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High frequency stabilization of a 2.2-W injectionlocked laser-diode-pumped Nd:YAG laser to a high'finesse

optical cavity has been realized by frequency control of the master laser, Witl t}le help of an e{ternal electro-

optical roodulator, tle feedback bandwidth was extended to l MHt arrd the frequency troise relative to the

reference cavity was suppressed to 3 x 10-a Hz/Hz4 below l kHz. this feedback laser system is an ideal

laser source for gfavitational wave detectorc, which require both ulbalow frequenry noise and high output
power. @ 1997 Optical Society ofAmeriea

The investigation of laser interferometric gravitational
wave artennas for observation of gravitational waves
has progressed in many countries.r-3 The light source
for a laser interferometric gravitational wave antenna
requires cw TEM66 high-power laser light with high
frequency slability. Frequency stability of laser light
as low as 70-6 Hz/Hzl'z is necessary below the ex-
pected gra!'itational wave frequency of 1 kHz for the
requisite sensitivity for gravitational wave detection of
h:70-21.4 For such sensitivity an input laser power
of *1kW is needed to overcome the laser shot noise.
Although introduction ofthe power recycling technique
relaxes this stringent requirement, the required laser
power is still several tens ofwatts.

ln our graitational wave detection project, which we
call TAMA,3 a Michelson-t1pe Fabry-Perot laser inter-
ferometric gravitational wave antenna lvas constructed
with an arm 300 m long. For the light source of our
300-m laser interferometer we developed a laser-diode-

. (LDlpumped high-power (>10 W) Nd:YAG laser with
excellent frequency stability. Using an end-pumped
slave laser, we achieved single-foequency output of
10 W by means of an injection-locking technique with
a moaolithic LD-pumped master Nd:YAG laser.s This
feature resulted in fairly good frequency stabilization
of ihis laser. fhe remaining problem was the lack of
a feedback bandwidth to yield a high enough feedback
gain with a high phase margin.

We describe high frequency stabilization of an
injectionJocked laser. We made a 22-W injection-
locked Nd:YAG laser and stabilized the frequency noise
to a high-finesse reference cavity by the Pound-Drever
technique.6 According to t|e injection-locking theory,
the frequency noise of the master laser is reproduced
in that of the injection-locked laser below locking
range frequency.? By controlling the frequency of the
master laser light we suppressed the frequency noise
of the iniectiou-locked laser.

The geometry of the slave laser is shown in Fig. 1.
The laser gain medium is a 17a Nd-doped YAG rod with
a diameter of 3 rnm and a lenglh of 7 mm. Tlds laser
head is placed within a figure-8-shaped ring cavity
with two curved and two flat high.ly reflecting mirrors;
the radius of curvature of both curved mirlors is
500 mm. One of the flat mirrors is used as an output
coupler whose reflectivity is 957c. The cavity length
is 454 mm, which corresponds to a free sp€ctral range
of 660 MHz. The Nd:YAG rod is end-pumped by a
fiber-coupled LD array (SDL-3450-P5) whose rnaxi-
mum output power is 10 W at the applied current of
22 L. A commercial 200-mW LD-pumped Nd:YAG
laser with nonplanar ring oscillator (NPRO; Lighi-
wave 122-200) is used as a master laser. With
70 mW of injected light from the master iaser,
the slave laser generates unidirectionally linearly
polarized TEMe6 single-foequency oscillation with

Fig, 1- Schematic of the fiequency stabilization of an
injection-locked laser: PBS; polarized beam splitter; -,1/4,
quarter-wave plate, Other abbreviations are defined
in text. PD1, PD2, photodetectors.
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a maximum output power of 2.2 W. Stable in-
jection locking is obtained with a phqieJocking'servo 

by the Found-Drever techniqle' - The length
of the siave laser cavity is controlled by fast and
slow piezoelectric transducers (PZTs). The band-
width of the phaseJocking servo is 25 kHz, and the
resiilual llequency noise between the master ald
the slave lasers is obtained from the error signal of the
phase-lockins servo, as shown in Fig. 2. The locking
range of thislnjection'locked laser, which is evaluated
flom ihe discrimination sigaal of the phaseJocking
servo, is L.L Mfjz al the maximum output power
of 2.2 W.

To stabilize the frequency fluctuation of the
injectionJocked laser by using the Pound-Drever
technique we compare the slave laser output with
the resonant frequency of the stable reference cavity,
and the error signal is fed back only to the master
laser part. A schematic diagram of the frequency-
stabilized injection-locked laser is also shown in
Fig. 1. A part of the injection-locked laser light is
picked off by a beam splitter and is phase modu-
iated at 15 MHz by EOM2. With a pair of minors
and lenses, the divided light is mode matched to
a lonsitudinal mode of fhe reference cavity' After
passing through a polarized bearn spiitter and- a
quarter-wave plate, the light is introduced into the
reference cavity and the reflected light from the
reference cavity is detected by a photodetector (PD2;

Fujitsu FID13Y13TX]. where the PD input power is
14 nW The refetence Fabry-Perot cavity consists
of two highly reflective mirrors; one is flat and
the other is concave, with a radius of curvature
1000 rnm. The spacer inserted between the two
mirrors is made of low-thermal-expansion glass
and is 272 mm long. The finesse of the reference
cavity is evaluated to be 55,000. To avoid externally
caused disturbances we hung the reference cavity
by a double-pendu)um suspension with eddy-current
dunping, and all those components were contained
in a vacuum chamber io keep the pressure belo-w
10-5 Torr (details were given in a previous papero).
The photocurrent from PD2 is demodulated with a
double-balanced mixer (DBM2) into the error signal,
a-nd the error signal is amplified at the frequency
servo circuit. The slow component of the servo
signal is fed back to a PZ't that is bonded to the
YAG oystal of the 200-mW NPRO, whose feedback
bandwidth is lirnited to 80 kHz by the mechanical
resonant frequency of the YAG crystal. The fast
component of the servo signal is fed back to an
external wideband EOM phase transducer made of
LiNbOs (EOM3), which is placed at the opticai path
of the master laser light. By controlling the phase
of the master laser light with both the wideband
EOM phase transducer and the PZT in the 200-mW
NPRO, we achieved a 1-MHz feedback bandwidth'
The relative frequency noise of the injectionJocked
)aser, which is evaluated from lhe error signal,
is shown in Fig. 3 as a thin curve. The relative
frequency noise is suppressed to 3 x 10-a Hz/Hzuz
below lkHz. The bold curve in Fig S indicates the
relative frequency noise of the frequency-stabilized

master laser whose frequency is locked to the same
reference cavity by o"e of the same servo loop as for
the present injection-locked laser.

According to injection-locking theorf the freole-ncy
fluctuation dr-,.'1p of an injection'Iocked laser with a
phase{ocking servo is expressed in a Laplace formal-
ism as

I a/,".u Go(s) " I " .. ,^,drolp(s) = 
I ;:ffi 

.' 
1 .iiln ; r';lD@stsl

. -*;o;;;6a"(s)' 
(1)

where 6ro- and 6(,-," are frequency fluctuations of a
master and a slave laser jn the free-running state'
Go(s) is rhe open-loop gain ofthe phase-locking servo,
utid An."o is ihe locfung range of the injectionJocked
laser. Eecause locking range Afi*r. is larger than
l MHz in the present case, the second term in the
factor of 6a.,,n ii negligible, and at Ilequencies much
smaller than Afi*r. the factor of 6 (,rs also becomes
negligible when the openJoop gain of the. phase-
locking servo is high. In that case 6at^ becomes
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Fig. 2. Residual fiequency noise spectrum-ofthe injection-
locfted laser. Solid iurve, the residual frequency noise
between the master anil the slave lasers. Dotted curve,
the relative ftequency noise of the frequency-stabilized
injection-locked laser,
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Fig.3. Noise spectra of a frequency-stabil ized ,laser'
Thin curve, the frequency noise of the lnlecllon-locKeq
laser; bold curve, thai of the master laser. Dotted curve,
the frequency noise of the injection-locked laser when t'he

$ervo gain at high frequency increases.
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dominant over the sccond term: hence the freouency
fluctuation of thc master Iaser is reproduced in thl
injection-locked laser. The second term is observed as
residual frequency noise ancl will exceed the first term
at larger frequencies. The observed freouencv-noise
.p9glt,TT_o{ !hg..master laser in free-running itate is- 70r /f,Hz/Hztr'2, where f is the Fourier fi"q,r"nry.
Ascanbe seen-from Fig. 2,the residualfrequency noise
is less than the frequency noise of the free-running
master laser below 10 kHz.

When the injection-locked laser is stabilized to a
reference cavity with frequency fluctuation 6@,"r. and
assummg .that the second term in the factor of 6r,r_
in Eq. (1) is negligible, the fluctuation ofihe injection-
Iocked laser, 6o1p1, is expressed as
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laser at a high frequency range that comes from the
rnaster laser is suppressed, but that which comes from
the slave laser is less suppressed. From this result
it is said that we can get wide servo bandwidth by
inserting an EOM phase modulator into the optical
oath of ihe master laser, though the effect of the re-

iidual frequency noise is observed at the frequency-
noise specirum at a high fiequency {1nc"..Yh.",t"
the residual frequency noise is comparable wrth the
frequency noise of the free-running master laser'- -- . -

In conclusion, we made a LD end'puarped Nd:YAG
ring laser, and, by injecting light from 200-mW NPRO,
generated cw TEM6s single-frequency laser osclllatton
ioith a powe" of 2.2 W Stable injection locking is ob-
tained to control the slave laser cavity length with

two PZTs whose bandwidth is 25 kHz. The frequency
noise of the inj ection-locked laser is stabilized to a high-
finesse Fabry-Perot cavity by a fed-back error signal
to both the master laser and the EOMphase transducer
that is placed at the master laser light whose servo-
bandwld'th is 1 MHz The relative fiequency noise of
the iniection-locked laser follows that ofthe frequency'
stabilized master laser below 40 kHz and is suppressed
to 2 x 10-a LIz/Hzu2 belaw 7 kHz. Although the reso-
nant peaks that come ftom the slave laser are observed
in the frequency-noise spectrum above 40 kHz, the
relative frequency noise at 100 kHz is suppressed to

2 x 10-3 H;/Hzna. The present result suggests that
the frequency of an injeition-tocked chain of lasers
can be stabilized only through stabilization of the

master laser,
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, $ l* 
f +-G;Gl 5'.,," + Aflo"kGrreq(s)6<r'"rl '

(2)
where Gi.."o(s) is the open-loop gain of the frequency-
statilized servo. When the frlquency ofthe injection-
Iocked laser is locked to the refereice ca,rnitf 6or1p1
should be equal Lo 5,.r.ur, and the firsr two terms musi
be much smaller than the third one_ As the frecuency
increases, the feclor of dc,,, increases and the factor of
6oJn decreases; [hat is, the suppression ofthe residual
reque_ncy norse becomcs weaker at large frequencjes
even if the frequency-stabilized servo sain maintains a
high level. . This tendency was observ6d in the present
expertment, as we describe below.

The relative _frequcncy noise of the frequency-
sraDurzed tnJect,onJocked laser is shorvn in Fig.2,
together-with _the residual frequency noise. Althoirgh
the residual frequency noise is laiger than the sia-
bruzed fequency-noise level above 15 Hz. it is also
suppressed- by the frcquency-stabilized servo, and.
3",Fiq. ,3 shows, the frequeniy noise of the injection-
locKeo Iaser rs suppressed as much as that of the
frequency-stabilized master laser. Above 10 kHz the
residual frequcncy noisc is larger than the frequency
nolse or Lne lrec-running master laser, According to
r,q. {rr, tne rn uence of the residual f}equency noise
o-n the_injection-locked laser becomes comparabie with
that ^of the master laser in this frequmcy range. As
Fig- 3 shou's, seyeral resonant p"uk" ^." ofserved
In. ih9 [eq3e1cy noisc of the frequency-stabilizerl
injection-locked laser above 40 kHz, which-correspond
to rhose ofthe residual frcquency noise (Fig. 2).

wnen Lhe lrcquency-noise suppression gain in_
creases ar a higher Ircquency iinge. the 

-relative

requency norsc rr[ thc injectionJocked laser is sup-
pressed^to 2.v  l t t ' : t  IU. l i ia  at  I00 kHz,  as shown
in Flg. 3. .Alt.hough tho lrcquency-noise level js more
suppressed, Lhe resonltnL peaks from the residual
frequency noisc ahovr 40 kHz stilt remain on the
flequency-noisc spt,ctrum, and this observation agrees
wrln rne explJnutj(rn givr:n above in relation to Eo. (2t:
the parf of tlrc lir'rtur:ncv noisc of the injection_lo;kej


