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Linewidth Reduction of a Semiconductor Laser by

Electrical

Feedback

MOTOICHI OHTSU anp SHINICHI KOTAJIMA

Abstract—An electrical feedback technique was proposed to stably
reduce the linewidth of a semiconductor laser without changing its cav-
ity structure. Calculations and experiments were carried out to reduce
the linewidth of a 1.5 um InGaAsP laser (DFB type) according to the
following procedure. A compact Fabry-Perot interferometer was used
as a freqeuncy discriminator. The minimum attainable linewidth, lim-
ited by the detector noise, was éstimated as being narrower than 1 kHz
when the reflectance of the interferometer used was higher than 0.9.
The minimum linewidth obtained in the experiment was 330 kHz, which
was 15 times as narrow as in the case of a free-running laser. The im-
provements of this experimental result can be expected by simulta-
neously reducing the AM noise of the laser. ’

I. INTRODUCTION

HE spectral properties of semiconductor lasers have

been recently improved as a result of the demands of
the optical communication industry. When they are used
for coherent optical communication or coherent optical
measurements, their frequency stabilities should be suffi-
ciently high. For these purposes, these stabilities have been
already improved to values as high as 1 X 10~'? by using
absorption spectral lines of stable atoms or molecules as
frequency references [1]. Furthermore, the spectral line-
width of these lasers should also be reduced. A linewidth
narrower than 4 MHz, for example, is essential to reduce
the bit error rate as low as 10~? in PSK heterodyne optical
comihunication system of 1 Gbit/s bit rate [2]. 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 or an optical: fiber.
This has been called an optical feedback technique [3]-
[5], and it makes use of the injection of reflected light into
the laser from an external mirror or an optical fiber. By
using an external mirror, the linewidth of an InGaAsP laser
has been reduced to a value as narrow as 1 kHz [S]. How-
ever, this technique presents several problems. One of
them is that the linewidth can be temporally affected by
phase fluctuations of the reflected llght induced by the me-
chanical vibration of the external mirror or the thermal
extension of the optical fiber. This fluctuation can also in-
duce chaotic instabilities in laser oscillations [6]. To avoid
these instabilities, extra‘servo-control circuits are re-
quired to stabilize the mirror position or fiber length, mak-
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ing the system more complex and the cavity size of the
system larger. Even when these extra circuits are not used,
it is essentially required to considerably increase the size
of the laser cavity to reduce the linewidth by this tech-
nique. But this sacrifices an advantageous property of the
semiconductor laser, its small size. Furthermore, one more
essential difficulty is that the direct modulation index by
the injection current is decreased.

To overcome these difficulties, we have proposed a sim-
pler and more stable technique, i.e., an electrical feedback
to reduce the linewidth of a 1.5 um InGaAsP laser by con-
trolling the injection current. A linewidth of 2.MHz has
already been realized, which: is more than five times as
narrow as that of a free-running laser [7]. This technique
utilizes a popular phenomenon; that a wide-band direct
frequency modulation for semiconductor laser is possrble
through the injection current. Therefore, the cavity size
does not have to be increased: Furthermore, since the
feedback applied to the laser is negative, a high temporal
stability of the center frequency and a riarrow linewidth of
its oscillation spectrum can be obtained. Quite recently,
Saito et al. [8] have also reported that the electrical feed-
back of a 0.8 ym AlGaAs laser can reduce its linewidth to
a value smaller than the one given by the modified Schaw-
low-Townes formula [9]. This’ makes the electrical feed-
back a more promising techmque to realrze a stable and
ultranarrow lmewrdth laser

In this study, the minimum attainable lmewrdth through
application of electrical feedback is estimated and exper-
imentally tested.

II. ESTIMATION OF THE MINIMUM ATTAINABLE
LINEWIDTH

A Bandwidth Requzred Jor Elecmcal Feedback

The electrical field of the single longitudinal mode laser
is expressed as

E@t) = Eg exp [i27vot + ip(f)] + c.c. (0))

where E, is the amplitude, », is the optical frequency, and
c.c. represents the complex conjugate. év(r) (= de(t)/dt
27) is the frequency fluctuation, which corresponds to the
FM noise. In Fig. 1, an experiment for FM noise and
linewidth reduction is shown. A: Fabry-Perot interfero-
meter is used as a frequency discriminator for the FM
noise detection, and the output signal from the detector is
negatively fed back to the laser in order to control the in-
jection current.

0018-9197/85/1200-1905$01.00 © 1985 IEEE
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Fig. 1. Block diagram of the electrical feedback. P,, P;, and P represent
the single-ended output power of the laser, and the powers incident into
the Fabry-Perot interferometer and into the detector, respectively. Tep(v)
represents the transmittance of the Fabry-Perot interferometer.
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Fig. 2. Schematic explanation of the: FM noise reduction by feedback. The

power spectral density Si( f) of the FM noise at f < f. is assumed to be
reduced g times by the feedback.

As shown in Fig. 2, it is supposed that the feedback will
reduce the power spectral density of the FM noise g times
that as compared to the case of the free-running laser for
a Fourier frequency range lower than f.:

So/g f=10
So f>£)

where S, represents the value of S(f) for the free-run-
ning laser. Here, the FM noise of the free-running laser
is assumed to be white noise because the cutoff frequency
fe required for the linewidth reduction is about 100 MHz
at most (as will be explained ldter in reference to Fig. 3),
which is far lower than the relaxation oscillation frequency
of about 1 GHz [10]. For (2), the corresponding value of
the Allan variance aﬁ(*r) [11], which is an alternative mea-
sure for the FM noise generally used to evaluate the fre-
quency stability, is expressed as

I(So/2g) ' (r z Unf)
(So/2) - 77! (r < Uxnf)

where 7 represents the integration time of FM noise mea-
surements. By using the Allan variance, the autocorrela-
tion function of the electric field of (1) is expressed as [1],

[11], [12]
Re(7)

Se(f) ={ @

oH7) =

3

]

CE() EXt + T)YK|E®)|*)
aHD]

exp [i2mvyr — 2(wr)? -

(C)
where ( ) and * represent the time average and complex
conjugate, respectively. Then, the spectral line shape of
the laser oscillation is derived from the Fourier transform
of (4), which is given by

Iv) = So R(71) + exp (—i2nv7) dr + c.c. 5)

Substitution of (3) and (4) into (5) gives
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Fig. 3. Relation between the linewidth Avgg under the feedback condition
and the cutoff frequency f, derived from (6). Avgg is the linewidth of a
free-running laser. 1/g is the FM noise reduction factor appearing in Fig.
2 and (2).
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where Awgg is the linewidth (FWHM; full width at half-
maximum) of the free-running laser, which is given by

Iv) =

AVFR = 1l'S0. (7)
x and a in (6) are defined as
X = 2(1’ - vO)/A”FR
a = fJdAvg. ®

The factor 1/(x?> + 1) in (6) represents the Lorentzian
spectral line shape under the free-running condition, and
the factor 1/(x*> + 1/g?) is the line shape obtained if the
bandwidth of the feedback is infinite. The other factors,
i.e., exp (—1/a), exp (—1/ag), cos (x/a), and sin (x/a),
appear because of the fact that the actual bandwidth of the
feedback is not infinite but limited to f.. Fig. 3 shows tle
linewidth Avgg (FWHM) under the feedback condition de-
rived from 7(») of (6). It is seen that Avgg approaches the
following constant value if f, > Apgg:

Avpg = Avgglg )]

which means that the cutoff frequency f. required for
linewidth reduction is approximately equal to Avgg. Since
it has been reported that Avgg of the single longitudinal
mode laser is between several megahertz and several tens
of megahertz [10], [13], a bandwidth of several tens of
megahertz is sufficient for the feedback. It means that a
wide-band amplifier, e.g., one with a bandwidth larger
than 100 MHz, is not necessarily required for the line-
width reduction. Instead, it is more essential to increase
the feedback gain in order to obtain a narrower linewidth,
because the value of g in (9) is proportional to this gain.
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Fig. 4. Transmittance curve Tip(») of the Fabry-Perot interferometer used
as a frequency discriminator. vgp is the resonant frequency of the inter-
ferometer. v, is the frequency of the maximum slope of this curve, at
which the laser frequency is locked by the feedback.

Since the feedback is required only for the low Fourier
frequency range of f < f. (<100 MHz), the direct mod-
ulation index is not decreased when this laser is modu-
lated by a modulation frequency larger than f.. This makes
a fast direct modulation still possible while keeping the
linewidth as narrow as expressed in (9). This cannot be
done by the optical feedback technique. In the next sub-
section, the minimum attainable linewidth is estimated in
the case where a sufficiently wide bandwidth is provided,
i.e.,ﬂ > AVFR-

B. The Detector Noise Limited Linewidth

Quite recently, Saito et al. [8] have reported that elec-
trical feedback may control the quantum FM noise of 0.8
pum AlGaAs lasers without changing any macroscopic
properties of oscillation, and reduce the FM noise to a
value less than that limited by spontaneous emission. This
_result was obtained through an analysis based on a quan-
tum mechanical Langevin equation. They have also
pointed out that the linewidth can be reduced to a value
limited by the noise of the feedback loop, which is less
than the value given by the modified Schawlow-Townes
formula. In [8], an optical heterodyne was employed for
FM noise detection, while a Fabry-Perot interferometer
was used in the present study. Although FM noise detec-
tion configurations are different each other, an electrical
feedback was commonly employed to reduce the quantum
FM noises in both cases. Therefore, it can also be con-
cluded in the present case that the linewidth is ultimately
reduced to a value limited by the noise of the feedback
loop, i.e., the noise of the detector which is installed at
the initial stage of the feedback loop.

The injection current is controlled so that the laser fre-
quency is locked at the frequency », of the maximum neg-
ative slope of the transmittance curve of the Fabry—Perot
interferometer used for frequency discrimination (see Fig.
4). If the laser power P; incident into the interferometer
is assumed to be constant, the fluctuation of the power 6P
incident into the detector is due to the residual frequency
fluctuations 6»(r) under the feedback condition. This is
given by

6P = P,' * BTFP(V) (10)

1907

where 6Tgp(») is the fluctuation of the transmittance of the
Fabry-Perot interferometer induced by »(t). If the trans-
mittance curve Tgp(¥) is approximated to be the Lorent-
zian, 6Tgp(v) at v = v, is given by

a1n

where T' is the linewidth (FWHM) of Tgp which is given
by the refractive index ngp, the length Lgp of the interfer-
ometer, and the reflectance Rgp of its mirrors [14]. By
using (11), 6P of (10) is transformed into the following

form:
VRep

_ 33« . MeeLlep |
2 c

where c is the speed of light.

On the other hand, it has been known that the minimum
detectable change in the laser power by a photoelectric or
photoconductive detector is expressed as [15]

6P P - v (12)

BPmin = J16<FkBT + % Mt> B{P, . Tpp(l’l)} (13)

where B is the bandwidth of the detection, kg the Boltz-
mann’s constant, T the temperature, h the Planck’s con-
stant, F the noise figure, n the quantum efficiency, and M*
the excess noise factor. In general, M* > 1 (for an ava-
lanche photodiode or APD), M* = 1 (for a p-i-n photo-
diode), F > 1, and n < 1. According to a study of the
sensitivity of laser spectrometers [16], the signal-to-noise
ratio of the FM noise detection is obtained from (12) and
(13)

SIN = 8P/8P . (14)

Therefore, the minimum detectable frequency fluctuation
Ovpmin is estimated by setting S/N = 1. Since the square of
Ovmin corresponds to the magnitude of the Allan variance
for the minimum detectable FM noise [15], it is given by
(12)-(14) as

OHT) = (Bvmin)’
hVo
FkgT + — M*
RFP)2 8 n

4 < c V(1 -
97" \ngpLpp Rep P;
(15)

where the relation (15)

B =37 : (16)

NS

was used.

Substitution of (15) into (4) and (5) gives the Lorentzian
spectral line shape of I(»), and its linewidth Awgg,
(FWHM) is obtained as

hVo |
FkgT + — M”*
c \2 (1= RFP)2 8 n

8
9m <nFPLFP/ Rgp ’ P;

Avpgy =

an
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Fig. 5. Relation between the minimum attainable linewidth Avggy, and the
reflectance Rgp of the Fabry-Perot interferometer. The curves 4 and B
represent the results when a Ge-APD and Ge-p-i-n photodiode, respec-
tively, were used as detector in the feedback loop.

10°

This equation represents the minimum attainable - line-
width in case of electrical feedback, where the only lim-
iting factor is the detector noise. Fig. 5 shows the relation
between Awgg, and Rpp derived from (17). Typical nu-
merical values for the 1.5 um InGaAsP laser were used:

T=293K, v =2 X 10" Hz,
P,=3mW, ngp =14,

Lep = 10mm, (18)
| '—25 n =073,

= 9(APD), 1(p-1-n photodlode)

It is seen from Flg 5 that the linewidth can be ultlmately
reduced to a value less than 1 kHz when Lgp = 10 mm
and Rpp > 0.9. This makes the electrical feedback a quite
promising technique to realize an ultranarrow linewidth.

III. EXPERIMENTAL APPARATUS

A distributed feedback (DFB)-type InGaAsP laser of
1.5 um wavelength [17] was used in the present study. The
lengths of the diffraction grating and the window region
were 445 pm and 50 um, respectively, corresponding to
a total length of 495 um. The threshold current /;, was
30.2 mA at the heat sink temperature T}, of 293 K. The
laser was used within an injection current range of less
than 100 mA. It was confirmed by using a conventional
grating monochromator that it showed a single longitudi-
nal mode oscillation within this range.

Fig. 6 shows the experimental apparatus used for the
present study. The laser was fixed on a heat sink, which
was composed of a copper block and a Peltier element.
The temperature T, of the heat sink was controlled so that
T, = 293 + 0.05 K. The laser beam was collimated by a

small AR-coated Gran-Thompson prism and a YIG crys--

tal in a dc magnetic field. The resulting isolation ws 36.5
dB. By careful optical alignments of the optical compo-
nents used in this apparatus, the power of the light re-
flected back into the laser cavity was reduced to less than
—50 dB with respect to the single-ended output power P
from the laser cavity.

Two Fabry-Perot interferometers, made of cylindrical

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. QE-21. NO. 12, DECEMBER 1985
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Fig. 6. Experimental apparatus used for the linewidth reduction by electri-
cal feedback. The linewidth measurement system itself was composed of
apparatus for the delayed self-heterodyne technique [18].

rods of fuzed silica 10 mm thick, were used for frequency
discrimination. Dielectric multilayers were coated on both
ends of the rods to obtain reflectances Rgp of 0.9 for one
interferometer, and 0.95 for the other. The optical axis of
the interferometer was tilted about 1.5° with respect to
that of the laser beam propagation. The injection of the
reflected light from the mirror surface of the interferom-
eter into the laser was suppressed by this optlcal mis-
alignment.

The laser power transmitted through the mterferometer
was detected by a Ge-avalanche photodiode (APD). The
output power from the APD was negatively fed back to
the laser after being amplified by a low noise amplifier
with 30 dB gain; The bandwidth of this amplifier was 100
MHz, which should be wide enough, as has been dem-
onstrated .in Section III. The feedback loop was kept as
short as possible, and the resultant time delay around the
feedback loop was 13 ns. The electrical components in the
feedback loop. were carefully shielded to reduce electro-
magnetically induced noise. The total gain of the feedback
was adjusted by the bias voltage of the APD and the var-
iable attenuator.

The spectral line shape was observed by means of the
delayed self-heterodyne technique [18] using a single mode
optical fiber with a cutoff wavelength of 1.2 um. The fiber
length was. 1.5 km, which corresponds to a resolution of
125 kHz for the linewidth measurement [18]. An acous-
tooptical modulator was used as a frequency shifter for the
delayed self-heterodyning, and the frequency shift of the
laser beam provided by this modulator was 80 MHz.

IV. EXPERIMENTAL RESULTS AND DISCUSSIONS

Fig. 7 shows the relation between the linewidth Avgg of
the free-running laser and the inverse of the normalized
injection current (I/1;, — DL Py represents the single-
ended output power. The slope of this curve gradually in-
creased with increasing injection current, and the fitted

folded line shows a kink at (I/I, — 1)”' = 0.85. The
linewidth Avgg can be expressed as follows:
Aveg = 12.5(/L, — 1)7!
= 50.1P;'  (MHz)
for (I, — 1)~' < 0.85 (19a)
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Fig. 8. Relation between the laser power transmitted through the Fabry-

Perot mterferometer and the injection current. (a) Rpp =0.9. (b) Rep =
0.95. :

Avgg = 5.7 + 5.4/, — 1)
=57 + 21.6P;' . (MHz)
for. 0.85 < (NI, — 1)™' < 2.0 (19b)

where P, is expressed in milliwatts. For (I/l,, — 1)”' <
0.85, Avgg approaches zero with increasing current, which
means that Avgg follows the modified Schawlow-Townes
formula, and that this laser does not have a power-inde-
pendent linewidth [13].

The experiments related to linewidth reduction were
carried out for (I/I, — 1)~' < 0.85. Fig. 8 shows the
relation between the laser power transmitted through the
Fabry-Perot interferometer and the injection current. The
finesse of the Fabry—Perot interferometer estimated from
these curves are much lower than those of the theoretically
expected values [30 in Fig. 8(a) and 60 in Fig. 8(b)]. This
is because the optical axis of the Fabry-Perot interferom-
eter was tilted, the wavefront and intensity profile of the
laser beam were not uniform, the laser frequency was
drifted by residual temperature fluctuations, and so on.

The parts of the curve of Fig. 8 with negative slope were
used for frequency discrimination. It was essential to use
a negative slope for negative feedback because a nonin-
verting amplifier was used in the feedback loop of the
present experiment.
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Fig. 9. Power spectral density of the FM noise, where (//I,, — 1)™' = 0.51
and Rep = 0.95, respectively. Curve A4 is the result for the free- -running
laser. Curves B and C are the results under feedback condition, where
the attenuation of the variable attenuator in the feedback loop was fixed

—20 dB and 0 dB, respectively. The decreases of Si(f).at f > 100
MHz are due to the bandwidth of the FM noise measurement.

Fig. 9 shows the relation between the power spectral
density of the FM noise and the attenuation of the variable
attenuator in the feedback loop. It is seen that resonant
peaks appeared in the power spectral density by decreas-
ing the attenuation, i.e., by increasing the feedback gain.
This is because the feedback is positive rather than nega-
tive at these Fourier frequencies, due to the 13 ns delay
time and the phase delay inherent in direct frequency
modulation. Except for these resonant peaks, however, the
power spectral density decreased with increasing feed-
back gain. A minimum was observed when the variable
attenuator was fixed at 0 dB, where the limiting factor was
the noise from the Ge-APD. The linewidth measurements
were carried out under this feedback condition. Fig. 10
shows the power spectra of the outputs from the delayed
self-heterodyne system. They represent spectral line
shapes of the laser output, i.e., the optical carrier spec-
trum. But it should be pointed out that the observed line
widths are double that of the actual laser linewidth [18].
As is shown in this figure, the linewidth of the free-run-
ning laser Avgg was 5 MHz, whereas under the feedback
condition, this linewidth Avgg was reduced to a value as
narrow as 330 kHz. This is the minimum value we were
able to obtain in the present experiment. The spectral line
shape showed none of the temporal fluctuations which have
sometimes been observed in the feedback technique [3]-
[51. ,

FM sidebands appeared at 38 MHz distance from the
optical carrier spectrum of Fig. 10(b), which were caused
by the resonant peaks of the power spectral density S/ f)
of Fig. 9. However, since their peak values were about 20
dB less than that of the optical carrier spectrum, they did
not interfere with the linewidth measurements. These side-
bands can be removed farther away from the optical car-
rier spectrum by reducing the length of the feedback loop.
It may be successfully carried out if the detector and am-
plifier are integrated together with the laser diode. This
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Fig. 10. Power spectra of the outputs from the delayed self-heterodyne sys-
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these spectra correspond to the frequency of the oscillator for the acous-
tooptic modulator. (a) The result for the free-running laser, from which
the linewidth A was derived as being 5 MHz. (b) The result under
feedback condition, from which the linewidth Ay was derived as being
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Fig. 11. Relation between the linewidth and the inverse of the normalized
injection current. A: The linewidth Apgg of free-running laser. B: The
linewidth Avgp under feedback condition. where Rgp = 0.9. C: The
linewidth Avgg under feedback condition, where Regp = 0.95.

integration will also bring about an effective reduction on
the noise from the feedback loop, which will improve the
performance of the ultranarrow linewidth laser.

Fig. 11 shows the relation between the linewidth Apgg,
the single-ended output power Py, and the injection cur-
rent I normalized to its threshold value /;;,. A linewidth
narrower than 1 MHz was obtained by feedback, and the
minimum was 330 kHz, as shown in Fig. F0(b). The value
of Avgg can be expressed as

Avgg = 7.2/, — 1)7%3
=2.16 x 10°P;*°
fOl' RFP = 09

(MHz)
(20)
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Fig. 12. Relation between the values of the negative slope NS of the curves
in Fig. 8 and (//ly, — 1) '. A: Ryp = 0.9. B: Rgp = 0.95.

Avgg = 8.5/, — 1)™*¢
=122 x 10'P;3®  (MH2)
for Rgp = 0.95 @2n

where P, is expressed in milliwatts. These are given by
broken lines B and C in Fig. 11. Some experimental values
in this figure deviate from these lines. One of the possible
reasons is that the reproducibility of the locked frequency
v, of the laser on the slope of the transmittance curve of
the Fabry-Perot interferometer was not high enough, due
to the residual temperature fluctuations of the heat sink.
A comparison between (19)-(21) shows that the depen-
dence of Avgg of the injection current is different from that
of Avgg. This is because the value of the negative slope
NS of the curves in Fig. 8 increases with increasing in-
jection current. Fig. 12 shows the relation between the
negative slope NS and (//1,, — 1)~", which are expressed
as

Iy, — H'
oc
I, — '

for RFP = 09
for Rep = 0.95.

A relation between Avpg and (I/I; — 1) can now be
derived in the following way.
Using (10) and (13). S/N of (14) can be expressed as

SIN o P!”8Tp(v) < P! - NS (23)

where the right-hand side of this equation was derived be-
cause 67gp(») is proportional to NS of (22). Furthermore,
the value of g in (2) or (3) is proportional to the feedback
gain and, therefore, is given by

NS (22)

g oc S/N. (24)

Then, the value of Avgg given by (9) can be expressed as
{(1/1,., - 17 for Rep = 0.9
Avgg

. (25)
for Rep = 0.95

Uy — 1™

where we make use of (9), (19a), (23), and (24). Equation
(25) agrees well with (20) and (21). From these equations,
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it can be concluded that a larger reduction of the linewidth
can be obtained at a higher value of the injection current.

The minimum of Awgg, i.e., 330 kHz, obtained in the
present experiment satisfies the condition required to re-
duce the bit error rate to a value as low as 107 in a PSK
heterodyne optical communication system with bit rate of
1 Gbit/s. However, this experimentally obtained value is
still larger than the theoretical limit of (17) and Fig. 5. The
possible reasons are: the actual noise of the Ge-APD em-
ployed was larger than that given by (13), noises from other
electrical components in the feedback loop were not neg-
ligible, the finesse of the Fabry-Perot interferometer re-
alized in the experiments was lower than that of the the-
oretically expected value, and the fluctuations of the laser
power incident into the Fabry-Perot interferometer were
not negligible. For further linewidth reductions and ap-
proach to the minimum attainable linewidth, these noises
should be reduced and the finesse of the interferometer
should be improved by careful optical alignment, because
they limit the sensitivity of the actual FM noise detection.

For example, there are several possibilities of reducing
fluctuations of the laser power as required above. One of
them is to use an external modulator as an automatic power
controller. However, the use of such a modulator will have
disadvantages because the AM noise inside the laser cav-
ity cannot be reduced. The AM noise inside the laser cav-
ity at the low Fourier frequency range may be increased
when the FM noise is sufficiently reduced to the ultimate
level by controlling only the injection current. This is a
consequence of the uncertainty principle governing the
simultaneous measurement of the photon number and
phase [19]. If an increase in AM noise occurs, the mini-
mum attainable value of the linewidth is increased by an
increase in the level of the unresolved AM sidebands lo-
cated close to the optical carrier frequency, and therefore,
some modification of (17) should be considered. This in-
crease in the AM noise cannot be avoided as long as only
the injection current is controlled. However, if a laser with
segmented electrodes will be used, FM and AM noise can
be reduced simultaneously by independently controlling
the currents injected into each electrode. Since such a laser
with segmented electrodes has already been developed and
wavelength tuning has also been demonstrated [20], re-
alization of an ultranarrow linewidth can be expected in
the future by applying the present technique to this kind
of laser.

Designs of appropriate lasers for realizing ultranarrow
linewidths are now in progress by the authors, and will be
published elsewhere.

V. SUMMARY

Calculations and experiments were carried out to inves-
tigate the linewidth reduction of a 1.5 um InGaAsP laser
by an electrical feedback technique. A compact Fabry-
Perot interferometer was used as a frequency discrimi-
. nator. The minimum attainable linewidth, being limited
only by the detector noise, was estimated. According to
this estimation, a linewidth less than 1 kHz can be real-
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ized when the reflectance of the Fabry-Perot interferom-
eter is higher than 0.9. As a result of experiments, a
linewidth as narrow as 330 kHz was obtained, which is 15
times as narrow as that in the case of the free-running
laser. It was pointed out that further reduction of the ex-
perimentally obtained linewidth and approach to the min-
imum attainable linewidth can be expected by simulta-
neously reducing the AM noise of the laser.

From these results, we may conclude that electrical
feedback is a promising technique to realize an-ultranar-
row linewidth laser. '
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Frequency Offset Locking of AlGaAs Semiconductor
Lasers

KATSUHIKO KUBOKI ano MOTOICHI OHTSU

Abstract—Frequency offset locking was proposed as a reliable elec-
trical negative feedback technique for tracking and sweeping of a semi-
conductor laser frequency. A frequency stabilized laser was used as a
master laser, whose residual frequency fluctuations were 140 (kHz) at
the integration time (7) of 100 ms < 7 < 100 s. A digital phase com-
parator of a large dynamic range of 27 x 2!! (rad) was employed in
the feedback loop to reduce the phase fluctuations of the beat signal
between the master and slave lasers. Performances of frequency track-
ing and sweeping of the slave laser were quantitatively evaluated, and
the results are: residual frequency fluctuations of the beat signal were
reduced as low as 11 (Hz) at 7 = 100 s, which meant that the residual
frequency fluctuations of the slave laser were almost equal to those of
the master laser, i.e., the slave laser frequency tracked accurately to
the master laser frequency. Both the capture range and lock range of
the beat frequency were 1.22 GHz. Frequency tunable range of the
slave laser was 36.6 GHz under the condition of frequency offset lock-
ing, in which the slave laser frequency fluctuations were maintained as
low as the one given above.

I. INTRODUCTION

TTEMPTS at improving temporal coherence in semi-

conductor lasers have been made in recent years for
coherent optical measurements, coherent optical commun-
ications [1], and so on.

It can be deduced from well-developed techniques for
coherent microwave oscillators [2] (H masers, Cs or Rb
atomic clocks) and gas lasers [3] that at least four subjects
should be simultaneously carried out for this improve-
ment, which are 1) stabilization of center frequency of
field spectrum, 2) linewidth reduction of the field spec-
trum, 3) frequency tracking to the other highly coherent
laser, and 4) stable and wide-band frequency sweep.

Ohtsu has proposed that electrical negative feedback can
be used as a promising technique to carry out these four
subjects simultaneously, and has tried an experimental
work on subject 1) to improve the frequency stability of
a 0.8 um AlGaAs laser as high as 1.4 X 107'? at the
integration time of 100 s [4]. Theoretical analyses, based
on semiclassical Langevin’s equation of motion, have
shown that this stability is as high as the one limited by
quantum noise sources of the laser [5]. Frequency stabil-

Manuscript received June 12, 1986; revised October 22, 1986. This work
was supported in part by a Grant-in-Aid for Scientific Research from the
Ministry of Education, Science, and Culture of Japan, and by the Funds
for International Communication Research from the KDD Engineering and
Consulting Foundation.

The authors are with the Graduate School at Nagatsuta, Tokyo Institute
of Technology, Yokohama, Kanagawa 227, Japan.

IEEE Log Number 8612645.

ity of a 1.5 pm InGaAsP laser has been also improved to
as high as 6.7 x 10~!! at the integration time of 20 s [6].

With respect to subject 2), the linewidth of a 1.5 um
InGaAsP laser has been reduced to 330 kHz by electrical
negative feedback, and the theoretical limit has been es-
timated as being about several hundred hertz [7].

In the present study, subjects 3) and 4) were carried
out. A technique of electrical negative feedback was com-
monly used also for these subjects in order to combine
these servo control systems with those for subjects 1) and
2). By this combination, it can be expected that a synthe-
sized technique is established for realizing ultrahigh co-
herence in the future.

Aside from establishments of such a synthesized tech-
nique, a technique for frequency tracking [subject 3)] it-
self would be useful for applications to heterodyne optical
measurements and communications, and so on. A nonlin-
ear phenomenon of injection locking can be used for this
purpose [8], and preliminary experiments on electrical
negative feedback have been carried out for FSK hetero-
dyne optical communications [9], [10]. However, any ac-
curate experiments and quantitative evaluations of their
performances have not yet been fully documented. The
authors propose here a technique of frequency offset lock-
ing for semiconductor lasers to improve the performances
of frequency tracking, which has never been successfully
employed for gas lasers [11], [12]. Several’experiments
were carried out to evaluate the performances of this tech-
nique quantitatively.

Frequency offset locking can be also used for subject
4), i.e., stable and wide-band frequency sweep. The tech-
nique for wide-band frequency sweep would be useful to
realize a tunable coherent light source for high resolution
laser spectroscopy, frequency multiplexing in coherent
optical communications, and so on.

II. EXPERIMENTAL SETUP

Fig. 1 shows an experimental setup. Two 0.8 um CSP-
type AlGaAs lasers (Hitachi, HL8311E) were used as
master and slave lasers, and the slave laser was frequency
offset locked to the master laser. The powers of these la-
sers were about 0.5 mW at the position of the detector Si-
APD?2 of Fig. 1. Temperatures of their heat sinks were
controlled to reduce their temperature fluctuations as low
as 1 X 10™* K. For this purpose, the temperature fluctua-
tions of a small copper block used as a heat sink were

0018-9197/87/0400-0388$01.00 © 1987 IEEE
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Fig. 1. Experimental setup. (a) Feedback loop for the master laser. (b)
Feedback loop of the frequency offset locking for the slave laser. ARPS:
computerized Allan variance real-time processing system. (c) Transmis-
sion spectral lineshapes of the Fabry-Perot interferometer of (a). A: The
point at which the master laser frequency was locked.
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Fig. 2. Characteristics of direct frequency modulation of the master (a)
and slave (b) lasers. A: Normalized frequency deviation. B: Phase
delay.

detected by a thermistor bridge and was controlled by a

peltier element. Frequency drifts of the free-running la-
sers were reduced to as low as about 20 MHz/h by this
temperature control.

Fig. 2(a) and (b) shows the characteristics of direct fre-
quency modulation of these lasers, which were measured
by employing a technique using a Michelson interfer-
ometer [13]. These characteristics are consistent with ones
which have been already reported [14], [15].

The experimental setup of Fig. 1 was composed of two
parts. One part is a feedback loop for the frequency sta-
bilization of the master laser [Fig. 1(a)]. A Fabry-Perot
interferometer used for its frequency reference was made
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 reflectivities of 90 percent. A linear part
of the slope of the transmission spectral lineshape was
used as a frequency discriminator. The output signal from
a Si-APD behind the interferometer was negatively fed-
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Fig. 3. (a) Experimental setup to evaluate the frequency stability of the
master laser, for which one more laser was used as the second master
laser and was independently stabilized. (b) Transmission spectral line-
shapes of the Fabry-Perot interferomeéter which was commonly used as
frequency references for both of the master lasers. The points A and B
represent the frequencies at which the two master lasers were locked.
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back to the injection current after being amplified by a
proportional amplifier, an integrator, and a differentiator
in a PID-controller. The master laser frequency was
locked at the steepest point A on the slope of the trans-
mission spectral lineshape shown in Fig. 1(c). The band-
widths of the PID-controller and the current source were
designed as 1.5 MHz. The gains of the three analog am-
plifiers in the PID-controller were empirically adjusted in
order to get the highest frequency stability by using mea-
sured results of the direct frequency modulation charac-
teristics of Fig. 2(a) and FM noise properties.

Fig. 3(a) shows an apparatus used to measure the fre-
quency stability of the master laser, in which one more
master laser was prepared to measure the frequency fluc-
tuations of the beat signal between the equally stabilized
two master lasers. Frequencies of these master lasers were
locked at the points 4 and B of a slope of the transmission
spectral lineshape of the common Fabry-Perot interfer-
ometer used in Fig. 1(a) [see Fig. 3(b)]. The resultant
beat frequency was 400 MHz. Magnitudes of residual beat
frequency ﬂuctuatlons v (t) were evaluated by using the
Allan variance ¢2(7), which is an accurate measure pop-
ularly used to represent the frequency stabilities of several
oscillators [16]. It is defined by

lim 1 Z (5Vk+|2 6Vlc)z (1)

2
o,(7) = Noo N — 1k

where N is a number of data, and &y, (¢) is the value of
6v (t) averaged over the integration time 7 which is given
by .

tk+1
- ov(t) dt
; L () (2)
he1 =4 + 71 (k=1,2,3, N—l)

Since the feedback loops for the two lasers were indepen-
dent of each other except for the Fabry-Perot interfer-
ometer, it can be assumed that their residual frequency

by
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Fig. 4. Block diagram of a computerized Allan variance real-time pro-
cessing system (ARPS).

fluctuations were mutually uncorrelated, and the fluctua-
tions of the beat frequency were free from the effect of
the resonance frequency fluctuations of the Fabry-Perot
interferometer. It means that the Allan variance of the fre-
quency fluctuations of the beat signal can be given by a
sum of the Allan variances of the frequency fluctuations
of the two master lasers. The Allan variance was mea-
sured by using a computerized Allan variance real-time
processing system (ARPS), whose preliminary setup has
been developed by Ohtsu [17]. Fig. 4 shows its block dia-
gram.

The other part of the experimental setup [Fig. 1(b)] is
the feedback loop of the frequency offset locking for the
slave laser. The beat signal between the master and slave
lasers was detected by a Si-APD of 2 GHz bandwidth,
and its frequency vz was divided by a prescaler after am-
plified by a wide-band preamplifier. The division rate M
of the prescaler was fixed to 500 for v < 0.7 GHz, and
to 2000 for vz = 0.7 GHz, which was required because
of a limited bandwidth of the prescaler used.

Instead of controlling the frequency of the beat signal,
its phase, i.e., the time integral of the frequency, was
controlled in the present experiments to reduce beat fre-
quency drift and to improve the accuracy of frequency
tracking. For this purpose, a phase of the output signal
from the prescaler was compared with that of the output
signal from a digital frequency synthesizer by a digital
phase comparator. This comparator was composed of bi-
nary up counters, down counters, full adders, and a D/A
converter.

The output signal from the phase comparator was ap-
plied to a current source for the slave laser after being
amplified by a PID-controller, and the injection current of
the slave laser was controlled in order that the divided
beat frequency vz/M was locked to the synthesizer fre-
quency v;. The bandwidths of the PID-controller and cur-
rent source used here were also 1.5 MHz.

Under a condition of frequency offset locking, the slave
laser frequency vs is given by ’

vs=vyt M-y (3)
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Fig. 5. Square root of the Allan variance 02 (7) of the residual frequency
fluctuations of the master laser. 7: Integration time of the measurement.

where »y, is the frequency of the master laser. This for-

“mula represents that the locked frequency of the slave laser

possesses an offset (+ M - v, ) with respect to the master
laser frequency, by which this technique has been called
frequency offset locking. The magnitude of residual fluc-
tuations of the beat frequency was evaluated by the com-
puterized ARPS.

As can be deduced from the explanation given above,
a part of this technique is equivalent to a phase locked
loop for conventional electronic circuits [18]. However,
in contrast to such a conventional phase locked loop, the
dynamic range of the present phase comparator was de-
signed to be as large as 27 X 2'' (rad) to detect a large
phase fluctuations in lightwaves.

Stable and accurate frequency sweep can be also carried
out by slowly sweeping the synthesizer frequency under
the condition of frequency offset locking.

III. EXPERIMENTAL RESULTS AND DISCUSSIONS

A. Frequency Stabilization of the Master Laser and
Frequency Tracking of the Slave Laser

The spectral linewidth of the beat signal between the
two master lasers was measured as 35 MHz by a spectrum
analyzer. Since the magnitudes of residual frequency fluc-
tuations of these lasers were approximated as being equal
with each other and mutually uncorrelated, the linewidth
of field spectrum of each laser was estimated as a half that
of the beat signal, i.e., 17.5 MHz. Furthermore, the Al-
lan variance 0%, (7) of residual frequency fluctuations of
each laser can be also estimated as being a half that of the
beat signal. Fig. 5 shows the square root of 0% (7) esti-
mated from that of the beat frequency which can be ap-
proximated as

2.3 x 10* - 778 (Hz)

for 1 us = 7 < 100 ms
140 (kHz)

for 100ms = 7 = 100 s.

That is, the minimum on the curve in this figure was 140
kHz.

This value was 1/100 times that of the free-running
laser, from which improvements of the frequency stability
was confirmed. Higher frequency stability can be ex-
pected by using a more stable frequency reference, e.g.,

(4)

UVM(T) =

1
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Fig. 6. Output signals from the phase comparator under free-running (a)
and frequency offset locked (b) conditions. The ordinates of these figures
represent a phase difference between the signal from the frequency syn-
thesizer and the beat signal whose frequency has been divided by M. (c)
Fluctuations in the beat frequency »5. The parts 4 and B represent the
waveforms under free-running and frequency offset locked conditions,
respectively, where M was fixed at 500 and the locked value of vz was
0.6 GHz.

absorption spectral lines in stable atoms or molecules [4],
(61, [19]. :

Fig. 6(a) and (b) shows waveforms of output signals
from the phase comparator under free-running and fre-
quency offset locked conditions, respectively. Fig. 6(c)
shows fluctuations of a beat frequency between the master
and slave lasers. It was confirmed from these figures that
the present scheme of phase control was effective to lock
tightly the beat frequency. As will be shown in subsection
B, the lock range of the beat frequency was 1.22 GHz.
On the other hand, it was empirically confirmed that the
capture range of the beat frequency was also as wide as
1.22 GHz, i.e., the free-running beat frequency vz can be
captured to be fixed at M - y; if vy stayed within this
range. Such a large capture range was due to large dy-
namic range of the phase comparator mentioned in Sec-
tion II. The capture range was limited mainly by the re-
sponse speeds of the Si-APD and the prescaler.

Fig. 7(a) shows the square root of the Allan variance
02(7) of the beat frequency fluctuations. Since directly
controlled quantity was not the frequency of the beat sig-
nal but its phase, the square root of the Allan variance
055(7) of the phase fluctuations was also estimated from
the result of Fig. 7(a) and is given by Fig. 7(b), where a
relation aﬁg(r) =(277r) - 025 (7) was used. Reductions
of frequency and phase fluctuations by frequency offset
locking are clearly seen in these figures. It is also seen
that the effects of locking were remarkable for a longer
integration time, which means that the frequency drift was
sufficiently reduced by controlling its time integral, i.e.,
the phase.
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Fig. 7. The square root of the Allan variance o23(7) of the residual fre-
quency fluctuations (a) and that of aﬁg(r) of phase fluctuations (b) of the
beat signal. 4: Results of a free-running condition. B: Results under a
condition of frequency offset locking, where M = 500 and v, = 0.6
GHz. C: Estimated limit given by round-off errors of pulse number
counting generated at the D/A converter in the phase comparator.

The value of curve B in Fig. 7(a) is approximated as
o,8(7) = 1.1 x 10* - 77! (Hz) (1 us = 7 = 100 s),
(5)
and its minimum is
0,8(7) = 11 (Hz) at 7 =100s. (6)

Analyses of noise magnitudes generated in the feedback
loop for frequency offset locking showed that the princi-
pal noise source of the residual beat frequency fluctua-
tions was round-off errors of pulse number counting,
which was generated at the D/A converter in the phase
comparator. The square roots of the Allan variances due
to this noise source are expressed as

0,5(7) = M - 77! (Hz)
048(7) = 27 M (rad)

(7)

which are represented by curve C in Fig. 7(a) and (b).
Differences between curves B and C in this figure are due
to other noises, e.g., detector noise, noises from the elec-
tronic circuits, and so on. Further reductions in the beat
frequency fluctuations can be expected by employing a
lower division rate M and by using a faster phase com-
parator and a higher synthesizer frequency.

Since frequencies of the master laser and the beat signal
were locked by using different and independent feedback
loops, their residual fluctuations can be approximated as
being mutually uncorrelated. Therefore, the Allan vari-
ance for frequency fluctuations of the slave laser can be
expressed as

ous(7) = olu(r) + alp(r). (8)

Since it can be approximated that 623(7) << o2y (7) for
7 = 1 ms by comparing (4) and (5), this equation means
that 025(7) = 02%,(7), i.e., the residual frequency fluc-
tuations of the slave laser were as low as those of the
master laser for 7 = 1 ms. Though the value of ¢23(7)
can not be negligibly smaller than that of o%,(7) for 1 ps
= 7 < 1 ms, the value of o,5(7) is still maintained
smaller than \/5 o,u(7), because 625(7) = 02(7) in this
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Fig. 8. The beat frequency »z which was varied by a stepwise sWeep of
the synthesizer frequency at 20 MHz interval. The division rate M of the
prescaler was fixed at 500 for »; < 0.7 GHz, and 2000 for vz = 0.7
GHz.
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Fig. 9. The relation between the square root of the Allan variance o25(7)
and the beat frequency vy within its lock range. The integration times 7
of the fluctuation measurements were 1 us (0), 10 us (@), 100 us (2),
1 ms (a), 10 ms (O), 100 ms (m), 1 s (v), 10 s (¥), and 100 s (X).

range of 7. It can be confirmed from these results that
accurate frequency tracking to the master laser was real-
ized, or, in other words, high coherence of the master
laser was transferred to the slave laser.

B. Stable and Accurate Frequency Sweep of the Slave
Laser

The slave laser frequency can be swept in a stable man-
ner by sweeping the synthesizer frequency with a sweep
speed which falls within the bandwidth of the feedback
loop (1.5 MHz). Fig. 8 shows the beat frequency »z which
was varied by a stepwise sweep of the synthesizer fre-
quency at the 20 MHz interval. As shown by this figure,
a stable sweep was carried out for 80 MHz = vz = 1.3
GHz, which means that the lock range of the beat fre-
quency was 1.22 GHz and frequency tunable range of the
slave laser was 2.44 GHz. This lock range was limited by
the following causes. For vy < 80 MHz, the level of the
input signal to the prescaler was not high enough to be

~converted into the TTL signal, which is due to a rather
broad linewidth of the béat spectrum. For vz > 1.3 GHz,
on.the other hand, the sensitivity of phase comparison was
.also reduced because of a limited response speeds of the
Si-APD and the prescaler. -

As shown in Fig. 9, it was confirmed that the magnl-
tudes of residual frequency fluctuations were 1ndependent
of the beat frequency within the lock range. In this figure,
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Fig. 10. (a) Schematic explapation of a possible way of extending the range
of stable frequency sweep of the slave laser. The master laser frequency
vy -is successively locked to one of the frequency reference grid (»,,, <

»,2 < *+* < v,y). Foreach locked frequency of the master laser, the
frequency offset locking is applied to the slave laser. vg,: The lock range
of the beat frequency. (b) Transmission spectral lineshapes of the Fabry-
Perot interferometer which were used as the frequency feference grid for
the master laser. The black circles are the points at which the master
laser frequency was locked. -

fluctuations for v = 0.7 GHz are slightly larger than
those for » < 0.7 GHz because the contributions of
round-off errors from the phase comparator are propor-
tional to the division rate M of the prescaler, as was given
by (7). -

There can be promising ways of further extensions of
the range of stable frequency sweep of the slave laser. As
shown by Fig. 10(a), one of them is to make a discrete
tuning of the master laser frequency by. successively lock-
ing it to one of the frequency reference grids which are
nearly equidistantly distributed along the frequency axis.
For each locked frequency of the master laser, the fre-
quency offset locking is applied to the slave laser. By this
control scheme, a stable and accurate sweep of the slave
laser frequency can be realized. Absorption spectral lines
of combination tones or higher harmonics of vibration-
rotation transitions in organic molecules can be a candi-
date for such a frequency reference grid. This is because
a great number of lines are distributed with several giga-
hertz or several tens of gigahertz intervals in the near in-
frared’wavelength region and some of their absoclute fre-
quencies have been already calibrated with the ‘accuracies
of about 1 X 107¢ ~ 7 x 1078 [6], [19].

In the present experiment, equidistantly distributed res-
onance frequencies of a Fabry-Perot interferometer of
Fig. 1(a) were used as the simpler frequency reference
grid. As shown by Fig. 10(b), the master laser frequency
was able to be locked to the slopes of its successive fifteen
resonance spectral lines. For each locked frequericy of the
master laser, frequency offset locking was applied to the
slave laser to reduce the beat frequency fluctuations as
low as those shown by Figs. 7(a) and 9. As a result of
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this locking, a range of stable frequency sweep of the slave
laser was extended to 36.6 GHz.

The number of lines of frequency reference grid to
which the master laser can be locked was limited by mode-
hopping phenomena in the laser [20], which also limited
the extension of the tunable range of the slave laser fre-
quency. It would be effective to use a laser without mode-
hopping to extend this range. A recently developed 1.5
pm GalnAsP/InP DBR laser may be favorably used for
this purpose because its wavelength can be continuously
varied by varying the ambient temperature within the
range of 15 nm without mode-hopping under free-running
condition, which corresponds to the frequency range of as
wide as 2 THz [21]. A stable and wide-band frequency
sweep for more than 1 THz can be expected if this kind
of lasers are employed.

IV.. SUMMARIES

Frequency offset locking was proposed as a reliable
technique for tracking and sweeping of a semiconductor
laser frequency. Experiments were carried out by con-
trolling the phase of the beat signal between the master
and slave lasers, and their results were quantitatively
evaluated. They are summarized as follows.

1) Square root of the Allan variance of residual fre-
quency fluctuations of the master laser was

2.3 x 10* - 77%8 (Hz)
for 1us =7 < 100 ms
140 (kHz)

for 100 ms = 7 = 100 s.

(9)

auM(T) =

2) Square root of the Allan variance of residual fre-
quency fluctuations of the beat signal was

0,5(1) = 1.1 x 10° - 77! (Hz)

for 1us =7 =100s.

(10)

The minimum was 11 (Hz) at 7 = 100 s. Comparisons
between this value and that of (9) showed that the residual
frequency fluctuations of the slave laser was almost equal
to those of the master laser, i.e., the slave laser frequency
tracked accurately to that of the master laser. Capture
range of the beat frequency was 1.22 GHz.

3) Lock range of the beat frequency was 1.22 GHz,
i.e., 0.08 GHz = v3 = 1.3 GHz. Frequency tunable
range of the slave laser was 36.6 GHz under the condition
of frequency offset locking, in which the slave laser fre-
quency fluctuations were maintained as low as the ones
given in 2).
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W3E, vry—FAXEELTO LD 0B TiEEMIZ
1°~10 R TH D, AR EEEOMELS
. BETERBEEERALLD, 72751 XBFOE
TiREEY, BEANRIBSKETH 3.

Pk, Ei LD oL MES, ZOMEREICONT
Bz, AFTHER T4 22 ERERNIERLTES
EVWSBAEDRRTIE, LD otttz + v —fA%EE
LT, ¥X+4E0EEEEFLTO 3 & iZ00ED.
Yy v SIKEL I LD O 754 REEDS, H0 B
B BB EOEEFETREBETOX IV tn=)
ZAFE D LBESS B & T, BHEET M REE
bHAEEE R BB LARYL. £5THRhIEE, LD o
AHREETELSVD BRSNS, ey Y IHRSEKC
SHETHAS.
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wB4 D tration and appiication of freq
cy stabllization and linewldth reduction In semi-
conductor lasers

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

We report on the progress in improving the
coherence of semiconductor lasers and demon-
strate applications of these highly coherent lagsers.

The following must be simuitaneously improved
to achieve high coherence in semiconductor la-
sers: (1) linewidth narrowing of fleld spectrum:; (2)
center frequency stabilization of fleld spectrum: (3)
frequency tracking to another coherent laser; (4)

WEDNESDAY MORNING

wideband frequency tunability; (5) frequency re-
producibliity. We proposed that electrical feed-
back is effective for these Improvements,'?
whose electronic components may be integrated
with lasers in the future.

Stable linewidth narrowing was carried out for a
1.5-um DFB laser by electrical feedback without
changing the laser cavity configuration. The mini-
mum linewidth obtained so far was 200 kHz, which
was 25 times narrower than in a free-running laser.
This linewidth was confirmed to be narrower than
the one limited by quantum nolse, which is consis-
tent with theory.? A 10-kHz linewidth is expected
by improving the postdetector amplifier of our

.present experimental setup; our estimate showed

that the theoretical limit is 100 Hz.

Stability of the center frequency of the fleid
spectrum was Improved to 1 X 10~'2 by employing
absorption spectra in atkali vapor or crganic mole~
cules as a frequency reference,*$ which was as
high as a quantum noise level. A theoretical esti-
mate showed that a 1 X 10~'8 stability can be
expected, which is limited by the detector shot
nolse In the feedback loop.*

Frequency tracking of a slave laser to a highly -

coherent master laser was achieved by reducing
PM noise in the beat signal between the two lasers.
High stability of the beat frequency (1 X 10~%)
Indicates that high coherence in the master laser
was precisely transferred to the slave laser. The
frequency of the slave laser was varled In the 2.4-
GHz range by ping the micr frequency
of the local osclllator used for PM noise reduction
of the beat signal. This range was limited by the
APD bandwidth for beat signal detection. A wider
tunability of ~1 THz is expected with this tech-
nique if a frequency reference grid, e.g., reso-
nance frequencies of a Fabry-Perot etalon, is also
employed for frequency locking of the master la-
ser.
Frequency reproducibility of 1 X 10~® has been
obtained so far by using absorption spectra in or-
ganic molecules as frequency references.®’ To
improve the reproducibility, it is important to inves-
tigate the long-term frequency drift of the longitudi-
nal mode. For this purpose, the frequency drifts of
0.78-um AlGaAs lasers were traced for 1 yr In
stable operating conditions. A frequency drift of
+8.6 MHz/h was observed, which was attributed to
a decrease in thermal resistance of the laser.

Two applications of these coherent lasers are
now under Investigation: (1) a ring Fabry-Perot
resonator-type fiber gyro was constructed and
tested to measure fluctuations in the rotational
speed of the earth. The purpose of this measure-t
ment Is earthquake prediction by detecting the
anomalous Chandler motion. (2) A microwave Rb
atomic clock was optically pumped by this coher-
ent laser. A microwave frequency shift induced
by the laser frequency shift was accurately mea-
sured, which was 0.2 Hz/MHz. Furthermore, two-
quanta transitions in 8Rb were observed by this
coherent laser. Improvement of the frequency
stabllity of this atomic clock was also obtained.
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Electrical feedback for attaining ultrahigh coherence in semiconductor lasers
K.Kuboki, M.Ohtsu, N.Tabuchi, and T.Ouchi

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

Abstract

Electrical negative feedback was proposed to carry out simultaneously the four subjects
in order to attain ultrahigh coherence in semiconductor lasers. Their experimental results
were presented. They were: (1) Linewidth of field spectrum was reduced to 200 kHz, which
was narrower than the value given by the Schawlow-Townes' formula, i. e., the one limited by
spontaneous emission. (2) Fluctuations of center frequency of field spectrum were reduced to
500 Hz at the integration time of 100 s. (3) Frequency tracking of the slave laser to the
master laser was carried out with the frequency stability as high as that of the master
laser given (2). (4) Wideband frequency tuning of the slave laser was carried out under the
condition of (3). The resultant lock range was 47.3 GHz, in which the stability of the slave
laser was maintained as high as that of (3).

Introduction

Attempts at improving temporal coherence in semiconductor lasers have been made in recent
years for coherent optical measurements, coherent optical communications 1, and so on.

It can be deduced from well developed techniques for coherent microwave oscillators 2 (H
masers, Cs or Rb atomic clocks ) and gas lasers 3 that at least four subjects should be
simultaneously carried out for this improvement, which are (1) linewidth reduction, (2)
stabilization of center frequency of field spectrum, (3) frequency tracking to the other
highly coherent laser, (4) wideband frequency tuning.

One of the authors ( M. O. ) has proposed that electrical negative feedback can be used
as a promising technique to carry out these four subjects simultaneously.

Electrical negative feedback was employed to attain ultrahigh coherence in semiconductor
lasers. Theoretical analysis, based on quantum mechanical Langevin's equation, has shown
that electrical feedback can reduce the FM noise to the level lower than the value limited
by quantum noise 4, Following four subjects are presented.

Linewidth reduction

Since a field spectrum is given by Fourier transform of an autocorrelation function of
an amplitude of the laser electric field, its spectral lineshape depends on the magnitude of
phase fluctuations of a slowly varying amplitude. Therefore, the spectral linewidth depends
on magnitude of phase fluctuations or that of frequency fluctuations.

Linewidth can be measured by observing a beat spectrum between the two independent
lasers, by a technique of delayed self-heterodyning 5, or by using a high-resolution
scanning Fabry-Perot interferometer 6, For accurate measurements, an integration time of
measurements should be taken long enough to maintain a high resolution, which is a
consequence of the uncertainty principle between frequency and time. At the same time,
this integration time should be taken short enough to avoid an effect of frequency drift,
which is because the frequency of the free-running laser exhibits a random walk due to the
fluctuations of ambient temperature or injection current. Because of such the inevitable
requirement of optimal adjustment of the integration time, spectral linewidth is not
necessarily an accurate measure for regresenting properties of coherence. The power
spectral density or the Allan variance of frequency fluctuations should be used as a
primary measure. However, since spectral linewidth has attracted attentions for several
applications, discussions will be focused on spectral linewidth in this section. For this
discussion, it is assumed that the above mentioned optimal adjustment of integration time
has been made.

To reduce such a large linewidth by electrical negative feedback, frequency fluctuations
at f ¢ Avpgp should be reduced, where f is the Fourier frequency 8, If the bandwidth of the

feedback loop is larger than Ay pRr, the linewidth can be reduced to a védlue limited by
noises contained in the feedback signal.
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Experiments have shown that the linewidth of a 1.5 um InGaAsP laser was reduced to 330
kHz by electrical negative feedback, where it has been about 5 MHz under a free-running
condition 8. Furthermore, recent experiments have proved that it was reduced to 200 kHz,
which is 1/25 times that of .a free-running laser. Figure 1(a) shows the gain of the
electrical negative feedback loop. The curve A of Fig. 1(b) shows the phase delay of the
feedback loop. Contributions from the phase delay of the laser frequency modulation, bias
T, servo-amplifier and filter, and delay time due to the finite loop length are represented
by curve B, C, D, and E, respectively.

Figure 2 shows an example of simulated results of a power spectral density of frequency
fluctuations under electrical negative feedback. For this simulation, transfer functions of
all the components in the feedback loop were estimated by measuring their response
characteristics as well as above mentioned phase delay 2. It shows an oscillation at the
phase delay of 180 degree, by which FM sidebands can be induced and optical carrier
components are decreased, which gives an upper limit of the feedback gain to be increased.
The Fourier frequency for this oscillation depends on the phase delay of the laser and
length of the feedback loop. When the loop length is shorter than about 10 cm, the peak of
this oscillation becomes®lower. At the same time, since this frequency becomes higher than
100 MHz, which is away from the required bandwidth for feedback, the oscillation can be
suppressed by appropriate design of the servo-amplifier and a low-pass filter. Therefore,
it is important to reduce the size of this system to improve the linewidth reduction, which
is compatible to realize an integrated, miniature ultrahigh-coherent light source.

Further increases in a total gain of the feedback loop can be expected if the sensitivity
of frequency discrimination is increased. It can be realized if a higher resolution Fabry-
Perot interferometer is employed. Figure 3 shows a relation between the width of a
resonance curve of the Fabry-Perot interferometer Av gpp and the detector-noise-limited
linewidth Avppg of the laser under feedback 2. For this estimation, it was assumed that
required phase compensations discussed above has been made by an optimal design of the
servo-amplifier. Since Avpp is inversely proportional to the sensitivity of frequency
discrimination, the noise-limited linewidth is decreased with decreasing Av pp, which is
represented by the curve A. Such an increase in the sensitivity is equivalent to the
technique of employing a ultranarrow spectral line of two-photon optical Ramsey spectroscopy

. However, in the present case, decreases in Avpp would also reduce the bandwidth of the
feedback loop and induce a re-broadening of the laser linewidth because Av pp gives the
response bandwidth of the interferometer. This effect is represented by the meshed area
between the curves B and C in this figure. This figure shows that the linewidth of about
10-8 . 10-7 times that of a free-running laser, i. e., a subhertz linewidth, can be expected
- when Av pp is about 1 MHz ~ 10 MHz. 1In such a case of subhertz linewidth, the effect of
increases in power fluctuations of a conventional laser was also neglected because its
estimated value was less than 5 % of that of a free-running laser 9,

‘Stabilization of center frequency of field spectrum

By using 87rb vapor as a frequency reference, fluctuations of center frequency of a 0.8
um AlGaAs laser were reduced to 500 Hz at 1= 100 s, where Ttrepresents the integration
time of measurements 1. This was as low as quantum noise level 4,

Frequency tracking to the other highly coherent laser

A technique of frequency tracking of the slave laser to the other highly coherent master
laser would be useful for applications to coherent/heterodyne optical communications,
heterodyne optical measurements, and so on. The authors have EroFosed a frequency offset
locking as a stable and accurate technique for such a tracking 12, 13,

Experimental setup for a 0.8 um AlGaAs laser is shown in Fig. 4, where injection current
of the slave laser is controlled in order to lock the divided beat frequency between the
master and slave lasers to the frequency from a digital frequency synthesizer. By this
electrical negative feedback, the frequency of the slave laser Vg is given by

Vs=\)Mi\)B= \)MtM-\’L, (1)
where vy, Vvpg, and v are frequencies of the master laser, beat signal, and the
synthesizer, respectively. An integer M represents a division rate of the beat frequency
provided by a prescaler. This formula represents that the locked freguency of the slave
laser possesses an offset ( tM-v [ ) with respect to the master laser frequency, by which
this technique has been called frequency offset locking 14/

Instead of controlling the frequency of the beat signal, its phase, i. e., the time
integral of frequency, was controlled in the present experiments to reduce frequency drift
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and to improve accuracy of frequency tracking. For this purpose, a phase of the beat signal
was compared with that of the signal from the frequency synthesizer by using a digital phase
comparator, which was composed of binary up counters, down counters, full adders, and a D/A
converter. Figures 5(a) and (b) show waveforms of output signals from the phase comparator
under free-running and frequency offset locked conditions, respectively. Figure 5(c) shows
fluctuations of a beat frequency between the master and slave lasers. It was confirmed from
these figures that the present scheme of phase control was effective to lock tightly the
beat frequency. :

Figure 6(a) shows the square root of the Allan variance m)BZ(T) of the beat frequency
fluctuations. Since directly controlled quantity was not the frequency of the beat signal
but its phase, the square root of the Allan variance o¢32(1 ) of the phase fluctuations was
also estimated from the result of Fig. 6(a) and is given by Fig. 6(b), where a relation

o6 B2(1) = (27t )2-0v g2(1) was used. Reductions of frequency and phase fluctuations by
frequency offset locking are clearly seen in these figures. It is also seen that the
effects of locking were remarkable for a longer integration time, which means that the
frequency drift was sufficiently reduced by controlling its time integral, i. e., the phase.

The value of curve B in Fig. 6(a) is approximated as
ovglt ) = 1.1 x 1037 -1 (Hz) (1us ¢ 1 ¢ 100 s) , (2)
and its minimum is
ovp( 1) = 11 (Hz) at 1t = 100s . . (3)

Analysis of noise magnitudes generated in the feedback loop for frequency offset locking
showed that the principal noise source of the residual beat frequency fluctuations was
round-off errors of pulse number counting, which was generated at the D/A converter in the
phase comparator. The square roots of the Allan variance due to this noise source ‘are
expressed as :

ovp( 1)

M-t -1 (Hz) } | (4)
opgl 1) P ‘ :

27-M (rad)

which are represented by the curves C in Figs. 6(a) and (b).

Since frgquencies of the master laser and the beat signal were locked by using different
and independent feedback loops, their residual fluctuations are mutually uncorrelated.
Therefore, the Allan variance for frequency fluctuations of the slave laser can be expressed
as

ovg?( 1) = ovpm2(T) + ovp2( 1) . (5)

Since it was confirmed that ov BZ(T ) << ov MZ( 1) for Tus ¢ T ¢ 100 s, this equation means
that ov 52( T) = csz( 1), i. e., the residual frequency fluctuations of the slave laser
were as low as those of the master laser. It can be confirmed from these results that
accurate frequency tracking to the master laser was realized, or, in other words, high
coherence of the master laser was transferred to the slave laser.

Wideband frequency tuning

A highly stable, reproducible, and accurate technique for wideband frequency tuning would
be required for several improved applications. Frequency offset locking can be also used as
a candidate for such a reliable technique. In this technique, the slave ‘laser frequency can
be swept in a stable manner by sweeping the synthesizer frequency with a sweep speed which
falls within the bandwidth of the feedback loop ( 1.5 MHz ). Figure 7 shows the beat
frequency v p which was varied by a stepwise sweep of the synthesizer frequency at 20 MHz
interval. Here, the division rate M of the prescaler was fixed to 500 for vg < 0.7 GHz,
and to 2000 for vg 2 0.7 GHz, respectively, which was required because of a limited
bandwidth of the prescaler used. As shown by this figure, a stable sweep was carried out
for 0.08 GHz ¢ vg ¢ 1.6 GHz, which means that the lock range of the beat frequency was 1.52
GHz and frequency tunable range of the slave laser was 3.04 GHz. Furthermore, recent
experiments have proved that it was carried out for 0.024 GHz ¢ vpg ¢ 1.6 GHz, which means
that the lock range of the beat frequency was 1.58 GHz and frequency tunable range of the
slave laser was 3.15 GHz. This lock range was limited by the following causes : For vp <
0.024 GHz, the level of the input signal to the prescaler was not high enough to be
converted into the TTL signal, which is due to a rather broad linewidth of the beat
spectrum. For vpg > 1.6 GHz, on the other hand, the sensitivity of phase comparison was
also reduced because of a limited response speeds of the Si-APD and the prescaler.

SPIE Vol. 723 Progress in Semiconductor Laser Diodes (1986) / 75

29



There can be promising ways of further extensions of the range of stable frequency tuning
of the slave laser. One of them is to make a discrete tuning of the master laser frequency
by successively locking to one of the frequency reference grid which are nearly
equidistantly distributed along the frequency axis. For each locked frequency of the master
laser, the frequency offset locking is applied to the slave laser. By this control scheme,
a stable and accurate tuning of the slave laser frequency can be realized. Absorption
spectral lines of combination tones or higher harmonics of vibration-rotation transitions in
organic molecules can be a candidate for such a frequency reference grid. This is because a
great number of lines are distributed with several GHz or several tens of GHz interval in
the near infrared wavelength region and some of their absolute'fre%pencies have been already
calibrated with the accuracies of about 1 x 10-6 ~ 7 x 10-8 16, 17,

In the present experiment, equidistantly distributed resonance frequencies of a Fabry-
Perot interferometer were used as the simpler frequency reference grid. The master laser
frequency was able to be locked to the slopes of its successive fifteen resonance spectral
lines. For each locked frequency of the master laser, frequency offset locking was applied
to the slave laser to reduce the beat frequency fluctuations as low as those shown by Fig.
6. As a result of this locking, a range of stable frequency sweep of the slave laser was
extended to 47.3 GHz. :

The number of lines of frequency reference grid to which the master laser can be locked
was limited by mode-hopping phenomena in the laser, which also limited the extension of the-
tunable range of the slave laser frequency. It would be effective to use a.laser without
mode-hopping to extend this range. A recently developed 1.5 um InGaAsP DFB laser may be
favorably used for this purpose because its wavelength can be continuously varied by varying
the ambient temperature within the range of 15 nm without mode-hopping under free-running
condition, which corresponds to the frequency range of as wide as 2 THz 18, A stable and
wideband frequency tuning for more than 1 THz can be expected if this kind of lasers are
employed.

Summaries

Electrical negative feedback was proposed as a promising synthesized technique to carry
out simultaneously the four subjects which were required to attain ultrahigh coherence in
semiconductor lasers. Experimental results are summarized as follows :

(1) Linewidth of field spectrum : 200 kHz, which is 1/25 times that of the free-running
laser ( for a 1.5um InGaAsP laser ). It was estimated as being narrower than the value
given by the Schwlow-Townes' formula, i. e., limited by spontaneous emission.

(2) Stability of center frequency of field spectrum : ov ( T) = 500 Hz at T = 100 s ( for a
0.8 ym AlGaAs laser).

(3) Frequency tracking : Stability of the beat frequency was
ove( 1) = 11 Hz at T =100 s ( for a 0.8y m AlGaAs laser) .

(4) Stable and wideband frequency tuning : Lock range of the beat frequency was 1.58 GHz,
and the total range of frequency tuning of the slave laser was 47.3 GHz, in which a
stability of the beat frequency was maintained as high as that of (3) (for a 0.8 ym AlGaAs
laser) . :

An improved experimental setup is now under preparation to realize higher coherence.
Further improvement in the performances of this system can be expected by using a novel
integrated laser devices with lower drift and improved FM response characteristics in the
future. )
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Fig. 1 (a) The gain of the electrical negative feedb_ack .loop. (b) The phase delay of the
electrical negative feedback loop ( curve A ). Contrlbutlops from the phase glelay of the
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finite loop length are represented by curves B, C, D, and E, respectively.
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Fig. 2 An example of simulated results of the power spectral densities Spp(f) of frequency
fluctuations under electrical negative feedback. This value is normalized to that of the

free-running laser ®pg(f). The curves A, B, and C represent the results when the loop
length is 30 cm, 10cm, and 0, respectively.
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Fig. 3 Relation between the detector-noise-limited linewidth Avppg of a 1.5 m InGaAsP
laser under feedback and the width of a resonance curve of a Fabry-Perot interferometer
Avpp used as a frequency discriminator. The linewidth Av pp is normalized to that of the
free-running laser AV pgr. The linewidth Avpp is decreased with decreasing AV pp, i.e., .
increasing the feedback gain, which is represented by the curve A. Further decreases in
Avpp would induce a re-broadening of Avpp, which is represented by the meshed area between
the curves B and C. Since the accuracy of estimating a required bandwidth of the feedback
loop was not high enough, the re-broadening was represented by such a meshed area.
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been divided by M. (c) : Fluctuations in the beat frequency VB- The parts A and B
represent the waveforms under free-running and frequency offset locked conditions,
respectively, where M was fixed at 500 and the locked value of vp was 0.6 GHz.
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Results of a free-running condition. B : Results under a condition of frequency offset

locking, where M = 500 and vg = 0.6 GHz. C : Estimated limit given by round-off errors of
pulse number counting generated at the D/A converter in the phase comparator.
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TUC5 Ultrahigh.coherence in semiconductor lasers

M. OHTSU, K. KUBOKI, N. TABUCHI, Tokyo Institute of Technology, Graduate
School at Nagatsuta, 4259 Nagatsuta, Midori-ku, Yokohama, Kanagawa 227,
Japan.

Electrical feedback was employed to attain uitrahigh coherence in semicon-
ductor lasers. A theoretical analysis, based on the quantum mechanical
Langevin equation, has proved that electrical feedback can reduce the FM
noise to a value lower than the quantum FM noise of the laser. The following
four techniques were studied: :

(1) Linewidth reduction: A compact external Fabry-Perot interferometer
was used as a frequency discriminator for feedback. The linewidth was
reduced to 200 kHz, which was narrower than the value limited by the quantum
FM noise of the laser. Network analyses were carried out to make an
optimum design of the wideband low-phase-delay servo amplifier, from which
it was found that the linewidth can be reduced to as narrow as 10 kHz.
Furthermore, it was found that integration of the feedback loop with the laser
dpvices is not necessarily required, simplifying the experimental setup. it
was estimated that the linewidth can be uitimately reduced to 1 Hz by employ-
ing an optimum fiber ring Fabry-Perot interferometer of ~1m as the frequency
discriminator.

(2) Stabilization of the center frequency of field spectrum: Fluctuations
of the center frequency were reduced to 500 Hz at 100-s integration time by
using 8Rb vapor as the frequency reference, which was as low as that limited
by the quantum FM noise of the laser. This value was estimated by measuring
the fluctuations of the beat frequency between the two independently stabi-
lized lasers. The theoretical limit of this fluctuation was estimated at 0.5 Hz.

(3) Frequency tracking to the other highly coherent laser: A highly
coherent laser [i.e., a master laser prepared by (1) and (2)] and a slave laser
were heterodyned, and the IF signal was phase-locked to a microwave local
oscillator by applying electrical feedback to the slave laser. The feedback
bandwidth was 1.5 MHz, and the capture rangerf this optical PLL was 1.9 GHz.
Fluctuations of IF frequency were reduced to 30 Hz at 100-s integration time,
which was less than that of the master laser. This means that high coherence
of the master laser was accurately transferred to the slave laser. Its theoreti-
cal limit was estimated as subhertz.

(4) Wideband frequency tuning: By sweeping the microwave frequency
in the PLL condition of (3), the slave laser frequency was varied while maintain-
ing high coherence. The frequency variable range, i.e., lock range of the PLL,
was 58 GHz. It was estimated that this range can be extended to as wide as 1
THz if a dynamic single-mode laser is employed, which means that a highly
coherent tunable laser can be developed.

Based on the resuilts above, a synthesized system was proposed employing
an electrical feedback to use the above four techniques simuitaneously to
achieve an ultrahigh coherence in semiconductor lasers.

. (Invited paper, 25 min)
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US-Japap Seminar, Quantum Mechanical Aspects of Quantum
Electronics, July 1987, Monterey, CA, Session III, Paper number 4

Ultrahigh Coherent Semiconductor Lasers
And Their Applications To Rb Atomic Clock

M. Ohtsu*, K. Kuboki, and M. Hashimoto

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

*Presently, AT&T Bell Laboratories
Crawford Hill Laboratory, Holmdel, NJ 07733, USA

ABSTRACT

We demonstrate that the FM noise in semiconductor lasers can be reduced
to a value lower than the quantum noise limit by using negative electrical feedback. A
synthesized method of electrical feedback (Fig. 1) is proposed to realize such ultrahigh
temporal coherence in semiconductor lasers. The center frequency fluctuations of the
field spectrum are reduced as low as 2x10~!2 by this feedback. The linewidth of the
field spectrum is reduced to 100 kHz, which is narrower than the value given by the
qu. .tum noise limit of the free-running laser (Fig.2). Optical phase-locked loop
realizes a frequency tracking accuracy of 3x 10! capture range of 1.2 GHz, and locking
range of 53 GHz.

As an alternative scheme to realize ultrahigh coherence in semiconductor
lasers, we present a novel experimental method for accurate frequency tracking using
the correlated spontaneous emission between the two longitudinal modes [1,2]. We
employ a method of resonant coupling between the two optical transitions via optical
sidebands produced by parametric modulation of the laser gain. By this modulation,
the linewidth of the heterodyned signal was reduced to 25 kHz (Fig. 3: The minimum of
the linewidth obtained is limited by resolution of our linewidth measurement system).
This value corresponds to suppression of the relative phase noise between the two
modes to less than one-twentieth of the quantum noise limit of the free-running laser.

As an application of these ultrahigh coherent lasers, we have used them as
optical pumping sources for Rb atomic clock of 6.8 GHz frequency. A novel optical-
microwave double resonance spectral shape with the linewidth as narrow as 20 Hz is
demonstrated by utilizing FM sidebands of the laser induced by nonlinear susceptibility
of the three-level Rb atoms (Fig. 4). Theoretical analysis shows that by optimizing the
modulation parameters one can realize ultra-sensitive microwave frequency
discrimination, which is about 7500 times more sensitive than a conventional Rb atomic
clocks.
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Analyses of Mode-Hopping Phenomena in an
AlGaAs Laser

MOTOICHI OHTSU, YASUAKI TERAMACHI, YOSHIHIRO OTSUKA, anp AKIO OSAKI

Abstract—Intensity fluctuations of the longitudinal modes of a 0.8
pm AlGaAs laser were precisely measured during the occurrence of
hopping between two modes. It was found from this result that mode
hopping follows the stochastics of a Poisson process. The frequency of
mode hopping was measured as f. = [exp [-95(//1;, — 1)]] X 107 (Hz),
where //1;, is the injection current normalized to its threshold value.
Results of analog computer simulations showed that spontaneous emis-
sion worked as a triggering force for mode hopping. Results of the
analysis based on the Fokker-Planck equation were compared to the
experimental results, from which the root-mean-square value of the
fluctuating electric field of spontaneous emission was estimated as 2.3
X 102 (V/m) = (En) = 3.2 x 10? (V/m). It is concluded that an effec-
tive reduction of mode hopping is achieved if the laser is operated at a
higher bias or if the coupling constant between the two modes is in-
creased.

I. INTRODUCTION

HE performance of semiconductor lasers has recently

been improved to the extent that they can be used for
a variety of applications. They can, for example, be used
as light sources for video and audio disk systems [1]. For
these applications, their intensity fluctuations should be
reduced to a sufficiently low level. However, it has been
empirically found that high level fluctuations are induced
in the low Fourier frequency range when the laser is op-
erated with multilongitudinal modes [1]. This has been
attributed to hopping between longitudinal modes. Ito et
al. [2] have carried out several experiments and have dis-
cussed several correlation characteristics between the in-
tensity fluctuations of each mode when multimode oscil-
lation occurred. A theoretical analysis of the intensity
fluctuations was first given by McCumber [3]. However,
systematic studies on quantitative measurements and pre-
cise theoretical analysis of mode-hopping phenomenon
have not been performed.

In order to reduce the intensity fluctuations induced by
mode hopping, we have carried out precise measurements
of these fluctuations as well as an analog computer sim-
ulation for a 1.5 um InGaAsP laser [4]. As a result of
this, it was found that mode hopping follows the stochas-
tics of a Poisson process and spontaneous emission acts
as a trigger to this hopping.
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M. Ohtsu, Y. Teramachi, and Y. Otsuka are with the Graduate School
at Nagatsuta, Tokyo Institute of Technology, Midori-ku, Yokohama 227,
Japan.
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IEEE Log Number 8407193.

In this paper, the results of a systematic study (precise
measurements, analog computer simulations, theoretical
analysis based on the Fokker-Planck equation) on mode-
hopping phenomena of a 0.8 um AlGaAs laser are pre-
sented, which are based on the results of the previous pa-
per [4].

II. PRECISE MEASUREMENTS OF INTENSITY
FLucTtuATIONS BY MODE HOPPING

A. Experimental Apparatus

An AlGaAs laser (channeled-substrate-planar type [5])
of 0.8 um wavelength was employed for the experiments.
Fig. 1 shows the experimental apparatus. The laser was
installed in a small vacuum chamber, and temperature of
the heat sink for the laser made of a copper block was
controlled by using a Peltier element for which a thermis-
tor bridge was used as a sensor. As a result of this control,
the temperature fluctuations of the heat sink were reduced
to ranges as low as 1 X 107°-3 x 107* K. The laser was
driven by a low-noise dc current source with a current
noise (root-mean-square value) of 0.6 nA/ VHz at the
Fourier frequency of 1 kHz. By realizing such extremely
stable conditions of temperature and injection current, re-
producible experimental results were obtained, i.e., the
effects of temperature and injection current fluctuations
on the laser intensity could be neglected in the present
experiments.

Hatched areas in Fig. 2(a) give the regions of the heat
sink temperature T and the injection current / 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 satellite lon-
gitudinal modes were less than 5 percent of that of the
main mode. For example, modes M1 and M2 in this figure
are adjacent to each other, while two nonoscillating lon-
gitudinal modes exist between modes M7 and M10. In the
present study, the intensity fluctuations under the two-
mode oscillation [see Fig. 2(b)], which is-the simplest
case of multimode oscillation, were investigated for sim-
plicity. Here, the two-mode oscillation was defined to be
the situation in which the intensity difference between the
two longitudinal modes was less than 10 percent. This
two-mode oscillation was obtained by setting the temper-
ature and injection current at several points between the
two hatched areas in Fig. 2(a). Laser beams of two modes

0018-9197/86/0400-0535$01.00 © 1986 IEEE
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Fig. 2. (a) Regions of the temperature T of the heat sink of the laser and
the injection current / where single longitudinal mode oscillation was
observed (hatched areas). M 1-M 14 represent a series of longitudinal
modes whose typical wavelengths are: M 1: 820.0 nm, M2: 820.3 nm,
M6: 821.6 nm, M7: 822.0 nm, M10: 822.9 nm, M14: 824.2 nm. [,
represents the threshold current. (b) Intensities of modes M6 and M7
measured by a grating monochromator.

were spatially separated by a grating as shown in Fig. 1
and were simultaneously detected by two. silicon ava-
lanche photodiodes (Si~APD). The output signals of Si-
APD’s were recorded by a two-channel digital memory.
The bandwidth of the detection system was 50 MHz.

B. Results

Fig. 3(a) gives the fluctuations of the intensities of both
modes and that of their sum. It can be clearly seen that
the two modes do not oscillate simultaneously, but show
switching phenomena, which can be interpreted as mode
hopping. Fig. 3(b) gives a phase space, which represents
the distributions of the intensities of both modes of Fig.
3(a) sampled at time intervals of 50 ns. The value of cross-
correlation coefficient R between the intensities of both
modes were calculated as being —0.998, where the fol-
lowing definition of R [6] and all the values of the sam-
pled data in Fig 3(b) were used for calculation:

R = 0'12/\/0] * 07 (1)
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"Fig. 3. (a) Temporal intensity fluctuations of the two modes and their sum.
These values are represented by the output voltage of the preamplifier
from the Si-APD. Modes I and II in this figure correspond to M6 and
M7 in Fig. 2, respectively. The value of I//, was 1.07. (b) A phase
space of the intensities of the two modes. The dots in this figure represent
the distributions of the intensities of Fig. 3(a) sampled at a time interval
of 50 ns. The solid line was drawn by a least square fitting to these data.
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Fig. 4. Power spectral densities S(f) of intensity fluctuations of both
modes of Fig. 3(a). The cutoff frequency f,. was defined as S( f,) = 5(0)/
2.

In this case, o; is the self variance of the intensity varia-
tion of the ith mode and g, is the cross variance between
the two modes. Switching phenomena can be also con-
cluded from Fig. 3(b) and from a large negative value of
R. Fig. 4 gives the power spectral densities of the inten-
sity fluctuations of both modes calculated from the signal
recorded by the two-channel digital memory. These curves
show typical Lorentzians with a cutoff frequency f, of 41.5
kHz, which means that mode hopping follows the sto-
chastics of a Poisson process [7], i.e., mode hopping oc-
curs completely at random in time. This also has been
found for a 1.5 um InGaAsP laser [4]. Furthermore, these
curves imply that the average duration time corresponds
to 1/ f. [7], i.e., f, represents the average frequency of
mode hopping. Fig. 5 shows the relation between the in-
jection current I normalized to its threshold value I, and
f.. The solid curve was calculated by least square fitting
to the experimental results, which is

f. = [exp [—95(I/1; — 1)]] X 107 (Hz). ?)
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Fig. 5. Relation between the injection current normalized to its threshold
value //1y, and the cutoff frequency f.. ®: Hopping between modes M1
and M2 of Fig. 2(a). °©: Hopping between modes M6 and M7 of Fig.
2(a). X: Hopping between modes M7 and M 10 of Fig. 2(a). The solid
line was drawn by least square fitting to the experimental values. The
condition of the point A was used to obtain Figs. 10-12 and 16. Point B
corresponds to the result of Figs. 3 and 4.

It is seen from Fig. 5 and (2) that the value of £, i.e., the
frequency of mode hopping, decreases with increasing
I'L,, which was almost independent of the fact of whether
or not the two modes were adjacent to each other. From
this result, it can be concluded that an effective way of
reducing mode hopping is to operate the laser at a higher
value of I/, i.e., at a higher bias.

III. ANALOG COMPUTER SIMULATIONS
An analog computer simulation was carried out to in-
vestigate the origin of mode-hopping phenomenon. One
of the most precise models of semiconductor laser oscil-
lations, as it was proposed by Yamada and Suematsu [8],
was employed. According to this model, the electric field
of the laser under two-mode oscillation is given by

Er, 0 =E@ - F,(n) - ™" + E® - F(n

- e? + c.c

(©))

where E(f) is the slowly varying amplitude, Fi(r) is the
spatial distribution function, w; is the angular frequency,
and c.c represents the complex conjugate of the first two
terms. The fluctuations of E(z) are described by van der
Pol equations which are given by

dE? 1 ~ (D 28 — &2 B2
? = —ITI‘-O @’ — ap — & E; t(nEJ]
GJj=12i+j) )

where n; is the refractive index of the laser medium, ¢, is
the permittivity constant of vacuum, p, is the permeabil-
ity constant of vacuum, and qy, is the loss of the laser
cavity. The quantities &E'), 6:,‘3), and &,3}) represent a lin-
ear gain, self-saturation coefficient, and cross-saturation
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coefficient, respectively. These quantities are derived
from the density matrix formulation, and are given by [8]

&‘(l) = £(l)g(l)[ﬁ(0) - ng) hl()\ _ )\0)2]’ (5)

~(3) =2 (E(l))z < ) (M2> g(l)(—(o) - n(3)) (6)

6(: "y (%) (M*) gV@® — n3)
a®

%o = 1+ rh(w; — o)’ ’ (7)
and
an = £PgV@ER ~ nd). ®

The quantities of (5)-(8) are defined in [8] and are sum-
marized as follows.

A®:  Carrier density injected into the active region.

¢M:  Laser power confinement ratio in the active re-
gion.

g™ Inclination of the linear gain to the injected
carrier density 7©.

n®:  Carrier density requlred to get positive value
of the linear gain.

h': Broadening of the linear gain on photon en-
ergy.

N Wavelength of the ith longitudinal mode.

Nos Wavelength of the center of the gain spectrum.

Tint Relaxation time of the dipole which consists
of an electron and hole.

(M?): Square of the dipole moment.

ng): Carrier density required to get positive value
of the saturation coefficients.

AY:  Threshold value of 7,

Since all the quantities in (5)-(8) can be measured
through appropriate experiments as given in [8], the model
employed here is concrete and it can be compared to ex-
perimental results.

The following approximation is valid because it was
confirned by several preliminary calculatlons that the
fluctuations of cxf” and ag(}, with a change of 7 are much
less than that of a,”

= @t
~(3) 0)y ~ & 3 0
(—( )) ( )(—( )) } . (9)
(3) 0y ~ ~@ 0
&) = f(,)(ﬂ( )

On the other hand, the time dependency of the carrier den-
sity 7 is given by .

dn® € &g ~ (D p2
- I(r, Ei + 7“252>
A% 1
T, Ve (10)

where greek 7, is the mean lifetime related to spontaneous
emission, I is the injection current, V, is the volume of
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the active region, and e is the electron charge. Further
explanations of the quantities appearing in (5)-(10) can
be found in [8]. Numerical values used for calculations in
the present paper were derived by referring to the discus-
sions in [8] and are summarized in the following:

(M?y =2.0 X 107 (C2 - m?), )
g =214 x 107,

B =3 x10°m), n®
INi = No| =5 (nm),

w0 = w, = 2.36 X 10" (rad/s), '
£M =02, 7, =3 x107" (),

1@ =17 %x10* M3 V=24 x 107 m?),
n =36, onp=>5x10"m™),

7, =3 X 107 (5), A = 2.6 X 10% (m™) J

= 1.6 x 10 (m™),

€3]

Because we expected that spontaneous emission acts as a
triggering force for mode hopping, several analog com-
puter simulations were carried out by adding the square
of the amplitude E; (i = 1, 2) of the fluctuating electric
field of spontaneous emission to the right side of (4). This
treatment has already led to a successful result with ref-
erence to mode hopping in a 1.5 um InGaAsP laser [4].
"Two uncorrelated Gaussian white noises, generated
from: two noise generators, were applied to the analog
computer as the additional spontaneous emission terms
E?; of (4). The amplitudes of the output signals from the
noise generators were adjusted so that the root-mean-
square values of Ey; could be fixed around a value which
will be estimated in Section IV [see (25)]. Furthermore,
as long as the wavelength separation between the two
modes was less than about 1 nm, it was found that the
following approximation was valid using (5)-(7) and the
numerical values of (11);
7O — ng >> KO\ = Aoy’
(12)
1 >> 7w — o))’

This also leads to the following approximation:

~ (1 ~ (D
al’ = ay

(13)

I}

~ @3 ~(3
a(]) a(z)

afh = o)
which means that this model can be used to describe the
situation in which the intensities of two modes are almost
equal, as was experimentally investigated [Fig. 2(b)]. Fig.
6 shows the output waveforms of E3, £3, £3 + EZ, and
7® from the analog computer. Switching of the intensi-
ties between the two modes is clearly seen in this figure,
which means that mode hopping occurred by spontaneous
emission. Fig. 7 gives the power spectral densities of the
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fluctuations of E2 (i = 1, 2). These curves also show typ-
ical Lorentzians, from which it can be confirmed again
that mode hopping is induced by spontaneous emission
and follows the stochastics of a Poisson process. Fig. 8
gives the relation between I/l,, and the cutoff frequency
f-. The cutoff frequency f, also exponentially decreases
with increasing I/I;,, which is consistent with the experi-
mental results of Fig. 5. It is seen from Fig. 6 that the
value of 7 is almost constant in time, which is due to
the fact that the stimulated emission rate is kept constant
even though mode hopping occurs. This is concluded from
the fact that the value of £2 + E3 of Fig. 6 is kept con-
stant, even under mode-hopping conditions. Therefore,
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when the two modes oscillate with almost equal intensi-

ties as shown in Fig. 2(b), it can be confirmed that the

) @)
values of &, ", &;”', and & oz,( 7 do not vary in time.

IV. ANALYSIS BASED ON THE FOKKER-PLANCK
' EQUATION

A. Cutoff Frequency and Electric Field of Spontaneous
Emission

Dynamics of hopping between two modes of a ring gas
laser and a ring dye laser have been investigated through
an analysis based on the Fokker-Planck equation [9]-[11].
In this section, this approach is apphed to investigate the
results obtained i m Sections II and III.

The values of &; M ozf”, and &f(,), of (5)-(7) can be con-
sidered as constants because the value of #‘® does not
vary in time as long as intensities of the two modes are
nearly equal, which has been pointed out in the last part
of Section III. Therefore, the equation we have to solve
in order to describe mode hopping is (4) only, and (10)
does not have to be taken into account. This means that
the formulations used for a gas laser and a dye laser can
also be applied for a semiconductor laser as long as the
intensities of the two modes are equal. The analysis based
on this formulation is given in the following.

The normalized set of equations of motion, i.e., the
Langevin equation for the electric fields of the laser, is

L= @~ |EP - HEDE +

e ; i i) Ei + qi(7)
(G,j=12i#)) (14)

“where E; (i = 1, 2,) is the normalized amplitude of the

electric field of the ith mode, 7 is the normalized time,
and a; and 7 are the pump parameter and coupling constant
defined in [10], respectively. All the quantities in these
equations are dimensionless. The quantities g,(7) (i = 1,
2) are Langevin noise terms which are supposed to be
delta-correlated Gaussian random processes with a zero
mean and

() * ¢i(T)) =4 -8 - 8(r — 71')

t.Jj=12 (15)

where * means the complex conjugate, ; is the Kroneck-
er’s delta, and 6(7 — 7') is the delta function. The quan-
tities g;(7) represent the fluctuations of spontaneous emis-
sion and are proportional to Ej; appearing in Section III.
The Langevin equations corresponding to (14) also can be
derived from (4) and are

dE; _ 1

“hEi ~ (1)

—_— [ — oy —
dt  2nVeomo *
_ 1 . F
2n;Veopo e (16)

Comparison between (14) and (16) gives the following
relationship:

& (3)

&?) |E~,-I2 1(/) |E I ] E

+ G,j=1,2;i #j).
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2 ~ ¢ 1/6
f:[_l_ Oan vr r _a'(‘l)_aah] }
Ei 2 &53)~ » N1TN2 &53)
'2”1\/60[10 ._ v
t = ,_(3) 2 g (17)
i $Ei
a4 = @ - awlath
- (3) ~03
£ = f?/))/ 2. 7
where normalized constants {z; and {; are defined as
(e = EJE; = Eylgy (i=1,2)

&G =tlt

The value of the coupling constant £ was easily found to
be % from (6), (7), and (18). The quantity ry; of (17) rep-
resents the ratio between the root-mean-square value of
the fluctuation of the spontaneous emission {Ey;) and the
stationary value of the electric field of the ith mode, which
is expressed as '

i = B I@" — ag)a™"

(19)
i=1,2). :

If we express the normalized complex field amplitude E;

in terms of real and imaginary parts
E,' =x; + i- Yi (l = 19 2)’ (20)

the vector X [= (x|, X2, ¥, y2)] represents the state of the
laser, and its components obey a set of coupled Langevin
equations of motion given by (14). The Fokker-Planck
equation for the probability density p(¥, 7) associated with
these Langevin equations is given by [10]

2

d L. 0w
a‘rp(x, T) = i§I [ ax,.A" p
3 .y & 82 ]
— — A" + + —
A <ax2 w)?) @
where |

Gj=12i+j, n=x9. 22

The eigenvalue v of the time-dependent solution for p(¥,
7) of (21) has been obtained [10, eq. (8.4)]. The cutoff
frequency f. of Fig. 4 can be derived from v, and it is

1 ,V1+§&-1
R ]
5t/.,exp [_az(\/l +E- 1y
1+¢
In this equation, the approximation a; = a, (=a) is used,
which is allowed according to (13). Fig. 9 gives the re-

lation between a and f, derived from (17) and (23). For
this derivation, the carrier density is fixed to be

_ _©
7 = 1.02 7Y,

]. (23)

e2)
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Fig. 10. Relation between 111, and a estimated using the experimental re-
sults of Fig. 5 and the calculated results of Fig. 9. All the points (e, °,
x) and the meanings of A and B in this figure correspond to those of
Fig. 5.

as has been gowen in Fig. 6. The value of 7 i

larger than 7y, as given (3' this equation, and this differ-
ence between ¥ and Ay depended on the intensity of
spontaneous emission. However, since this slight differ-
ence did not glve any notable effects on the values of
a" a™, and & oz,(,,, the value of A%, as given by (24), was
used in the following calculations.

The value of f, in this figure exponentially decreases
with increasing a, which is consistent with the experi-
mental results shown in Fig. 5 because a is proportional
to a,m — oy, i.e., Il — 1, as given by (17). Experi-
mentally realized values of a can be estimated by com-
paring Figs. 5 and 9; they are given in Fig. 10 as a func-
tion of I/1,. :

The root-mean-square value of (Ey) (= CEyY =
( Eyy)) of the electric field of the spontaneous emission
can be estimated from (17)-(19) and Fig. 10 under the
approximation a, = a,. Estimated values of (Ey) are
given in Fig. 11. This figure shows that the value of
(Ey), which contributes as a triggering force to mode
hopping, is almost independent of I/l,, and is estimated
as being

2.3 x 10 (V/m) = (Ey) = 3.2 x 10 (V/m). (25)

is slightly

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. QE-22, NO. 4, APRIL 1986

«102
4
E B X
N
: 3t o A
XX g, J .
O. 'Y
v 2r
| 1 1 I
10 A 12
171

Fig. 11. The root-mean-square values ¢ £y ) of the fluctuating electric field
of the spontaneous emission as estimated from (17)-(19) and Fig. 10.
All the points (*, ©, X) and the meanings of 4 ar ’ B in this figure cor-
respond to those of Figs. 5 and 10.

The value of ( Ey) given by (25) is almost equal to the
one which has been experimentally obtained for the laser
operating near the threshold condition [12], which con-
firms the present estimation reasonably.

For derivation of Figs. 6-8 in Section III, the values of
(Ey) were fixed around the value given by (25).

B. Estimation of the Potential

The stationary-state solution of (21) gives the following
steady-state probability density p, (¥):

B~ 'exp [—UD)] -

where B is the normalization constant and the potential
U(X) is given in [10]

ps(¥) = (26)

URE) = =4 a6} + y) — Laxd + v

+ 163 + yD? + oF + ¥3)

+ 280 + yh o + ¥l 27

In this equation, x? + y?(=| E;|?) is proportional to the
intensity of the ith mode. Therefore, it can be transformed
into the following expression by representing x} + y?as
I;:

1 A
ua,, ) = ~3 {a(ll + L) + Ta a, - Iz)}

| ) 2
+ 2 Iy + I + 2¢LD) (28)
where
a = (a; + a2
(a, 2 29)
Aa=a —a

The potential U(/}, I,) can be estimated if a and Aa are
derived from the experimental results. Since the approx-
imation a, = a, is valid for the experiments as shown in
Fig. 2(b), Aa may be fixed to zero and the value of a
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Fig. 12. The form of the potential U(/,, I,) where a = 12.09 and Aa =
0.05 (see Appendix). M, and M, represent the minima, and S is the sad-
dle point of the potential. AU represents the depth of the minima mea-
sured from the saddle point.
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Fig. 13. Relation between a and AU calculated from (30) where the ap-
proximation Aa = 0 was used. The value of £ was fixed to 1

given by Fig. 10 may be employed here. However, it is
also possible to evaluate the value of Aa more accurately
by following the derivation given by Lett et al. [11]. This
evaluation is given in the Appendix.

Then the potential U(J,, I,) can be obtained using (28)
and the value of Aa given in the Appendix. It is given in
Fig. 12 and has two minima (M,, M,) separated by a sad-
dle point (S). Both of these minima correspond to highly
probable states for which one mode intensity is zero, while
the other is nonzero. Fluctuations by spontaneous emis-
sion drive the representation point in phase space [it also
corresponds to Fig. 3(b)] from one minimum to the other
at random times. The intensity of each mode therefore
tends to jump randomly between zero and nonzero values,
which corresponds to the mode-hopping phenomena
shown in Fig. 3. The difference between the minimum
and the saddle point can be derived from (28) as

AU = —(d&® — 2taa, + a4l — £%) + (30)

&
4"
(i = 1 for the points S and M,, i = 2 for the points § and
M, in Fig. 12).

Fig. 13 gives the value of AU where Aa = 0 is used.
It is seen from this figure that AU increases with increas-
ing a. Fig. 14 gives the relation between AU and f. de-
rived from (23) and (30) where Aa = 0 is also used. It
can be clearly seen that f, decreases with increasing AU.
From these results, it can be concluded again that an ef-
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Fig. 14. Relation between AU and f,. derived from (23) and (30) where the
approximation Aa = 0 was used. The value of £ was fixed to 3.

al/a?
o

-0 3

Fig. 15. Relation between the coupling constant £ and AU derived from
(30) where the approximation Aa = 0 was used.

fective way of reducing mode hopping is to increase a,
i.e., to increase I/I;,, which has been pointed out in Sec-
tion II. The alternative way for this reduction is to in-
crease the coupling constant £ between both modes. Fig.
15 gives the relation between AU/a® and &. The negative
value of AU for ¢ < 1 means that the potential has a
single minimum. This means that both modes oscillate
simultaneously, which corresponds to the situation of
weak coupling mentioned by Lamb [13]. In the present
case, however the coupling between the modes is strong
because ¢ = §(>1). Fig. 15 shows that mode hopping
can be reduced bg' increasing £. Réferring to the detailed
derivations of &; ® and aff], given in [8], it is found that
the value of £ can be increased with increasing overlap of
the spatial distributions of the electric fields of both modes
in the laser cavity, i.e., with increasing the spatial inte-
gral of the term | F\(r) Fy(r)| [cf. (3)]. This should be
possible through an appropriate design of the laser cavity.

V. DISCUSSIONS AND SUMMARY

It has sometimes been mentioned that mode hopping is
induced by fluctuations of temperature or injection current
[14], injected light from the external mirrors into the laser
cavity [15], and other deterministic mechanisms [16].
However, it is not probable that the mode hopping we
observed was causcd by the fluctuations of temperature or
injection current because the magnitudes of these fluctua-
tions were so low that jumping between the two hatched
areas in Fig. 2(a) was not likely to occur. Furthermore,
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mode hopping was actually observed in the present ex-
periment even though the injection of reflected lights into
the laser cavity was carefully avoided. These facts sug-
gest that mode hopping is induced by other origins.

Since the typical Lorentzian power spectral density of
intensity fluctuations was clearly observed under stable
conditions of the present experiments, it is seen that the
occurrence of mode hopping is completely random in
time, i.e., mode hopping follows the statistics of a Pois-
son process. Furthermore, the relation between I/, and
the cutoff frequency f. of this Lorentzian agreed well with
the results of the analyses by means of the Fokker-Planck
equation [10]. From these facts, it is quite reasonable to
believe that mode hopping in a semiconductor laser is in-
duced by the fluctuations of spontaneous emission.

For more detailed discussions, quantum mechanical
treatment is required, following the basic theory given by
Haken [17], Louisell [18], Sargent et al. [19], Yamamoto
[20], and Marcuse [21]. However, considered as a first-
order approximation, the present treatment can be accu-
rate enough to describe the results of the present experi-
ments.

The experimental and theoretical analyses presented in
this paper are for the special case where a; = a,. If the
more general case where a; % a, should be treated, the
approximation of the constant carrier density 7?, as de-
rived from Fig. 6, cannot be valid because the total inten-
sity of the laser may vary in time as a consequence of
mode hopping. Therefore, several modifications of the
analysis based on the Fokker-Planck equation are re-
quired.

Experiments and calculations are now in progress to
generalize and improve the accuracy of the analysis.

The results obtained in this study are summarized as
follows.

Intensity fluctuations of the longitudinal modes of a 0.8
um AlGaAs laser were precisely measured under stable
experimental conditions during the occurrence of hopping
between two modes. Power spectral densities of the fluc-
tuations were typical Lorentzians, from which it was
found that mode hopping follows the statistics of a Pois-
son process. The cutoff frequency of the Lorentzian, i.e.,
the frequency of mode hopping, was

f. = [exp [-95/ly — D]] X 107 (Hz).

Results of analog computer simulations showed that spon-
taneous emission worked as a triggering force for mode
hopping. Furthermore, analysis based on the Fokker-
Planck equation was carried out. Comparison between this
result and experimental results gave the estimated value
of the root mean square of the fluctuating electric field of
spontaneous emission as

2.3 x 10> (V/m) = (Ey) = 3.2 x 10> (V/m).

The form of the potential was also estimated through this
analysis. From the discussions given above, it was con-
cluded that an effective reduction of mode hopping is
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Fig. 16. Histograms, i.e., the probability distributions P(I;) (i = 1, 2)
estimated using the sampled values of the waveforms of the intensity
variations of the ith mode. The sampling time was 50 ns. This figure was
obtained from the condition corresponding to point 4 in Fig. 5.

achieved if the laser is operated at a higher bias or if the
coupling constant between the two modes is increased.

APPENDIX
EVALUATION OF Aa

The value of Aa can be estimated more accurately by
the following procedure.
The probability distribution P (/;) of the ith mode has to
be calculated for this purpose, which is given by
P = So ps(¥)dl; (Q,j=1,2:i x]).
(A.1)

The value of P(/;) also can be derived from the experi-
mental results as the histogram of the sampled values of
the waveforms of the intensity fluctuations of the ith
mode. For a sampling time of 50 ns, this histogram, i.e.,
the form of the probability distribution P([;), is given in
Fig. 16. It has two peaks, corresponding to one peak at /;
= 0, the low-intensity peak L, and a high-intensity peak
H at I; = 0. The areas under these two peaks yield the
probabilities P; and Py, that the intensity /; is low or high,
respectively. Their ratio has been theoretically derived
from (A.1) as [11]

Py/P, = exp (a * Aa/2 — 3 - Aala). (A.2)

Therefore, substitution of the value of Py/P, obtained
from Fig. 16 and the value of a given by Fig. 10 (=12.09)
into (A.2) gives for Aa, a value of 0.05. This result was
used to obtain the form of the potential of Fig. 12.
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A novel stochastic model based on a formulation by the Fokker-Planck equation was proposed to describe a drastic suppression
of mode hopping in an AlGaAs laser, which has been observed when tellurium was doped in its n-type cladding layer. It was found
that this suppression was caused by a decrease in the self-saturation coefficient of the laser oscillation due to saturable optical
absorption by DX centers. Furthermore, the dependence of this suppression on the laser power confinement ratio in the active
layer was evaluated. Calculated results obtained with this model agreed well with the experimental results.

1. Introduction

It has been pointed out that single-longitudinal
mode oscillation of an AlGaAs laser can be stabilized
by saturable optical absorption from DX centers, i.e.,
deep-level states or traps, which are created by tellur-
ium (Te) doped in its n-type cladding layer [1,2].
By increasing the amount of Te in a MCSP (modi-
fied channeled substrate planar) laser over a thresh-
old value, drastic suppression of mode hopping has
been observed [3].

Though some of the effects of this saturable
absorber have been theoretically investigated, it
should be pointed out that conventional theoretical
models present the following problems:

(1) The suppression of mode hopping has been
attributed to the spatial variation in the optical loss
created by the saturable absorber due to the stand-
ing-wave pattern of the single predominant mode
[2,3]. Even though the values of the width of the
hysteresis loop of mode hopping can be evaluated by
this model [2], it is rather difficult to discuss any
stochastics of mode hopping which governs the
properties of laser power fluctuations. Furthermore,
at the edge of the hysteresis loop, the predominant
mode cannot be distinguished from the sub-mode

! Present address: Institute of Vocational Training, 1960 Ainara,
Sagamihara, Kanagawa 229, Japan.

0030-401/87/$03.50 © Elsevier Science Publishers B.V.

(North-Holland Physics Publishing Division)

because both modes have an equal linear gain at this
point. It should be noticed for these discussions that
mode hopping is a stochastic process induced by
fluctuations of the spontancous emission; which
would require a stochastic model. A relation between
Te density Nt and the average frequency £, of mode
hopping, i.e. average number of occurrences of the
mode hopping event per unit time, should be derived
by using such a model because it has been pointed
out that f; can be used as a measure of describing the
stochastic properties of the mode hopping [4].

(2) No theoretical models have been proposed for
evaluating quantitatively experimental results of
dependences of f, on Ny, laser power confinement
ratio in the active layer, and so on.

A novel theoretical model is proposed in this com-
munication in order to overcome these difficulties
and to evaluate quantitatively the effect of a satura-
ble absorber on the mode hopping.

2. Theoretical model

Hopping between two longitudinal modes in a 0.8
um AlGaAs laser is treated in this paper. The absorp-
tion coefficient of a DX center has been given in ref.
[51, by which a steady-state value the absorption
coefficient for the ith mode can be expressed as
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Fig. 1. (a) Relation between Ny and &, at several temperatures
T. (b) Relation between temperature T and saturation parame-
ter E,.

P E—
T 1+ (E?+x,E?)/E?

(5j=1,2;i#j), (1)

where &g is the unsaturated absorption coefficient,
E, is the electric field of the ith mode, and E; is a
saturation parameter. Figs. 1(a) and (b) show the
dependences of &, on Ny and that of E; on tempera-
ture T, respectively, which were calculated by using
the numerical values given in ref. [5]. The quantity
k; in this equation is an overlapping factor which
represents the degree of spatial overlap between the
profiles of the two modes in the cavity. Straightfor-
ward calculations showed that x; can be approxi-
mated as.unity as long as the wavelength difference
between the two modes is less than several nanome-
ters, which is a typical case for the mode hopping in
an AlGaAs laser. An approximation made at the right
hahd side of this equation by using a power-series
expansion is justified by the experimental results of
E2/E? <1/5 [3]. By this approximation, the effect of
saturable absorption can be introduced into the rate
equations for E? [4], which are

dE?/dt= (1/m+\/€otto)
X [ —on—af E} - ai} EF1E?

(,j=1,2; i%)) . | )

Quantities &', oty &, &} in this equation are
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the linear gain, cavity loss, self-saturation coeffi-
cient, and cross saturation coefficient, respectively,
in which contributions from the saturable optical
absorption of eq. (1) has been included. They are
expressed as

afm =av, (3)
oy =y (1 +€ndo) , (4)
afd =f¥:(3)'(‘1—631&0/53) s (5)

dla; =d1(31;[ 1- (I/C)K,,ég,dO/E"Z] ,

(i,j=1,2;i#)) , (6)

where &, oy, &, and &{3} are the values at
Nr=0. These quantities have been derived by den-
sity matrix formulation [6,7]. The details have been
summarized in ref. [4], in which it has been also
pointed out that &{" ~a&§"’, a® ~#§»’, and
af}y ~asyl) as long as the wavelength difference
between the two modes is less than several nanome-
ters. The quantities of egs. (3), (5), and (6) depend
on the carrier density 7® in the active layer. The
quantity €, and €;; of eqs. (4)-(6) are constants
derived by using the material constants of an AlGaAs
laser, which are 8.5 10~ (m) and 7.0 10° (V*/m),
respectively. The quantity £ in eq. (6) is a coupling
constant between the two modes at Nr=0, which is
4/3. Since &, is proportional to N, egs. (4)-(6)
mean that the cavity loss «a;,, is increased, and satu-
ration coefficients &*" and &{(}" are decreased with
increasing Nr, respectively.

The equation of motion for carrier density 7¢® in
the active layer is given by

da® /dt= —nn/eolpo [(2/Aw ) AV E?
+ (2/hw,) a8 E3) —A©@/r,+ 1/ Vie, )

where detailed descriptions of the quantities in this
equation have been given in ref. [4].

In this equation of motion, contributions of a frac-
tion of the carrier density, which is trapped by or
released from the DX center in the cladding layer,
were neglected. This is based on the plausible
assumption that the amount of such carrier density,
which may diffuse between the cladding layer and the
active layer, can be considerably lower than that of
A [8].
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It is assumed in the following discussions that the
steady-state values of the two mode powers are equal
with each other. This assumption is satisfied at the
edge of the hysteresis loop, at which the mode hop-
ping can most likely occur. In this case, the value of
the stimulated emission rate (the quantity given in
the parenthesis of the right hand side of eq. (7)) is
kept unchanged with time because &{"’" ~ &$"’" and
the value of £? + E% is kept constant even under the
mode hopping conditions. This means that the car-
rier density 7(? of eq. (8), the value of &', &¢*’,
and &{3} in eq. (2) are also kept constant, as have
been confirmed also by an analog computer simula-
tion [4]. The constant value of the carrier density
can be expressed as

A9y =1+e, , (8)

where n,, is the value of the carrier density at the
threshold of laser oscillation, and €, is a constant
which depends on the magnitude of the fluctuations
of spontaneous emission and takes a value between
1x10~*and 2 10-2 [4].

As the carrier density is fixed at the constant value
of eq. (8), eq. (7) does not have to be taken account
in the following discussions. The equation we have
to solve is eq. (2) only. Since all the coefficients of
eq. (2) are assumed as constant, it makes it easy to
treat the mode hopping phenomenon by a formula-
tion of the Fokker-Planck equation. As the first step
of this formulation, the normalized set of equation
of motion, i.e., the Langevin equation for the electric
fields of the laser, is derived from eq. (2) by adding
to it the Langevin terms, which is

dE;/dt=(a;—E?-¢'E?)E;+4q,(1),
(5, j=1,2;i#)), (9)

where E; (i=1, 2) is the normalized amplitude of the
electric field of the ith mode, and 7 is the normalized
time. The quantities a; and £’ are a pump parameter
of the ith mode and coupling constant between the
two modes, respectively. The quantities ¢;(7) (i=1,
2) are Langevin noise terms representing fluctua-
tions of spontaneous emission which are supposed to
be delta-correlated gaussian random processes with
a zero mean. The pump parameter a; corresponds to
the bias level for the laser oscillation, which is given
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by the ratio between the steady-state mode power and
the mean square value of the fluctuations of sponta-
neous emission ¢(E%;) which works as a triggering
force for the oscillation of the ith longitudinal mode.
This is expressed as

a;=(&" —aun )& (B, (i=1,2).  (10)

In the present case, a; =a5 (=a’) because the steady-
state values of the two mode powers are equal. The
coupling constant &’ is given by

E=allal® ,  (i,j=1,2:i#)). (11)

The values of a; and &’ depend on Ny, which means
that the mode hopping properties also depend on Nr.
As the second step, the Fokker-Planck equation for
the probability density p(E%, E3, 7) associated with
these Langevin equations is derived. A time-depend-
ent solution of the Fokker-Planck equation takes the
form of exp(—y7) [4,10], from which the average
frequency of mode hopping is expressed as

et (- 72)
I N/ T3 1+¢&
1 2
<erool-[«(1-7iz) [} o

where ¢, is a normalization constant used to derive

the dimensionless time 7 of eq. (9) from the real time
tofeq. (2) [4].

3. Calculated results and discussions

Since the value of f; of eq. (12) depends on the
quantities of eqs. (3)-(6), it can be connected with
the material constants of the laser. Fig. 2 shows the
dependence of £, on Ny derived from eq. (12). A
drastic decrease in the value of f; can be seen at Nv>
5%10*~5x10'¢ (cm~3) (=Nqw) for 273 K<T
<323 K, where Ny, is the threshold Te density which
was conveniently defined by f.(Nr=Nqm) = (1/10)
f:(Nr=0). The value of Ny, can therefore be used
as a measure of the Te density required to suppress
the mode hopping. The phenomenon of such a dras-
tic decrease in f; is consistent with the experimental
results [3]. That is, a drastic suppression of mode
hopping has been experimentally observed at
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at 273 K<T<323 K, where ¢! is the laser power
confinement ratio in the active layer on which the
quantities of egs. (3)-(6) depend. However, the
value of Ny, of fig. 2 is lower than the one given by
this equation, which can be due to the inaccuracies
of estimating the values of T, &, E;, and so on. More
accurate estimations of these parameters will improve
the accuracy of estimation of Nyy,. Fig. 2 also shows
that the mode hopping can be suppressed by a lower
Npy if the laser is operated with a higher bias, i.e.,
with a larger a’.

Figs. 3(a) and (b) show dependences of f; and Ny,
on the laser power confinement ratio ¢, respec-
tively. It can be seen from these figures that the value
of Ny, increases with increasing £, which is because
the contribution of the saturable absorber in the
cladding layer decreases if a larger fraction of the light
power is confined in the active layer. This depen-
dence is consistent with the experimental results
given by the empirical formula of eq. (4).

To investigate the origins of these drastic decreases
in f;, the dependence of the pump parameter a’ on
Ny was derived and is shown by fig. 4(a), in which a
drastic increase in a’ can be seen with increasing N.
In spite of the fact that the cavity loss a;;, of eq. (4)
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is increased with increasing Ny, a simultaneous
decrease of self:saturation coefficient &{3" of eq. (5)

induced such a drastic increase in a’, which can be

confirmed by referring to eq. (10). By this drastic
increase in a’, a drastic decrease in f; is induced, as
can be seen from eq. (13).

Furthermore, fig. 4(b) shows the dependence of
the coupling constant £’ on Ny, where &' =4/3 (=¢)
at Nr=0 [4,6,7]. A drastic increase in &’ can be also
seen in this figure with increasing Ny. This can be
understood by noticing that a decrease in the self-sat-
uration coefficient &{*" induced by increasing N7 is
£ times larger than that in the cross-saturation coef-
ficient &3}, as can be confirmed by comparing egs.
(5) and (6). The difference of the decreases in these
two saturation coefficients could induce an increase
in &’ of eq. (11). And by this increase in &', the value
of f; drastically decreased, as can be seen from eq.
(13).

It can therefore be concluded that the origins of
the drastic decrease in f; are twofold, i.e., increases
in @’ and &'. Both of them are induced mainly by
decreases in the self-saturation coefficient, which is
caused by saturable optical absorption.

4. Summary

A phenomenon of drastic suppression of mode
hopping observed above a certain value of doped Te
density was successfully explained by employing a
stochastic model. It was found that this suppression
was caused by decreases in the self-saturation coeffi-
cient of the laser oscillation due to saturable optical
absorption, and by the resultant increases in bias level
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and coupling constant between the two modes. Fur-
thermore, a dependence on the laser power confine-
ment ratio was quantitatively evaluated, for which
only an emperical formula has been given so far. It
was confirmed that the average frequency of mode
hopping can be used as an appropriate measure to

analyze the stochastic properties of the mode

hopping.
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Instabilities in Laser Diodes by Optical Feedback, Modulation and Mode-Hopping
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Abstract

In the deeply modulated laser diode, chaotic behaviors are observed. There are two
types of routes to chasos depending on the modulation frequency. When the modulation
frequency is at least 1.7 times higher than the relaxation frequncy, period-two

instabilties are easily induced the period-two and the period-four instabilties are
observed on the way to chaos.

Introduction

Laser diodes are used as light sources for high speed optical communication systems
because direct injection current modulation is available. High frequency modulations of
laser diodes are sometimes used to suppress optical feedback noise(l). Direct modulation of
laser diodes is an important technique for applications of laser diodes. If modulation
index is increased, it shows period doubling phenomena in output light intensity. Further
increasing modulation index, results chaotic instability. This phenomenon was theoretically
predicted by Lee et. al.(2). . Kawaguchi(3) calculated this phenomenon in the laser diode
with saturable, absorber. Chen et.al.(4) experimentally observed subharmonic bifurcations
and irregular pulsations in semiconductor lasers. Winful et. al.(5) showed that there is
a different route to chaos through quasiperiodic oscillations in the laser diode with
selfsustained pulsations. Thus there are a variety of chaotic fluctuations in laser
diodes. On the otherhand, Wiesenfelt et. al.(6) showed the possibility of small signal
amplification by period-doubling system if the system is near the onset of period-
doubling. Derighetti et.al.(7) experimentally showed this small signal amplification
phenomenon in the NMR laser. Then we tried experiments on modulation induced fluctuations
in the D.F.B.(Distributed Feed-Back) lasér diode and analogue computer simulations. 1In the
D.F.B. laser diode, longitudinal mode is kept single even if it is modulated deeply. This
makes it easy to compare experimental results and theoretical analyses.

. . . Experiment

The sample laser diode is the D.F.B. type and its wavelength is 1.5 micron-meter. In
this type of laser diode, single longitudinal mode operation is available under deeply
modulated conditions. The block diagram of the experimental apparatus is shown in Fig.l.

3 50 };
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*26&@ Recorder = 40 3
. E - E
v E—‘ 303’;
- Spectrum X 309
San'.Iphng Analyzer ~ S
Oscillo. E —J20.E
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. MODULATION INDEX m
Fig. 1

Fig. 2
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A germanium avalanche photo diode is used to detect laser output. Output signals are
supplied to a spectrum analyser 'to analyse power spectra. High frequency modulation
current is superimposed to D.C. bias current for a direct modulation of the laser diode.
This modulation current is monitored by a sampling oscilloscope. When the modulation
frequency is 1.88 GHz, instability whose frequency is one half of the modulation frequency
is induced. An amplitude of this instabilitis increases as the modulation current
increases. If the modulation current increases further, this amplitude decreases again.
This relation is plotted as open circles in Fig.2. Half line-widths of these instabilities
are plotted as full squares in Fig.2. When the modulation frequency is 0.94 GHz,
instabilties of this frequency are observed while components of period-two are not
observed.

Analogue Computer Simulation

The dynamics of this laser diode are described by the following rate equations for
the photon density S and the active carrier density N,

dN I N N
- th _ -A(N-N_)s (1)
dt Ith ts rs '
ds ‘ s N
— =A(N-N_)S- + (2)
dt tp ts

Here I is the injection current, Ith and Nth are the threshold current and the threshold
carrier density, tau s and tau p are the spontaneous electron and photon lifetimes,
respectively. A is the gain coefficient, Beta is the fraction of spontaneous emission
coupled into a lasing mode. No is the minimum electron density required to obtain a
positive gain. The modulation current, normalised by its threshold value, is

I = Ib (1 4+ m sin 2ﬂfmt ) | (3)

where, m is the modulation index. The parameters used in the calculation are as follows:
A =1 x 1012 p3/s, No=1x10%4 a3 5.1 x 1074, o=l 10712 g,

\ _ _9 _
T,=3x10"7 s, I, / I, =1.4.

The value of 8 is selected as an fitting parameter to adjust the threshold modulation
index for period-two instabilities at fm /fr = 2 in the experiment and the simulations.
Temporal variations of photon densities at fr/fm = 2 are shown in Fig.3. In the small
modulation index, oscillations whose frequency is equal to that of the modulation signal
are induced(Fig.3-a). 1Increasing modulation index, these oscillations become spiky(Fig.3-
b) and reach period-two instabilities(Fig.3-c). Bifurcation of peak intensities is
observed. In the period-two regime, peaks of lower height are not located at the center of
two higher peaks. With a further increased the modulation index, these oscillations become
chaotic(Fig.3-d). Power spectrum densities of these wave forms are shown in Fig.4. The
period-four component is not clear, but its odd order higher harmonics appear.

Wave forms of photon densities at fm/fr = 2.7 are shown in Fig.5. When a modulation
index is small, oscillations whose frequency is fm are induced. If a modulation index
exceeds some threshold value, the waveform changes rapidly from sinusoidal oscillation to
spiky oscillation with period-two. Thus, relaxation oscillation are induced
parametrically. In this regime, lower peaks are not clear. Bifurcation of the instability
is not observed. Period-four oscillations are induced by increasing the modulation index.
With a further increased the modulation index, an output light signal becomes chaotic.
Repeating these processes results the instability diagram shown in Fig.6. The abscissa
indicates the normalized frequency and the ordinate indicates the modulation index.
Routes to chaos are different depending on whether the. normalized frequency of the
modulation signal is larger than 1.7 or not. An arrow in Fig.6 indicates the range of the
experiment. Thus, several times larger modulation index is necessary to realize period two
instabilities when fm/fris less than 1.7. Components of period two at fm/fr = 2 depend on

the modulation index as is shown in Fig.7. This shows a similar characteristic as in
Fig.2.
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mode behavior of a two-wavelength F.-P./DFB la-
ser. The parametric calculations in the theory
provide the mode-stability criteria for the design of
stable two-wavelength lasers. {12 min)

1. M. Yamada and Y. Suematsu, J. Appl. Phys. 52,
2653 (1981).
2. M. Ohtsu et al., IEEE J. Quantum Electron. QE-

THD3 Mode stability of a two-wavelength 22, 535 (1986)

Fabry-Perot/distributed-feedback laser

M. OHTSU, K.-Y. LIOU, AT&T Bell Laboratories,
Crawford Hill Laboratory, Holmdel, NJ 07733.

By detuning the Bragg length of a distribut-
ed-feedback (DFB) laser away from the peak
wavelength of the gain spectrum, simultaneous
oscillation of the DFB mode and the Fabry-Perot
(F.-P.) mode near the gain peak can be achieved.
Such a two-wavelength laser can be used for inter-
ferometric ing or ement of fiber dis-
persion. We present calculations of the mode
stability for the design of a two-wavelength laser
and the observed two-wavelength operation of a
F.-P./OFB laser.

Figure 1 shows the longitudinal mode spectrum
of a 1.3-um DFB laser with the OFB mode detuned
to ~110 A shorter than the gain peak. The dual-
wavelength spectrum with nearly equal OFB and
F.-P. mode powers shown in the figure was due to
similar threshold conditions for the OFB and F.-P..
modes obtained by temperature control.

In the theory, we use a stochastic approach to
calculate the stability for the two-mode condition.
Starting with rate equations in density matrix for-
malism for the carrler density and the powers of
the DFB and the F.-P. modes,' coupled Langevin
equations were derived and then expressed by a
muitidimensional Fokker-Planck equation. The
probabilistic power fluctuations for the OFB and
the F.-P. modes were then evaluated by solving the
Fokker-Planck equation.

Power fluctuations of the DFB and F.-P. modes
arise from the coupling between them, which can
be described by a coupling constant

£ = (473)/[1 + (2mcr AN,

where 1y, Is the intraband relaxation time, c and A
are the vacuum light speed and wavelength, and
AN is the wavelength difference between the DFB
and F.-P. modes. Mode stability Is also dependent
on the pumping level given by a = Cy(I/k,) — C,.
The constants Cy =2 45 and C, = 40 have been
measured for 0.8- and 1.5-um lasers at /> 1.0 14,2

Figure 2 shows the calculated varlance ¢2 of the
intensity fluctuations, normalized by the average
intensity (/(0), at different pumping levels a for the
DFB mode. A common critical pointat £ = 1 s
found for all values of a. Discrete mode hops
between the DFB and F.-P. modes due to a strong
coupling occur for £ > 1. In the weak coupling
regime, ¢ < 1, and DFB and F.-P. modes oscillate
simultaneously. We note that o2 decreases dras- -
tically with decreasing £ and that stable two-wave-
length operation can be achieved for a sufficiently
large pumping level. Figure 2 is valid for all A and
can be used to evaluate 7y,.

The temporal intensity fluctuation, 8/(f = /() —
(I(t)), was derived from the time-dependent solu-
tion of the Fokker-Planck equation. If (|8/(n]/
{I(1))) < e is required for the temporal mode stabil-
ity, the escape probability P, that (|8/(t)|/{/()))
exceeds ¢ can be calculated. Figure 3 shows
calculated P, for the DFB mode for different £ and a
values. For specified P, and ¢ values, Fig. 3 gives
the coupling constant £ (or AX) and pumping level
a that should be designed into the laser to achieve
satisfactory system performance.

Summarizing: We developed a theory based on
a Fokker-Planck equation to anaiyze the observed
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Experiments on a Semiconductor Laser Pumped
Rubidium Atomic Clock

MINORU HASHIMOTO anp MOTOICHI OHTSU

Abstract—Experiments were carried- out to evaluate the perfor-
mances of a semiconductor laser pumped rubidium (*’Rb) atomic
clock. Two kinds of Rb gas cells were used and their performances
were compared [gas cell A (natural rubidium (*Rb/*Rb = 3) and
buffer gases) and gas cell B (*Rb and buffer gases)]. The highest mi-
crowave frequency stabilities were estimated as 3.4 x 10~ '2t~'/2 and
2.7 x 1072 t7!/2 at the optimal gas cell temperatures of 60°C and
48°C for the gas cells A and B, respectively (t: integration time). The
light shift, i.e., microwave frequency shift induced by laser light, was
measured as —0.50 Hz /MHz and —0.11 Hz /MHz for the gas cells A
and B at their optimal operating conditions given above. As an im-
proved experiment by utilizing high temporal coherence of the laser, a
novel double resonance spectral line shape with a drastically narrower
linewidth was demonstrated. A technique, similar to FM laser spec-
troscopy, was employed for this purpose by utilizing laser FM side-
bands which are induced by microwave frequency modulation and
nonlinear susceptibility of three-level *’Rb atoms. The minimum line-
width obtained was 20 Hz, which can be used as a sensitive frequency
discriminator for an improved *’Rb atomic clock.

I. INTRODUCTION

IGHLY stable microwave frequency oscillators have
been required for many applications such as satellite
communications, satellite tracking, global positioning
system (GPS), and so on. Portable cesium ('*3Cs) atomic
clocks and rubidium (¥’Rb) atomic clocks have been used
for these applications, and improvements of their perfor-
mances are essential for the progresses of these applica-
‘tions.
For these improvements, optical pumping and optical
- detection by semiconductor lasers have been proposed for
~ 13Cs atomic clocks [1]. In the case of optical pumping
_ for *Rb atomic clocks, a replacement of a RF-excited
8Rb lamp by a semiconductor laser has been proposed,
~‘and preliminary experiments on laser pumped 8’Rb atomic
clocks have been reported [2]. However, optimal condi-
- 'tions of optical-microwave double resonance and quanti-
tative evaluations of light shift have not yet been fully
documented. Furthermore, an advantageous property of
high temporal coherence of lasers has not been utilized.
In the present study, experiments were carried out to
improve the performances of 8’Rb atomic clocks by using
a semiconductor laser. The experimental setup is de-
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scribed in Section II. In Section III, results of the mea-
surements of the signal-to-noise ratio and linewidth of -
double resonance spectral line are presented to find the
optimal conditions for the highest microwave frequency
stability. In Section IV, results of quantitative measure-
ments on the light shift, i.e., the microwave frequency
shift induced by pumping light, are given. A novel dou-
ble-resonance spectral lineshape is demonstrated in Sec-
tion V, which has drastically narrower linewidth obtained
by utilizing a high temporal coherence of the laser.

II. EXPERIMENTAL SETUP

Fig. 1 shows an experimental setup for a laser pumped
$7Rb atomic clock, in which a commercially available 8’Rb
atomic clock (Fujitsu 5407A) was used. Two kinds of res-
onance gas cells, which have been used for these 87Rb
atomic clocks, were alternately used to compare their
properties, i.e., the one with natural rubidium vapor
(*Rb / SRb = %) and buffer gases (gas cell 4), and the
one with ¥Rb vapor and buffer gases (gas cell B). The
same buffer gases (Ar/N, = 1.65 total pressure = 43
torr) were filled in these gas cells. The gas cells were
made of cylindrical glass tubes, whose diameter and
length were 30 and 35 mm, respectively. An RF-excited
87Rb lamp, a resonance gas cell, and a microwave cavity
(TEy;;) were installed in the resonance part of the clock.
The lamp was replaced by a 0.78 um AlGaAs semicon-
ductor laser (Hitachi HL7802E) in the present study. Op-
tical-microwave double resonance signals were measured
by detecting the laser power transmitted through the gas
cell by using a solar cell (Sharp SPD110).

The laser light was linearily polarized. Temperature
fluctuations of laser was reduced to a value as low as 1
mK at the room temperature by using an alcohol circulat-
ing bath and a peltier element. A low noise current supply
was used to control the injection current of the laser,
whose bandwidth was 1 kHz. The oscillation spectral
linewidth of the semiconductor laser was estimated as 40
MHz by observing the spectral linewidth of the beat sig-
nal between the independently oscillating two lasers. The
laser frequency was stabilized to the center frequency of
a linear absorption spectral line in 8Rb, i.e., the ¥’Rb-D,
lines, in cell 4 or B for the experiments given in Sections
IIT and IV. The resultant laser frequency stability was 4.4
x 10777 for 10 ms = 7 =< 100 s (7: integration time),
which was as high as the one obtained by using a 3Rb-
D, line [3]. This stability was high enough for reproduc-
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Fig. 1. Experimental setup. PSD: phase sensitive detector. VCXO: volt-
age controlled crystal oscillator. DBM: double balanced mixer. 4: post-
detector amplifier. w,,: angular frequency of a low frequency oscillator
used for microwave frequency modulation.

ible measurements of double resonance signals. The laser
was used under a free-running condition in Section IV be-
cause its frequency must be slowly varied to measure the
light shift. However, the frequency stability of this free-
running laser was still high enough for reproducible mea-
surements of the light shift because of low fluctuations of
temperature and injection current.

In Section III, the signal-to-noise ratio was measured at
the output-port of the post-detector amplifier of Fig. 1 by
using a spectrum analyzer. A signal averager connected
after a spectrum analyzer was used to improve the repro-
ducibility of the signal-to-noise ratio measurements. For
precise measurements of the double resonance linewidth,
the output signals from the phase sensitive detector were
accumulated by a computer to make a smoothing of dou-
ble resonance spectral lineshape.

For the light shift measurements in Section IV, a di-
vided frequency (5.000000 MHz) of the stabilized output
signal from the ¥Rb atomic clock was heterodyned with
the output frequency (4.999950 MHz) of a highly stable
reference crystal oscillator (NDK TS615A) by a double
balanced mixer, and the interval of the heterodyned signal
was counted by an electronic counter.

III. TEMPERATURE DEPENDENCES OF DOUBLE
RESONANCE SIGNALS

The energy levels of 8’Rb-D, lines are given by Fig. 2.
A microwave transition (6.8 GHz) between two hyper-
fine levels in the ground state, induced by the double-res-
onance, has been utilized as a frequency reference for *’Rb
atomic clocks. Fig. 3 shows the first derivative of such an
optical-microwave double resonance spectral line, which
was obtained by modulating the microwave frequency
(modulation frequency w,, /27 was 160 Hz) and by trac-
ing the output signal from a phase sensitive detector
(PSD). The laser frequency was locked to the center fre-
quency of the optical transition spectral line in *’Rb (55, /,
F =1 — 5P;/,). Nonlinearity of the abscissa in this fig-
ure was due to the nonlinear voltage-frequency character-
istics in the voltage controlled crystal oscillator used. The
slope at the center of this dispersive curve can be used as
a frequency discriminator for microwave frequency sta-
bilization. The microwave frequency stability depends on

Yy
5P.
2 - . e
£
3|
~
~ Me
o 2
F= i
: o |b>
55., :;
-1
Fe1 L
> Laser Pumping
Spont Erriccion

EE)> Microwave Transition

Fig. 2. Energy levels of a *’Rb atom relevant to the present study.

§ A
gl ¢
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B I a— 1
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Fig. 3. Derivative of double resonance spectral lineshape Av: a linewidth
defined by a separation between the points 4 and B. Vpgp: output voltage
from the phase sensitive detector.

the signal-to-noise ratio (SNR) and the linewidth of this
derivative signal, i.e., the sensitivity of the frequency dis-
criminator. Therefore, the frequency stability can be ex-
pressed as [4]

0.2
0,(1) = O(SNR) (1)

where 0, (7) is the square root of the Allan variance of
microwave frequency fluctuations [5], 7 is the integration
time, and Q is a quality factor of the frequency discrim-
inator which is given by

0 = v/ Av. (2)

Here, v,y is the microwave transition frequency (point C
in Fig. 3), and Av is the linewidth of the derivative shape
which is defined as the separation between points 4 and
B of Fig. 3. Since it is essential to find a larger SNR value
and a narrower linewidth for higher microwave frequency
stability, they were explored in the present study. Fig.
4(a) and (b) shows the temperature dependences of the
values of the SNR of cells A and B, respectively, mea-
sured at Fourier frequency w,,/27. As can be seen from
these figures, the value of the SNR was increased with
increasing the temperature, which is because of the in-
creases of the ®’Rb vapor pressure. However, it was de-
creased by further increases in the temperature. Though
the causes of this decrease have not yet been fully inves-
tigated, one of the possible causes can be the decrease in
population inversion between hyperfine levels of the
ground state due to thermal de-excitation. It can be also
seen that a saturation effect by higher laser power density
decreased the SNR value. Fig. 5(a) and (b) shows the
temperature dependences of linewidths of cells 4 and B,

-1/2
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Fig. 4. Temperature dependences of signal-to-noise ratio (SNR) for the
gas cells 4 (a) and B (b) measured at the Fourier frequency w,,, /27 (=
160 Hz). The laser power density was fixed at 14.4 uW /cm? (4, @),
432 uW /cm? (B, §), 288 uW /cm® (C, O), and 576 uW /cm? (D,
X).
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Fig. 5. Temperature dependences of linewidth (Av)bfor the gas cells 4 (a)
and B (b). The laser power density was fixed at 14.4 uW /cm® (4, ®),
43.2 uW /cm? (B, §), 288 uW /cm? (C, 0O), and 576 uW /cm? (D,
X).

60
T (°C)
Fig: 6. Temperature dependences of estimated frequency stability for the

gas cells A (4, @) and B (B, O). 6,(7): square root of the Allan vari-
. ance of residqal fluctuations in microwave frequency. 7: integration time.

respectively. Substitutions of the measured values of Figs.
4 and 5 into (1) give the estimated frequency stablhty,
which is given by Fig. 6. Two curves in this figure pos-
sess the optimal temperatures to realize the highest fre-
quency stability. The highest stabilities were almost equal
with each other, and are expressed as

gas cell A: '

8,(7) = 3.4 x 10727712 at 60°C, (3)
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TABLE I

NUMERICAL VALUES OF OPERATING PARAMETERS T0 GIVE THE HIGHEST
FREQUENCY STABILITY

Numerical Values

Operating Parameters Cell 4 Cell B
Temperature ( °C) 60 48
Laser power density ( uW /cm?) 288 43
Signal-to-noise ratio (dB / VHz) 63 66
Linewidth (Hz) 525 570

gas cell B:
8,(7) = 2.7 x 107'%71/2 at 48°C. (4)

Numerical values of other parameters to give (3) and (4)
are all summarized in Table I.

IV. MEASUREMENTS OF LIGHT SHIFT

The dynamic stark effect by the electric field of pump-
ing light would induce the light shift, i.e., the shift in
microwave transition frequency. Since this frequency is
used as a frequency reference for 8’Rb atomic clocks, the
light shift can limit their frequency accuracy as well as
frequency stability. Precise evaluations of light shift have
been rather difficult in the conventional ¥’Rb atomic clocks
because of the complicated spectral profile of the 8’Rb
lamp. However, more precise evaluations can be carried
out by using semiconductor lasers with their narrower
spectral linewidth, which could be useful to improve the
frequency accuracy and stability of 8’Rb atomic clocks.

Figs. 7 and 8 show the results of light shift measure-
ments of cells A and B, respectively. The measurements
were carried out at the temperatures given in (3) and (4).
The abscissa and ordinate in each figure represent laser
frequency detuning A»; and microwave frequency shift
Ay, tespectively. It is seen that each curve in these fig-
ures clearly exhibits a dispersive shape; which is consis-
tent with a result of theoretical predictions [6]. Since all
the dispersive curves crossed at a common point, this point
was taken as the origin of the axes in each figure. This
origin represents the resonance frequency of the micro-
wave transition which is free from the light shift. It means
that the laser frequency must be fixed at this point in order
to avoid the effect of the light shift to improve the fre-
quency accuracy.

Even if the laser frequency is fixed at this point, the
microwave frequency would be fluctuated by the residual
laser frequency fluctuations around this point, which can
deteriorate microwave frequency stability. The magni-
tudes of the induced fluctuations in the microwave fre-
quency are proportional to the slope at this point. This
slope also depends on the irradiated laser power density,
which is shown by Fig. 9. In this figure, the slopes at the
laser power densities in Table I are given by

-gas cell 4:

Avy/Av, = —0.50 Hz/MHz at 288 uW /cm?, (5)
gas cell B:
Avy/Av, = —0.11 Hz/MHz at 43 uW /cm®.  (6)
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AV. (GHz)

Fig. 7. Light shift Av,, induced by laser frequency for the gas cell 4 at
60°C. Ay, : the laser frequency detuning. Since all the curves crossed at
a common point, this point was taken as the origin of the axes in this
figure. The laser power density was fixed at 79.2 uW /cm? (4, @), 288
uW /cm? (B, A), and 562, W /cm? (C, O).
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Fig. 8. Light shift Av,, induced by laser frequency for the gas cell B at
48°C. Ay,: the laser frequency detuning. The laser power densny was
fixed at 43 uW /cm? (4, X), 79.2 uW/cm (B, @), 288 uW /cm? (C,
A), and 562 ;LW/cm (D, 0).
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Fig. 9. Slopes of the cufves of Figs. 7 (®) and 8 (O) at Aw; = 0.

From the comparison between these values, it can be con-
cluded that a use of gas cell B is more advantageous to
maintain higher microwave frequency stability if the ef-
fects of residual laser frequency fluctuations are not ne-
glected.

V. OBSERVATION OF A NOVEL DOUBLE RESONANCE
SPECTRAL SHAPE WITH NARROWER LINEWIDTH

Equation (1) indicates that the frequency stability can
be improved by using a narrower linewidth of the double-
resonance spectral line. Buffer gases have been employed
for this purpose in which a phenomenon of so-called
Dicke narrowing has been utlllzed for the 11new1dth re-
duction [7].

However, to our knowledge, any novel linewidth re-
duction techniques have not been proposed for ¥’Rb
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atomic clocks since the proposal of this Dicke narrowing
scheme. In this section, a novel technique of linewidth
reduction is proposed by utilizing an advantageous prop-
erty of the laser, i.e., high temporal coherence.

This techmque employed the laser FM sidebands in-
duced by microwave frequency modulatlon ‘and nonhnear
susceptibility of three-level 'Rb ‘atoms, which is briefly
explamed in the following. The three-level model of the
atom is employed to analyze the optical- microwave dou-
ble résonance [8]. As was shown in Fig. 2; two hyperfine
levels of the ground state of (58, /1 F=1,mpg= 0) and
(5812, F =2, mp = 0), and an_ excited state (5P3/2)
correspond to the relevant three levels, whi¢h are ex-
pressed as |a >, |b >, and'| ¢ >, respectively. The mag-
netic field of microwave and the electnc field of laser are
represented as

Hy(r,z,t) = (HMJO(3.832r/R) sin (kyz) /2)
exp [ —iwyt] + c.c. (7)
E (z,t) = (EL/2) exp [ —i(wyt — kiz)] + c.c. (8)

where H), and E; are amplitudes of the magnetic and elec-
tric fields, wy, and w; are angular frequencies, kj and k;
are wave vectors, Jj is the Bessel function of the Oth or-
der, R is cavity diameter, z and r are the posmons along
the cylindrical microwave cavity axis and radius, and c.c.

represents a complex conjugate. The transmissivity T of
the amplitude of the laser electric field through the gas
cell can be derived by solving equations of motion for the
density matrix of the three-level model under the pertur-
bations due to external fields given by (7) and (8). The
solution can be expressed as 7 = exp [ —6 — i¢ ], where
6 and ¢ are amplitude attenuation and phase shift, respec-
tively. Detailed derivations will be pubhshed elsewhere
[9], however, the results are summarized in the follow-
ing.

Though general expressions of 6 and ¢ are glven by the
plasma dispersion function [10], they can be simplified if
the drift velocity (v) of ®’Rb atoms in buffer gases are
sufficiently low, i.e., | kv |, | kyv| << 1, and if the laser
frequency is exactly tuned to the optical transition fre-
quency. The simplified expressions are given by

w aL ’
6= 206 Cg Xea| 1 + ('Yzlzlb - 'Ytlzb) 70b2 12
0 (@b — @M) + Vab
9)
and
weoL, , (Ldbav - wM)
¢ = 2e CS 2 + Xca('YL",a - 'Yca) 2 2
0 (Wpa — @m) + Yab
(10)
where
. -2
YeaXL
Voo = Yo + L (11)
@ @ YebYea + xlzll -
S (na - nc)x% - (na — nb)xi'l (12)

("a - nc)'ch
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. 2 ’
= ‘l"cal (" = 1) Yep
R(YopYea + X3)-

(13)

_Xca

L, is the length of the gas cell, ¢ is the speed of light, € -

is dielectric constant of vacuum, w,, is angular frequency
of the optical transition between the levels | ¢ > and |a >,
Yy (X, y = a, b, c x # y) is a transverse relaxation con-
stant, x,, and x; are the Rabi angular frequencies of mi-
crowave and laser, respectively, ., is an electric dipole
moment between the levels |a > and |¢ >, and n, (x =
a, b, c) is a population of each level.

Since the phase shift ¢ of (10) depends on the micro-
wave angular frequency w,,, the phase of the transmitted
laser light is modulated by modulating microwave fre-
quency. As a result of such an induced phase modulation,
FM sidebands would appear in the electric field of the
transmitted laser light. It can be expressed as

Er = (EL(2)/2) exp [—i(th — kgz)] +cc.  (14)
where
E|=E ‘qzl T,(wy + qun)J, (M) exp [igw,t], (15)

), is the modulation angular frequency of the microwave, -

T, is the transmissivity at the laser angular frequency w,
+ qw, (¢ =0, +1, 2, £3, - - -), J,(M) is the Bessel
function of the gth order, and M is the modulation index.
The light power detected by a photodetector is given by
I (t) = c|E}|*/8=, which is expressed as follows if | |,
|#| << 1 and the laser FM sidebands up to the third
order are retained for calculations :

Ir(t) = Lh[A + B cos w,t + Csin w,t] (16)
where

2
_¢|E]
8
A=J3(1—-26_5) +J3(1 —25_,)

+ J3(1 = 26_)) + J3(1 — 28 + J3(1 — 28,)

I (17)

+J3(1 = 28,) + JE(1 - 285) (18a)
B=2[0J5(6_5+ 8, — 8 — &)

+ S\ (6, + 6, — 6, — &)

+ JoJ1 (621 — 61)] (18b)

and

C =2[LiJs(¢-3 — b2 — &, + ¢3)

+ (b — b1 — & + ¢,)

+ JoJi (-1 — 2¢0 + ¢1)]. (18¢)

0, and ¢, are the values of attenuation and phase shift at
the laser angular frequency w; + quw,, respectively. Fig.
10 shows the dependences of 4, B, and C of (18) on the
microwave angular frequency w,. The principal term of
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Fig. 10. The dependences of the quantities A, B, and C of (18) on the
microwave frequency w,,/27. Other quantities were fixed at w,, /27 =
160 Hz, v/, = 3007 rad, and M = 1.8.

A of (18a) is J3(1 — 28,), in which (1 — 28,) can be
approximated as exp ( —28p). This quantity represents the
laser power attenuation by the ¥’Rb vapor. The principal
terms of B and C of (18b) and (18c) are JoJ;(6_; — &)
and JO"](¢—1 - 2¢0 + d)]), in which (6_1 - 61) and
(¢-1 — 2¢ + @) can be approximated as dé /dw,, and
d2¢> / dw}l, i.e., the first derivative of absorption and the
second derivative of dispersion, respectively. The valid-
ity of these approximations can be easily confirmed by
referring to the profiles of the curves of Fig. 10(a), (b),
and (c).

If a reference signal for phase sensitive detection of Fig.
1 is proportional to cos (w,t — 6), the output signal Vpgp
from the phase sensitive detector is expressed as

Vesp = Vo[(B/2) cos § + (C/2) sin 8]. (19)

This equation represents a goal of the present calcula-
tions. Since the ratio of the contributions from B and C in
this equation is governed by the phase 8, several specific
double resonance spectral lineshapes can be obtained by
adjusting the value of 6 at several values.

Fig. 11(a) shows an example of the experimentally ob-
tained lineshape in gas cell B at 40°C and w,, /27 = 160
Hz. Similar results were obtained also for gas cell A. Fig.
11(b) shows the simulated result obtained by using (16)-
(19), where the values of vy ,,, M, and 6 were swept so that
the lineshape of Fig. 11(b) fits that of Fig. 11(a). This
curve was obtained when vy, = 1407 rad, M = 1.8, and
0 = 234°. It is seen from these figures that the lineshape
is composed of several fine structures, and the peak-to-
peak linewidth at the center of this shape [i.e., the sepa-
ration between points 4 and B in Fig. 11(a)] is quite nar-
rower than that of the conventional one (i.e., Fig. 3). Such
a narrower linewidth was obtained by utilizing the in-
duced FM sidebands of the laser, and from the discus-
sions given above, it can be recognized that a part of this
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Fig. 11. (a) An example of experimentally obtained lineshape in the cell
Bat40°C and w,, /27 = 160 Hz. (b) Simulated result obtained by using
(16)-(19), where the values of v.,, M, and @ were swept so that the
lineshape of (b) fits that of (a). This fitting was obtained when w,, /27
= 160 Hz, y,, = 1407 rad, 6 = 234°, and M = 1.8. Vpsp: output
voltage from the phase sensitive detector.

technique is equivalent to that of the FM laser spectros-
copy [11].

Since (19) depends also on several other quantities of

87Rb atoms (e.g., YL, etc), the lineshape of Fig. 11(a)
strongly depends not only on 6, but also on the tempera-
ture, w,,, M, x3;, and x2. Under a certain temperature, for
example, the fine structures of Fig. 11(a) disappeared, and
it was reduced the conventional lineshape of Fig. 3 at
= 0. However, under other operating conditions, the fine
structures with a drastically narrow linewidth was ap-
peared, as shown in Fig. 11(a). The minimum linewidth
of the gas cell A obtained in the present experiments was
20 Hz at the laser power density of 28.8 p.W /cm?, and
that of gas cell B was 56 Hz at 144 uW /cm?. The lme-
width of 20 Hz was 55 times that of the conventional one
of Fig. 3. Such a novel lineshape with narrower linewidth
can be used as a sensitive frequency discriminator to im-
prove microwave frequency stability. Experiments are
now in progress to improve the SNR value of this line-
shape in order to use it for this purpose.

V. SuMMARY

Experiments were carried out to evaluate performances
of a semiconductor laser pumped ¥'Rb atomic clock. Two
kind of Rb gas cells were used and their performance were
compared. The highest microwave frequency stability ob-
tained by using these gas cells were estimated as

Gas cell A (natural Rb and buffer gases):

65 (1) = 3.4 x 1072771/2 3t 60°C.
Gas cell B (*’Rb and buffer gases):
Gy »d(7) = 2.7 x 1072771/2 g 48°C.
4

These values were almost equal with each other. How-
ever, the magnitudes of the light shift in these gas cells
were quite different with each other, i.e., —0.50
Hz /MHz for gas cell A and —0.11 Hz / MHz for gas cell
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B, respectively. It can be concluded from these results
that a use of the gas cell B is more advantageous to main-
tain higher microwave frequency stability.

As an improved experiment, a novel double resonance
spectral lineshape with a drastically narrower linewidth
was demonstrated by utilizing an advantageous property
of high temporal coherence of the laser. That is, a tech-
nique was employed by utilizing the laser FM sidebands
induced by microwave frequency modulation and by non-
linear susceptibility of three-level *’Rb atoms. The mini-
mum linewidth obtained was 20 Hz, which may be used
as a hlghly sensitive frequency discriminator for an im-
proved ¥’Rb atomic clock.
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Using a 1.5-um DFB InGaAsP laser in a passive ring cavity-

type fiber gyroscope

 Motoichi Ohtsu and Satohiko Araki

It has been demonstrated that a 1.5-um distributed feedback InGaAsP laser can be used as a coherent light
source in a passive ring cavity-type fiber gyroscope. A formula for the detector shot noise-limited sensitivity
_of detection of rotation was derived for this type of gyroscope. . Its value in the present experimental setup was
 estimated as being 0.8 - 7712 degree/hour, where 7 represents the integration time of measurements.
Experiments showed that the uncertainty of the detection of rotation was 1.5°/h at = = 100 s, which was
governed by the slight reflection of light at the AR-coated fiber edges and residual frequency fluctuations of

the laser.

. [Introduction

Fiber gyroscopes have been intensively investigated
for use in inertial navigation systems due to their low
power consumption and low cost.!-3 Of these, passive

ring cavity-type fiber gyroscopes have attracted atten-
tion because of their high sensitivity and small volume.
A sensitivity as high as 0.5°/h has been attained using a
conventional He-Ne laser as the light source for this
type of gyroscope. . ‘ '

On the other hand, AlGaAs and InGaAsP lasers have
been fabricated and used for industrial applications,
e.g., readout of optical disk memories, optical commu-
nications. Improvements in their spectral properties
have shown that they can be used for coherent optical
measurements and coherent optical communications.5
One of the authors (M.0O.) has demonstrated that the
frequency stability of 0.8-um AlGdAs and 1.5-um In-
GaAsP lasers was improved as high as 1.4 X 10712 (Ref.
6) and 6.7 X 10117 respectively, from which it can be
expected that they can be used as coherent light
sources for passive ring cavity-type fiber gyroscopes.

However, in spite of the fact that replacing a conven-
tional gas laser by a semiconductor laser is desirable
for further reduction of the volume of the passive ring
cavity-type fiber gyroscope, use of a semiconductor
laser as a coherent light source has not yet been fully

" documented. ' g -

The authors are with Tokyo Institute of Technology, Graduate
School at Nagatsuta, 4259 Nagatsuta, Midori-ku, Yokohama, Kan-
agawa 227, Japan. )

Received 12 June 1986.

0003-6935/87/030464-07$02.00/0.

© 1987 Optical Society of America.

464 APPLIED OPTICS / Vol. 26, No. 3 / 1February 1987

64

In this study, a 1.5-um distributed feedback (DFB)
InGaAsP laser was used as the coherent light source for
a passive ring cavity-type fiber gyroscope proposed by
the authors. The detector shot noise-limited sensitiv-
ity was calculated, and uncertainty of the detection of
rotation was measured for a fabricated fiber gyroscope.

Il. Principle of Operation and Estimation of the
Sensitivity Limit

Figure 1 shows the setup of the passive ring cavity-
type fiber gyroscope proposed in this study. A part of
this setup is similar to that employed in Ref. 4; howev-
er, no A/O modulators are required here because the
frequency of the semiconductor laser can be directly

.controlled by modulating injection current, which sim-

plifies the system. For direct modulation of the laser
frequency, a low ac current of frequency f,, was super-
imposed on the dc injection current. The laser beam
was divided by a beam splitter (BS) after passing
through a collimator lens and an optical isolator. Two
split beams were introduced into the passive ring cavi-
ty (a ring Fabry-Perot interferometer) made of a fiber
loop and two directional couplers (C;,Cs), and propa-
gated toward the directions in the cavity which were
opposite to each other. Two couplers were the input
and output mirrors of the cavity. '

When these oppositely propagating beams satisfied
the resonance conditions of the ring cavity, they were
transmitted through the cavity without suffering at-
tenuation and detected by photodetectors (D1,Ds).
The ac output signals from the detectors with the
frequency f,, were synchronously detected by lock-in
amplifiers (LIA;,LIA;). Figures 2(a) and (b) show
derivatives of the resonance curves, i.e., the frequency
dependence of the transmittance of the ring cavity.
They were obtained for the two beams when the output




D1
G o, :
[D2] 55+ Qutput
Frequency
Controller

Fig.1. Experimental setup of the proposed passive ring cavity-type
gyroscope: I, optical isolator composed of a YIG Faraday rotator
and two polarizers; BS, beam splitter; P, polarizer; C;,Cs, fiber
directional couplers working as input and output mirrors of the ring
cavity; D1,D,, avalanche photodiodes; LIA;,LIAy, lock-in amplifiers.

signals from the lock-in amplifiers are traced on a chart
recorder by slowly sweeping the dc injection current of
the laser.

If this fiber loop rotates with rotational speed , the
Sagnac effect? gives the difference between the reso-
nance frequencies v, and v.y of these resonance
curves. The difference can be expressed as

N [4A
”cw—"ecw=_x— Tﬂ’ (1)

where N is the number of turns of the fiber loop, A is the

wavelength of the laser, and A is the area surrounded.

by the fiber loop. In this gyroscope, the injection
current of the laser was controlled to lock the laser
frequency at v.. by using the slope of the center part of
the curve of Fig. 2(a) as a frequency discriminator. In
thislocked condition, the output voltage from the lock-
in amplifier LIA; is proportional to the frequency dif-
ference of Eq. (1) as long as the slope of the curve of Fig.
2(b) is approximately a straight line at around vey.
The value of this voltage can be expressed as

N [1A
vz-KT,/Tn, @

where K is a proportional constant which depends on
the sensitivity of the detector D5, the gain of the lock-in
amplifier LIA,, and the slope of the curve of Fig. 2(b).

Contributions of the shot noise from the detector
can be regarded as one of the fundamental noise
sources, which gives the sensitivity limit of this gyro-

scope. This limit is estimated as follows: The profile.

of the laser oscillation field spectrum is approximated
as a Lorentzian for this estimation, which is expressed
by -
(Py/) - (Av/2)

v —vp)? + (Av/2)?
where P, is a peak power, » is the instantaneous laser
frequency, ¥, is the center frequency of the spectral
profile, and Av is its linewidth (FWHM, full width at

half-maximum). The laser power incident on detector
D, can be expressed as®

Po(y) = 3

P= f T Py - To) -dv, )
where T (») is the transmittance of the ring cavity for
the clockwise beam, which can be approximated by!?

(a) |

Output from LIA;

(b)

Output from LIA,

— Frequency
Fig. 2. Derivatives of the resonance curves of the fiber ring cavity
for the transmitted laser beams (a) counterclockwise and (b) clock-
wise: Veew,Vew, resonance frequencies of this cavity for the two
beams. The laser frequency v is locked at vecy.

Ty o (T/2)?
=) + (T/2?
where Ty, is the peak value of T.y, and T' is the
FWHM of the profile of Eq. (5). They are given by

‘ __a-RZ?
P (1-a,-R)?

T, () = (5

()

¢ l-aR

's——-
L o R

7
where R is the reflectance of the directional couplers,
ad, is the loss of the fiber loop in which the loss due to
the reflectance R is not included, ¢ is the speed of light
in vacuum, n is the refractive index of the fiber, and L
is the length of the fiber loop. Substitution of Egs. (3),
(5), (6), and (7) into Eq. (4) gives

P,(w/2)?

= — 8
(v = vee)® + (W/2)? ®

where

T
Po=PoTows T my’

w=T+ A». (10)

(&)

Since veew — Vew = Vo — Vow under laser frequency lock-
ing, the power of Eq. (8) is equal to P, at @ = 0.
However, a low rotational speed € can induce a slight
change AP in the power of Eq. (8). For phase sensitive
detection, it has been pointed out that the value of AP
can be maximized when the maximum deviation of the
modulated laser frequency is equal to 0.59 - (w/2) and
is expressed as!!
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Pp(vm, - Vo)

P=-0.70- w/2

(11)
The signal-to-noise ratio of the rotation detection is
given by the ratio between AP of this equation and the
minimum detectable change in the laser power P, by
a photoelectric detector, i.e.,

S/N = |AP/P;|, (12)
where P,, is given by!2
P,. = 16P-P,. (13)

The noise power of the detector P, due to the shot
noise is given by

P, = hy/dnr, (14)

where h is Planck’s constant, 5 is the quantum efficien-
cy of the detector, and 7 is the integration time of the
measurements. Substitution of Eqs. (11) and (13)
into Eq. (12) gives
Voow = Vow

S/N =0.35 T m (15)
The minimum detectable frequency difference (vew —
Vew)min can be derived by S/N = 1, which is expressed as

=>_ [P /P,
(#eow = Pewdmin = 0.35 P, p* (16)

Substitution of this equation into Eq. (1) gives the
sensitivity limit of the detection of rotation, which is
governed by the detector shot noise. Use of Eqs. (6),
(7), (9), (10), and (14) gives the following expression for
this limit:

1-R 1-aR e
Qs=1.27.\/§._1_ LI T B W
NyA Vo7 /P, 1-R |maL [GR

17)

The factor y2 was introduced into this equation to
represent a contribution from the shot noise from de-
tector D, used for frequency locking, which is uncorre-
lated with that from detector D; used for the detection
of rotation.

The value of Q, of Eq. (17) depends on the perfor-
mance of the fiber loop and temporal coherence of the
laser. This dependence can be extracted from Eq. (17)
and is expressed as

1-aR[ ¢ 1-oR 32
f(R) = — +Av| - (18)

1-R | =nL atR

Figures 3(a) and (b) show the relationships between
f(R) and R for several values of Ay at a; = —0.8 and
—0.1 dB, which indicate that f(R) takes a minimum at
a certain value of R. This value of R (represented by
R,) can be analytically expressed only for Ay = 0,

which is
_3/1 1.9/1 2
) LS ) S

Figure 4 shows a dependence of R, on a; numerically
calculated for several values of Av. Figures 3 and 4
represent a specific feature of this type of gyroscope,
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Fig.3. Relationships between f(R) and R for (a) a; = —0.8 dB and

(b) a; = —0.1dB. The values of laser linewidth Av are A, 13 MHz; B,
5 MHz; C, 1 MHz; D, 100 kHz; and E, 0 Hz.
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Fig. 4. Relationship between R,, and a;. The values of laser

linewidths Av are 4, 13 MHz; B, 5 MHz; C, 1 MHz; D, 100 kHz; and E,
0 Hz.

i.e., lower loss a; and narrower linewidth Av would
improve the detector shot noise-limited sensitivity Q;.
Figures 5(a) and (b) show the relationships between 9,
and the integration time 7, where the value of R was
fixed at R, for each value of a; and Av. Other numeri-
cal values for Fig. 5 were employed from the experi-

-mental conditions in Sec. III, which are

n=146, N=1, A=046m? A=15um,
7=07, »,=200THz, Py=2mW, L=24m.
Furthermore, for the experimentally obtained val-

ues of a; (= — 0.8 dB) and Av (= 13 MHz) in this study,
the Q; of this figure is expressed as '

Q, = 0.8 - 71/2 (degree/hour). (20)

Equations (17) and (18) mean that the sensitivity
can be improved by reducing the laser linewidth Aw.
Figure 5 shows that as narrow a reduction as 100 kHz is
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Fig.5. Relationship between Q, and 7 for (a) ; = —0.8 dB and (b) «;
= —(0.1dB. The values of the laser linewidth A» are A, 13 MHz; B, 5
MHz; C, 1 MHz; D, 100 kHz; and E, 0 Hz.

enough for the present gyroscope because the value of
Q, for Av = 100 kHz converges to the value for Ay = 0.
Electrical negative feedback!3 can be used as a promis-
ing technique to reduce the linewidth for this gyro-
scope because the locking of the center frequency of
the field spectrum can be simultaneously carried out
without increasing the cavity volume of the laser. A
linewidth as narrow as 330 kHz has already been ob-
tained with this technique, and theoretical estimation
has predicted that it can be reduced to as narrow as
several hundred hertz.13

The contributions of Kerr effect® and Rayleigh
backscattering4 in the fiber that should also be taken
into account when estimating a more practical limit of
sensitivity of this gyroscope, are now being studied.

. Experimental Setup

A 1.5-um InGaAsP laser was employed because it is
more favorable for the present gyroscope compared
with an 0.8-um AlGaAs laser. Thisis due toits proper-
ties given as follows:

(1) Effect of Rayleigh scattering in the fiber is lower
because of a longer wavelength.

(2) Coupling efficiency to the fiber is higher because
optical alignment to a larger core diameter single-
mode fiber is easier.

(3) Transmission loss of the fiber is lower.

(4) Improved cavity structures, e.g., distributed
feedback (DFB)!5 or distributed Bragg reflector
(DBR),!¢ have been fabricated to achieve a single-
longitudinal-mode oscillation for wide ranges of tem-
perature and injection current. The use of this cavity
makes it possible to increase the laser power without
any discontinuous frequency jump due to mode hop-
ping, which can reduce the laser linewidth and is ad-
vantageous for increasing the signal-to-noise ratio of
the rotation detection.

(56) Lifetime is estimated as longer than that of Al-
GaAs lasers.!”

On the other hand, one of the disadvantages of an
InGaAsP laser is its larger temperature dependence of
the threshold current (i.e., lower T, value),!” which
may deteriorate its coherence due to thermal fluctua-
tions of the frequency.® However, this effect was suffi-
ciently lessened in the present experiments by reduc-
ing the ambient temperature fluctuations. v

A 1.5-um DFB InGaAsP laser!® was used in our
experiments, and its spectral linewidth was measured
by the delayed self-heterodyne technique,!® which can
be expressed as

Ay =650/, —1)"'  (MHz), (21)

where I and I;, are the injection current and its thresh-
old value, respectively. The laser was operated at 293
K and I/I;;, = 1.5, which means that Av = 13 MHz.
The normalized frequency deviation of the laser by
direct frequency modulation was 1 GHz/mA at f,, = 50
kHz, which was measured by a technique using a Mi-
chelson interferometer.20 A low noise current source
was used for current injection to the laser, whose cur-
rent noise was 0.6 nA/yHz at 1-kHz Fourier frequency.
The frequency controller in Fig. 1 was composed of a
proportional amplifier, an integrator, and a differen-
tiator. The response bandwidths of the current source
and the frequency controller were 150 kHz. A small
copper block was used as a heat sink for the laser, and
its temperature fluctuations were reduced to 1 X 1073
K by using Peltier elements and thermistor bridges for
temperature control.

The single-mode fiber used had a core diameter of 5
um, clad diameter of 124 um, cutoff wavelength of 1.22
um, and transmission loss of 0.25 dB/km. A polishing
technique was employed to remove a part of the clad-
ding to make the directional couplers (C;,C; in Fig.
1).21 The resultant loss of each coupler was measured
as —0.4 dB, from which it was estimated that the loss of
the fiber loop a; was —0.8 dB. Separation between the
cores of two fibers placed in parallel was adjusted by
using a piezoelectric transducer to fix the reflectance R
of the coupler at 83%. This value of R was chosen from
the curvesin Fig. 4 at a; = —0.8 dB. However, the laser
linewidth Av was assumed to be 1 MHz for this choice,
which is the value the authors have achieved by electri-
cal negative feedback for this gyroscope and is narrow-
er than that of the actual value (13 MHz). Neverthe-
less, it can be expected that this difference does not
give any trouble in this choice because Fig. 3(a) shows
that the value of f(R) at a; = —0.8 dB and Av =13 MHz
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Fig.6. (a) Resonance curve of the constructed fiber ring cavity for *

the counterclockwise laser beam: FSR, free spectral range; T,
FWHM of the resonance curve. (b) A waveform of the injection
current of the laser.

is almost independent of R within the range of 40% = R

=90%. Improved experiments using the laser with a
reduced linewidth of 1 MHz are now in progress and
will be reported elsewhere.

" The finesse determined by this value of R was 11.
The length of the fiber loop was 2.4 m, which corre-
sponded to a free spectral range of 86 MHz.

Two Ge APDs were used as detectors without apply-
ing any bias voltages.

v. Experimental Results

Figure 6(a) shows resonance curves of the fiber ring
cavity for the counterclockwise laser beam, which was
observed by applying an injection current with the
waveform in Fig. 6(b) to sweep slowly the laser fre-
quency. The FWHM linewidth of this resonance
curve was 21 MHz, in which a contribution from the
laser linewidth (13 MHz) was included. If this contri-
bution is removed, the resultant linewidth can be esti-
mated as 8 MHz, which is consistent with the value
determined by the ratio between the free spectral
range and finesse given in Sec. IIl. The resonance
curve for the clockwise beam was almost the same as
that in Fig. 6(a). A derivative of the curve in Fig. 6(a),
as given by Fig. 2, can be obtained by phase sensitive
detection. For this purpose, the laser frequency was
directly modulated by an ac current with a modulation
frequency f,, of 50 kHz and maximum frequency devi-
ation of 30 MHz. Figure 7(a) shows the resultant
derivative of the curve in Fig. 6(a). The technique for
slow sweeping of the laser frequency employed was the
same as that in Fig. 6(b), which is shown in Fig. 7(b).

The laser frequency was locked at the center of the
derivative curve in Fig. 7(a), i.e., the resonance fre-
quency v.w. The rotational speed can be detected by
measuring the output voltage from the lock-in amplifi-
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(a) Derivative of the curve of Fig. 6(a). (b) A waveform of
the injection current of the laser.
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Fig.8. (a) Waveform of frequency fluctuations of the laser in free-

running and locked conditions. (b) Square root of the Allan vari-

ance o2(7) of residual frequency fluctuations of the locked laser: N,
number of data; 7, integration time of measurements.

10

er LIA, for the clockwise laser beam in this condition.

Figure 8(a) represents the laser frequency fluctua-
tions in free-running and locked conditions, where an
error signal from the lock-in amplifier LIA; was traced
on a chart recorder. The square root of the Allan
variance ¢,2(r)22 of the residual fluctuations of the
laser frequency was calculated to evaluate quantita-
tively the frequency stability by using the error signal
after A-D conversion. Figure 8(b) shows the result,
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Fig.9. (a) Waveforms of the output signal from the lock-in amplifi-
er LIA; at @ = 0. (b) Curve A, square root of the Allan variance of
the uncertainty of the detection of rotation, which was evaluated by
using the output signal from LIA; at @ = 0 and Eq. (2); curve B, value
of Eq, (20): N,number of data; 7, integration time of measurements.

and the minimum of o,(7) was 10 Hz at r = 100s. It
was confirmed in Fig. 8 that the laser frequency was
tightly locked to the resonance frequency v..y. Figure
9(a) shows an output signal from the lock-in amplifier
LIA; at @ = 0, which corresponds to the uncertainty of
the detection of rotation. Curve A in Fig. 9(b) shows
this uncertainty expressed by the square root of the
Allan variance, which was calculated using this output
signal and Eq. (2). The uncertainty given by this
curve can be approximated as

6.4-7%  (1mss=7<200ms),
Qy=110-7""2  (200ms=7=100s), (22)
(degree/hour),

which took the minimum of 1.5°/h at r = 100 s. This
value of the uncertainty was limited by residual fre-
quency fluctuations of the laser and the noises con-
tained in the output signal from the lock-in amplifier
LIA,;. The principal noise sources found empirically
were the effect of the slight reflection of light at the
AR-coated fiber edges of the input and output ports.
Curve B in this figure represents the detector shot
noise-limit of Eq. (20). It is seen that the value of
curve A is about 13 times larger than that of curve B.
Further reductions of the reflection and residual fre-
quency fluctuations should be carried out to reach the
detector shot noise-limited value. Furthermore, eval-
uations and reductions of other practical noise sources,
e.g., Rayleigh backscattering, Kerr effect, should also
be carried out for this purpose.

However, it was confirmed by the present experi-
ments that the 1.5-um DFG InGaAsP laser can be used

as a coherent light source for a passive ring Fabry-
Perot type gyroscope. Further increases in the sensi-
tivity can be expected by reducing the loss of the fiber
loop and laser linewidth. '

V. Summary

A passive ring cavity-type fiber gyroscope was pro-
posed and a 1.5-um DFB InGaAsP laser was employed
as its coherent light source. A detector shot noise-
limited sensitivity of the detection of rotation was
estimated using the numerical value of the constructed
gyroscope, which was 0.8 - 7-1/2 degree/hour. Experi-
mental results showed that the uncertainty of the de-
tection of rotation was 1.5°/h at 7 = 100s. Reduction
of the reflections at the fiber edges and residual fluctu-
ations of laser frequency were required for this uncer-
tainty value to reach the theoretically estimated limit.
Improvement of the theoretically estimated limit can
also be expected by reducing the loss of the fiber loop
and laser linewidth.

The authors would like to express their gratitude to
H. Osanai, F. Suzuki, and T. Sioda of Fujikura, Litd. for
the discussion on fibers and to T. Yamamoto and S.
Akiba of KDD Research and Development Laborato-
ries for discussions on 1.5-um InGaAsP lasers.
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THFF2 Semiconductor laser-pumped rubidium 1. J. L. Picque, Metrologia 13, 115 (1977i.
tomic clocks and attal t of 20-Hz double- 2. L. L. Lewis and M. Feldman, in Proceedings,
resonance linewidth Thirty-fifth Annual Frequency Control Sympo-

sium, Fort Monmouth, NJ (May 1981), p. 612.
MINORU HASHIMOTO, MOTOICHI OHTSU, Tokyo 3. J. C. Camparo and R. P. Frueholz, in Seven-

Institute of Technology, Graduate School of Nagat- teenth Annual Precise Time and Time Interval
suta, 4259 Nagatsuta, Midori-ku, Yokohama, Kan- (PTTN Applications and Planning Meeting,
agawa 227, Japan. Washington, DC (Dec. 1985), paper 15.
Rubidium (®”Rb) atomic clocks have been widely 4. M. Ohtsu, M. Hashimoto, and H. Ozawa, Pro-
used as highly stable microwave oscillators for ceedings, Thirty-ninth Annual Frequency Con-
communication, astronomy, ranging, and so on. trol Symposium (May 1985), p. 43.

They have utilized an optical-microwave double- S. G. C. Bjorklund, Opt. Lett. 5, 15 (1980).
resonance spectral line in ®’Rb as a frequency
reference for mierowave-lreduency stabilization.

Use of semiconductor lasers, a potential optical
pumping source, has been proposed recently to
improve the clock performances.! This proposal
has attracted not only industrial interest but also
purely scientific interest based on quantum elec-
tronics. Preliminary experiments and calculations
have been carrled out.>? However, systematic
experimental studies have not yet been done be-
cause of the insufficient reliability of semiconduc-
tor lasers.

We have pointed out that our highly stabilized
semiconductor lasers are rellable enough for this:
purpose and tried several experiments.* This pre-
sentation reports further progress.

Figure 1 shows microwave frequency shifts
(light-induced frequency shifts) induced by laser-
Irequency varlations. Dispersive line shapes can
be clearly seen which have been theoretically pre-
dicted. They have not yet been measured for
conventional ®"Rb clocks because of the temporal
incoherence of pumping source, l.e., a ®’Rb iso-
tope lamp.

Figure 2 shows the short-term stability of micro-
wave frequency of a laser-pumped 8Rb clock.
Even though the servo-control parameters have
not yet been optimized, the stability of 9.4 X 102
7~Y2 was obtained when the temperature of 8’Rb
vapor was 48°C, which was as high as that of
carelully designed conventional 8’Rb clocks. The
attainment of such high stability was attributed to
high-power density and the temporal coherence of
the laser.

For the higher stability of microwave frequency,
reduction of the double-resonance linewidth is es-
sentlal. Although this linewidth has been reduced
to ~500 Hz (curve B of Fig. 3) by employing buffer
gases, significant progress in this reduction has not
been reported for 30 years.

In this study, a novel FM sideband technique was
introduced for this reduction: ®7Rb vapor was
used not only as a sample but also as a phase
modulator for the laser light wave. This can be
achleved due to the nonlinear susceptibility of

- three-level ®’Rb atoms when the incident micro-
wave frequency is modulated. By using resultant
FM sidebands of the laser and synchronous detec-
tion, higher-order derivative shapes of absorptive
and dispersive parts in a double-resonance spec-
tral line were measured. Part of this technique is
similer to that of FM laser spectroscopy.® The
upper trace in Fig. 3 shows the resuit. For this
measurement, the coherently Interacting time be-
tween the laser and atoms was increased by de-
creasing the vapor temperature to 36°C. A sharp
and narrow linewidth spectral shape can be seen at
the center of the curve. The minimum of the width
obtained was 20 Hz, which was ~1/25 that of
conventional ones, from which great progress in
linewidth reduction can be confirmed. The micro-
wave-frequency stability of 1.8 X 10~ r="2 wag
obtained by using this ultranarrow spectral line as a
frequency reference. This is as high as that of
carefully designed conventional clocks, and higher
stability can be expected by improving the SNR
value of spectral measurements.

(Invited paper, 25 min)
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A Workshop on Fundamental Measurements on Optically Prepared
Atoms, September 1986, Gaithersburg, MD, D5 '

ULTRAHIGH SENSITIVE FREQUENCY DISCRIMINATION
IN DIODE LASER PUMPED ®7Rb ATOMIC CLOCKS

Motoichi Ohtsu, Minoru Hashimoto, and Hiroyuki Furuta
Graduate Schoél at Nagatsuta
Tokyo Institute of Technology
4259 Nagatsuta, Midori-ku, Yokohama, Kanagawa 227, JAPAN
A novel double resonance spectral shapé with the linewidth as
narrow as 20 Hz is demonstrated by utilizing FM sidebands of a coherent
diode lasér, which were induced By microwave frequency modulation. A
part of fhis technique is equivaleﬁt to the FM laser spectroscopy.
.Theoretical analysié shows that further reductions of the linewidth can
be expected by optimal choice of modulation parameters, whiéh gives an
increase of sensitivity of microwave frequency discriﬁination of about
100 times that of a conventional ®7Rb atomic clécks. Effects of the
laser linewidth on this spectral lineshape are also investigated.
Furthermore, a novel 87Rb atomic beam clock is proposed to get
optically prepared but freely propagating atomic beams in order to
utilizing more actively thé advantageous property of the present
detection scheme. Quite higher frequency stability and accuracy can

be expected by this novel clock.
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ULTRA-SENSITIVE FREQUENCY DISCRIMINATION

In A DIODE LASER PUMPED 87Rb ATOMIC CLOCK

M. Hashimoto, M. Ohtsu*, and H. Furuta

Department of Imformation Processing
Graduate School at Nagatsuta
4259 Nagatsuta, Midori-ku, Yokqhama, Kanagawa 227, Japan

*Presently, AT&T Bell Laboratories
Room HOH R237, Holmdel, New Jersey 07733, USA

<ABSTRACT>

We proposed a novel FM sideband
technique to reduce drastically the double
resonance linewidth in a Rb atomic clock
pumped by a stabilized diode laser. This
could be achived by the use of the nonlinear
susceptibility of three-level Rb atoms when
the incident microwave signal is modulated.
By using resultant FM sidebands of the laser
and synchronous detection, high-order
derivative shapes of absorptive and
dispersive parts of double-resonance spectral
line were measured. The linewidth as narrow
as 20 Hz was obtained, which was 1/18 times
that of the rf-excited B87Rb atomic clock.
Optimum values of modulation parameters were
found by the computer simulation. Futhermore,
contributions of the laser frequency detuning
to the 1light shifts were also estimated to
attain the microwave frequency accuracy as
high as 10712,

I. Introduction

Highly stable microwave frequency
oscillators have been required for many
applications such as satellite communications
, satellite tracking, global positioning
system (GPS), and so on. Portable Cesium
(133Cs) atomic clocks and Rubidium (87Rb)
atomic clocks have been used for these
applications, and improvements of their
performances are indispensable for the
progresses of these applications.

For these improvements , the optical
pumping and the optical detection by diode
lasers have been proposed for 133Cs atomic
clocks!1], In the case of the optical
pumping for 87Rb atomic clocks, the
replacement of a rf - excited 87rb lamp by a
diode laser has been proposed , and
preliminary experiments on laser pumped 87Rrb
atomic clocks have been reported[zl. The
authors already showed that a quantitative
evaluation of light shift and a novel double
resonance lineshape with a drastically
narrower linewidth can be obtained by
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utilizing an advantageous property of a high
temporal coherence of the laser(3], This can
be achived by the use of FM laser sidebands
induced by the nonlinear susceptibility of
three-level 87Rb atoms and the microwave
frequency modulation. . However, to the
author's knowledge, this effect has not been
known yet and is employed as an advanced
technique for improved Rb atomic clocks.
Therefore, extremely high stability of
microwave frequency can be obtained by using
this technique at optimal conditions.

In this paper, a theoretical analysis
for this technique and an evaluation of
microwave frequency stability for a diode
laser pumped 87Rb atomic clock are carried
out. In section II, the observation of some
novel double-resonance lineshapes with
narrower linewidth are demonstrated. 1In
section III, the theoretical analysis for
double-resonance by means of the equations of

'motion of density matrix elements are given.

In section IV, optimal conditions for the
highest microwave frequency stability are
found by the computer simulation. Finally,
in section V, both contributions of the laser
frequency detuning to the light shifts and
effects of laser 1linewidth on microwave
frequency stability are investigated.

II. Observation of Double Resonance Spectral
Shapes with Narrower Linewidth

Figure 1 shows an experimental setup for
a laserpumped87Rbatomicclock,inwhicha
commercially available 87Rb atomic clock
(Fujitsu, 5407A) was used. The rubidium gas
cell with natural rubidium vapor (87Rb/85Rb
= 3/7) and buffer gases was installed in the
microwave cavity. Figure 2 (a) and (b) show
examples of novel optical-microwave double
resonance spectrum. The vertical axes of
these figures are the output voltage of the
phase sensitive detector (P.S.D.) in Fig.l.
At first glance, the lineshapes of Fig.2 (a)
and (b) seem to be quite different. These



difference, however, only stems from the
difference of the modulation index ( M ),
the modulation frequency ( w /27 ), and the
phase defference (6 ) between the output
signal from the post-detector amplifier and
the reference signal for P.S.D. Other
conditions, for instance, the laser power
density and the rubidium gas cell
temperature, were equal.

It is worth to mention that the peak-to-
peak linewidths at the center of these
figures, i.e., the separation between points
A and B in Fig.2 (a) and (b), are much
narrower than those of rf-excited 87Rb atomic
clocks. In the case of Fig.2 (a) and (b), the
linewidths were 75 Hz and 110 Hz,
respectively. In contrast with them, the
linewidth of rf-excited 87Rb atomic clock was
360 Hz as shown in Fig.3. Furthermore, the
slope at the center of these lineshapes were
too steep, and depended upon the modulation
parameters such as M , wm/2n , and 6 . The
slope is related to the microwave frequency.
stability given by[4]

0.2

Cog(t) = t=1/2 (1)
Q(s/N) '

where 0,(1) is the square root of the aAllan
variance of microwave frequency
fluctuations[sl, T is the integration time,
S/N is the signal-to-noise ratio of the
signal from post-detector amplifier, and Q
is the quality factor of the frequency
discriminator which is given by

Q = Vpp/Av . (2)

In quZ), VRp is the microwave transition
frequency , and Av is the linewidth of the
derivative shape which is defined as the
separation between the points A and B of

Fig.2. Eg.(1) also can be expressed by the
use of S;(=S/4v), as
0.2 N 1 _
o (1) = t=1/2 (3)
YRo - S1 .

Since microwave frequency stability o,(T) is
inversely proportional to S;, large S; value
improves the microwave stability. Thus, to
find optimal conditions for larger slope is
useful to improve the microwave frequency
stability for a laser pumped 87Rb atomic
clock. '

ITI. Analysis of Optical-Microwave Double
Resonance

The three - level model of an atom
is employed to analyze the optical -

microwave double resonancel®], As showed in
Fig.4, two hyperfine levels of the ground
state of (584 /2:F=1,mp=0) and
(581/2,F=2,mF=0) , and an excited state
(5P3/2) correspond to the relevant three
levels, which are expressed as la>, |b>, and
|c>, respectively. The magnetic field of
microwave and the electric field of a laser
are represented as

Hyl(r,z,t) = (HMOJO(3.832r/R)sin(kMz)/2)'
exp[-iwyt] + C.C. , (4)

Ep(z,t) = (Ep/2)expl-ilupt-kpz)] + C.C. , (5)

where Hy and Ep are the amplitudes of the
magnetic and the electric field, wy and wp
are angular frequencies, ky and k;, are wave
vectors, respectively, Jy is the Bessel
function of the 0-th order, R is the cavity
diameter, z and r are the positions along the
cylindrical microwave cavity axis and the
radius, respectively, and C.C. represents a
complex conjugate. The transmissivity T of
the amplitude of the laser electric field
through the gas cell can be derived by
solving the equations of motion for the
density matrix of the three - level model
under the perturbations due to external
fields given by egs.(4) and (5). The
solution can be expressed as T = expl[-6 -

i¢ 1, where & and ¢ are the amplitude
attenuation and the phase shift,
respectively. The 6 and ¢ can be described

by using nonlinear complex susceptibility

Xe(3) (= %' B3N - 1xg"3) )
3
Xe"( )u)Lg
§ =z —m8 —— : (6)
2c )
and
1 wL
g
o= 1 +—xg'(3) (7)
2 c
where, ¢ is the speed of light, Lg is the

length of 87rb gas cell.
polarization ( P ) of
described as

The macroscopic
7Rb gas can be

P=cyg X 3EL = Tr(ugo ), (8)

where, €3 is dielectric constant of vacuum,
Ug is the electric dipolemoment operator,
and P is the ensemble-averaged density
matrix. .

On the other hand, the atomic density
matrix obeys the Schrodinger eguation
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3p 1 apexec aprelax
[ H,P] + + - (9)

at in It it ’

where, t is the time, 11 is Plank's constant,
H is the Hamiltonian including the atomic
interactions with the laser light field and
the microwave field, Pexec and Projax
represent the atomic excitation and
relaxation processes in a phenomenological
;ay. The Doppler effect on account of the
atomic motion is not taken into account,
because the drift velocity ( v ) of 87Rb
atoms in buffer gases is sufficiently low,
iced, |kpvy s [kyv) << 1 (71, che Schrodinger
equation (9) of three-level density matrix
can be solved by taking account third-order
perturbations arisen by external fields.
The results, of which details of this
derivation will be published[8], from eq.(4)-
(9) are
+o0

longitudinal relaxation constant, xy and x
are- the Rabi angular frequencies of
microwave and laser, respectively, ug(ca) 1S

the electric dipole moment between levels
la> and |c> , ngy (x = a,b,c) is the
population of each level , Awp(= Wea - W)

is the laser angular frequency detuning, wy
and wy are products of the population and
the transition probability of microwave and
laser, respectively, and P W) is an
energy density of the laser field which is
given by

o(uy) = ‘ (16)
T (wg-wp)2 o+ (Bwy/2)2
Here, wg is a center angular frequency of

the laser, and Aw; is a FWHM of the laser.

£ca'?) Yap' - TealPNupy'- wy)

(10)

2
Wcalg|He(ca)|

ZCEOTi (wbé' ‘wM)z +Yab

and

12

D(NL)dmL ’

2¢ | Eoh (wpg' -wy)2

Yab(Yept Yea) + xL2
- Aw
ba = “pa - L
2 2
YebYca * ¥u“ - Qug

Y..' =Y

Wealg I”e(ca)l2 Eca(3)(wba' -uy) + Zea? Yap'
2 +

+Yab'

2
Yea*L f (Yep+Vea) (Wpa-uy)buy,

ab * > >
chYca + X< - AwL

p(wy)dwy, , (17)
2

r (12)

, (13)

[(“a'nc)'(Ya-1+Yc_1)WL+Ya—1wM][chYab*xL2+(wba'wM)AwL]

- Lng-np)+ (Y~ +vp Ny -y, Ty Iy

, (14)

, (15)

gca(3)=
2 ) 2
Yebca * Xy~ - 8up
and
-1 -1 -1
(3) [(ng-ng)=(Y 7 +Yp T wp# Y, T lwy 1 1Y o (W -y =Y A0, ]
C =
ca
YepYea * xM2 - AmL2
Wyy is the angular frequency of the optical
transition between the levels [x> and |y>,
ny (x,y = a,b,c x#y) is a transverse

relaxation constant , Y, (x = a,b,c) is a
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The second term of the right side of eq.(12)
represents light shift, i.e., the microwave
frequency shift induced by laser frequency
detuning. The second term Y. ,x;“ and the
third term ( Ygop+ You)( Wpa- wyldwp of right
side of eq.(13) represent a power broadening
and an inhomogeneous broadening induced by
light shift, respectively.

IV. Optimal Conditions for the Highest
Microwave Frequency Stability

In order to obtain a frequency
discrimination pattern, the microwave signal
applied to microwave cavity was modulated as
given by

WM(t) = wyl 1 + Msinupt] . (16)

Since the phase shift of eq.(11) depends on
the microwave angular frequency Wy, the
phase of the transmitted laser light is
modulated by means of modulation of microwave
signal. As a result of such an induced phase
modulation , FM sidebands would appear in
the electric field of the transmitted laser
light. It can be expressed as

Eqp=(E;'(t)/2)expl-i(wpt-kpz)] + C.C. , (17)
where

EL-= Eg, g Tq(wM+qwm)Jq(M)exp[iqwmt] , (18)

Tq is the transmissivity at the laser angular
frequency wy + q wp (g = 0, =21, 2, 3,
the g-th order. The light power detected by a
photodetector is given by Iq(t) = CIEL'IZ/BW.
If 8], |¢] << 1 and the laser FM sidebands
up to the third order are re:.ined for
calculations. Ip(t) can be written

Ip(t) = IglA + Bcoswpt + Csinuwpt
+ Dcos2ugt + Esin2w;t
+ Fcos3uwpt + Gsindwpt] , (19)
where

To “ ‘ , (20)
8w
A = J32(1-26_3) + Jp2(1-26_3) ,
s 312(1-26_9) + J3g2(1-28q) + J12(1-284)
v 3,2(1-285) + J32(1-283) , (21a)
B = 2[J2J3(5_3+§_2-62—63)
+ J1J2(5_2+6_1-61-62)
+ J0J1(6_1-61)] , (21b)

C = 203,35(0_3-0_p-03+93)
+ J1J2(¢_2‘¢_1'¢1+¢2)

+ J0J1(¢_1-2¢0+¢1)] , (21¢c)
D = 2[J1J3(6_3+6_1+61+53)
+ Jnado (8 ~+4284+85)
0J2(8_2+280+02
J12(5_1+687) , (21d)
- J1906q+8q) _
E = 2[-J9J3(0_3-¢0_q+41-03)
- Joda (9 2-93)
+ 31200 1-¢7) , (21e)
F = 20-39J3(8_3-6.1+81-62)
+ JgU3(6 _3-63) , (21F)
and
G = 2[—J1J2(¢_2_¢_1+¢1_¢2)
+ JoJ3(9_3-20p+d3) , (21g)

6q and ¢_ are values of the attenuation
and the phase shift at the laser angular
frequency w; + g wp, respectively. The
principal term of A of (21a) is J02(1-260),
in which (1-26;) can be approximated as exp(-
28g). This term represents the attenuation
of the laser power on account of 87rb vapor.
The principal terms of B and C of (21b) and
(21c) are J0J1(6_1—61) and J0J1(¢_1—2¢0+¢1)1
in which (6_1-849) and (6 _q-29p+91) can be
approximated as d§/d wy and a2 ¢ /4 wMZ,
i.e.,, the first derivative of the absorption
and the second derivative of the dispersion,
respectively. Figure 5 shows the dependences
of A, B, C, D, E, F, and G of eq.(21) on the
microwave frequency. The measured spectral
profile of A, B, and C are shown in Fig.6.

As the profiles of B and C cross the
abscissa at the center frequency, they can be
used as a frequency discriminator. If a
reference signal for the phase sensitive
detection of Fig.1l is proportional to
cos( wypt -6), the output signal Vpgp from
the phase sensitive detector is expressed as

Vpsp = Vol(B/2)cose + (C/2)sing] . (22)

Since the ratio of contributions from B and
C in eq.(22) is governed by the phase 6 |,
several specific double resonance spectral
lineshapes can be obtained by adjusting the
value of 6 at several values. Figure 7
(a) and (b) show the simulated result
obtained by using eq.(22), where the values
of Yap's M, andfwere swept so that the
lineshape of Fig.7 fits that of Fig.2. The
conditions of the present experimental result
of Fig.2 (a) were given below ;

= 234°
(1/Hz) (23)

Yab'= 2.3
107

-
*
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where, S; is the slope which is defined as a
frequency discrimination sensitivity in
eq.(3). It is seen from these figures that
the lineshape is composed of several fine
structures, and the peak-to-peak linewidth at
the center of this shape is much narrower
than that of the rf-excited 87Rrb atomic clock
(,i.e., Fig.3). Such a narrower linewidth was
obtained by wutilizing the induced FM
sidebands of the laser, and from the
discussion given above, it can be recognized
that a part of this technique is equivalent
to that of the FM laser spectroscopy[gl. The
minimum linewidth obtained in the present
experiment was 20 Hz at the laser power
density of 28.8 uW/cm2, The linewidth of 20
Hz is 1/18 times that of the rf-excited 87Rb
atomic clock of Fig.3.

Values of parameters given in eq.(23)
have not been optimized yet to get the
steepest slope. Figure 8 shows the results of
the dependence of the slope on these
parameters calculated to find the optimal
value of parameters. Figure 9 shows the
dependence of this maximum value on the
normalized modulation frequency and the
modulation index. From Fig.8 and Fig.9, the
optimal conditions for the highest microwave
frequency stability are found as follows

o
M= 1.2 0p/Yap' = 1.0 6= 120
Sy(max) = 1-3 * 107% (1/Bz) . (24)

It is seen that the maximum slope is 3
times larger than that of the present
experimental results. of eq.(23), which means
that value of the slope can be expected by
optimizing the operating parameters in Fig.2
(a).

It is rather difficult to utilize the
second order harmonics D and E in frequency
discriminators because they do not cross the
absissa at the center frequency. The third
order harmonics F and G, however, can be
utilized in 1it. If the reference
signal is cos(3 w t -6 ), the output signal
is

Figure 10 shows the dependence of the slope
of F and G of eq.(23) on the modulation and
phase sensitive detection parameters.
Figure 11 shows the dependence of this
maximum value on the normalized modulation
frequency and modulation index. From Fig.10
and Fig.11, the optimal conditions for the
-heighest microwave frequency stability are
found by the computer simulation as follows

9-=270°
(1/Hz) . (26)

M = 3.6 wm/yab' = 0.5
= -5
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It was confirmed that the maximum slope
was only a half that of the fundamental
components of eqg.(24). It is worth to
mention, however, that the use of the phase
sensitive detection at higher Fourier
frequency is more favorable to reduce the
effects of noise as long as the system is
governed by flicker noise.

V. Light shift

The dynamic stark effect by the electric
field of pumping light would induce the light
shift,i.e., the shift in microwave
transition frequency. Since this frequency
is used as a frequency reference for 87Rrp
atomic clocks, the light shift can 1limit
their frequency accuracy as well as frequency
stability. Precise evaluations of the light
shift have been rather difficult in the
conventional 87Rb atomic clocks because of
the complicated spectral profile of the 87Rp

lamp. However , more precise evaluations
can be carried out by using diode lasers
with their narrower spectral linewidth,

which could be useful to
frequency accuracy
7Rb atomic clocks.

Figure 12 shows the relations between

the microwave frequency shift ( Avpy) of the
center of the spectrum and the 1laser
frequency detuning ( Avp) from the center
frequency of an optical transition spectral
line. It is seen that two curves in this
figure exhibit clearly dispersive shapes,
which is consistent with theoretical
predictions{10l, At the first glance, it
can be recongnized that the microwave
frequency shift is increased with increasing
the laser power density. The origin point of
this figure represents the resonance
frequency of the microwave transition which
is free from the light shift. It means that
the laser frequency must be tuned at this
point, so that the affection of the light
shift can be avoided, for the improvement of
the frequency accuracy. For example, in the
case of the curve B of Fig.12, laser
frequency detuning should be less than 57 kHz

to get the microwave frequency accuracy
better than 10-12,

Especially, at the laser power density
as high as 2880 uw/cmz, the discrimination
patterns suffered light shift were observed
for the study of the spectral lineshape.
Figure 13 (a) shows examples of the frequency
discrimination pattern correspond to several
different detunings of the 1laser frequency.
From this figure, it is apparent that
frequency discrimination patterns are
extreamly transformed according as laser
frequency detunings are far from zero. Good
coincidencses of the measured resuts of

improve the
and the stability of the



Fig.13 (a) and the calculated results of
Fig.13.(b) were obtained. The transformations
of the amplitude attenuation and the phase
shift correspond to the freguency
discrimination pattern as a function of laser
frequency detuning are also shown in Fig.14.
From these figures, it can be concluded that
the dynamic stark effect would not cause
only energy-level shifts but also
transformations of double resonance spectral
lineshape. Similar results have been
obtained by Camparo et al, but somewhat
different model was employed for their
analysis[11],

The effects of laser linewidth on
microwave frequency stability were
theoretically investigated by using eq.(16),
by which the amplitude attenuation and the
phase shift are calculated by the convolution
with the laser oscillation spectral shape. As
a result of it, it is seen from Fig.15 that
the slope is increased with reducing the
linewidth. However, from the fact that the
linewidth of the laser used here is as broad
as 40 MHz, it can be recognized that any
remarkable increase of the slope can not be
obtained even if the linewidth is reduced.
VI. Summary

The theoretical analysis for a novel FM
sideband technique was carried out to improve
the microwave frequency stability of the
laser pumped 87Rb atomic clocks. By using
this technique, novel double resonance
spectral lineshapes with ultra-narrower
linewidths were obtained. The minimum
linewidth obtained was 20 Hz, which was 1/18
times that of the rf-excited 87Rb atomic
clock.

The optimal conditions for the
attainment of the best microwave frequency
stability are found as follows;

M=1.2 wp/Yap'=1.0 6=120°.
provided that the frequency discrimination
pattern is composed of fundamental
components.

The laser frequency detuning should be:

less than 57 kHz to attain the microwave
frequency accuracy better than 10-12,

Acknowledgements

The authors would like to express their
gratitudes to Messrs. Kasai, Hashi, and Chiba
(Fujitsu Co. Ltd.), Prof. Kano ( University
of Electro-Communication), Dr. Nakayama (
Kyoto Institute of Technology ), Prof. Oura,
Drs. Kuramochi, and Teramachi ( Institute of
Vocational Training ), for their valuable
discussions. This work was partially
supported by a Grant-in-Aid for Scientific
Reseach from the Ministry of Education,
Science and Culture of Japan, and by the Hoso
Bunka Foundation.

REFERENCES

[1] J.L.Picque,"Hyperfine Optical Pumping of
a Cesium Atomic Beam, and Applications",
Metrologia vol.13, pp.115-119, 1977

[2] L.Lewis and M.Feldman, "Optical Pumping
by Lasers in Atomic Fregquency
Standards", Proc. 35th Ann. Freq.
Control Symposium, USAERADCOM
pp.612-624, May 1981

[3] H.Hashimoto and M. Ohtsu, "Experiments
on a Semiconductor Laser Pumped
Rubidium Atomic Clock", IEEE J. Quantum

Electron., vol. QE-23, pp.446 - 451,

1987

[4] J.Vanier, '"On the Signal-to-Noise Ratio
and Short-Term Stability of
Passive Rubidium Frequency Standards",
IEEE Trans. Instrum. and Meas.,
vol.IM-30, pp.277-282, 1981

[5] D.W.Allan, "Statistics of atomic
frequency standards ", Proc. IEEE,
vol.54,pp.221-230, 1981

[6] T.W.Hinsch, "Nonlinear Spectroscopy",
North-Holland Publishing Company,
pp.17-86, 1977 . ’

{71 R.H.Dicke, "The Effect of Collisions
upon the Doppler Width of Spectral
Lines", Phys.Rev., vo0l.89, pp.472-473,
1953

[8] M.Hashimoto and M.Ohtsu, Submitted to
J.Opt.Soc.Am.B.

{9] G.C.Bjorklund, "Frequency-modulation
spectroscopy: a new method for
measuring weak absorption and
dispersions", Opt. Lett., Vol.5,
No.1, pp.15-17, January 1980 .

[10] B.S.Mathur, H.Tang, and W.Happer,

"Light Shifts in the Alkali
Atoms", Phys.Rev., vol.171, pp.11-19,
1968

[11] J.C.Camparo, R.P.Frueholz, and C.H.Volk,
"Inhomogeneous light shift in
alkali-metal atoms", Phys.Rev., Vol.27,
pp.1914-1925, April 1983

79



Gas Cell Attenuator
Current
- Loser Source
Microwave Cavity
Frequency || vcxo |oUtPH
Synthesizer T
Detector A) Om
A
| Servo
Controller
P.S.D.
Fig.1 Experimental setup.

P.S.D. : Phase sensitive detector.
v.C.X.0. : Voltage- controlled
crystal oscillator.
A : Post - detector amplifier.

wp ¢ Angular frequency of a low
frequency oscillator for microwave
frequency modulation.
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An example of experimentally
obtained lineshape in rf-excited
§7Rb atomic clock. The modulation
frequency was fixed at 160 Hz.
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Examples of experimentally obtained
lineshape in diode laser pumped
7Rb atomic clock. The modulation
frequency ( wp/27) was fixed at
160 Hz (a) and 200 Hz (b).
The laser power density was fixed
at 14.4 uW/cm2. Other conditions
were not explict.
Vpgp : Output voltage from the
phase sensitive detector.
VM ¢ Microwave frequency.-(:mM/Zn)
VRp ¢ Microwave resonance
frequency. (=wp,/2m)
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Fig.5 The dependences of the quantities
A, B, C, D, E, F, and G of eq.(21)
on the microwave frequency wy/ 2T,
Other quantities were fixed at
wn/2T=160 Hz,Y,,'/2™= 150 Hz, and
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Fig.6 Exmaples of experimentally obtained
quantities A, B, and C of eq.(21)
as a function of the microwave
frequency wy/2m. The modulation
frequncy was fixed at W,/2m=160
Hz.
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Fig.7 Simulated result obtained by using

eq.(19)-(22), where the values of

Yab's M, and 6 were swept so that

the lineshape of Fig.7(a) and (b)
fit that of Fig.2(a) and (b),
respectively.

(a)This fitting was obtained when
W /Yap'= 2.3, #=234°, and M=1.8.
(b)This fitting was obtained when
wn/Yap'= 2.9, 8=270°, and M=1.6.
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Fig.9 The dependence of the maximum slope

of fundamental components on
normalized frequency and modulation
index. The phase differences were
fixed at optimum value.
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The dependence of the slope of
third-harmonics components on the
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difference. The modulation index
was fixed at M = 3.6.
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Fig.11 The dependence of the maximum
slope of third-harmonics
components on normalized frequency
and modulation index. The phase
differences were fixed at optimum
value.
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Light shift Avgy induced by laser

frequency for the gas cell at
48°C. sSince all the curves
crossed at a common point, this

point was taken as the origin of
the axes in this figure. The laser
power density was fixed at 57.6
uWem2(A,0) and 2880 uW/cm2(B,e).
Av; : The laser frequency detuning.
(=AwL/2ﬂ=(wca-wL)/2ﬂ)

Ava ¢ The microwave resonance
frequency shift. (=(wy,"'-w, )/2m)

The frequency discrimination
pattern suffered light shift on the
microwave frequency. (a)The
measured results. (b)The calculated
results. The laser frequency
detuning was fixed
at 2070 MHz (A), 0O MHz (B), and -
1800 MHz (C). The laser power
density was fixed at 2880 uW/cm?2.
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Fig.15 The normalized slope on laser

linewidth.



