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In this paper we study the gain saturation induced mode-coupling control in solid state ring laser devices based on

the stimulated Raman effect of the polar crystals in order to realize solid state ring laser gyroscopes. We theoretically

investigate the mode coupling induced by gain saturation between clockwise (CW) and counterclockwise (CCW) propa-

gating laser modes. Because the CW and CCW running waves are pumped with counter-propagating lasers respectively,

the independent coexistence can be ensured.
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1. Introduction

Ring laser gyroscopes based on helium—neon am-
plifying medium have been widely used for rotation
sensing.[!! However, due to the gaseous nature of the
medium, we meet technical complications in the pro-

Efforts have been made
(28]

duction of the laser gyro.
to develop solid state ring lasers but some other
problems arise. In a helium—neon ring laser, there ex-
ist normally two modes, i.e. clockwise (CW) mode
and counterclockwise (CCW) mode. When the laser
frequency is detuned from resonance with the atoms
at rest, each mode saturates a distinct group of
atoms moving in the opposite direction due to the
When the detuning is big

enough, the gain-induced nonlinear coupling practi-

Doppler frequency shift.

cally vanishes.l”) However, in the case of solid-state
ring laser, the atoms or ions make only small vibra-
tions in the vicinity of their steady positions, so the
gain-induced nonlinear coupling is strong. That re-
sults in unstable bidirectional lasing or even unidirec-
tional lasing.['% This is the so-called gain saturation
induced mode coupling. Many of the investigations
have so far focused on overcoming or controlling such
a nonlinearity.!4~8l
ity of stimulated Brillouin scattering (SBS), fibre Bril-
louin laser gyroscope can solve the above problems. "]

Employing the direction sensitiv-

However, fibre encounters the problem of polarization
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fluctuation, which leads to resonance instability.['?! To
cope with this problem, the structure of the fibre ring
laser gyro becomes complicated.

2. Modeling

In this paper, we propose a new gain mechanism
to reduce the gain-induced mode coupling in an inte-
grated optics ring laser gyro. The laser is gained by
the stimulated Raman scattering (SRS) effect in polar
crystals. Since we employ on-chip waveguides to form
the ring cavity, polarization fluctuation does not exist.
Though the modeling of a guided-wave gyro based on
Raman effect in silicon-on-insulator (SOI) was already
reported,[!3] the gain saturation induced coupling has
not been discussed. Our study shows that the sta-
ble coexistence of the CW and CCW modes in a solid
state ring laser can be ensured by employing counter-
propagating pump lasers in polar crystal waveguides.
Furthermore, optical frequency bias can be realized
by introducing frequency difference into the pumping
lasers. That provides the possibility of detecting of
small rotation.

Figure 1 shows a scheme of the ring laser setup we
suggest in this paper. The ring resonator is composed
of waveguides fabricated on a polar crystal (we suggest
GaP in this paper). On the top of the resonator there
is another waveguide to couple the pump laser in and

© 2011 Chinese Physical Society and IOP Publishing Ltd

http://www.iop.org/journals/cpb  http://cpb.iphy.ac.cn

024205-1



Chin. Phys. B Vol. 20, No. 2 (2011) 024205

the Stokes light out. Both ends of the top waveguide
are antireflection coated to reduce the coupling be-
tween the counter-propagating light waves. The pump
laser with intensity finpyt is coupled into the ring res-
onator via the directional waveguide coupler. The res-
onator waveguides are fabricated along the GaP [100]
and the [001] crystal directions. According to Saito et
al.,'Y the Raman gain corresponding to the longitu-
dinal optical (LO) phonon due to the pump is much
higher in the backward direction than in the forward
direction. Therefore the laser prut
CCW LO Stokes mode in the resonator, while the laser
TP offers gain for the CW LO Stokes mode. In-

stead of saturating two distinct groups of atoms mov-

offers gain for the

ing in the opposite directions, which happens only in
gas laser, the CW and the CCW LO Stokes modes
in the ring resonator saturate I_ifput and I'™P"* pump
powers respectively. In this way, we realize gain sat-
uration induced mode coupling control in solid state

ring laser.
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Fig. 1. Schematic diagram of a ring cavity made up from

waveguides.

For simplicity, we assume that the cross-sections
of these waveguides are large enough that the
transversal variations of the field intensity can be ne-
glected and they can be taken as bulk material. We
suppose that the material is isotropic, with refractive
index n. We express the polarization P as the sum
of linear part P" and nonlinear part PN, and obtain
the displacement

D =eoE+P =¢gE+PY+ PNV = p?¢oE+ PNV (1)

Here F is the scalar electric field, and &g is the elec-
tric permittivity in vacuum. Substituting Eq. (1) into
Maxwell equations and assuming the presence of a

lossy medium with conductivity o, we have the wave

equation in the waveguides

0’E o OF O%E
20 L ooL 20 1O
“os2 T ot T o 00 02 2)

which is the so-called Helmholtz equation with non-

1 62PNL

linear polarization, where c is the velocity of light in
vacuum. In a ring cavity with length L, there are nor-
mal modes, exp[i (B,s — v5,t)], whose frequency is v,
and propagating constant is (3,, = 2mx /L, where the
mode number m is a large integer. The time depen-
dence of the wave equation can be separated from the
spatial dependence by expansion of the electric field
and polarization in these normal modes, that is,

E= Z E,, exp (iom)exp[i (Bms — v, t)],

and
PNE = Z PNEexp [i (Bps — V4 1)].

m

Here all these coefficients are assumed to be slowly
varying. The coefficient of F is separated into am-
plitude term F,, and phase term exp (ig,), but that
of PN remains complex, whose real and imaginary
parts are Re(PEL) and Im(P},\iL) respectively. Ne-
glecting high order differential terms and equating the
real part and the imaginary part on the left-hand side
of Eq. (2) to those on the right-hand side respectively,
we have the self-consistency equations for a mode in
the ring cavity!®!

. 1v,, 1 v, NL
E, —En=—-—--"1 P, ) 3
+2Q 2n250m(m) (32)
—1/2
Re (PN
m = O |02+ —— L
v, n° + Yo
02 1 NL
~ [ - g Re (P )}, (3b)

where vy, = VS, — Om, 2m = B and Q is the quality
factor of the cavity.

Next, we focus on the SRS effect, which is gen-
erated by the optical phonon. In crystals, there are
two kinds of phonons, the LO phonon and the trans-
verse optical (TO) phonon. Especially in polar crys-
tals, e.g. GaP, these two kinds of phonons have differ-
ent frequencies and different spontaneous Raman scat-
tering efficiencies. As the stimulated Raman efficien-
cies are proportional to the spontaneous Raman scat-
tering efficiencies,['®) the Raman efficiencies for LO-
and TO-scatterings differ from each other. Generally,
the Raman efficiency for LO-scattering is always en-
hanced with respect to the TO-scattering, e.g. the
enhancement factor x5©/xa© of GaP is 3.5.[11 Here
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x5© and xd© are the peak values of the susceptibil-
ities corresponding to LO and TO phonons respec-
tively. According to the Raman selection rule,'% the
LO phonons make contributions only to the scattering
in backward directions, while the TO phonons only for
the scattering in forward directions for our design (see
Fig. 1).

For Stokes light, the third-order Raman suscepti-

bility depends on frequency!!7]

o(T )(,/LO(TO))

X
~ i LO(TO) 1

2 vram — (VP — vEO(TO)) + iy /2
X

(VP VLO(TO) ~ VRAM), (4)

where vganm is the Raman shift frequency, and -y is the

LO(TO) LO(TO) .t res-

Raman line width. x reaches X
onance, that is, when the frequencies of pump (“P”)
pLOTO) — s, As

is positive.

and Stokes light satisfy P
Stokes light gains, ixé‘o(TO)

In a bidirectionally pumped GaP ring Raman
laser shown in Fig. 1, there are 6 running wave modes
in the cavity: two pumps, two LO Stokes modes, and
two TO Stokes modes. As discussed before, CW pump
offers gains to both CCW LO and CW TO Stokes
modes. Based on the conjugation of the third-order
Raman susceptibilities for Stokes and pump light, we

can write the complex polarizations of these modes

asl17]
PYy = eox OB PEY + eox"C| BLOPEY,
P - e |EL P
Prgy = eox"C|EYPELC, (5)

and similar equations in which the plus (or minus) is
replaced by the minus (or plus) for the other three
modes, CCW pump, CW LO, and CCW TO Stokes
modes. Setting intensity I = |E |2 and combining the
Raman contributions to the complex polarization with

the amplitude self-consistency equation (3a), we have

jto
= [LOL0 [—1/QLO +Im (—XLO) I:FP/nQ] , (6a)
iTo
= 119010 [-1/Q™° + Im (—x"©) I¥ /n?],  (6b)
7
nP I — P IE + I20E [-1/QF
— Im (—x"°) Iio/n —Im (—xT°) IT°/n?.

(6¢)

Here n® is a constant proportional to the coupling ef-
ficiency. These two terms containing n* are the input
gain and the loss introduced by the coupler. The cou-
pling loss of Stokes light is neglected as we can design
the coupling efficiency small at the frequency of Stokes
light.

There are two independent sets of equations. I,
IO and I'© belong to one set, determined by I"" input
but 1ndependent of T mpm, while IV, IT°, and I-©
belong to the other, determined by prut but inde-
pendent of I™PU.
decoupled.

Examinations of Egs. (6a) and (6b) show that
the thresholds of LO and TO Stokes modes are
n?/[Im (—x*©) Q*°] and n?/[Im (—xT°) Q™°], re-
spectively. As the Raman efficiency for LO-scatter-

These two sets of equations are

ing is always enhanced with respect to the TO-
scattering,'®! it is easy to tune the pump threshold
of LO Stokes mode lower than that of TO one. In this
case, once the input laser is strong enough, i.e.,

2

(). o

Iinput >
F QLOIm (_
LO Stokes starts lasing but I™© keeps zero because of

its higher pump threshold as shown in Fig. 2.

7
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Fig. 2. Mode competition between the LO and TO scat-
terings. As LO-light suppresses the pump intensity to its
threshold, TO-light vanishes because its pump threshold
is higher than that of LO-light.

So the steady-state solutions are

e
77PQLO I;‘p”t B n2 B n2np _
e QPIm (—x™©)  vPTIm (—x*©)’
TO P _ n?

Here we see that I is pinned at the level of the thresh-
old of LO scattering because of the lasing of LO Stokes
light. So TO Stokes lasers would not be generated.
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From the steady-state solution (8) we can see that
the CW and the CCW Stokes modes are generated
by different inputs. If the ring cavity is bidirection-
ally pumped, the two counter-propagating LO Stokes
lasers can exist independently. Mode decoupling in
solid state ring laser is realized.

Substituting the steady-state solutions into fre-

quency equations (3b), we have

o Qi 0. Re(y™)

+ n 2nQYO Im(—xLO)
_&_ Qi V%{XM_V$+V£I£O (9)
T n  nQio ~LO .

Here the possibility of a rotating frame is allowed for
by taking {2, # {2_. The cavity resonant frequencies
of both CW and CCW modes, {2+, are set as {2y at
rest. As a result of Sagnac effect, when the ring cavity
is rotated, 24 shift to 29 + A2, where A{2 is propor-
tional to the rate of rotation. As AJ?2 is much smaller

than (25, we make the approximations in Eq. (9) as

follows:
9 £
LO + 0 LO P LO .
vy = T_W (VRAM —vet+vy )ibi sin @.

(10)
The last terms b4 sin @ are the locking terms caused by
the backward scattering between the opposite prop-
agating Stokes light beams, which may be omitted
in the above equation. In these terms, @ is the

phase difference between the two Stokes light beams,

and by are the backscattering coefficients. Define
k= 02/ (ny"CQ°), we have
1 )
LO + .
= — +0 P
vy T r < - 4 sin )
K
(ui — VﬁgM) . (11)

1+k

So the beat frequency of the conterpropagating
LO Stokes lasers are

b
= yLO Lo
1 [0 —0-
-2 -
+ (by + b_)sindﬂ. (12)

This is quite similar to the normal beat frequency
equation except for the additional term caused by the
frequency difference between their pump lasers. We
As shown in Fig. 3, the
bias term shifts the lock-in region to the vicinity of

call it the frequency bias.

k(2 —v¥), thus small difference between the eignfre-

quencies of these counter running Stokes light beams
can also produce a change of the beat frequency. And
this bias is realized via differentiating the two pump
frequencies. This can be stable and is tunable thanks

to today’s mature frequency generating technology.

lock-in
Cokav /1oy + b ;-0
. /
A .
0 i
Ps lock-in
7z | 1
/.
P

Fig. 3. Solutions of Eq. (12) in the cases of vF — Z/_IT_ =0
(dash line) and vF — I/E = Av (solid line).

It should be noticed that for simplicity some phe-
nomena, such as the Kerr effect, are ignored in the
above discussion. And the Kerr effect is the major
error source of the rotation rate measurement in a
gyroscope designed as above.l'®! Such an error origi-
nates from the asymmetry of powers of the two input
pumps. However, the error caused by such an effect
can be perfectly removed in fibre SBS laser gyro by
means of negative feedback or some other schemes.!*!
Because of the simplicities of SRS and SBS, these so-
lutions can be employed in our ring laser gyro, and
they affect the conclusion little.

3. Conclusions

We have introduced a solid state on-chip ring
laser based on the stimulated Raman effect in a po-
lar crystal, and show its potential in rotation sensing.
Mode decoupling in the ring laser is realized. Counter-
propagating LO Stokes laser can exist independently
in the ring cavity. By introducing a difference between
the two pump frequencies, stable and tunable optical
bias can be realized to overcome the ring laser lock-in
effect.

Acknowledgment

The authors are grateful to Prof. R. Loudon for
sharing his article and the help in Raman scattering
theory in crystals.

024205-4



Chin. Phys. B Vol. 20, No. 2 (2011) 024205

References

Aronowitz F 1971 Laser Applications (New York: Aca-
demic) p. 133

Huang S, Toyama K, Kim B Y and Shaw H J 1993 Opt.
Lett. 18 555

Kim S K, Kim H K and Kim B'Y 1994 Opt. Lett. 19 1810
Kiyan R, Kim S K and Kim B Y 1996 IEEE Photon.
Technol. Lett. 8 1624

Schwartz S, Feugnet G, Bouyer P, Lariontsev E, Aspect
A and Pocholle J P 2006 Phys. Rev. Lett. 97 093902
Schwartz S, Feugnet G, Lariontsev E and Pocholle J P
2007 Phys. Rev. A 76 023807

Schwartz S, Gutty F, Feugnet G, Bouyer P and Pocholle
J P 2008 Phys. Rev. Lett. 100 183901

Sunada S, Tamura S, Inagaki K and Harayama T 2008
Phys. Rev. A 78 053822

Sargent M III, Scully M O and Lamb W E Jr 1974 Laser
Physics (Mill Valley: University Science Books, Caligor-
nia)

[10]
[11]
[12]
[13]
[14]
[15]
[16]
[17]

(18]

(19]

024205-5

Siegman A 1986 Lasers (Mill Valley: University Science
Books California)

Zarinetchi F, Smith S P and Ezekiel S 1991 Opt. Lett. 16
229

Tanaka Y and Hotate K 1997 J. Lightwave Technol. 15
838

Leonardis F D and Passaro V M N 2007 J. Lightwave
Technol. 25 2352

Saito T, Suto K, Nishizawa J and Kawasaki M 2001 J.
Appl. Phys. 90 1831

Cardona M 1982 in Topics in Appl. Phys. V. 50: Light
Scattering in Solids II (Berlin: Springer-Verlag) p. 19
Loudon R 1964 Adv. Phys. 13 423

Boyd R W 2003 Nonlinear Optics (New York: Academic)

Huang S, Thkvenaz L, Toyama K, Kim B Y and Shaw H
J 1993 IEEE Photon. Technol. Lett. 5 365

Takiguchi K and Hotate K 1992 IEEE Photon. Technol.
Lett. 4 203



