PHYSICAL REVIEW A 66, 043814 (2002
Highly nondegenerate all-resonant optical parametric oscillator
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We show that a hondegenerate multifrequency parametric oscillator has different properties compared with
the usual three-wave parametric oscillator. We consider, as an example, a scheme for a resonant cw monolithic
microwave-optical parametric oscillator based on h@lwhispering gallery modes excited in a nonlinear
dielectric cavity. Such an oscillator may have an extremely low threshold and stable operation, and may be
used in spectroscopy and metrology. The oscillator mimics devices based on regéhaatlinearity and can
be utilized for efficient four-wave mixing and optical comb generation. Moreover, the oscillator properties are
important to better understand the stability conditions of long-baseline interferometers with movable mirrors
that are currently used for gravity wave detection.
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[. INTRODUCTION study two closely related examples: a nondegenerate OPO
that converts light into light and microwaves, and an optical
Optical parametric oscillator€OPO3 have been exten- parametric process that converts light into light and mirror
sively studied since the discovery of lasgts-3|. Properties motion in long-baseline interferometers with moving mirrors
of OPOs are well understood by ngw—6]. The cw-OPO is  [23,24.
considered as an ideal device that can generate a broad rangeBoth examples involve an optical cavity that has a large
of wavelengths. Because of their reliability and excellent stanumber of nearly equidistant modes. Each pair of these
bility cw-OPOs are widely used, for example, in frequencymodes may interact via the microwave field. As a result, the
chains[7,8], optical frequency comb generatd®&-12], and  generation of two light fields with a frequency difference
for preparation of nonclassical states of ligh8]. equal to twice the frequency of the microwave field is pos-
One of the most restrictive conditions for efficient para-sible. This process resembles the four-wave mixing pro-
metric oscillations is the phase-matching conditions. Sinceesses inv®® media[6], where Stokes and anti-Stokes fields
the index of refraction in nonlinear materials strongly de-are generated from a single coherent pump fiekl.
pends on the frequency, it results in the breakdown of the We also show that the system may be used for the gen-
momentum conservation for pump and generated field phoeration of a comb of harmonics if a two-frequency optical
tons propagating in a bulk material. Thus, periodically poledpumping field is used. Unlike the usual comb generators
materials are often used to fulfill the phase-matching condibased on the parametric interactid@s-12], our system does
tion [4]. not need the application of a microwave field. The generation
The parametric processes may be a useful approach in ai harmonics occurs in a manner similar to harmonic genera-
important fundamental and practical problem, namely theion in resonan(®) media[26,27] and in stimulated Raman
coupling of fields with significantly different frequencies, scattering in droplets withy®) nonlinearity [28—31. The
such as a microwave field and light. However, the realizationtwo-frequency pumping field leads to the generation of the
of phase matching for strongly nondegenerate parametric irmicrowave field. The microwave field interacts with the
teractions is especially complicated. For example, the indepump and creates equally spaced harmonics. The process is
of refraction of LiINbQG differs more than a factor of 2 for most efficient wherii) the frequency difference for the two-
light and microwave fields. A particular solution of this prob- frequency pump light corresponds to the resonant microwave
lem was recently proposed and realized for tetrahertz opticdtequency, andii) the spectrum of optical modes is equidis-
frequency comb generatof40] and tetrahertz wave para- tant. Both of these conditions may be satisfied in practice.
metric source$14,15, all for a planar geometry of the non-  The optical properties of the strongly nondegenerate
linear crystal. OPOs are similar to the properties of the usual atomic or
A possibility of phase matching for light confined in whis- molecular resonant structures. Indeed, our parametric system
pering gallery modes and microwaves was studied in Refshas narrow and stable resonances and can produce a four-
[16—23. Here, an efficient resonant interaction among opti-wave mixing process, as well as generating a multiharmonic
cal whispering gallery modes and a microwave mode wasield. Hence, we might say that we have a model as an “ar-
achieved by engineering the geometry of a microwave resdificial atomic structure.” However, our system is not “non-
nator coupled to a dielectric optical cavity. To achieve thelinear enough,” it has no spontaneous emission, and, there-
intended interaction, the optical cavity and the microwavefore, it has many differences compared to a “natural atom.”
resonator were pumped externally. The outgoing light wassSome of these similarities and differences are discussed in
modulated as the result of the interaction. the paper.
In this work, we show that parametric interaction among Our theoretical analysis is rather general. As an example
waves with substantially different frequencies may signifi-of its application to a realistic system we consider an OPO
cantly differ from the usual OPO behavior. We theoreticallybased on higl) whispering gallery modes, and propose a

1050-2947/2002/6@)/0438148)/$20.00 66 043814-1 ©2002 The American Physical Society



MATSKO et al. PHYSICAL REVIEW A 66, 043814 (2002

IS the detection sensitivity. We show that for an equidistant
laser spectrum of an interferome.ter, the thrta_;hold may be signifi-
. cantly increased. Ideally, if all parasitic modes are sup-
~ — — — 7 y~noniinear pressed the interferometer might be stable even if the fre-
cavity quency of the oscillation of a mirror coincides with the free
spectral range of the optical cavity.
The paper is organized as follows: In Sec. I, we review
the main properties of the usual three-mode OPO. In Sec. I,
— coupler we discuss the four-mode OPO. In Sec. IV, we study the
conditions for the generation of a frequency comb in an all-
resonant OPO with two-frequency optical pumping. In Sec.
V, we discuss the stability of a cavity with moving mirrors.

microwave
resonator

Il. DOWN-CONVERSION OF LIGHT INTO LIGHT

photodetector AND MICROWAVES

FIG. 1. Optical-microwave parametric oscillator. Inset: side | ot s consider the nonlinear interaction of a coherent
view of the optical dielectric cavity. The boundaries of the cavity laser radiation, microwave field, and generated light radia-
coincide with the boundaries of a spheroid, shown by dashed Imetion (pump, idler, and signal, respectivelyThe pump and
configuration for a solid-state monolithic OPO that convertsthe signal waves are nearly resonant with different modes of

light into light and microwaves. We suggest to design thed! optical nonlinear dielectric cavity, while the microwave

shape of the microwave resonator as in R&8] and show field is nearly resonant with a modg of the microwave reso-
that light modulation may appear without any microwavenator coupled to the dielectric cavity. We assume that only

pumping. The microwave field is generated from vacuum a%wo modes of light an_d_ a single mode of the microwave obey
a result of the parametric interaction. 0 the resonant condition.

We assume that the pump laser radiation is introduce%mTT: g:}[}‘gg)‘“a” describing this system (see, for ex-
into a z-cut LINbO; spheroid optical cavity via a coupling pie,
diamond prism(see in Fig. 1 The oblate spheroid cavity - ~ga fpe ~ g fpntn ngpna
shape is essential to obtain a large free spectral range H=fw,a'a+hwph’b+rwcicthgbic’ata bC)’(l)
[17,32. The optical cavity is placed between two plates of
the microwave resonator. The resonant frequency of the mbvhere w, and o, are the eigenfrequencies of the optical

crowave field can be adjusted to fit the frequency differenc%avity modes,w, is the eigenfrequency of the microwave
between the optical modes by changing the resonator shape. c

The spectrum of the dielectric cavity may be engineered b{ﬁzggaﬁg drgts)dr?s,ptgcicgﬁ/ are the annihilation operators for

changing the profile of the index of refraction of the cavity

material as well as the cavity sha[#s]. @ a7 1
Due to thex(® nonlinearity of LiNbQ;, the modes of the g=dma, e _f WY | (2
microwave resonator and the optical cavity are effectively €a €Ve Vv

coupled. This coupling increases significantly for the reso-

nant tuning of the fields due to the high quality factors ofis a coupling constanty®) is the electro-optic constant for

modes of optical cavity and microwave resonator, and théhe material of the dielectric cavity] is the whispering gal-

small mode volumeg34—-37. lery mode volume)/, is the volume of the microwave field,
We show that with this OPO configuration the threshold¥,, ¥, and¥. are the normalized dimensionless spatial

of oscillation is as low as a few microwatts of light pump distributions of the modes.

power for realistic parameters, and the stability of the signal Using Hamiltonian(1), we derive equations of motion for

may be better than that of the pump due to high qualitythe field operators:

factor of the whispering gallery modes. Therefore, this OPO

holds both a promise for an efficie.nt optical microwaye g:_iwaé_iggg, (3)

modulator and may be used as a light source for optical

frequency measurement and high precision spectroscopy, i.e.,

for atomic clockq 38,39, where small size of the device and

low power consumption are important. .
The problem of strongly nondegenerate parametric insta- c=—iw,c—igbTa. (5)

bility also arises in a long-baseline interferometer with sus-

pended movable mirrors. The nonlinearity has a ponderomodA/e consider an open system. To describe such systems, ap-

tive origin there. Such interferometers are currently used fopropriate decay and pumping terms should be introduced

the detection of gravity wave®3,24]. Here, in contrast to into Eqgs.(3)—(5). The decay with necessity leads to leakage

the case of an OPO mentioned above, a low threshold of thef quantum fluctuations into the system. To describe these

oscillation is a disadvantage because it substantially reducdkictuations we use the Langevin approggh

b=—iw,b—igc'a, (4)
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Let us introduce slowly varying amplitudes for the mode . g2 [(F )2 gz|<B>|2‘ -2
operators as follows: (B)+(B)| 'g——— - =0.
T% |Ta2 Talc |
a=Ae '@t p=Be iv-t c=Ce omt, (6) (15

whereaw, is the carrier frequency of the external pump of the This €quation has a nontrivial steady-state solution if the
moded. o . anden are the frequencies of generated light expression in parentheses is equal to zero. From the real and
[ — M

and microwaves, respectively. These frequencies are det imaginary parts of this expression, we derive equations for

mined by the oscillation process and cannot be controlle%lne amplitude and the frequency of the generated field

from outside. However, there is a ratio between them,
g’l[(B)’]*_ym 9* [(Fa)l?

1+ =— , (16)
wo=w_+oy. @) ‘ Falc | 7 P2 |1yl
The equations for the slow amplitudes of the intracavity Wp— W We—wy
fields follow from Eqgs.(3)—(5): = . a7
Y 4
A=—TpA=IgBCHFa, (8) The expression for the oscillation threshold can be found
. L using the assumption that the right-hand side term in(Eg).
B=-T'gB—igC'A+Fg, 9) should exceed unity. Assuming the resonant tunings of all the
) - fieldsT'a=T'g=v, TI'c=v\, introducing quality factors as
C=-TcC-igB'A+Fy, (10 Q=wy/(2y) and Qu=wy/(2yy), recalling |Fal%/y?
h =4WQ/(fw3), and using Eq(2); we derive an expression
where for the threshold value for the pump power
I'y=1(ws— wg) +,
A= (o, oty B 1 ngfc V. wg 19
Ig=i(wp—w_)+7y, " @) 1287% Qu Q2
Fe=i(wc—wpm)+ ym- where we assumed that the normalized overlapping integral
) among the modes is equal to 1/2.
Fa, Fg, andF¢ are the Langevin forcesy and yy are Let us estimate the threshold power. For realistic param-
optical and microwave decay rates, respectively. eters of a dielectric whispering gallery mode cavity coupled
The Langevin forces are described by the following non-s 5 microwave resonatdil8] Q=3x 107, Q. =10, and
vanishing commutation relations: V,=10"7 cn? we getWi,~1uW.
, , , Using Eq.(7) we rewrite Eq.(17) as
[FAFA)I=[Fa(OF(t)]=2y8(t—t), (1D 9 Ea i
! ! y
[Fe(OFL(t)]=2ymd(t—t"), wpt ~(wo= @)
w_= . (19
and average values 1+
N SN "
(Fa)= hoy (Fg)=(Fc)=0, 12 There is also a ratio between signal and idler amplitudes for
the case when oscillations occur,
where W, is the pump power of the mode applied from
outside. We assume that the fluctuations entering each mode (B)?  ywm
from outside are in the coherent state and are uncorrelated = (20

o=
with each other. KCy* 7

Let us solve the s€i8)—(10) keeping expectation values
only. Neglecting the optical saturation of the microwave os
cillations, we obtain from Eqs(8) and (10) in the steady

Therefore, ifyy> vy, the oscillation frequency is pulled to
‘the center of the corresponding optical cavity resonance, and
the photon number in the optical cavity exceeds the photon

state number in the microwave resonator. Otherwise the micro-
g (F) wave frequency is pulled to the center of the microwave
(AY= —i —(B)(C)+ 22, (13  resonance.
Fa LA Let us now calculate phase diffusion in the system. We
represent the field operators in form
.9 . :
<C>__IF_C<B MA). (14 A:(|<A>|+5A)e'd’A, (21)
Substituting Eqs(13) and (14) into Eq.(9), we get B=(|(B)|+ 6B)e'?s, (22
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C=—i(|(C)|+ 6C)e'?c, (23 wherew, and w,. are the eigenfrequencies of the optical

cavity modes,w. is the eigenfrequency of the microwave

wheredA, 6B, and 5C describe the amplitude fluctuations, cavity modea, b. , andc are the annihilation operators for
and ¢, ¢g, and¢¢ describe the phase fluctuations of the these modes, respectively.

fields. _ _ . The interaction part of the Hamiltonian is
Keeping the linear fluctuation terms only, we derive an
equation for ¢ps— dpg— e from Egs. (9) and (10). This V=#g(b' c'a+b’ ca)+adjoint . (30)
equation shows that the evolution of the phase difference is
stable, hence Instead of Eqs(8)—(10), in this case we write
da— ba— de=0. (24) A=-T,A—ig(B_C+C'B,)+F,, (32
On the other hand, B.=-Tg_B_—igC'A+Fg_, (32
$s ¢ 1 w-—waB+FE+F§—FE B.=-Tg.B, —igCA+Fg, , 33
y w vl v 2(B) 2i[(B)| . . .
C=-T:C—-ig(BLA+AB,)+Fy, 34
1 wM—wCFC—F2+FC+Fg 05 cCial +)*Fu (34
P4 M 2i|<C>| 2|<C>| . where
Introducing phase diffusion coefficient &&2)— ({¢))? Fa=i(wa—wo)+y,
=2Dt, and taking in mind that the output power of the sig- o —i N
nal and idler can be written a&/_, =% ®?|(B)|%/Q and Bx =1 (wpz —0x) 7,
_z 2 2 :
Wy oui=F @iy |{C)|*/Qpm , we derive from Eqs(24) and(25) Te=i(we— o)+ vy
7 N Yvm  ho_ 14 (0_—wp)? A, B, andC are the slowly varying amplitudes of the cavity
_(y+ yu)? A (y+ y)? W- out 52 ' mode operators; the opticay] and microwave {,,) decay
(26) rates as well as pumping forcég , Fg. , andF,, are intro-
duced similarly to Egs(11) and (12).
2 2.2 _ 2 Let us solve the sd€i31)—(34) in the steady state keeping
fi
™ DA Y u 5 il 1+ (@ 2w°) , expectation values only. From Eq82) and(33), we get
(v+m) (y+ym)> Wn out Y™ . .
(27 Cg(C* XA g(C)}A
(B,)=—|F—, <B+>:_'F—' (35)
- +

whereD , is the diffusion coefficient for the pump field. This
coefficient is determined by the source of the pump. Becausgpstituting Eq(35) into Eq. (34), we derive[cf. Eq. (15)]
the quality factor of the whispering gallery modes may be

very high (greater than 10, we are able to get a stable )

generation in our system. (CY+| Tc—g?[(A)]

ZI‘B+_F§7

——|c=0. (30

Ill. UP- AND DOWN-CONVERSION OF LIGHT

This equation has a nontrivial steady-state solution if the
INTO LIGHT AND MICROWAVES

expression in parentheses is equal to ZefoEqgs.(16) and

The above parametric interaction couples two light mode$17)],
and a single microwave mode. The microwave field has a

frequency nearly resonant with the frequency difference of AN (0 — 04 ) 2= (0p — o )?] 37
the pump and the signal light. This picture is valid only if the M= [ V24 (0ps— o) V24 (0p- —w_)?] '
optical modes are not equidistant, otherwise the pump light
interacts with two optical modes having frequencieg. i (@pr — @ )@y —w_)—y?
=w,a* w. The condition for parametric oscillations drasti- W= Oy=—~ (0pr —w )+ (wp —w ) (39
cally changes in this case. 4 b T b= -
The Hamiltonian describing this system is Equation(37) determines the threshold of the parametric
o oscillations. It shows the power of the pump light that sus-
H=Ho+V. (28)  tains the generation of a microwave field along with light
~ sidebands. It is easy to see that no oscillations occur for any
H, is the free part of the Hamiltonian (A) if (wp-—w_)?=(wp, —w,)2 On the other hand, if
(wp—w,)?>(w,- — w_)? we return to the case of usual
Ho=fwa'a+fo, b'b_+hw,, bl b, +Aecc, parametric oscillator considered in the preceding section.

(29)  Threshold pump power can be written as
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~ Fwps —0)2][ Y+ (wp- —w_)? — 2
Wm=Wm[7 2( bt~ @) ]2[7 (wp ) )<] D=4y’ hay 1+(wM we) | “
Yl(wps —04) = (0p-—w_)7] W out %
(39
Such parametric oscillations show some similarity with
where we pul’,=y, Wy, is determined in Eq(18). ~ the standard four-wave interaction in media with the third-
The oscillation frequencies can be found from B8), if  order nonlinearity. For example, they have much in common
we take into attention that with near resonant four-wave mixing produced in atomic va-
pors[25]. (i) Namely, in those experiments Stokes and anti-
W+= Wy Wy - (40

Stokes optical fields are generated spontaneously from
vacuum, the same is expected in our cds¢the frequency
difference between anti-Stokes and pump fields and pump
and Stokes fields is equal to the hyperfine splitting of the
ground state of rubidium atoms, the frequency difference is
determined by the frequency of the microwave field in our
) 5 casej(iii ) the threshold of the oscillations in atomic medium
[(B_)*=I(B+)] _™ (41) is a few microwatts for the pump power, the same level of
|(C)|? v the threshold pump power is expected in our cd&e;in
atomic experiments, oscillation becomes possible due to
Let us consider, for instance, a nonlinear cavity with ex-long-lived atomic coherence, in our case the role of atomic

Analysis of Eq.(38) shows that the frequency of the micro-
waves is determined either hy., if y>yy, or by wy,
—wy_, If y»y>v. There is also a ratio between signal and
idler amplitudes similar to Eq20),

actly equidistant spectrum coherence is played by the microwave mo@e;phase dif-
fusion of the beat note of the Stokes and anti-Stokes fields
Wps = Wyt W, (42)  9generated in the atomic system is determined by the atomic

coherence lifetimg41], in our case it is determined by the

where Z)C is the frequency difference between the modes.quallty factor of the microwave mode?).
However, there are differences between resonant four-

The frequency of the microwave field, is not necessarily A . . )
~ ~ . _ wave mixing in atomic media and in our systela the
equal tow, . ThenWiy, (18) is inversely proportional to prod- 540mic medium has essentially a nonlinear response that

uct (wa—wo)(w.—wy). Therefore, there is no parametric |eads, in particular, to the creation of a “dark state” that does
process for any pump power if the pump is resonant with &ot interact with the multifrequency ligi42], there is no
cavity mode, Wy,— if |w,—wo|—0. However, as is such state in our nonlinear systefh) the Stokes and anti-
shown in the preceding section, the usual three-mode par&tokes fields have nearly the same amplitudes in atomic me-
metric process is the most efficient for the case of resonartium. In our case the fields have different amplitudes.

pump tuning.

Let us consider now the case whey> vy, (wp. IV. OPTICAL COMB GENERATION
—w,)?>>(w,-—0_)? ((B_)|>>|(B,)|?) and find the ) , ) )
phase diffusion coefficient for beat note for mod@s and Optical comb generation can be achieved using an
B_. To do this, we introduce amplitude and phase fluctua€!€ctro-optic modulator with external microwave pumping
tions similar to Eqs(21)—(23): [9,10]_. _The resonant atomic and molec_ular systems may _Iead
to efficient generation of a comb of optical frequencies with-
A=([(A)|+ sA)€(®aten), (43  out such pumping26,27. It is also known that whispering
gallery modes result in the enhancement of Raman scattering
B. =(|(B.)|+ 6B.)el (6= *epe), (44) [28—-31]. We now study'the possibility of comb generation in
- - - our resonant parametric system.
C=(|(C)|+ 5C)e!(¢cte0), (45) Let us assume that our system consisting of a nonlinear

oblate spheroid microcavity and a microwave resonator is
pumped by a two-frequency light. Each mode of the pump is
resonant with a mode of the cavity, and the frequency differ-

Using this approximation, we derive the following expres-ence for the pump is equal to the resonant frequency of the

sions that connect phases of the pump and the generatgaljcrowav_e resonator. We assume a_llso that the cavity modgs
fields (cf. Ref. [3]): are equidistant and the frequency difference between them is

equal to the microwave frequency. This is true in the first
Lo o approximation for the spheroi®2]. However, even the re-
ba= bp-+ bc= s de. (46) sidual dispersion can be compensaiad].
Under such conditions the two optical fields generate a
microwave field in our system. The microwave field interacts

where ¢.=(£)/|(£)| is the expectation value of the field
phase.

W\ — We FC_FE Fc‘f‘Fé

$ec= ww 2i[{(C)| * 2|(C)| - with the light and the interaction generates an equidistant
frequency spectrum. This process is closer in similarity to the

The phase diffusion of the microwave fieldg, — ¢g_ comb generation in an atomic mediyr6,27 than to the
=2¢¢ has a diffusion coefficient usual comb generation technique, where a microwave field
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applied to a nonlinear crystal modulates lig@10]. g
To describe the comb generation, we write the interaction ICl=—— > |A*_ Fo+F AL 1|(8n0t+ 60 1)
Hamiltonian as Y¥M n=-e

* 29 2m Sir?(6+ ¢c)dé
V=#g >, (a'_,cta,+a’, ca dioi 48 = |F—1||Fo|f IEIPSE
gn=7oo (an-,C'ay+an, ca,) +adjoint, (48) Ty 0 y*+4g?C| co( 0+ ¢c)

o —_ , 4g [F*1]|Fy|
wherea,, is annihilation operator fonth cavity mode. We =— -
assume that modes are completely identical with respect to M 4g?[C|?
their quality factor and coupling to the microwave field. ) ) ) ) _

Using Eq.(48), we derive equations of motion for the The solutlor) of this equation yields the amplitude of the
modes. For the sake of simplicity we consider the case officrowave field. . _
exact resonance for all the modes. In slowly varying ampli- Finally, we note that the actual time-dependent amplitude
tude and phase approximation, equations for the expectatid¥f the light can be written as
values of the field amplitudes are

(56)
12

4 2c2
¢’ |_1)_

o0

i ] At :e—iwot A e—innt' 5
Au=— yAn—ig(Ay_1C+C* Aysy)+FalSnot n_1), ® 2, A ®7

(49)
where wg is the carrier frequency of the mode with=0.
) R Exchangingé with — oyt in Egs.(53) and (54), we derive
C=—yuC—ig 2 (AL A tAAL 1), (50)
n=-c Foe—iw0t+ F,le_i(wo_wM)t

whereF, stands for the pumping of the mode%,;=1 if i A y+2ig|Clcog oyt— ¢¢) (58)

=j andg; ;=0 if i#j. In other words, we assume that only _ _ _

modes withn=0 andn=—1 are pumped. Let us note here that the signal generated in our system is
We introduce the function different from the usual phase modulated signal. This occurs

because of the saturation of the oscillation.

_ The width of the frequency comb is determined by value

AO)= D A (51)  g|Cl|/y. To have a wide spectrum this value should be com-
= parable with unity. Assuming that both pump harmonics have

the same powew, and, therefore|F _,|~|Fo| we get

e}

and present the amplitude of the microwave field Gs
=|C|expl¢c). Then rewriting Eq(49) in steady state as
) O FoallFol _Wa
9 F Y 42 Wi
A= =12 (Ag G+ C Ay )+ 250+ ), 7
(520  whereW,, is the threshold power for the parametric oscilla-
tion (18). As we discussed above, this power can be as low as
multiplying each of them with expgn) (n corresponds to the a few microwatts for realistic conditions. Therefore it is pos-
index of termyA,), and summarizing them over all we  sible to generate a broad frequency comb in our system using

derive a small pump power.
FotF se" V. MULTIMODE REGIME OF PONDEROMOTIVE
A(6)= - . (53 :

y+2ig|C|cod 6+ ¢c) PARAMETRIC INSTABILITY

The solution for each moda, can be written as It was shown recently that long-baseline gravitational
wave detectors may suffer from parametric instabil2g3].
1 (2= ) This instability arises from ponderomotively mediated cou-
An=5— . A(B)e™'""d6. (54)  pling between the mechanical oscillations of suspended cav-

ity mirrors and the probe light that is used for detection of
the mirrors’ signal shift. The effect is undesirable because it
might create a specific upper limit for the energy stored in
the cavity. The sensitivity of the detection increases with the
© light power and, hence, such a process might pose an upper

C=—i 9 > (AF L AFARALL) (55  limit on the measurement sensitivity. .
YM n=-c Since the planned circulating power in the interferometer
is about 1 MW, it was shown that the power exceeds the
and substitute there\, (52). This gives us¢c=—m/2  threshold for parametric oscillations by almost a factor of
+arg (F* ;Fo) and equation fotC|, 300 for realistic conditions, if the optical mode spectrum is

Equation(53) contains unknown constant€| and ¢ . To
find them we write Eq(50) in the steady state

043814-6



HIGHLY NONDEGENERATE ALL-RESONANT OPTICA . .. PHYSICAL REVIEW A 66, 043814 (2002

m
E. 2Win 2QQu
in m c >— =1 (60)
— a B By ]C Y mdL?
out J‘ 7| | \
L | In the case of nearly equidistant modes we should use

Egs.(31)—(34). Then the threshold power increases accord-

FIG. 2. Fabry-Perot cavity with movable mirror. Parametric in- INd t0 Eq.(39). Since for long-base interferometers the main

stability is possible due to ponderomotive nonlinearity. longitudinal mode spectrum is almost equidistant, we might

expect that the threshold of the parametric oscillation will

not equidistant(three-wave description of the parametric increase significantly. A problem may arise, however, due to
process is valig[23]. transverse modes of the system. Therefore, to understand if

We can easily describe the ponderomotive parametric inthe system is stable one needs to consider exact mode struc-
stability using the technique presented above. In fact the inture of a particular system.
teraction between the mirrors’ mechanical oscillations and
optical modes can be characterized by either Eg)sand(9)
or Egs.(31)—(34), whereC describes mechanical oscillations VI. CONCLUSION
and the coupling factog is appropriately chosen.

Let us consider a Fabry-Perot interferometer with one We have shown that a strongly nondegenerate multifre-
movable mirror that has mass and mechanical resonance quency parametric oscillator possesses different properties as
frequencyw, (Fig. 2). The distance between the mirrors of compared with the usual three-wave OPO. As an example of
the resonator is equal to. Then the coupling constant be- such an oscillator, we have studied a scheme for an all-
tween the mechanical degrees of freedom of the mirror angesonant optical-microwave parametric oscillator based on
optical modes is whispering gallery modes excited in a nonlinear dielectric

- optical cavity and in a long-base cavity with moving walls.
Wa

=T 2mo,’

(59
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