporation.

The layer thickness on the laser facet was estimated
by measureing the reflectivity of the glass plate, on which
the dielectric materials are coated simultaneously with

the laser. Here, 1, and A_ were empirically selected so

that (A, —10)/Ao=(—4_)/4c=0.1 to get the highest
sensitivity of the measurements. The coarse adjustments
were done by selecting the appropriate color glass filters F,
and F, for the wavelength of each laser. Four filters with
the bandwidth of 10 nm were prepared for this purpose,
whose center wavelengths were 478.0 nm, 484.5 nm,
577.5 nm, and 593.5 nm, respectively. Fine adjustments
were carried out by varying the gains of the preamplifiers
A, and A, for the photodiodes D, and D,. In this figure,
the block bounded by the broken lines corresponds to the
optical part, which was installed in an aluminium box and
was fixed in the vacuum chamber for evaporation. The
semiconductor laser mounted on a brass heat sink was fixed
on the top of this aluminium box. The glass plate used for
monitoring the layer thickness was fixed on the hole bored
on the box. The noises from the detectors D, and D, by the
intensive stray lights from the W filaments for evaporation
were removed by selectively amplifying the signal by using
a lock-in amplifier connected after the differential
amplifier.

Figure 3 shows an output signal from the lock-in
amplifier traced on a chart recorder. For this de-
monstration, ZnS was coated on the glass plate as the first
layer, then MgF, as the second layer, and so on. Starting
the evaporation, the output signal varies with time, and one
can know the quarter-wavelength layer obtained for the
laser when the curve crossed the abscissa for the third time.
By repeating these procedures for ZnS and MgF,, the layer
thickness can be precisely controlled to the quarter-
wavelength of each laser. In this method, the measurement
error due to the residual noise on the curve in Fig. 3 was
about 19, which is caused by the stray lights from the W
filaments. The error due to the misalignments of the optical
axes of the optical part was about 2%,. One may expect the
errors due to the dispersions of ZnS and MgF ,, however, it

Motoichi OHTsU, Hiroki KoTaNt and Haruo TAGAWA

tIA Output (a.u.)

=
Smin

time

Fig. 3. The time dependence of the output signal from the lock-in
amplifier in Fig. 2 recorded on a chart recorder. This curve is composed
of three parts. The first and third parts are by the coating of ZnS, and
the second part is by that of MgF,, respectively. In each part, the first
and third crossing points with the abscissa correspond to nD=1/12 and
A/4, where nD and 1 are the optical thickness of the layer and the laser
wavelength, respectively.

will be shown in §4 that this phenomenon gives no errors in
this experiment. Therefore, the total error in this method
was estimated to be about 3%,.

§3. Experimental Results

Semiconductor lasers used were Galn AsP/InP BH lasers
provided by Prof. Suematsu of the authors’ institute.” The

" length, thickness, and width of their active layers were

150 yum, 0.2 ym, and 3.5 um, respectively. Their wav-
elengths fell between 1.55pum and 1.56 um for pulsed
oscillation at room temperature. MgF, was coated as the
first layer and ZnS was coated as the next, and both
materials were alternatively coated on one of the laser
facets in this order. Figure 4 shows the relations between
the injected current and light intensity of one of the lasers.
The curve A represents the result measured before the
coating. For this laser, after five alternating layers were
coated, the threshold current was measured again by
detecting the light from the coated facet, which is shown by
the curve B. As the transmissivity of the facet was decreased
by the coating, the light intensity on the curve B is lower
than that on the curve A. The threshold currents on the
curves A and Bare 43.2 mA and 36.4 mA, respectively, i.e.,

200
150

100

Light Intensity (a.u.)

g
2O

2

A ] L
20 40 60 80 100
I (mA)

Fig. 4. The relation between the light intensity and the injected current.
The laser diode used here corresponds to the laser cin Fig. 5. The curves

A and B are the results measured before and after the coating,
respectively. For the curve B, the five alternating layers were coated,
beginning with MgF, as the first layer, and the light was détected

through the coated facet. The threshold currents on the curves A and B
are 43.2 mA and 36.4 mA, respectively.
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the decrease of 6.8 mA was attained by the coating. Figure
5 shows the relation between the reflectivity of the coated
facet and the ratio of threshold currents measured before
(1,,) and after (I},) the coating. The black circles represent
the experimental results. The alphabets attached to them
represent the laser diode used. For the laser a, b, and ¢, five
layers were coated, and for those d, €, and f, six layers were
coated, respectively. The results shown in Fig. 4 are by the
laser c. The solid curve in Fig. 5 was drawn by using the
following equation for the threshold current.®)

1-¢

1 2
[din+€l2+ —‘E——ae,+ i’&zln (I/RIRZ)] .

_ edwLB
7 (do— KoY’

1)

where e is the electron charge, d, w, and L are the thickness,
width and length of the active layer, respectively, a; is the
loss coefficient due to the transition between the split-off
band and the acceptor level, a., is the loss coefficient in the
cladding region, ¢ is the confinement factor, R, and R, are
the reflectivities of the uncoated and coated facets, re-
spectively. Further details of this equation and the mean-
ings of Ao, B, Ko, and o, are described in ref. 8. The
following values were used for this equation®; 4,—K,
=12x 10716 cm?, B;=2x1071° cm3/s, a;, =200 cm ™},
#,=20cm™!,a,=5cm™ !, ande=1.6 x 10*° C. Further-
more, in the present case, d=0.2 ym, w=3.5 ym, L
=150 um, and £=0.47, respectively. The reflectivity R; of
the uncoated facet is 31% according to the results of §4 (see
Fig. 10). The white circles on the solid curves in Fig. 5
represent the calculated results for each number of the
layers N, where the relation between N and the reflectivity
R, used here will be described in §4.

In Fig. 5, the average values of I'}y/1,;, of the experimental
results are 83%, for N=35, and 79%, for N=6, respectively.

10
Q9
Iin/ L,

08

0.7

' .
1 i L

R, 1
0625 60 80

160
R; )

Fig. 5. The relation between the reflectivity of the coated facet and the
ratio of the threshold currents measured before (/,,,) and after (I},) the
coating. The black circles represent the experimental results. The
alphabets attached to them represent the laser diodes used. The solid
curve represents the calculated result drawn by eq. (1). The white circles
on this curve represent the calculated reflectivities for the number of
layers N obtained by Fig. 10.
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They are larger than the calculated values, ie., 73% for N
=5, and 67% for N=6, respectively. The differences
between the experimental and calculated values may be due
to the increase of the threshold current by the temperature
increase of the laser when they were excited by the pulsed
current, numerical errors of the parameters in eq. (1), and
so on. However, it can be said that considerable decrease in
the threshold current was experimentally obtained by this
coating.

§4. Estimation of the Reflectivity of the Layers

Plane wave approximation has been conventionally used
to estimate the reflectivity of the alternatng quarter-
wavelength layers coated on the laser facet.!? Actually,
however, the light beam propagated through the layers will
be divergent because of diffraction. Therefore, the coupling
efficiency has to be included in the reflectivity estimation
because the light beam re-entering to the end of the
waveguide has a larger beam diameter than that of initially
emitted one. To discuss the experimental results of §3, the
calculation more accurate than the conventional one has to
be carried out by including this diffraction phenomenon.
Following this idea, several calculations are carried out in
this chapter.

Figure 6 shows a schematic model used for the calcu-
lations. The reflectivity for the TE wave in the slab
waveguide with the thickness d is calculated.* The x and z
axes are fixed parallel to the directions of the polarization
of the electric field and of the propagation, respectively.
The refractive indices of the cladding and active layers are
represented by n; and n,, respectively. The electric field of

the light at the end of the waveguide is now expressed as®)
E(x,0)

_ {A cos (kx) - exp (iwt) for |x|<d/2 @)
~ | Acos (kd/2) - exp (—7|x—d/2| +iwt) for |x| 2d/2,

where 4 and w are the amplitude and angular frequency of
the electric field, respectively. The values of k¥ and y are
given by :
(kd/2)tan (kd/2)=(yd/2)
(n3 —n})(kd/2)? = (xd/2)* + (yd)2)?,
where k=2n/J. Calculated values of x and y by eq. (3) are

524 ym~! and 3.03 um™!, respectively, for n, =3.16, n,
=3.52,d=0.2 um,and A=1.55 ymin the present case. The

X n !
Lo ES-@—
m 0 E'

£z
o—z—-+

€)

Fig. 6. The schematic model for calculations. The active layer of the
laser is assumed to be the slab waveguide with the thickness d. The
refractive indices n, and n, are for the cladding and active layers,
respectively. The electric fields E and E’ are for inside and outside the
laser cavity.

*In this chapter, the TE wave in the waveguide will be dealt with because
the TE wave is easier to oscillate than the TM wave in the actual
semiconductor laser.”’ The discussion for the TM wave can be easily
carried out by a minor modification of the formula in this chapter.
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value of the electric field E'(x’,z) at the distance z away
from the end of the waveguide can be calculated by eq. (2)
and the following Kirchhoff-Huygens diffraction in-
tegral'®

[ee]
z @

(km)
~IHP /=X +2 )}d"’

where H) and H@" represent the Hankel function and its
derivative, respectively. This equation is valid even for the
near field region (z<4). Figure 7 shows the profiles of
E'(x, z) for several values of z calculated by egs. (2), (3) and
(4). These values of the electric field can be also used to
represent the re-entering light to the waveguide, which is
reflected back at the boundary between the adjacent layers
located at z/2. The coupling efficiency c2(z) at the end of the
waveguide, used to estimate the reflectivity in the following
discussions, can be defined by
l

which was employed in discussing the coupling efficiency
for the waveguide-type CO, lasers, ¥ where E'(x, z) repre-
sents the re-entering electric field calculated by eq. (4).
Figure 8 shows the value of ¢?(z) calculated by egs. (2), (4),
and (5). The reflectivity can be calculated by considering
this coupling efficiency due to the diffraction.

The amplitude reflectivity ry of the alternating
quarter-wavelength layers for the plane wave is calculated

by the characteristic matrix My of the layers, and is
expressed as 12

- (my, +m12\/30/#o )(nzx/so/ﬂo )= (may +may\/E0/1o)

" (myy +m12\/80/#o )(nzx/so/ﬂo)"‘ (myy +myyy/ 80/#(()6);

“)

2(z)= E(x,0)E'(x, z)dx 2, )

Jw E(x,0)dx

where N is the number of layers, m; ;(i,j=1,2)is the matrix.
element of My, ¢, and p, are the dielectric constant and
magnetic permeability in vacuum, respectively. The char-
acteristic matrix My is derived by the characteristic matrix
M, of the gth layer, and is expressed as,

). ™)

[ — 10
X (um)

Fig. 7. The spatial profiles of the electric fields E’ at several positions z
from the end of the waveguide.
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Fig. 8. The coupling efficiency c?(z) at the position z which is defined by
the overlapping integral between E(x, 0) and E'(x, z) (see eq. (5) in the
text).!V

The matrix M, is given by '¥

Mo (« /€4/E4—1 €OS B, i/ o/E0E €,y SIN 0,1) ®)
T \i/eoeg,—1/1osin 0,,/2, /2, cOs 6,

In this matrix, 6, is expressed as

0,= rq J&(z) dz,

9
G=oz) (g=1,2, 0, M), ®
where z, is the position of the boundary between the g th
and g+1 th layers, as shown by Fig. 9. This is given by

A A 1
= [ 1]4 A et
7 4n,| 2 4n, | 2
10
200 : (10)
where [x] represents the largest integer which does not
exceed x. The quantity (z) represents the relative dielectric
constant at the position z. The refractive index of the g th
layer is expressed as

_ {m =137 (MgF,) (g:o0dd)
7 | my=227 (ZnS) (g:even).

The matrix M, of eq. (8) is for the plane wave propagating
through the medium whose relative dielectric constant
varies along the z axis. In the present case, however, as the
electric field is not the plane wave but the one as given by
eq. (40), it is the most exact procedure for the reflectivity
estimation to start from eq. (4), whereas.such a procedure
must be quite complicated and take a long time for
calculation. Hence, in the present case, as the first approxi-
mation, eq. (8) is employed and the effect of the coupling
loss by the diffraction is simultaneously included by assign-
ing the relative dielectric constant e(z) a complex value. For
this purpose, the effective attenuating constant y,(z) for the
amplitude of the electric field is defined by

(11)

exp [—2yo(2) - Z]=c*(2). (12)

% ..... % air
Zo0 v Z; Z3
n

24 2ng 2y
0

Fig. 9. The schematic explanation of the notations. The refractive
indices n,, n 1, and n y are for the active layer of the laser, MgF,, and
ZnS, respectively. The coordinate z, represents the position of the
boundary between the g th and g+ 1 th layers, where z,=0.
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If this attenuation is considered to be due to the absorption
by the medium, the relative dielectric constant &(z) of such a
lossy medium is expressed as

e(z)=n2{1 = 2yo(2)fn k] (z,-1S2<2,),
or, by substituting eq. (12) into eq. (13),

1

nkz

(13)

s(z)=n§[ 1+4i In {c*(2)} ] (z,-152<2). (14)

After calculating the amplitude reflectivity ry by egs.
(5)-(14), the power reflectivity R, of the alternating
quarter-wavelength layers is given by

Ry =|ryl*. (15)

Figure 10 shows the calculated results of the relation
between R, and N. Black circles represent the results
calculated by the conventional plane wave approximation
which are expressed as

ny—(n/ny)" T '
[h(n—,/n)] (N ;even)
o (m/mg)" T (16)
Ny —nyhy (1 /ny '
[”2 "‘”:"t(nl/nﬂ)" ] (N ;0dd).

By the present calculation, represented by the white circles
in this figure, R,=68% and 84%, for N=5 and 6, re-
spectively, which are smaller than those by the con-
ventional plane wave approximation i.e., 72% and 94%;.
Even for N — oo, the value of R, does not reach 1009, but is
limited to 889;. It can be said these smaller values of R, are
due to the coupling loss owing to diffraction. The values of
R, on the abscissa in Fig. 5 were plotted using the results
shown in Fig. 10.

As the last part of this section, some comments are given
with respect to the influence of the dispersion of ZnS and
MgF, on the measurement error of the layer thickness. The
ratio of the refractive indices of ZnS at A=1.55 ym and at
2/3=0.52 um is ny(A)/ny(1/3)=0.95.? Since that of MgF,
is almost unity,> one has to consider the dispersion of ZnS
only. By this dispersion of ZnS, the thickness of the coated
ZnS layer is fixed to only 95%; of the quarter-wavelength of
the laser when it is monitored by the light with the

100,

80

2
Ch)
4ok

20

Fig. 10. Calculated results of the relation between the reflectivity R, and
the number of layers N. White and black circles represent the results of
the present calculation and by the conventional plane wave approxi-
mation, respectiviely. Cross marks and white triangles are also from
these two calculations. In these cases, however, the thickness of ZnS
layer is 95% of the quarter-wavelength of the laser. :
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wavelength of A/3. The influence of this error o‘n R, can' be
easily estimated by changing eq. (10) as follows;

e i 4]
4ny| 2 4n; 2

where { =0.95 represents this error in the thickness of ZnS
layer. White triangles in Fig. 10 represent the results by
using eq. (17) and the conventional plane wave approxi-
mation. These values are smaller than those of the black
circles, which means that the reflectivity R, is estimated to
be decreased as long as the conventional plane wave
approximation is employed. On the other hand, the cross
marks represent the results obtained by using eq. (17) and
the present method for calculation. The values of these
cross marks are almost the same as those of the white
circles. This is due to the fact that the decrease in the value
of R, by this error is prevented by the simultaneous
decrease in the coupling loss of eq. (5) because the values of
z, are decreased by this error. Therefore, it can be con-
cluded using the present calculations that the error in the
thickness measurements due to the dispersion of ZnS has
no effect on the value of R,, i.e., the optical thickness
monitor in §2 can be safely used for the present experi-
ments. '

Though the present method for calculation is more
accurate than that by the plane wave approximation, it is
still semiquantitative one as long as the matrices of egs. (7)
and (8) for the plane wave are employed. However, several
physical insights, e.g., the effect of the diffraction, that of
dispersion of ZnS, were obtained with this calculation.
Further quantitative discussions can be expected by im-
proving the accuracies of the experiments and calculations.

(i7)

§5. Summaries

The alternating quarter-wavelength layers of ZnS and
MgF, were coated on the facets of Galn AsP/InP BH lasers
at 1.55 um to decrease the threshold current by increasing
the reflectivities of the facets. Several experiments and
calculations were carried out and the following results were
obtained :

(1) A precise optical thickness monitor was developed
for the coating. The measurement errors were estimated to
be smaller than 3%,.

(2) By coating five and six alternating layers, the
threshold currents were decreased to 839 and 79%, of the
uncoated laser, respectively.

(3) Calculations of the reflectivities, by considering the
coupling loss at the end of the waveguide due to diffraction,
gave estimated results of 68%, and 849, for five and six
layers, respectively. It was also shown that the reflectivity is
limited to 887; even if the number of the layers is increased.
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The wavelengths of single longitudinal-mode 1.5 yum InGaAsP/InP lasers were measured at room temperature to an
accuracy of 0.9 pm. An accurate wavementer was constructed for this purpose, and it exhibited an accuracy as high as
0.35 pm. The wavelength shifts of the lasers under unit changes in the injection current I and temperature T were derived
from the results. By using the values of these wavelength shifts, the value of the temperature coefficient B of the refractive
index in the cavity, and that of the thermal resistance Ry were accurately estimated. The results of these non-destructive

measurements are as follows:

(Laser No. 1) 1.03x10"4K 1<f<1.07x107*K™* and 79.8K/W=R;=98.1K/W (for 290K =T<295K and

86 mA /<96 mA).

(Laser No. 2) 0.81x107*K'<p<0.83x107¢K™' and 133K/W=Rr=136 K/W (for 291 K=T=<295K and

70 mA<I<80mA).

§1. Introduction

The performances of near-infrared semiconductor lasers
have been greatly improved as a result of demand in the
optical communication industries, and these laser have
shown possibilities for use in new applications such as
precise optical measurement, high-resolution spectros-
copy, and so on. With these applications in mind, several
experimental and theoretical studies have been carried out
with the aim of improving the wavelength stabilities of
GaAlAs/GaAs lasers"? and InGaAsP/InP lasers.® How-
ever, further improvements in the wavelength stabilities
necessitate a precise analysis of the dependence of the
wavelengths on the laser material or the structural con-
stants. For this purpose, the wavelength and material
constants of individual lasers should be accurately meas-
ured by non-destructive methods, because the values differ
considerably- from laser to laser, probably because of
variations introduced during fabrication. The accuracies of
the wavelength values measured by conventional experim-
ental techniques have not up to now been high enough for
these studies, and precise values of laser materials or
structural constants have not been fully reported, either.

In the present study, precise measurements of the wav-
elength of InGaAsP/InP lasers at 1.5 ym (BL-PCW type®),
as well as their dependence on injection current and
temperature, were carried out in order to analyse their
oscillating mechanisms. An accurate and compact wav-
emeter was constructed for these measurements. Using the
experimental results, several material constants for each
laser were estimated.

§2. Accurate Wavemeter

The wavelength shifts produced by the injection current
or temperature can be measured even with a conventional
low-finesse Fabry-Perot interferometer. For example,
those of the InGaAsP/InP lasers employed here were
roughly measured by such an interferometer, and the
values were about 8 pm/mA and 80 pm/K, respectively.
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Though the accuracy of a Fabry-Perot interferometer is
generally high, direct measurements of the absolute values
of wavelengths would be difficult as long as only a single
interferometer is used. On the other hand, even though the
absolute values of wavelengths can be measured with a
high-performance grating monochromator, it is difficult in
practice to obtain an accuracy as high as 10 pm. In the
present study, an accurate and compact wavemeter was
constructed to measure the absolute values of laser wav-
elengths, as with the grating monochromator, and simul-
taneously to obtain a high accuracy, as with the Fabry-
Perot interferometer. The wavemeter was designed to
achieve an accuracy higher than 1 pm. From the several
types of wavemeter previously reported, such as those
employing the Michelson interferometer, the Fizeau in-
terferometer, multiple Fabry-Perot interferometers, and so
on,” a Michelson interferometer-type wavemeter was
chosen here because it is the simplest, and no computer-
aided signal processing is required.®) This type of wav-
emeter has been successfully used with high-power visible
dye lasers, but its application to low-power, near-infrared
semiconductor lasers has not previously been reported.
Figure 1(a) shows the optical part of the wavemeter, which
is composed of a Michelson interferometer with moving
arms. The wavelengths of semiconductor lasers are ob-
tained by comparing them with that of a 633 nm He-Ne
laser, used as a wavelength standard. The beams of the
semiconductor and He—Ne lasers are split into two arms by
the beam splitter BS, after they are colinearly incident on
the wavemeter. The laser beams are superimposed at BS,
again after the beams have been reflected by the corner
cubes (C;, C,) and folding mirrors (M,, M3). The two
superimposed beams are split by a Si plate (BS;), and then
the interference fringes of the semiconductor and He—-Ne
lasers are detected by a Ge-avalanche photodiode and a
Si-PIN photodiode, respectively.

The moving arms were prepared by smoothly driving the
two corner cubes on steel rods. A low-noise synchronous
motor was used as the driver. The speed v and excursion
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Si-PIN

Polarizer \ 4 25 Photodiode.
<~ BS BS3.
P &Ge -APD
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Semiconductor Laser
(a)
ﬂPreset 6329914
" ; PLL Presettable
L‘ (x20) Down Counter ( Nx)
Stop Pulse
Si - PIN PLL c |
Photodiode '[> "lix20) CotRey []0splay
(b)

Fig. 1. Accurate wavemeter employing a moving-arm Michelson
interferometer. (a) Optical components: M,-M,; Mirrors. C,, C;;
Translating corner cubes.-BS,—BS;; Beam splitters. (b) Electronic
components: PLL; phase-locked loop circuits used to multiply the
input frequency.

length Al of the arms were 1.7 cm/s and 6 cm, respectively,
i.e., the time required for this excursion was 3.5s. The
difference in the optical path length between the two arms
was changed with time by the translating corner cubes. By
using two corner cubes and two folding mirrors, the total
change in the optical path length difference corresponded
to 8- 4l.

A small internal-mirror He—Ne laser (Spectra-Physics
Model 136) was used as a wavelength standard. This was
satisfactory for this purpose because its wavelength
fluctuations were less than 0.1 pm. As two longitudinal
modes were simultaneously oscillated in this laser, one of
the modes was selectively extracted by using an external
linear polarized as a mode filter. All the optical
components including the He—Ne laser in Fig. 1(a) were
fixed on rigid aluminium plate measuring 60 cm x 60 cm
x 1 cm so that the wavemeter was compact and easy to
carry.

As the intensities of the interference fringes are
sinusoidally changed with time by translating the corner
cubes, the number of changes, i.e., the changes in the orders
of interference, were counted by the fringe counters in Fig.
1(b). To improve the counting accuracties, the frequencies
of the TTL signals from the photodiodes were multiplied
twenty times by phase-locked loop circuits. By these
multiplications, the numbers of changes in the order of
interference for the semiconductor and He—Ne lasers were
n,=2x8 - AI/A, and n,=20x 8 - 4l/A;, respectively. Here,
A, and A, represent the wavelengths of the two lasers. The
approximate values of n, and n, were calculated as 6.4 x 10°
and 1.5 x 107 for A,=1.5 um and A,=633 nm, respectively.
Since the numbers n, and n, are not generally integers, they
should be expressed as n,=N,+¢, and n;=N;+¢,
respectively, where N, and N, represent the corresponding
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integers, and &, and ¢, are the decimal fractions. As only the
integer-parts of n, and n, can be detected by the digital
fringe counters, the observed value of the wavelength 4, is
expressed as

A= (Ny/N)As. (1)

This value includes counting errors because the decimal
fractions &, and &, were neglected. The error is, therefore,
expressed as

€ 3 1 1
X I S < |
4k (n,K ng >15= (Nx N, )As’ @)

and is estimated to be 41,<0.34 pm by substituting the
above values into this equation, which satisfies the
condition 44, <1 pm required above. By following eq. (1),
the integer N, =6329914 expressing the wavelength of the
He-Ne laser in vacuum (A, =632991.4 pm”) was loaded as
an initial value of the presettable down-counter for the
semiconductor lasers. Then, the wavelength value A, can be
obtained by displaying the integer N, counted by the
counter for the He—Ne laser when the presettable counter
for the semiconductor laser has finished counting down to
zero beginning from the present value of N,.

Seventy successive measurements of the laser wavelength
were carried out to test the practical performance of the
wavemeter. Figure 2a shows the distribution of the data.
Laser No. 1 described in §3 was used for this measurement.
The laser was fixed on a heat sink consisting of a copper
plate, and its temperature fluctuations were roughly
reduced to as low as +0.05 K by using a Peltier element and
a thermocouple. The heat sink temperature and the
injection current were kept at around 292 K and 90 mA,
respectively, so that the laser showed single longitudinal
mode oscillation, as in Fig. 3 in §3. Furthermore, the laser
wavelength was locked to a stable external Fabry-Perot
interferometer to reduce the wavelength fluctuations by
controlling the injection current. Figure 2b shows the
residual wavelength fluctuations, which were lower than
0.1 pm. It can be seen in Fig. 2a that the standard deviation
of the measured wavelength distribution was 0.35 pm,
which is almost equal to the value of eq. (2). From this
result, it can be confirmed that the wavemeter has the
required accuracy. The accuracy of 0.35 pm is so high that
it can also be used to measure the center wavelengths of the
Doppler-broadened spectra of gaseous molecules. The
results of the application of this wavemeter to such a
spectroscopic measurement will be published elsewhere.®

§3. Measurements of Wavelength

As a preliminary experiment for the wavelength
measurements, the oscillation spectra of the two lasers used
were measured by a grating monochromator with a
resolution of 0.3 nm. Figures 3a and 3b show the results.
The shaded portions in these figures show the range of the
heat sink temperature T and the injection current 7, in
which each laser exhibits the single longitudinal mode
oscillation. Here, the single longitudinal mode oscillation
was conveniently defined to be the state in which the
intensities of the satellite longitudinal modes were less than
5% of the main longitudinal mode. For laser No. 1, the
wavelengths in regions (I) and (II) were 1.503 um and
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Fig 2. (a)Distribution of 70 successive measured values of the wavelength. The average value of the wavelength 1, and the standard
deviation oy_, are 1503235.0 pm and 0.35 pm, respectively. (b) residual wavelength fluctuations of laser No. 1 used for the
measurements in (a). Here, the laser wavelength was stabilized to a stable external Fabry-Perot interferometer.
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Fig. 3. Ranges of temperature T and injection current I of lasers with
single longitudinal mode oscillations. (a) laser No. 1. (b) laser No. 2.
The shadowed portions show the ranges. The wavelengths and their
shifts were measured in the regions bounded by solid lines and broken
lines, respectively. The temperature dependences of the threshold
currents I,;, are also shown here.

1.496 um, respectively. The wavelength of laser No. 2 in
region (IIT) was 1.498 um. The wavelengths and their shifts
were measured in the regions bounded by solid lines and
broken lines in these figures, respectively. These figures also
show the relations between the threshold current I, and the
temperature. Typical output powers of lasers No. 1 and
No. 2 were about 3.7 mW and 4.4 mW, respectively, when
T=293 K and /=80 mA.

Figure 4 shows the experimental results of the relation
between wavelength A,, temperature 7, and injection
current /. Some of the wavelength values of each laser were
measured outside the single longitudinal mode oscillation
region in Fig. 3, but they did not show distinct deviations
from the linear relations between A, and 7 in Fig. 4. For
laser No. 1, measurements were done in region (I) in Fig.
3(a). Systematic measurements were rather difficult in
region (II) because the laser power in this region was not
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Fig. 4. Relations between wavelengths in vacuum, temperature T, and
injection current I. (a) laser No. 1, (b) laser No. 2. These measurements
were carried out in the regions bounded by solid lines in Fig. 3. The solid
lines were drawn by least-squares fitting to the measured values.

high enough for the measurements. However, as a
reference, one example measured in region (II) is given in
Table I. Several wavelength values measured in regions (I)
and (II) are also shown in this table. The wavelengths in
Fig.4 and Table I are the values in vacuum, converted from
the wavelength values measured in air by using the
refractive index of air. This refractive index was derived by
substituting the measured values of the pressure,
temperature, and humidity of the air into the well-known
Edlen formula.®’ The accuracy of this conversion was so
high that no extra errors were introduced into the measured
values of Fig. 4 and Table I by this procedure. The results in
Fig. 4 and Table I represent the average values of five
successive measurements. As shown in Table I, the
maximum of the standard deviation of the measured values
was as large as 0.9 pm, larger than the value of eq. (2). The
main cause of this decrease in accuracy was confirmed to be
the temperature fluctuations, because the temperature
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Table I. Examples of the measured values of wavelengths in vacuum.
Region of the single s Standard
Laser longitudinal mode Temp;‘rature Injectl:n; Avera[ge otll‘1 tile deviation N:mbe;‘v of
oscillation™ curren! waveleng x Oney ata
86 (mA) 1503175.2 (pm) 0.8 (pm)
88 1503191.9 0.9
90 1503206.8 0.5
No. 1 @ 22 K) 92 1503223.9 0.6 5
24 1503236.8 0.7
96 1503251.8 04
No. 1 an 290 60 1496311.1 0.8 5
70 1498617.8 05
72 1498637.5 0.3
74 1498655.2 0.2
No. 2 am 292 76 1498672.9 0.4 5
78 1498689.2 04
80 1498703.8 0.7
®)see Fig. 3. V
fluctuations of +0.05 K mentioned in §2 correspond to g ke
wavelength fluctuations of about +0.4 pm. Even with this ~ § 900 E 800f-
decrease due to temperature fluctuations, the wavelengths ~ | M/'__M_) .
were measured within the required accuracy of 1 pm,which ‘g 800 % 700
is more than ten times better than that of conventional 3 °°[ L] e
high-performance grating monochromators. Figure 5 < | T F
shows the relations between the heat sink temperature T’ 700t——L—L 1L | L1 1 1 |
and the wavelength shift under unit change in the injection 86 88 90 92 9 96 70 72 % 76 78 80
current 44,/41, derived from the results in Fig. 4. Figure 6 I (mA) 1 (ma)
shows the relations between the injection current / and the (a) (b)

wavelength shift under unit change in the heat sink
temperature 44,/AT, also derived from Fig. 4. Of the
wavelength values in Fig. 4, those measured inside the
regions bounded by the broken lines in Fig. 3 were used to
derive the wavelength shifts in Figs. 5 and 6. In these
regions, more reliable single longitudinal mode oscillations
were obtained than in the regions bounded by the solid
lines used for the measurements of Fig. 4; i.., the
intensities of the satellite longitudinal modes were less than
29 of that of the main mode. It can be seen from these

90 aok o .
2 o < °
< E | @
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' 70k

1 1 1 1
290 291 292 293 29 295
T ®
(b)

Fig. 5. Relations between temperature T and wavelength shift under
unit change in injection current 44,/41. (a) laser No. 1. (b) laser No. 2.
These measurements were carried out in the regions bounded by broken
lines in Fig. 3. The solid lines were drawn by least-squares fitting to the
measured values, as expressed by egs. (3) and (5) in the text.

Fig. 6. Relation between injection current I and wavelength shift under
unit change in temperature 44,/4 T (a)laser No. 1. (b) laser No. 2. These
measurements were carried out in the regions bounded by broken lines
in Fig. 3. The solid lines were drawn by least-squares fitting to the
measured values, as expressed by egs. (4) and (6) in the text.

figures that the quantities 44,/47 and 44,/4T do not have
constant values but depend on I and T, respectively. By
applying the least-squares fitting technique to the measured
values, these dependence can be expressed as:

(Laser No. 1)

AL JAI=296x 10" - T—789 (pm/mA)
for 290 K<T<295K,
AAJAT=184x10"1-1+674 (pm/K)

for 86 mMA<I<96 mA. “4)
(Laser No. 2)

AAJAI=9.00% 103 T+6.02 (pm/mA)
for 291 K< T<295K,

AW JAT=9.5Tx1073-1+66.7 (pm/K)
for 70 mA<7<80 mA. 6)

€)

©)

§4. Estimation of Material Constants

Some of the material constants of the semiconductor
lasers can be estimated by using the results of the
wavelength shifts in §2. No accurate expressions for the
wavelength shifts have yet been fully reported, and only a
linear approximation of the relation between the
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wavelength shift 44, and the temperature change AT has -

been given until now.” This is expressed as
. ;
AA,=}.X[A;ANC+(a+B)AT], ()

In this equation, 4, is the laser wavelength, n is the
refractive index in the cavity, 4N, is the change in the
carrier density produced by 4T, « is the linear expansion
coefficient of the cavity length, f is the temperature
coefficient of n, and 4=0n/dN,, respectively. Here, the
carrier density N, is given by'®

N.=No - exp {(T—T1)/2To}, ®)

where N, is the density at temperature 7. The quantity T,
in this equation represents the characteristic temperature
of the temperature dependence of the threshold current /iy,
which is given by

L= Lo - €xp (T/T)), )

where I 5,0 is a constant value. By using egs. (7) and (8), an
expression for 44,/AT can be derived and is expressed as:

AN,
2nT,

The left-hand side of this equation has been expenmentally
obtained in §2, and is given by egs. (4) and (6) for the two
lasers. For the right-hand side of eq. (10), the following
values have been reported, except for f:

AAJAT =1 [ + @+ ﬂ)] (10)

A=-7.0x10"2 ¢cm3!?
n=3.54'1

No=2.0x 10!* cm™3 at T, =297 K!®
a=5.42x10"° K for Iny 47Gao.26AS80.6P0.4-'>

an

The values of A, for lasers No. 1 and No. 2 were 1.503 um
and 1.498 um, respectively. The values of T, were derived
by substituting the measured values of I;, in Figs. 3(a) and
3(b) into eq. (9), and were found to be 33.7 K and 445K
for lasers No. 1 and No. 2, respectively. Accurate values of
B for 1.5 um InGaAsP/InP lasers have not yet been fully
reported. However, in this work, they can be derived by
substituting numerical values of eq. (11) into eq. (10) and
by using egs. (4) and (6). Since the values of 44,/4 T in eqs.
(4) and (6) depend on the injection current /, the estimated
values of B also depend on I as long as the other quantities
in eq. (10) have the constant values shown by eq. (11).
Figure 7(a) shows estimated values of § of laser No. 1 for
the range of T'and Iin which egs. (3) and (4) can be applied.
That is, the value of § in this figure is expressed as

1.03x107 4K 1<B<1.07x10~*K!
for 290< T<295K and 86 mA <I<96 mA. (12)

The estimated value of f of laser No. 2 is shown in Fig. 7(b)
for the range of T and I in which egs. (5)-and (6) can be
applied. The value of B in this range is given by

081x1074 K 1<p<083x10"4K™! R
for 291<T<295K and 70 mA</<80mA. (13)
As demonstrated by egs. (12) and (13), the value of ﬂ for.
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Fig. 7. Estimated values of temperature coefficient § of the refractive
index. The value of B changed monotonically with the temperature T’
and the injection current 7, and these values fall between the shadowed
region for (a) laser No. 1 (290 K<T<295K and 86 mA</<96 mA)
and (b) laser No. 2 (291 K< 7<295K and 70 mA</<80 mA). The

“values are given by egs. (12) and (13) in the text.

each laser was accurately estimated here by non-destructive
measurements while these lasers were . continuously
oscillated at room temperature. Also, as mentioned in §2, it
was shown that the values for each laser were different from
each other, probably owing to inaccuracies in fabrication.
Furthermore, it was'shown that f§ did not have a constant
value but depended on the temperature as long as the
simple linear approximation of eq. (7) was employed, and
that this:dependence also differed from laser to laser. This
means that a more accurate expression of the wavelength
shift is required for further discussions of wavelength
stabilities and FM noise characteristics. Such an expression
is now being derived by the authors, but the simple
expression of eq..(7) was convenlently employed in the
present work.

The other quantity whlch can also be estimated is the
thermal resistance Ry. Even if the heat sink temperature T’
is kept constant,-the' temperature of the laser itself is
changed by a change in the injection current A/. This
temperature change 47 can be expressed as

AT=R[V,(1—1)+2Ry- 1] 4I, (1)

where V, is the voltage corresponding to the band-gap
energy of the semiconductor material, 5 is the external
quantum efficiency, and R, is the ohmic resistance,
respectively. By using eq. (14), 44,/4T, and 4A,/AI, the
thermal resistance Ry ¢an be expressed as follows:

(44,/41)
(AL/ATYV,(1—n)+2R,- 1T

(15)

RT=

Therefore, the values of R; can be estimated by
substituting measured values of 44,/47 and AA,/AT (egs.
3)- (6))into eq. (15). Here, the values of V, for lasers No. 1
and No. 2 are 0.872 V and 0.830 V, respectlvely, using the
values of 4, shown above. The value of 7 is expressed as

n=2Py/V," I, (16)

where P, represents the single-ended output power of the
laser. F;gure 8 shows the experimental result of n obtained
by measuring . P, for .several values of T and I.
Furthermore; thé value.of R, can be derived from the
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Fig. 8. Measured values of the external quantum efficiency # for several
values of temperature T and injection current I. (a) laser No. 1. (b) laser
No. 2.

relation between the voltage V; p, across the laser diode and
the injection current Fabove its threshold value I,;,. Figure 9
shows the measured results of this relation. The values of
R, are given by the slope of the curve for I> 1, in this
figure, which are 1.71 Q and 1.40 Q for lasers No. 1 and No.
2, respectively. It was confirmed that these values of R,
were independent of T for 290 K < T<295 K. The value of
Ry estimated from eq. (15) also depends on T"and 7, because
A4A,/ATand A2, /AT depend on T and I, respectively. Figure
10 shows the relation between Ry, T, and I obtained for the
two lasers, Here, Ry was estimated in the range of T'and /in
which egs. (3)-(6) can be applied. For laser No. 1, the value
of Ry in Fig. 10a is expressed as

79.8 K/W< Ry <98.1 K/W

17
for 290 K< T<295K and 86 mA<I<96 mA. (A )
And for laser No. 2, it is given by
133 K/WSRr=<136K
/WERr= /W a18)

for 291 K<T=<295K and 70 mA<7<80 mA.

Vo V)

| S TR R B
0 20 40 60 80 100

I (mA)

Fig. 9. Measured values of relation between voltage ¥V, ;, across the laser
diode and injection current /. The black and white circles show the
results for lasers No. 1 and No. 2, respectively. Here, the temperature T’
was fixed at 292 K. The solid lines were drawn by least-squares fitting to
the measured values for I> I,,. The threshold currents of lasers No. 1
and No. 2 were 58 mA and 54 mA, respectively. The slopes of these lines
represent the ohmic resistance R,, which was 1.71 Q and 1.40Q for
lasers No. 1 and No. 2, respectively.
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Fig. 10 Estimated values of the thermal resistance Ry. The value of Ry
changed monotonically with the temperature T and injection current 7,
and values fall between the shaded regions for (a) laser No. 1
(90K=T=<295K, 86mA=<I<96mA) and (b) laser No. 2
(291 K=T=295K, 70 mA <I<80 mA). The values are given by egs.
(17) and (18) in the text.

Equations (17) and (18) give accurate values of Ry for each
laser, obtained by non-destructive measurement. As with
B, it was also shown that the values of R differed for each
laser. Furthermore, R, depended on T and 7 as long as the
simple expression of eq. (7) was employed. For reference,
the value of Ry for a 1.3 um InGaAsP/InP laser has been
reported to be about 30 K/W,'¥ with a laser fixed on a heat
sink with a p-side down configuration. In the present study,
however, it is quite reasonable for the estimated values of
Ry to be larger than this previously-reported value because
the lasers used here were fixed on the heat sink with the p-
side up configuration, in which the efficiency of thermal
dissipation is lower than that of the p-side down
configuration. "

The values of B and R, were obtained by using
accurately-measured values of 44,/4I and 44,/AT. Since
the accuracies of the measurements of 41,/47 and 4A,/AT
are high enough, the main cause of the errors in the
estimated values of B and Ry are attributed to errors in the
reported values of the material constants 4, n, Ny, and a.in
eq. (11). Therefore, if these material constants are
measured with higher accuracies by some new technique,
further improvements in the accuracies of § and Ry can be
expected. Furthermore, these accurately-measured values
of the wavelength shifts and material constants may be
used for the study of improving the wavelength stability as
well as the FM noise characteristics, and also as the basic
data to design higher-performance lasers in the future.
These results may also be used to derive a more accurate
expression than eq. (7). Such an expression is now being
derived by the authors.

§5. Summary

The wavelengths of two 1.5 um InGaAsP/InP lasers
were measured to an accuracy of 0.9 pm. The lasers
exhibited the single longitudinal mode oscillation at room
temperature. For this purpose, an accurate wavemeter was
constructed, which exhibited an accuracy of measurement
as high as 0.35pm. The wavelength shifts under unit
change in the injection current I and temperature T were
derived from the results of these measurements, and are
expressed as:
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(Laser No. 1)
A4, /41=296x10"1-T—789 (pm/mA)

A\JAT=184x1071-1+67.4 (pm/K) (19)
for 200 K< T<295K and 86 mA<I<96 mA.
(Laser No. 2)
A4 JAT=9.00x 1073 - T+6.02 (pm/mA) 20

AAJAT=9.5Tx1073-1+66.7 (pm/K)
for 291 K<T<295K and 70 mA<I<80 mA.

By using the results of egs. (19) and (20), the values of the
temperature coefficient f of the refractive index in the
cavity and the thermal resistance Ry for each laser were
accurately estimated, and are given by:

(Laser No. 1)
103x107* K '<B<1.07x107*K™!

@1
798 K/W<R;<98.1 K/W
for 200 K< T<295K and 86 mA<7/<96 mA.
(Laser No. 2)
081x107* K 1<B<0.83x1074K™!
22)

133 K/W=R;=136 K/W
for 291 K<T=<295K and 70 mA /<80 mA.

The results of egs. (21) and (22) confirm that the material
constants for each laser differ considerably from each
other, and depend on T and I as long as a conventional
linear approximation of the wavelength shifts is employed
for the estimation. These accurately measured values of the
wavelength shifts and material constants may be used as

Motoichi OHTsU, HaruoTaGawa and Hiroki KoTant

the basic data to improve the wavelength stability and to
design a new type of laser in the future.
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Authors have developed an optical alignment equipment for laser systems for the purpose of
speeding up of laser adjustment process. Optical alignment of a laser apparatus is generally
troublesome especially for such: a large-sized laser apparatus as optical elements are located
separately. This equipment is designed to display tuning curves of laser power and evaluate the
distinction. and smoothness of the curves numerically. The optimum position of optical
elements are found by monitoring changes of tuning curves before and after slight move of
elements. The controller and the display of this equipment can be brought to the place of the

" optical element. After having applied this equipment for the optical alignment of the H,CO
stabilized: He-Xe laser system, alignment time has been reduced to one hour from one day

which was required in manual adjustment.

- Key words: laser, optical alignment, micro computer.

1. introduction

Authors have utilized a He-Xe laser at 3.51 um
for the high resolution Stark spectroscopy of
H,CO") and for the stabilization of the laser
frequency using a component of the spectrum.
An optical alignment process of a laser is gener-
ally troublesome because of many optlcal ele-
ments to be adjusted. For the purpose of speed-
ing up of this process, the authors developed a
micro computer aided alignment equipment.

Figure 1 shows a diagram of the experimental
apparatus for high resolution Stark spectroscopy.
Stark effect of saturated absorption signal
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Jakarta, Indonesia.
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(inverted Lamb dip) is observed, as H,CO of

10mTorr is contained in the intracavity Stark.
. absorption cell. The laser cavity is 155 cm long,

the overall length of the apparatus is 2m of some

size. One of the cavity mirrors is mounted on a

piezoelectric transducer (PZT) for fre_quéncy
tuning and modulation. Since the frequency of

' the transition 5, s (v = 0) — 60,6 (vs = 1) of H,CO

is about 180 MHz higher than the center of the

gain curve of the He-Xe laser, axial magnetic field
‘of 124G is applied to the laser tube to compen-

sate for this frequency gap using a solenoid. A
quarter-wave plate and a polarizer is necessary to
separate higher-frequency circularly-polarized
Zeeman component from lower-frequency oppo-

" sitely circularly-polarized one.

The full width of half maximum (FWHM) of
inverted Lamb dip is about 500 kHz when using
present apparatus. Resolution of several tens kHz
is necessary for precise measurement of Stark

effect, because Stark shifts are order of 1 MHz at

electric field of 4kV/cm. This unprovement in
resolutlon power will be achieved by reducmg
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Fig. 1 A 3.51um He-Xe laser apparatus for
high resolution Stark spectroscopy of
H,CO.

the depth of the laser frequency modulation and
reducing the H,CO gas pressure. On the other
hand this improvement results in several tens
times smaller spectrum intensity than usual, the
" laser must be carefully aligned to get the maxi-
mum intensity of the dip.

The usual procedure for alignment is as
follows; bring optical elements such as a laser
tube, a solenoid, an absorption cell, a detector

and mirrors into line using a 633 nm He-Né laser.

Subsequently discharge the laser tube and adjust
position and angle against the optical axis of
elements, in order to get high laser oscillation

and to get a distinct and smooth tuning curve of -

laser power. In case the tuning curve is indistinct
or kinky, the inverted Lamb dip is not observed.
This can be interpreted that saturation occurs
unsuccessfully because higher order modes arise. -

Conventionally, the tuning curve is recorded
in an X-Y recorder in every slight move of optical

elements, and the changes of both intensity and -

shape of the curve are checked manually. The
optimum position of optical elements are
searched after a lot of such process because there

solenoid and a detector, two of position in a pin

hole, two of angle in each cavity mirrors; in total.

there are as many as 22 parameters. The diffi-

. toPZT . =
" |PZT driver o

are many parameters in the positions of compo-
nents. For instance, as shown in Fig. 1, there are -
four parameters of the position and angle against -

optical axis in a laser tube, an absorption cell, a -

Itiro Siio, Anung Kusnowo, Motoichi Ohtsu and.Toshiharu Tako

culty of optical alignment process increases

-remarkably in such a large-sized laser equipment

as in our system, because every optical elements
are: located separately. Furthermore measure-
ment of beat signal of two lasers are planned in
order to measure precise:Stark coefficient, speed-
ing up of the optical alignment process has been
desired.

2. The Constitution and Function of the Equip-
ment '

This equipment .is .designed to draw two
tuning curves:before and after slight- manual
move of every optical elements on CRT display,
and to indicate the distinction and smoothness of
the curves numerically. The optimum position
of every -optical element can be easily found by
indicated evaluation of curves.

- Figure 2 - shows the . block dlagram of the
equipment. A micro computer (Apple II) with
memory of 64kBytes and display function of
280 x 192 dots, works under UCSD Pascal ope-

‘rating system. An A/D (analog to digital) and a
‘D/A (digital to’ analog) converters are 12 blts of

resolution power.” The ‘laser’ frequency is con-
trolled by the cotmputer through the D/A con-
verter. Sweep of the laser frequency is controlléd
remotely using extended switch box. This device
is useful, espec1ally for large-snzed laser apparatus
because the remote swuch and the CRT dlsplay'
can be brought to the place of the optlcal'

r I;Ie-Xe Laser with Abs. Cell

Lock in
“|Amplifier

Micro
| Computer

Xy
* | Récorder|

RIS

Flg 2 The block. diagram.. of the optical
ahgnmeqt. equipment f for laser system.
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elements to be adjusted. A mini floppy disk
driver is used to store data of tuning curves. The
stored data is utilized for comparison to previous
tuning curves and it can be applied for some kind
of data processing.

Figure 3 shows typical examples of display on
CRT. Indicated numbers are the maximum and
minimum values of intensity and the maximum
value of 2nd order finite differences of tuning
curves, respectively. The latter can be considered
to indicate a kinky point of the tuning curve
usually. In the case inverted Lamb dips are
observed, this value indicates the intensity of the
dip. Figure 3 (a) shows a tuning curve when the
optical alignment is not appropriate. An indis-
tinct and kinky tuning curve results small
intensity of inverted Lamb dips. Figure 3 (b)
shows a tuning curve when optical elements have
been adjusted to maximize inverted dips using
this equipment. As distinction of a tuning curve
and inverted Lamb dip is successfully evaluated
on the display, an optimum optical alignment
can be realized more easily than conventional
process. '

In addition to the function of repetitive laser
frequency sweep, the function of automatically
magnifying sweep around inverted Lamb dip is
programmed in this equipment. Since the laser is
Zeeman tuned to the inverted Lamb dip, dips
appear at the top of tuning curves as shown in
Fig. 3(b). Using this function, the laser fre-
quency is swept around the inverted Lamb dip
after a gross sweep for detection of the top of
the tuning curve. The inverted Lamb dip is
automatically magnified on the display as in
Fig. 3(c), without influence of change in the
tuning curve originated from temperature drift of
the laser cavity length. The inverted Lamb dip
shown in Fig.3(c) is 8 times magnification of
Fig. 3 (b) in frequency axis. This function can be
applied for investigating the change of a inverted
Lamb dip against the change of some parameters.

3. Summary

The authors have developed a microcomputer
aided alignment equipment for the prupose of
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speeding up of optical alignment process of a
laser apparatus. Performances of this equipment
are as follows;
i) The tuning curve of a laser is swept and the
distinction and smoothness of the curve are
evaluated numerically.
ii) The detail of the inverted Lamb dip can be
observed continuously by magnifying sweep
function. '
iii) Control of frequency sweep and observation
of tuning curves are possible at the place of
optical elements to be adjusted.

Applying this equipment to the optical align-
ment process of the laser, conventional required

Itiro Siio, Anung Kusnowo, Motoichi Ohtsu and Toshiharu Tako

time of over. one day is reduced to one hour
because time. for manual operation of X:Y
recorder and for evaluation of tuning curves are
eliminated. Since such procedure as mentioned
above includes common optical alignment pro-
cesses, this equipment may be applicable to
various kinds of laser apparatus especially. to
complex structured and large-sized laser systems.

Reference

1) L Siio, M. Ohtsu and T. Tako: Jpn. J. Appl. Phys.,
21, 813 (1982). .
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We precisely measured temporal intensity variations of each longitudinal mode of a two-mode
1.5-um InGaAsP laser. The intensities of these modes showed clear hopping between each other.
It became clear for the first time that their power spectral densities represented typical Lorentzian
with a cut-off frequency between 0.7 and 1.9 MHz. This means that mode hopping follows the
stochastics of a Poisson process, i.e., it occurs completely at random in time. The results of analog
computer simulation, using a detailed theoretical model, supported the experimental results. It is
concluded that spontaneous emission acts as a trigger to this hopping.

Performances of semiconductor lasers have been re--
markably improved so that they can be used for a variety of
optical applications. For example, in the case when they are
used for video disc system, their intensity fluctuations
should be reduced to a low level. However, it has been em-
pirically found that hlgh level fluctuations are induced in the
low Fourier frequency range when the laser is operated with
multilongitudinal modes.'? Systematic studies on quantita-
tive measurements and precise analysis of these fluctuations
have not yet been performed. In this letter, first successful
results of quantitative and precise measurements of these
fluctuations and results of theoretical analysis on the origin
of the fluctuations are demonstrated.

An InGaAsP laser (plano-convex-waveguide type)® of
1.5-um wavelength was employed for the experiments. The
laser was installed in a small vacuum chamber and the tem-
perature fluctuations of the heat sink for the laser were re-
duced as low as 1 X 107°-3 X 10~* K. The laser was driven
by a low noise dc current source with a current fluctuation of

0.6 nA/y/Hz. By realizing such extremely stable conditions
of temperature and injection current, reproducible experi-
mental results could be obtained, i.e., the effects of tempera-
ture and current fluctuations on the laser intensity could be
neglected in the present measurements.

Hatched areas in Fig. 1(a) give the regions of the injec-
tion current I and heat sink temperature T, where the laser
showed a single longitudinal mode oscillation, which was
measured by a conventional grating monochromator. Here,
the single longitudinal mode oscillation was defined to be the
situation in which the intensities of the satellite longitudinal
modes were less than 5% of that of the main longitudinal
mode. In the dotted area of this figure, the laser oscillated
with two longitudinal modes, the intensities of which dif-
fered less than 10%. Out of these areas, the laser showed
multilongitudinal mode oscillation. In the present experi-
ments the intensity fluctuations under these two-mode oscil-
lation, which is the simplest case of multimode oscillation,
were precisely measured to investigate the characterlstlcs of
initensity fluctuations of each mode. anure 1(b) gives ‘the
intensities of two longitudinal modes at the position (A) in
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the dotted area of Fig. 1(a), where T=291 K and /=90
mA. From this figure, it could be concluded that these two
modes oscillate simultaneously with almost equal intensity.
To investigate the temporal variations of these intensities,
measurements were carried out. Laser beams of two modes
were spatially separated by a grating and were simultaneous-
ly detected by two germanium avalanche photodiodes. The
output signals from the photodiodes were recorded by a two-
channel digital memory. The bandwidth of the detection sys-
tem was 50 MHz. Figure 2(a) gives the temporal variations of
the laser intensities of both modes. It can be observed clearly
that the two modes do not oscillate simultaneously but show
switching phenomena, which can be called as mode hopping.
Furthermore, it is seen for both modes that the mean dura-
tion time of the hopping phenomenon is about 1 us. Figure
2(b) gives the power spectral densities of the laser intensity.
fluctuations of both modes measured by a spectrum analyz-
er. These curves show typical Lorentzians with a cut-off fre-
quency f. of 1.4 MHz, which means that the mode hopping

10}
< 100f - Mode Mode
£ a2
= 5
90|
g 80|~ el
S
.‘S 70K 5
g £
.g_'. 60 = oML
£t 2
'5n } 1 1 . 6nm
7275 280 285 290 295 ' Wdvelength
@ Temperature T (K) N

FIG. 1. (a) Regions of the i mjecuon cun'ent and temperature of the heat sink
of the laser, where single longitudinal mode oscillation was observed
(hatched areas). #1, #2, and #3 represent a series of longitudinal mode
numbers. In the dotted area, the laser oscillates with two longitudinal
modes #1 and #2, whose intensities are almost equal. I, represents the
threshold current. (b) Intensities of longitudinal modes #1 and #2 mea-
sured at the position (A) of (a). A conventional grating monochromator was
used for the measurement.
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FIG. 2. (a) Temporal intensity variations of the two modes as mentioned in
Fig. 1(a). (b) Power spectral densities S,( f) of intensity variations.

follows the stochastics of a Poisson process,* i.e., mode hop-
ping occurs completely at random in time. This also means
that mode hopping is not determined by its past events. Fur-
thermore, these curves also imply that the average duration
time corresponds to 1/7f..°

It has previously been reported that the relevant power
spectral density S (f) is proportional to f ~™ (1<m<2)."?
These results, different from the present one, can be due to
insufficient temperature and current stabilities. In the pres-
ent experiment, measurements were done at several points
within the dotted area of Fig. 1(a), and reproducible Lorent-
zian line shapes of 0.7 MHz <f_<1.9 MHz were obtained.

Itis not probable that the origin of mode-hopping phen-
omenon we observed is the temperature or current fluctu-
ations because the magnitudes of these fluctuations were so
low that jumping between two hatched areas in Fig. 1(a) was
not likely to occur. An analog computer simulation was car-
ried out to investigate this origin. One of the most precise
models of semiconductor laser oscillations, as it was pro-
posed by Yamada and Suematsu,® was employed. This mod-
el is composed of two van der Pol equations for the ampli-
tudes E,{i = 1,2) of the electric field of two modes derived
from the density matrix formulation, and an equation for
temporal variation of the active carrier density 7 in the
laser diode. The equations can be expressed as follows:

dga 1
dt nE€o o ) _ -
X [&im —ay, —dE}— ag(s}) EJZ]Ei'z
(=120 +#))
Y
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FIG. 3. (a) Output waveforms of E3 E§, and 7' as calculated by analog

computer. (b) Power spectral density of E2 and E2.
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where @, @, and @), represent a linear gain, self-satura-
tion coefficient, and cross-saturation coefficient, respective-
ly, and all of them are proportional to #'”. For derivations of
these equations and the meaning of other coefficients in.
these equations, we referred to Yamada and Suematsu.® A
coupling constant C between the two modes can be given

3.6
by™ a(|3()2) a&(’u 16 3)

g =79

This result means that strong couplmg exists between the
two modes because C > 1. That is, only one of the two modes
can oscillate at a given moment. However, if some triggering
forces are applied to the laser, the oscillation of the other
mode can be stimulated so as to suppress the initially oscll-
lating mode.” This feature is qualitatively consistent with
that of the experimental results of Fig. 2(a). Because we ex-
pected that spontaneous emission acts as triggering force,
several analog computer simulations were carried out by
adding the square of the amplltude Ey: (i = 1,2) of the elec-
tric field of spontaneous emission to the right side of Eq. (1)
and by using also Eq. (2). Two uncorrelated white noises,
generated from two noise generators, were applied to the
analog computer as the additional spontaneous emission
terms Ej; of Eq. (1). The amplitudes of the output signals
from the noise generators were adjusted so that the root
mean square values of Ej; could be fixed at several percent of
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those of E,. These values are reported as appropriate for
spontaneous emission.® Figure 3(a) gives the output wave-
forms of E2, E2, and 7#® from the analog computer obtained
when the noise terms were applied. In this figure, mode hop-
ping is observed with a mean duration time of about 1 us, as
was experimentally found [see Fig. 2(a)]. Figure 3(b) shows
the power spectral densities of the temporal variations of E 2
of Fig. 3(a). The curves also show typical Lorentzian with the
cut-off frequency £, of 0.7 MHz, which is consistent with the
" experimental results of Fig. 2(b). From these results, it was
concluded for the first time that the temporal fluctuations of
spontaneous emission acted as a triggering force for the
mode hopping.

Since the temperature or current fluctuations induce
fluctuations of the values of the third and fourth terms on the
right side of Eq. (2), further analog computer simulations
were carried out by adding a noise term to Eq. (2). In this
case, the spontaneous emission term E,; was removed. How-
ever, no mode hopping occurred. Through this simulation, it
was also recognized that temperature or current fluctuations
did not act as a triggering force for mode hopping.

In the present study, it has been clarified by precise
experiments and detailed analog computer simulation that
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the main origin or mode hopping is spontaneous emission. It
is also concluded that the mode-hopping phenomenon fol-
lows the stochastics of a Poisson process, i.e., that the shape
of the power spectral density of intensity fluctuations was
Lorentzian with a cut-off frequency of 0.7 MHz<f,.<1.9
MHz. ’
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Analysis of Mode Hopping Phenomenon in a 1.5#m InGaAs Laser
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(Received February 27, 1985)

Experiments and analog computer simulations were carried out to analyze the characteristics of mode hopp-
ing phenomenon in a 1.5 zm InGaAsP laser when it oscillated with two longitudinal modes. It becomes clear
for the first time that intensity fluctuation of the spontaneous emission acts as a trigger to the mode hopping,
and that this hopping follows the stochastics of a Poisson process. Furthermore, it was found that highly biased
operation is effective to reduce the frequency of the mode hopping.
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laser, where single longitudinal mode

oscillation was observed (hatched areas).
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PRECISE EXPERIMENTAL AND THEORETICAL APPROACH TO ANALYZE AND REDUCE
MODE-HOPPING NOISE IN SEMICONDUCTOR LASERS FOR OPTICAL APPLICATIONS

Y. TERAMACH], Y. OTSUKA* and M. OHTSU*

Graduate School at Nagatsuta, Tokyo Institute of Technology, 4259 Nagatsuta
* International Cooperation Center for Science and Technology, Tokvo Institute of Technology
2.12-1, O-okayama, Meguro-ku, Tokyo 152, Japan

1. INTRODUCTION

1t is essential to reduce mode-hopping in semiconductor lasers designed for

applications in optical communication and video-disc systems. Several prelimipary
measurements have been performedl) . -However, . precision measurements and theoretical
works have not yet been carried out. In this presentation, the first successful results

_of a systematic study of this type of noise are demonstrated.

2. EXPERIMENTS

A 1.5 pm InGaAsP laser of Plano-Convex-Waveguide type was used for the experiments.

To obtain 9quantitatively reproducible experimental results, the fluctuations in
temperature and injection current were reduced to values as low as 1 x 1674 K and 0.6 nA/
{HZ, respectively. Figure 1 shows longitudinal mode spectra measured by a grating

monochromator, from which one may believe the two modes oscillate simultaneously.
However, by using the apparatus of Fig.2, the switching in oscillation between these modes
was clearly observed, which means only one mode oscillates at every moment. This is the
phenomenon of so-called the mode-hopping. The results are shown in Fig.3. 1t should be
stressed here that this switching occurred even under such a very stable condition of
temperature control and d.c. injection current, where no a.c. current modulations were
applied. Power spectral densities S(f) of these waveforms are given in Fig.4. The shape
of both curves in this figure clearly shows a Lorentzian with a cutoff frequency f¢ of
1.4MHz. which means the mode-hopping occurs completely at random in time (Poisson process)
with the average duration time of 1/f¢ . These clear Lorentzian shapes were
quantitatively observed for the first time in the present measurements, while it has been
reported previously as being proportional to £ (1 §¢m¢g 2)1)

3. ANALOG-COMPUTER SIMULATIONS

Analog-computer simulations were carried out to investigate the origin of the mode-
hopping. One of the most precise and practical models of semiconductor laser oscillations
, as it was proposed by Yamada and Suematsu2?) . was employed. This model is composed of
two-mode van der Pol equations derived from the density matrix formulation. and an
equation for temporal wvariation of the active carrier density. Figure 5 shows. the
simulated waveforms of the intensities of both modes. which clearly shows the mode-hopping
as it was shown in Fig.3. Figure 6 gives their power spectral densities. which also show
Lorentzian shapes as was observed in Fig.4. The curves of both figures are consistent
with the experimental results mentioned in the previous section. These consistent
simulated results were obtained only when white noises for both modes and of appropriate
magnitude were added to the van der Pol equations3) . These white noises correspond to
the spontaneous emission. From these results. it can be concluded that the spontaneous
emission plays a role as a trigger for the mode-hopping.

4. DISCUSSION

It can be said that the experimental and simulated results in the previous two
sections agree well with each other. which means that the origin of the mode-hopping can
be known in more details and practical design of hopping-free lasers can be done by using
these results. For these purposes. the probability density functions. which are related
to the potential curves of the stability of the modes. were derived from the simulated
results, and presented in Fig.7. On the other hand, these potential curves can be also
directly given by solving the Fokker-Planck equation which is derived from the van der Pol
equations employed for the simulation. The comparison of the potential curves given by
these two procedures can give further information about the origin of mode-hopping.
Further details on this discussion will be presented at the session.

5. SUMMARY

The mode-hopping Pphenomenon-was precisely measured and also simulated by an analog
computer. The power spectral densities of the temporal intensity variation of both modes
were found to be Lorentzians with a cutoff frequency of 1.4MHz. 1t was concluded that the
spontaneous emission acts as a trigger to the hopping. The present results can be used
for detailed investigation of the origin of mode-hoppPing and for the design of novel.
hopping-free lasers.
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Spectral Measurements of NH; and H,O for
Pollutant Gas Monitoring by 1.5 ym InGaAsP/InP Lasers
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The absorption spectral lines of the combination tones of the vibration-rotation transitions in NH, and H,0 were.
measured with 1.5 um InGaAsP/InP lasers for the purpose of pollutant gas monitoring. The numbers of observed NH, and

H,O0 lines were 21 and 1, respectively. The wavelengths of these lines were measured within the inaccuracy of 1.6 pm by a

precise wavemeter. For these measurements, the laser wavelength was stabilized to NH; and H,O lines. The resu!t:gn
stabilities were 3.0 x 10710 - t-1/2 and 1.1 x 109 - t™1/2, respectively, where  represents the integration time. The sensitivity
of NH, gas monitoring was measured as being 2.3 x 103 Torr - m, Furthermore, spectral measurements obtained by using

an optical fiber are also presented.

§1. Intreduction

Several practical systems for monitoring of pollutant gas
have been realized by using Y AG lasers, CO, lasers, and so

on.? Furthermore, tunable lead-salt semiconductor lasers-

have been utilized to reduce the volume of the infrared light
source in these systems.? However, the reliability of these
expensive semiconductor lasers have not yet been high
enough because of the low temperature operation and
short lifetime. On the other hand, since the performance of
the semiconductor lasers in the near infrared have been
remarkably improved as a result of the demand in optical
communications, they may now also be used as reliable and
inexpensive light sources for the gas monitoring. Since it
has been demonstrated that the optical fibers show ultra
low losses (e.g., about 0.2dB/km®) in the wavelength
region of about 1.5 um, they can be also used together with
these semiconductor lasers as powerful tools for an im-
proved gas monitoring system.

Since a great number of the molecular spectral lines are
distributed around 1.5 um region due to the combination
tone of the vibration-rotation transitions,* the molecular

gas can be monitored by measuring these lines. Though

several results have been already published concerning use
of near infrared LEDs for the light sources,> systems using
semiconductor lasers and fibers have not yet been fully
reported on. In this paper, the absorption spectral lines in
NH; and H,O are measured with 1.5 um semiconductor
lasers to demonstrate the applicability of these lasers
towards gas monitoring. Moreover, the wavelength of
these lines are precisely measured, and the applications of
optical fibers to the gas monitoring are shown.

§2. Experimental Apparatus

Figure 1 shows the experimental apparatus used. The
light sources are two InGaAsP/InP lasers at 1.5 um.® Their
threshold currents are about 60 mA at around 20°C, and
the output powers were about 6 mW at 100 mA. Each laser
was fixed on a heat sink made of a copper plate, and its
temperature fluctuations were reduced to as low as
40.05 K with a Peltier element and a thermocouple. The
coarse and fine adjustments of the laser wavelengths were
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Experimental apparatus. (a) An optical fiber and collimator
lenses (L, and L,) were used in the latter half of the present work. The
absorption cell was 0.55 m in length. (b) A precise wavemeter.® The

“excursion lengths of the corner cubes were 6 cm within the time period
of 3s. The measurement error induced by this wavemeter itself was
0.35 pm. ’ : =

carried out. by varying the heat sink temperature and
injection current, respectively. The wavelength shifts of the
laser due to temperature and injection current were meas-
ured as being 75 pm/K and 7.5 pm/mA, respectively, by
using the wavemeter shown in Fig. 1(b). The optical
isolator in Fig. 1(a) was composed of a Glan-Thompson
prism and a Fresnel prism. The -optical fiber used in the
latter half of this study was a multimode fiber with a core
diameter of 30 um. Low pressure. NH; or H,O gas was
allowed tofill the absorption cell of 0.55 m in length after
the cell was evacuated. The transmitted laser intensity was
detected by a Ge avalanche photodiode (Ge-APD), and the
output signal from the Ge- APD was amplified by a lock-in
amplifier and recorded on a X Y-recorder. Figure 1b shows
the precise wavemeter” used to measure the wavelengths of
the absorption spectra. This Michelson interferometer-
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type wavemeter employs a short He—Ne laser with 633 nm
as the wavelength standard. The time required for getting
one wavelength value was about 3 s with this wavemeter,
and the measurement error induced by this wavemeter
upon itself was 0.35 pm. Further details of this wavemeter
will be published elsewhere.® Figure 2 shows the range of
the injection current and heat sink temperature, in which
each laser shows the single longitudinal mode oscillation. A
grating monochromator with a resolution of 0.3 nm was
used to measure the longitudinal mode intensities. Here,
the single longitudinal mode oscillation was defined to be
the situation in which the intensities of the satellite longitu-
dinal modes were less than 5% of that of the main
longitudinal mode. The measurements of the absorption
spectral lines in NH; and H,O were carried out under these
conditions of the single longitudinal mode oscillations in
Fig. 2. '

§3. Experimental Results and Discussions

In the first half of this section, several results of the
spectral measurements are presented which were obtained
without the use of optical fibers. Figure 3 shows 21
absorption spectral lines in NH; measured by two lasers.
The gas pressure P was 4 Torr. Each curve in this figure
represents the third derivative of the spectral line shape,
which was obtained by modulating the laser wavelength by
the a.c. current. The modulation frequency f,, and the
maximum wavelength deviation A4 for this modulation
were 1.1 kHz and 7.5 pm, respectively. These lines can be
attributed to the rotation structure in the 2v, or 2v,
vibration transitions,” however, complete assignment has
not yet been given. Though the measurements of several
lines have been demonstrated by using a grating mo-
nochromator,” their sensitivity and resolution have been
far lower than those of the present results. Figure 4 shows
an absorption spectral line in H,O measured by the laser
No 1, where the value of P, f,,, and 44 were 20 Torr,

11
- 100}
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[ |
3 %r 3
& §
70|
o/ o ol
/ /AI*“
| ) I - |

0= % 20 2 506 8 20 22
Temperature (°C) Temperature (°C)
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Fig. 2. The ranges of the injection current and the temperatures of the
heat sinks of the two lasers when they show the single longitudinal mode
oscillations. The shadowed portions show these ranges. The tempera-
ture dependences of the threshold currents (I,;) of these lasers are
simultaneously shown in these figures. (a) Laser No. 1. In the areas (I)
and (II), the laser oscillated with wavelengths of 1.503 um and
1.496 um, respectively. (b) Laser No. 2. The wavelength of this laser was
1.498 pm in the area (III).
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1.1kHz, and 9.0 pm, respectively. No lines in H,O were
measured by the laser No. 2. The spectral line in Fig. 4 can
be attributd to the 2v,+v; vibration transition, how-
ever, complete assignment has not yet been given.

In the present work, as will be shown in Table I, the ex-
perimental results for the center wavelengths of NH; and
H,O0 spectral lines are represented by the average value of
five succesive measurements for each line done in order to
reduce the accidental error. The time required for these
five succesive measurements is therefore about 15 s. How-
ever, preliminary measurements have shown that the wav-
elength of the free running laser fluctuated due mainly to
the residual fluctuations of the heat sink temperature. The
amount of these fluctuations was as large as
0.2pm~0.4 pm for the integration time of 15s. These
results of the wavelength fluctuations for the free running
laser will be shown later more quantitatively in Fig. 5. This
value of the thermal drift of the wavelength can not be
neglegibly smaller than the value of the measurement error
of 0.35 pm induced by the wavemeter itself. Therefore, the
inaccuracy of the wavelength measurements would be
increased by this thermal drift as long as the free running
laser is used. The inaccuracy due to this thermal drift will in
general be increased by increasing number of successive
measurements for each line, i.e., by increasing the total time
required for the measurements. It is therefore necessary to
stabilize the laser wavelength to the center of these spectral
lines to suppress this drift and to reduce the total error of
the measurements to as low as that induced by only the
wavemeter itself. Figure 5 shows the results of the wav-
elength stabilization of laser No. 1 carried out for this
purpose. The laser wavelength was stabilized to the center
of the third derivative of the spectral lines by controlling
the injection current. The PID servo-control technique was
used for effecting stabilization.'® The value of P, f,,, and
AJ were the same as those in Figs. 3 and 4. The parameters
0,7, and N in Fig. 5 represent the square root of the Allan
variance of the wavelength stability,!") the integration time,
and the number of data, respectively. Since the output
signals from the lock-in amplifier in Fig. 1(a) are pro-
portional to the wavelength fluctuations, the value of o was
calculated by using these signals after analog-to-digital
conversion. The curve A in Fig. 5 represents the wavelength
stability of the free running laser, which can be expressed as

6=33x10"8%-7Y2, (10ms<7<105) (1)

The curve B represents the result obtained by stabilizing the
wavelength to the NH; spectral line No. 20 in Fig. 3. The
value of on the curve B can be expressed as

6=30x10"1°.7"Y2 (10ms<t=<20s) (2

Nearly equal stability was obtained when the laser wav-
elength was stabilized to other NH absorption lines except
for the lines Nos. 7, 8, 10, and 13 in Fig. 3. When the laser
wavelength was stabilized to these four weak lines, the
resultant values of ¢ were about five times larger than that
of eq. (2). The curve C represents the results obtained by
stabilizing the laser wavelength in accordance to the H,O
absorption line in Fig. 4. The value of ¢ on this curve can be
expressed as

o=11x10"%-7"Y2, (10 ms <7 <20s) 3)

n
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It was also confirmed that laser No. 2 showed nearly equal
stabilities as those in Fig. 5. It was confirmed from the
results of this wavelength stabilization that the thermal
drift of the wavelength was suppressed so that it did not
induce any extra errors in the wavelength measurements.
The wavelengths of the absorption lines in NH; and H,O
were obtained with the wavemeter shown in Fig. 1(b) by
measuring the wavelength of the laser which was stabilized
to these relevant absorption lines. Table I shows the results
of the wavelength measurements. Here, the wavelength of
the He—Ne laser in the wavemeter was assumed to be
632991.4 pm.'? Each value in this table represents the
average value of the results of five successive measure-
ments. The largest value of the standard deviations in this
table is 1.6 pm. The main cause of this inaccuracy was
shown to be due to the wavelength modulation used for
measuring the third derivative signal of the spectral line
shape. The left column of this table shows the wavelengths
measured in the air. The wavelengths in vacuum were
derived from these values and the refractive index of the air.
This refractive index was estimated by substituting the
measured values of the pressure, temperature, and hum-
idity of the air into the well-known Edlen’s formula.'® The
results are shown in the right column of the Table I. Figure
3 and Table I can be used as the basic data for the
assignments of the spectral lines or the gas monitoring
experiments in the future.

Figure 6 shows the relation between the NH, pressure P
and the signal-to-noise ratio S/N of the NH, spectral line.
Here, the signal-to-noise ratio was defined as the ratio
between the peak-to-peak value of the third derivative
curve recorded on the XY recorder and that of the
randomly fluctuating waveforms on this curve. For this
measurement, the spectral line No. 20 in Fig. 3 was used,
where the value of f,,, 44, and the time constant of the lock-
in amplifier were 1.1 kHz, 7.5 pm, and 10 ms, respectively.

Table I. Wavelength of the spectral lines in NH; and H,O.

No.

Wavelength in the air

Wavelength in vacuum

(pm) (pm)
(NH,) 1 1496315.8+ 0.8 1496311.14£0.8
2 1498610.7+0.7 1498605.9 +0.7
3 1498713.4+0.4 1498708.6+0.4
4 1498743.3+0.4 1498738.5+0.4
5. 1498802.8 +0.8 1498798.0+0.8 -
6. 1503013.7+0.6 1503008.9+0.6
7 1503032.6+1.0 1503027.8+1.0
8 1503051.9+1.2 1503047.1£1.2
9 1503084.9+0.9 1503080.1+0.9
10. 1503097.1+0.8 1503092.3+0.8
11. 1503125.1+0.8 1503120.3+0.8
12. 1503137.340.5 1503132.5+0.5
13. 1503195.6+1.3 1503190.8+1.3
14. 1503200.5+1.6 1503195.7+1.6
15. 1503207.1+£0.9 1503202.3+0.9
16. 1503226.7+1.0 1503221.94+1.0
17. 1503232.6+0.5 1503227.8 +0.5
18. 1503342.6+0.9 1503337.8+0.9
19. 1503354.0+1.0 1503349.2+1.0
20. 1503431.740.7 1503426.9+0.7
21. 1503506.6 +1.1 1503501.8+1.1
(H,0) 1496508.9+0.9 1496504.2+0.9

0

S/N

=

Signal - to-Noise Ratio
3.
—

1 1 1 1 1 1 1 1
2 4 6 8
NH,; Gas Pressure P (Torr)

Fig. 6. Therelation between the NH, gas pressure ( P) and the signal-to-
noise ratio (S/N) of the third derivative of the spectral line No. 20 in
Fig. 3, where £, 42, and the time constant of the lock-in amplifier were
1.1kHz, 7.5 pm, and 10 ms, respectively.

g

o

The following linear relation can be derived between P and
S/N in Fig. 6 by applying least square fitting to the values
measured for P <2 Torr:

S/N=180P—0.74. (P <2 Torr) @)

The minimum detectable pressure P,, can be obtained by
fixing S/N=1 in eq. (4), i.e., P,=4.1 x 1073 Torr. In the
alternative expression, the sensitivity of the NH, gas
monitoring by the present method can be defined by
expressing the minimum detectable pressure for an absor-
ption cell with a unit optical path length, which can be
given by 2.3x 1073 Torr - m.

‘We now discuss the experimental results obtained by
using the optical fibers. Figure 7 shows the third derivative
signal of the spectral line No. 20 in Fig. 3 obtained by
irradiating the laser light on the NH, gas after the light was

15 ==

o ===t

tput (uv)
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Detector Ou

| 'l l 2 l
300 400 500

Avac— 1503000 (pm)

Fig. 7. The third derivative of the NH; spectral line No. 20 measured by
a multimode fiber with the length of 50 m. 4,,. represents the wav-
elength in vacuum. The gas pressure was 5.2 Torr, while the other
experimental conditions were the same as those in Fig. 3.
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Fig. 8. Therelation between the NH; gas pressure (P) and the signal-to-
noise ratio (S/N) of the third derivative of the spectral line No. 20 in
Fig. 3, where the multimode fiber with the length of 50 m was used.
Other experimental conditions were the same as those of Fig. 6.

transmitted through an optical fiber of length 50 m. The
gas pressure P was 5.2 Torr while the other experimental
conditions were the same as those in Fig. 3. Figure 8 shows
the relation between P and S/N of this line. Experimental
conditions for this figure are the same as those of Fig. 6. By
comparing Figs. 6 and 8, the decrease in the S/N value can

be seen when the optical fiber was used, which was

attributed to the speckle noise of the laser intensity trans-
mitted through the multimode fiber, the instabilities of the
laser oscillation by the reflected lights from the fiber ends,
and the coupling loss of the laser light into the fiber. Figure
9 shows the relation between the fiber length L and S/N of
this NH; line where the NH; pressure was fixed at 6 Torr.
Other experimental conditions were the same as in Figs. 6
and 8. It can be seen again that the S/N value is decreased
about ten times when the fiber is used. However, a distinct
decrease in S/N value cannot be seen by increasing L, which
would mean that the optical fiber worked as a reliable, low-
loss transmission line for this type of the experiment, also.
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Fig. 9. The relation between the length of the multimode fiber (L) and
the signal-to-noise ratio (S/N) of the third derivative of the NH,
spectral line No. 20. The gas pressure was fixed at 6 Torr, while other
experimental conditions are the same as in Figs. 6 and 8. The black
circle on the ordinate represents the result obtained when the fiber was
not used. ’
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Though the maximum length of the optical fiber employed
here was only 50 m, optical fibers much longer than 50 m
would be required for practical gas monitoring systems.
Improvements in S/N ratio and optical fiber length can be
expected through the use of a single mode fiber, precise
optical isolators, and so on. Further experiments are now
in progress in order to develop more practical gas monitor-
ing systems by using the 1.5 ym semiconductor lasers and
single mode fibers.

§4. Summary

The absorption spectral lines of the combination tones of
the vibration-rotation transition in NH; and H,O were
measured by using 1.5 um InGaAs/InP lasers. The num-
bers of the NH; and H,O lines measured were 21, and 1,
respectively. The wavelengths of these lines were precisely
measured within the inaccuracy of 1.6 pm. For these
measurements, the laser wavelength was stabilized to NH;
and H,O lines. The resultant stabilities were 3.0 x 1071° -
172 and 1.1x107%-77Y2, respectively, where t rep-
resents the integration time. The sensitivity of NH; gas
monitoring was measured as being 2.3 x 10~ 3 Torr - m.
Spectral measurements using the multimode fiber were also
demonstrated. The signal-to-noise ratio of the spectral
measurement was reduced by about ten times when the
fiber was used. The main reason for this reduction is
attributed to the speckle noise, oscillation instabilities of
the laser by the reflected light, and the coupling loss into the
optical fiber. Higher sensitivity can be expected by using a
single mode fiber and a precise optical isolator. The results
of the present work have demonstrated several possibilities
for use in a novel system for the monitoring of pollutant
gas.
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The first results of accurate measurements of vacuum wavelengths of six spectral lines of a (2, 1, 1) vibration band in H,0
were presented using a 0.8 um AlGaAs laser. For these measurements, the technique known as the coincidence method was
employed using a stabilized He—Ne laser as a wavelength standard. Accidental error was kept between 1.7x 10”7 and

5.5x 1078, Systematic error was estimated as being 2.0 x 107,

§1. Introduction

Performances of near-infrared semiconductor lasers
have been remarkably improved by the demands of optical
communication industries so that they can be used not only
for communications but for a variety of precise optical
measurements. One of the important applications can be
the spectroscopy of atoms or molecules, utilizing the high
temporal coherence of these lasers. One of the authors
(M.O.) has already measured the spectra in combination
tones of vibration-rotation spectra in NH; and H,O by
1.5 um InGaAsP lasers and has applied it to a pollutant gas
monitoring system." 0.8 um AlGaAs laser have also been
used for spectral measurements of Cs and Rb.%*3 Two of
the authors (M.O. and T.T.) have measured combination
tones of the vibration-rotation spectra in H,O vapor using
this 0.8 um AlGaAslaser, and have used these spectral lines
to stabilize the laser frequency.® These combination tones
have been assigned as (vy, v5, v3)=(2, 1, 1) vibration band,
and this band is composed of a great number of lines
because of its rotation structure.>

In this letter, the results of the first accurate wavelength
measurements of these lines are presented to obtain basic
data for spectroscopy in the near-infrared region. These
results demonstrate that the reliability of these lasers is high
enough for their use as novel sources for high resolution
spectroscopy.

§2. Experimental Apparatus

Wavelengths of H,O absorption spectral linesin (2,1, 1)
vibration band have already been measured with the
accuracy of 1x107%~1x10~7 using a high resolution
grating monochromator.” The experimental apparatus
shown in Fig. 1 was employed here to get even higher
accuracy than these conventional results. A Lamb-dip
stabilized He—Ne laser (Spectra Physics, Model SP-119)
was used as a standard, whose wavelength in vacuum A, has
been measured as 632991.40 pm.® Its wavelength stability
was measured as 1 x 10~2 for 1 s <7 <10? s by preliminary

*Present address: Toshiba Co. Ltd., 72 Horikawa-cho, Saiwai-ku,
Kawasaki, Kanagawa 210.
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Fig. 1. Experimental apparatus. I: Isolator composed of a Fresnel
prism and a Glan-Thompson prism. B.E: Beam expander. Ch.:
Chopper. F.P.: Pressure-scanning Fabry-Perot interferometer. A.L.:
Achromatic lens. P.H.: Pin hole.

experiments, where t represents the integration time of the
stability measurements. On the other hand, the wavelength
of an AlGaAs laser (CSP-type) was stabilized at the center
wavelength of the relevant absorption spectral line in H,O.
The technique for wavelength stabilization and its stability
measurements employed in this study are the same as in ref.
4. The interference fringes of the stabilized He—Ne and
AlGaAs laser were simultaneously measured by a pressure-
scanning Fabry-Perot interferometer, and the vacuum
wavelength of the stabilized AlGaAs laser, i.e., that of the
H,O0 spectral line, was then obtained from these results by
the coincidence method. This method has been con-
ventionally used for accurate wavelength measurements of
He—Ne lasers,®~® He-Xe lasers” and others. Two Al-
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coated flat mirrors were used for the Fabry-Perot in-
terferometer, whose finesse was about 6. Two Invar cylin-
ders of 22mm and 82mm lengths were used as in-
terferometer spacers. These spacer lengths were pre-
liminarily measured using a laser interferometer (Hewlett
Packard, Model HP5526A), and the results were L,
=222234+05um and L,=82252.440.5pum, re-
spectively. v

The vacuum chamber for the interferometer was evac-
uated as low as 50 mTorr before the measurements to
reduce the systematic error associated with the results. The
surfaces of two mirrors were fixed in parallel using precise
screws within the errors of 2 x 10~ 3 rad. This was done by
observing the interference fringes with a small telescope.®
The beam radii of lasers were expanded to 5 mm by beam
expanders to reduce the intensities of higher-order trans-
verse modes in the interferometer, which can be generated
by diffraction. By these procedures, the systematic errors
associated with the measured value of the wavelengths due
to residual gas pressure, nonparallelism between the two
mirrors, and the higher-order transverse modes were esti-
mated as lower than 2 x 10~ using the estimation formula
given by Ito and Tanaka.'®

The laser beams transmitted through the interferometer
were focused by an achromatic lens with a focal length of
510 mm. The central portion of the focused beams was
picked up by a pinhole with an aperture radius of 0.15 mm
and detected by a Si-photodiode. The inaccuracies of fixing
the position of the pinhole can also induce systematic error.
To reduce this error, the longitudinal and transversal
positions of the pinhole were adjusted within the deviations
0f0.13 mm and 0.01 mm from the focal point, respectively,
using precise screws. By these precise adjustments, the
induced systematic errors were estimated as being less than
2x107910

On the other hand, further systematic errors can be
induced if the directions of the two laser beams are not in
parallel. The angle between these two directions was
reduced as low as 2.0 x 10~ % rad., which corresponded to
the systematic error of 2.0 x 10~ 8. This is the largest value
amoung the induced systematic errors shown above, and it
can be concluded that this nonparallelism gave a dominant
contribution to the systematic error in the present wave-
length measurements.

§3. Experimental Results and Discussions

Figure 2 shows the third derivative of 2,—2, absorption
spectral line in H,O measured by the AlGaAs laser. The
wavelength of this laser was then locked: at the center
wavelength of this third derivative shape. The square root
of the Allan variance a2 of the wavelength fluctuations of
this locked laser was measured as

6=62x10"19"Y2 for 1 x 10~ 2s<t<5x 10%s. (1)

This quantity, 62, has been popularly used as a measure of
the stability.!") Here, t represents the integration time. It
can be confirmed from this equation that the wavelength
fluctuations of this laser would not induce any extra errors
in the measured value of the wavelength if the time required
to scan the Fabry-Perot interferometer is longer .than 1
x 1072 s because g is less than 1 x 10~ 8 for t=1x 10" 2s.
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Fig. 2. The third derivative of 2,2, absorption line in H,O.

This condition can be easily satisfied because this scanning
time was kept longer than 20 minutes as shown in Figs. 3
and 4.

Figure 3(a) and (b) shows the interference fringes of the
He—Ne laser and AlGaAs laser recorded by a chart
recorder, respectively, when the 22 mm interferometer was
used. The time required for the pressure scanning was 24
minutes. The orders of interferences of both lasers, mg + &4
and m,, +é&,,, in vacuum (P=0), can be expressed as

L= é—s (my +eq)= ‘21 :
where A, represents the vacuum wavelength of the AlGaAs
laser. The quantities m, and m,, represent the integer of
the orders of interference of the He—Ne and AlGaAs lasers,
while &, and &, represent their fraction. The values of &5
and &,, are derived by measuring the separation between
each peak of the curves in Fig. 3 and its extrapolation to P
=0. On the other hand, m; and m,, can be obtained from
the value of A, the preliminarily measured value of L, in
§2, and the values of ¢;; and ¢,, obtained above. These are
the procedures to determine the values of mg, + ¢ and m,,
+é&,,, which has been well known as the coincidence
method for wavelength measurements. Figure 4(a) and (b)

(mxl + €x1 )a (2)
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Fig. 3. Interference fringes of the He—Ne (a) and AlGaAs lasers (b)
measured using a Fabry-Perot interferometer of 22 mm length. In this

figure, my, +¢5 and m,, +¢,, represent the orders of interference of
both lasers in vacuum. The time required to record these fringes was
24 minutes.
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Fig. 4. Interence fringes of the He—Ne (a) and AlGaAs lasers (b)
measured using an interferometer of 82 mm length. In this figure, m,,
+ &, and m,, + ¢&,, represent the orders of interference of both lasers in
vacuum. The time required to record these fringes was 24 minutes.

shows the interference fringes of both lasers measured by
the 82 mm long interferometer. As was true in eq. (2), the
orders of interferences in vacuum, m, +¢,, and m,; + &,
of both lasers are also given by

i A |
L2=?' (ms2+8s2)= 7 (mx2+8x2)' (3)

The application of the coincidence method to the results of
Figs. 3 and 4 gave the following results:

my=70218 &, =0.3410
m,, = 54014 s"1=0.7489l a@
M, =259882 ¢, =0.2729
m,,=199911 ex2=0.443OI

Here, the least-square fitting was employed to the curve of
Figs. 3 and 4 to get the values of ¢ with five significant digits
as shown in this equation. The wavelength value A, can be
derived by egs. (2)~(4). However, the orders of in-
terference for each interferometer determined above may
be biased from the real values because of the laser beam
phase changes at the reflection on the mirrors of the
interferometer. To eliminate this bias, the virtual spacer
method is now employed.® That is, the order of in-
terference for the virtual interferometer with the spacer
length of L,—L, is derived by subtracting eq. (2) from eq.
(3). By this subtraction, the effect of the phase change,
commonly included in the order of interferences for shorter
and longer interferometers, can be eliminated. Then, the
value of vacuum wavelength A, free from the effects of the
phase changes, is given by

A=A (M3 +853) — (Mg +£5))/[(M12 + 622) — (M +841)1(5)

The value of A, can be derived by substituting eq. (4) and
the value of A, into this equation.
Measurements of A, described above were repeatedly
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done to reduce the accidental errors. Table I shows the
average value 1, of the results of these successive measure-
ments, and its standard deviation o, _ ;, respectively, where
n represents the number of data. The first line in this table
gives the result for the 2,-2, spectral line of Fig. 2.
Including this spectral line, the wavelengths of six others
were successfully measured and are also given in this table.
The accidental errors, o,_,/1,, were kept between 1.7
x1077 and 5.5x 1078, Systematic errors, due to the
inaccuracies of the experimental apparatus, were estimated
as being 2.0x 1078, as described in §2. Conventional
results are also presented in this table, as obtained by a
grating monochromator.® Comparison between these and
the present results shows that more accurate values were
obtained by the present method, which also proves the high
reliability and high temporal coherence of the AlGaAs
laser for these precise optical measurements.

Higher accuracies can be expected by improving the
mechanics of optical alignments and low-noise electronic
circuits for the measurements. A larger number of H,O
absorption lines can be observed by preparing more
AlGaAs lasers because the wavelengths of these lasers are
individually distributed at around the 0.8 um region. sev-
eral molecular constants of H,O, a basic molecule in
nature, may be determined more accurately from these
wavelength values in the future. Furthermore, the present
results may be used as basic data for the spectroscopy of
organic molecules in the near-infrared region, and for the
pollutant gas monitoring system.

§4. Summaries

Vacuum wavelengths of six absorption lines of the (2, 1,
1) vibration band in H,O vapor were accurately measured
by a 0.8 um AlGaAs laser. The accidental errors were kept
between 1.7x 1077 and 5.5x 10~8. The systematic error
was estimated as being 2.0 x 1078, These errors were less
than those of conventionally reported values, which proves
that this near-infrared laser possesses high reliability for
application to high resolution spectroscopy.
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Table I. Vacuum wavelengths of H,O absorption lines in (2, 1, 1)
vibration band.
At dem) L Gm o m) n ok
i~k
2,-2, 822876.0 822875.517  0.087 15 1.1x1077
4,-4, 822975.3 822974.79 0.14 10 1.7x1077
30-3; 823390.7 82339347 0.10 7 12x1077
1,-2, 826344.5 826346.408  0.057 12 69x10°8
3.3-3¢ 827870.8 827870.814  0.046 6 55x10°8
2,-3_, 828202.7 828202.70 0.10 3 12x1077

Ji, Jy: Rotational quantum number of upper and lower levels of the
transition, respectively.
A: Wavelength values reported by Baumann and Mecke.>
A.: Average of the wavelength of the present measurements.
6,-1: Standard deviation.
n: Number of data.
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Abstract )

Frequency stability of 1 x 10-12 a¢ T =100
s was obtained for 0.8 ym AlGaAs laser by
using spectral lines of Rb vapor as freguency
references. It was confirmed that this value
of the stability was as high as the value
limited by spontaneous emission noise.
Through an analysis based on a semiclassical
Langevin’s equation, it was estimated that
the stability can be improved to as high as
1.7 x 10-14 ¢ -1/2 Spectral linewidth
reduction was also tried to improve the
coherence of the semiconductor laser. A
novel technique, i.e., electrical feedback,
was proposed for this reduction instead of
using a conventional technique of optical
feedback. The linewidth was stably reduced
by this technique. The minimum value
obtained was 330 kHz for an InGaAsP laser at
1.5 ym, which was fifteen times narrower than
that of a free-running laser. It was
estimated that the linewidth can be
ultimately reduced to a value less than 1 kHz
by this technique. Experiments on optical
pumping for Rb atomic clock were carried out
by using the highly stabilized semiconductor
laser mentioned above. As the first step,
experiments on saturated absorption
spectroscopy of Rb - D, lines were carried
out. Eleven lines, including cross-resonance
lines, were clearly observed. As the next
step, double resonance signal was obtained by
laser optical pumping. The microwave
frequency shift by the laser frequency and
povwer were measured. The microwave frequency
stability was also evaluated. Furthermore, a
comment on the spectral lifetime of
semiconductor laser for Rb atomic clock was
given.

I. Introduction

The spectral properties of semiconductor

lasers have been recently improved as a

MEGURO-KU,

Tokyo 152, Japan

result of the demands of the optical
communication industry. These lasers can be
used as reliable light sources for c¢oherent
optical communication and coherent optical
measurements. For these purposes, we have
improved their frequency stabilities, and
carried out their spectral linewidth
measurements. A part of these works has been
reported in this symposium([1]. In the
present paper, recent progresses on this
study and its application to Rb atomic clock
are reported.

II. Frequency Stabilization of Semiconductor
Lasers :

Frequency stabilization of a 0.8 ym AlGaAs
laser was carried out by using a stable
Fabry-Perot interferometer, absorption
spectral lines of H,0 and Rb as frequency
references[2] - [4]). The injection current
of the laser was controlled for stabilization
by employing a PID servo-control circuit.
Figure 1 summarizes the experimental
results[5]. When the 85rb - D, line was used
as a frequency reference, the highest
frequency stability of oy( 1) = 1.4 x 10-1
was obtained at t = 100 s. Figure 2 shows
the limit of the frequency stability
estimated through an analysis based on a
semiclassical Langevin’s equation[5].
Comparison between Figs. 1 and 2 shows that
experimental results have already approached
to the value 1limited by spontaneous
emission. Quite recently, Saito, et. al.,
pointed out that the electrical feedback may
control the quantum FM noise of 0.8 ym AlGaAs
lasers, and reduce the FM noise to a value
less than that limited by spontaneous
emission(6]. If this result is applied to
the present case, the frequency stability can
be improved to the value limited by noise of
the detector in the feedback loop. This
value is given by the curve G of Fig. 2,
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i.e., the stability can be i?ygoved as high
as o, (T) = 1.7 x 107 T .

Figure 3 shows the result of frequency
stabilization by using a TRb - D, line as a
frequency reference, which was recently
obtained for developing a Rb atomic clock.
The laser was installed in a small vacuum
chamber, and - the fluctuations of the
temperature and injection current were
reduced as low as 1 x 10-4 K and 0.6 nAa/{Hz,
respectively. Two kinds of 87rb absorption
cells were used, i.e., with buffer gases and
without buffer gases. For the 87rb absorption
cell without buffer gases, saturated
absorption spectral lines as well as linear
absorption spectral lines were measured, and
were used as frequency references for
stabilization. For the 87gb absorption cell
with buffer gases ( Ar/Np; = 1.65, total
pressure ; 43 Torr ), linear absorption
spectral lines were used as a frequency
reference. 1In all of these cases, frequency
stability as high as oy (1) =1 x 10712 at
1T = 100s was obtained. Higher frequency
stability can be expected by improving the
servo-controlling circuits. For 1 x 1074 s <«
T <1 x 10! s, the stability of the curve D
is slightly higher than others because of
higher frequency discrimination of the
frequency reference by saturated absorption
line. ’ .
Figure 4 shows the deterioration in the power
stability observed when the laser frequency
was stabilized by controlling the injection
current. This is due to that the power was
disturbed by the change in the injection
current for frequency stabilization. Since
the deterioration in power stability will
reduce the detection sensitivity of double
resonance signal in TRb atomic clock,
simultaneous stabilization of the power
should be required by controlling, e.q.,
temperature. Simultaneous power stabilization
is now in progress.

III. Linewidth Reduction of Semiconductor
Lasers by Electrical Feedback

It has been reported that the linewidth of a
free-running semiconductor laser was larger
than several mega herz[7). However, if this
laser is used for coherent optical
communication or coherent optical
measurements, the linewidth should be
narrower than 1 MHz. Several techniques have
been proposed to reduce the linewidth for
these applications. ' One of them is to
increase the cavity Q factor by using an
external mirror. This has been called an
optical feedback technique, and it makes use
of the injection of reflected light into the
laser from an external mirror. The linewidth
has been reduced to a value as narrow as 1
kHz by this technique(8]. However,
technique presents several problems. One of
them is that the linewidth can be temporally
affected by phase fluctuations of the
reflected light induced by the mechanical
vibration of the external

this

mirror.

Furthermore, it is essentially required to
considerably increase the size of the laser
cavity in this technique, which sacrifices

such an advantageous property of the
semiconductor laser as its small size.
To overcome these difficulties, we have

proposed a simpler and more stable technique,
i.e., an electrical feedback to reduce the
linewidth by controlling the injection
current[9]. Saito, et. al.[6] have also
‘pointed out that the electrical feedback can
reduce its linewidth to a value smaller than
the one given by the modified Schawlow -
Townes formula(10]. This makes the
electrical feedback a more promising
technique to realize a stable and ultranarrow
linewidth laser. Figure 5 shows the
experimental apparatus. In this experiment,
a distributed feedback ( DFB ) - type InGaAsP
laser at 1.5 ym was used to get a single
longitudinal mode oscillation for a wide
range of the injection current. However,
this technique can be applied also for 0.8 pm
AlGaAs lasers. FM noise of the laser was
detected by using a compact Fabry - Perot
interferometer of 10 mm length as a frequency
discriminator. The output signal from a Ge -
APD, which is proportional to FM noise, was
fed back to the injection current after
amplified by a video amplifier with 100 MHz
bandwidth. A delayed self - heterodyne
technique was employed for 1linewidth
measurements[11]. Figure 6 shows the

experimental results, The minimum value
obtained was 330 kHz, which is 15 times

narrower than that of a free - running laser.
The spectral line shape showed none of the
temporal fluctuations which have sometimes
been observed in the optical feedback
technique(8]. Figure 7 shows the minimum
attainable linewidth, where Rpp represents
the reflectance of the mirrors of the Fabry -
Perot interferometer. For this estimation,
it was assumed that the linewidth -can be
reduced to a value limited by the noise of
the detector which is installed in the
initial stage in the feedback loop, as was
pointed out by Saito, et. al.[6]. From Fig.
7, it can be concluded that the linewidth can
be ultimately reduced to a value less than 1
kHz when Rpp > 0.9.

IV. High Resolution Spectroscopy of 87rb

Highly stabilized semiconductor laser
described in I1I and III can be used for high
resolution spectroscopy and optical pumping
of atomic clocks. In this section,
experimental results of high resolution
spectroscopy of 87Rb - Dy lines are
presented. Figure 8 shows a popular energy
levels of 87grb atoms, in which each optical.
transition is assigned ( o ~ t ). Two kinds
of 87gp absorption cells, employed in II,
were also used here at room temperature.
Figure 9 shows the linear absorption spectral
shapes observed by both of the absorption
cells. By comparing these figures, it was
found that the frequency of F = 1 line for



the cell with buffer gases was located 260
MHz lower than that of the cell without
buffer gases, i.e., this transition suffered
the pressure shift. .

Figure 10 shows saturated absorption spectral
shapes observed by the cell without buffer
gases. Five lines for F = 1 and six lines
for F = 2 were clearly resolved, which were
assigned to be the saturated absorption and
cross - resonance lines. Least-square fitted
curves are also shown in Fig. 10, which was
derived by using a model given by
Nakayama(12). These curves fit well with
those of the experimental results, and the
linewidth of these spectral lines wereée
estimated as 40 MHz through this fitting.
Further calculations are now in progress by
employing a more detailed model which
includes also the dependence of the line
shapes on the polarization of the laser
light(13]). ’ '

Figures 11 and 12 shows the dependences of
the signal strength and linewidth of two
‘cross - resonance lines (s - t, p - q ) on
the laser power density, where the cross -
sectional area of the laser beam was about
0.1 cm2. A saturation due to the laser power
can be clearly seen in these figures.

V. Application to 87Rb Atomic Clock

The laser frequency was locked at the center
of a linear absorption spectral line of F = 1
of the 87grp absorption cell with buffer
gases. The frequency stability and power
stability of the laser have been given in
Figs. 3 and 4. Fig. 13 shows the derivative
of a double resonance signal of 87Rrb obtained
by using this stabilized laser as a pumping
source. Figure 14 shows the dependences of
the linewidth and S/N value of this signal on
the laser power density. 1In Fig. 14, the
linewidth decreases for the power density
range of larger than about 100 uw/cmz.One
of the possible reasons may be due to
anomalous line narrowing, which has been
recently predicted(14].

Figures 15 and 16 show the shifts of the
stabilized microwave frequency due to the
laser frequency and power density. Center of
the dispersive curve of Fig. 15 was selected
as zero point of the axes of this figure,
i.e., frequency shifts of the microwave

Av m and laser Avj, represent the shifts
from this point. Figure 17 shows the slopes
of the curves of Figure 15 at BAvy= Avy= 0.
Figure 18 shows the frequency stability of
the microwave of the 87Rb atomic clock. 1In
this measurement, the laser power density
incident into the atomic clock and Avy
were fixed at 88.5 uW/cm and 0,
respectively. The curve A represents the
contribution of the FM noise of the frequency
stabilized laser estimated by using the
results of Figs. 3 and 17.
represents this contribution obtained by
assuming that the laser frequency stability
is improved as high as the ultimate value
given by the curve G in Fig. 2. AM noise does

The curve B also’

not give direct contributions to this
stability as long as the laser frequency is
fixed at AV, = 0 because the power shift of
Fig. 16 is zero at AvL = 0. However, since
the AM noise could reduce the S/N value of
the double resonance signal detection, this
will limit the frequency stability of the
atomic clock. Quantitative estimation of
this effect is now in progress. Experimental
results in this figure show that the
stability of the laser-pumped 7Rb atomic
clock obtained in this preliminary
exkperiment was already as high as that of a
conventional atomic clock, and is almost
equal to the value reported by L. Lewis({15]
Further improvements of this stability can be
expected by reducing the noise from the
photodetector and servo - control circuit.

V1. Spectral Lifetime of Semiconductor Lasers

When a semiconductor laser is used for 87Rb
atomic clock , its spectral lifetime should
be long enough. That is, the wavelength of a
free-running should stay at the resonance
wavelength of 7Rp - Dy line at 780.0 nm for
at least more than several years. However,
since the wavelengths of commercially
available AlGaAs lasers distribute in a wide
range of between 760 - 800 nm, it is not easy
to find a laser with the wavelength
accurately coincident with that of 87rb - Dy
line even though the wavelength tuning can be
performed by widely varying the temperature.
If the lasers are operated at the room
temperature for practical use, the
probability of finding appropriate lasers at
780.0 nm among commercially available lasers
are only between 10 - 40 %. Even though an
appropriate laser can be found, it often
shows the long - term variation of the
wavelength. By these reasons, the spectral
lifetime, i.e., the time period in which the
laser wavelength stays at that of 87pb - D,
line, is rather limited. This spectral
lifetime is a limiting factor to the
performances of a laser - pumped 7Rb atomic
clock. However, the detailed investigation
has not yet been carried out. The discussion
in this section gives a comment on this
point.

Figure 19 shows a experimental results of
the variation of the range of injection
current for stable oscillation of each
longitudinal mode, which represents the
lifetime of the modes. It is seen that the
lifetime of the mode A, oscillated with a
lower injection current just above the
threshold current, is rather long. On the
other hand, those of the modes with higher
injection current ( modes B ~ E )are quite
short. From this result, it may be concluded
that it is safer to use the laser with a
lower injection current to maintain the
spectral lifetime long enough. Furthermore,
the variation of the range of these injection
currents is not gradual but stepwise, which
may induce such a catastrophic phenomenon
that a laser-pumped Rb atomic clock
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suddenly dies. The phenomenon in Fig. 19 is
completely different from a popularly
observed mode hopping[16]. This could be
explained by a temporal decrease of the
thermal resistance due to an oxidation of the
In bonding layer or by thermal effects due to
nonradiative recombinations of carriers near
the facets, which has been pointed out also
by Fabre and Guen[16]. By this decrease in
self-heating, the wavelength change of each
mode shows blue shift, which is shown by
Fig. 20. Figure 20 shows the variation of
the injection current required to tune
wavelength of a longitudinal mode to that of
the optical transition from F = 1 of TRrb -
D, lines. Increase in this injection current
means that the laser actually suffers a blue
shift. It should be pointed out that this
shift is also stepwise. Average of the shift
given by this figure was about + 40 MHz /hour.
From the discussion presented so far, it may
be concluded that the thermal effect is a
dominant factor to limit the spectral
lifetime of semiconductor lasers.

Further reduction of the thermal resistance
can be expected by improving the design of
laser structures. We are now trying to
fabricate an improved laser for this purpose
in cooperation with laser fabricating group,
and a prototype of these lasers have been
already fabricated[18].

VII. Summary

Recent progress in frequency stabilization
and linewidth reduction in semiconductor
lasers were presented. From these results,
it may be concluded that the semiconductor
lasers have a possibility of becoming an
ultrahigh coherent light sources by applying
electrical feedback technique. These lasers
were used for high resolution spectroscopy of

Rb, and eleven saturated absorption lines
were well resolved. The laser-pumped 87rb
atomic clock was constructed, and its stable
operation was confirmed. Furthermore,
several comments on spectral lifetimes of the
laser were given to develop a reliable light
source for the atomic clock.
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Fig. 3 Results of the frequency
stabilization of an AlGaAs laser by using the
Rb - D, line as a frequency'reference. :

A : Free-running. .
B: 87rp with buffer gases, linear
absor tiqn.
C: 8 ‘Rb without buffer gases, linear
absorption.
D : 87Rb without. buffer gases, saturated
absorption.
Cunenl | Laser 0 . )
| fm\- o pticat
Source L ‘%/ ‘Isolalor
i Linewldth
: -1y : ~?0;~>|:E£I.->— o - Mgu:uremenl X
b - o System.
WA | .
B 1
l

Variable | v
Altenuatorfl.

Tem emlurel rﬂbry Perol

" conlrolter | |ifiterterometer
B ? o
Amphller s .
Speclrun A
[Ann(Ler I I )""dqlf' ‘<l‘“ """"" Y] o
(I'M noise . Ge APD
Measurement ) o .
Fig. 5 Experimental apparatus for

linewidth reduction of the laser

107 =— . —— —

s ;Q\ .
.- ‘Q.’ [ \
B ot

—

Free -running
105} .

10° 10°

T (s)

Fig. Stabilities of the laser power
when the laser frequency is in free running
and - stabilized conditions. . ;

10|~ Q . N
C Ax A - fy
A A A0
~ 5 _-AAAA‘AA'A & <
N
I
5 , -
ot ) ?‘.UQ
A B oouo " or
10]- O?‘o, -7 /.\’\’ ) i
PR Py “’ .-
- 03l 40" o
o .
1 1 L. ] 1
04 05 06 07 08
-1
(l/llh- ‘ )
Fig. 6 Experimental results of the

linewidth reduction of the 1laser. I/I¢
represents the injection current normalized
to its threshold value. A : Free-running
laser. B, C: Under feedback condition with
Rpp = 0.9 and 0.95, respectively. Rgp
represents the reflectance of the Fabry -
Perot interferometer in Fig. 5.
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observed by using 87pb cells with and without
buffer gases.
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A : Contribution of the FM noise of the
frequency stabilized laser estimated by using
the curve B of Fig. 3 and Fig. 17.

B : Contribution of the FM noise of the laser
obtained by using the curve G of Fig. 2 and

Fig. 17.
O: Experimental results of the laser-

excited 87rb atomic clock.
®: Experimental results of the

conventional 87Rb atomic clock.
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