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Abstract. The quantum noise of the internally pumped ring2w is generated in an external resonator and then injected
optical parametric oscillator is analyzed theoretically. Theinto the OPO.

fundamental field and subharmonics are assumed to be res- The threshold of the internally pumped OPO can be iden-

onator modes, whereas the second harmonic can have an @ified as the point where the subharmonic fields start to

bitrary detuning. The threshold for parametric oscillations inacquire a coherent amplitude. In this paper we concentrate
this system is derived in a plane-wave approximation. Then the below-threshold IOPO since we know that the exter-

noise spectra for the fundamental and subharmonics belomally pumped subthreshold OPO can work as a very efficient
the threshold are calculated via a semiclassical approach. It $®urce of squeezed vacuum [11, 12].

demonstrated that the fundamental beam reflected from this The cascadedy® process above threshold has been

OPO can be perfectly amplitude squeezed around multipldseated in [13—15] with all four modes at frequencies

of the free spectrum range frequency. Such a cavity is pri2w, w. considered exactly resonant. This device has been

posed for use as a quantum amplitude ‘noise eater’. demonstrated experimentally in [16,17], where its classical
properties are analyzed. Detailed classical analysis in the
PACS: 42.50Dv, 42.50Lv, 42.65Y] case of nonresonant SH is performed in [18] along with

the discussion of the twin-beam-like nonclassical correla-
tions between the signal and idler modes analogous to the
normal nondegenerate OPO.
During recent years, substantial effort has been made to pro- In this paper we concentrate on the following attractive
duce squeezed and other nonclassical states of the radiatifeature of the subthreshold system shown in Fig. 1. We note
field via intracavityy ® nonlinear processes [1, 2]. Applica- that the light reflected off the input coupler contains both
tions span from noiseless communications and interferomeéhe coherent component at frequeneyand the vacuum
try [3—6] to atomic physics and spectroscopy [7—10]. qguantum fields around frequenciesand w+. Under ideal
Unfortunately the popular scheme of generation ofexperimental conditions the four fields are spatially mode-
squeezed states via second-harmonic generation and subsetched and have well-defined phase relations. As a result
quent optical parametric downconversion requires a ratheme can expect interesting quantum features to occur in
extensive optical setup. These issues motivate the seartte quantum noise of the fundamental pump reflected off
for a more compact and easily operated source of squeez#te cavity around zero frequency and around frequencies of
light. Towards this goal we consider here the system showane free spectrum range (FSR) and its multiples. Therefore,
in Fig. 1. under appropriate conditions, such a cavity alone can serve
A ring nonlinear resonator with 8@ crystal is illumi-  as a source of amplitude- or phase-squeezed light, eliminat-
nated with the fundamental pump at the frequeacyrhe ing the need for complicated two-cavity setups with external
second harmonic ate?2is generated. The light ate2can local oscillators. The phase of the squeezed vacuum formed
now interact with the nonlinear medium either degeneratel\hy the intracavity fieldsv and w+ with regard to the co-
producing a field around the fundamental frequency, or norlkerent pump reflected off the cavity depends on the phase
degenerately, producing subharmonics at frequencieand  of the second-harmonic field. This phase can be changed by
w_ so thatw = % (ws+ +w-). This is of course nothing but detuning the cavity away from the SH resonance, thereby
second-harmonic generation (SHG), where the second hagenverting the amplitude squeezing into phase squeezing in
monic (SH) is pumping a nondegenerate optical parametrithe field reflected off the cavity. That is why the SH field
oscillator (OPO). We will therefore henceforth refer to thisdetuning is considered in such great detail below.
system as the internally pumped OPO (IOPO) as opposed to Whereas the quantum noise of the fundamental light re-
the externally pumped OPO, where the pump at frequencffected off the nonlinear cavity around zero frequency has




712

ately after the nonlinear mediubl) to be
FSR | FSR b(l) = b(0) +i (af +2a,a ) . 2)
WWM Finally we findb(0) as the feedback di(l) plus a contribu-
tion from the vacuum noise entering through the ifputput
port
b(0) = b(Hre® +/1—r2d’/zb". (3)
W, w_ w W,
Here § is the single-round-trip phase shift, is the cavity
\ E, r 20 round-trip time,r is the coupler reflectivity and the ‘in’ field
[ > N _>>_ is assumed to be in the vacuum state. Solving (2) and (3) for
N L b(l) andb(0) we find
K .. ' Y
-~z re? V1 i
Fig.1. The system under consideratioDashed linesillustrate the lower b(@ )_I rgs $ (a1+ 2a+&) 1—r e'5 “/—b
frequenciesw and ws anddotted linesillustrate the second harmonie»2 . «/—
Insert the experimental situation in which quantum noise reduction is 2 — in
expected: the fundamental cavity mode) @nd one free spectrum range bd) = ng (a1+2a+a_) + 1—rdé ﬁb : (4)

(FSR) above and below the frequency of this mode_atand w_ . ) .
For the remaining cavity modes we can now readily provide

the round-trip increments:
been experimentally investigated before [19], the frequency

domain around the multiples of the FSR has not been ex-
plored. It is in this domain, in fact, where our results lookAa1 = [V %€ —(kt+y)an T+2I§f alb(z)
most promising. _ _ _

The quantum noise of the second harmonic that is 1 o/2cal al +T\/70€1

generated in a nonlinear cavity has been experimentally in-
vestigated by several groups [20—24] and is not treated in 2
this paper. Aay = — (k+y) 1aL + 2i¢ / d (I—> abe(z)

0
+v2cal +1/2ya . (5)

Here k is the fundamental decay rate through the coupler,
y represents all other losses of the fundamerg&als the

X ; . number pump field at the fundamental frequency and the
resonant cavity modes with no detuning, whereas the fourt\g\ﬁI fields gre \?acuum fields as usual. We qhave )fassumed

mode (2») can have arbitrary detuning that is either resonang| |ow- “frequency decay rates to be equal,= x_ = « and
or nonresonant. It has been shown that it is possible to extra ! —,_ —y, which s justified by the fact that we are mostly

a single cavity mode from the continuum, making a bridgentarested in three adjacent longitudinal modes of the cavity.

between nonresonant and resonant quantum fields [25]. smg (1) and (4) we can evaluate the above integrals to ob-
should be mentioned that our treatment is not valid in the I|m|tt in the basic equations of motion governing the system:
e

where the losses of the IR modes become comparable to th
losses of the second harmonic, since we adiabatically elimela; N £ 4,

inate the SH mode from our equations of motion. Since we g, =V 2€ — (K +y)a—-"-03 (at+2a.a)
want to treat the SH modein both the resonant and the non-

1 Equations of motion

In the following, we will treat the three modesaBndw. as

resonant case, we have to take the spatial variation of this +\/ ot +2— Jafb'n
mode into account. Assuming the modes to be plane waveg & VT
and ignoring any longitudinal spatial variation of the low-loss d&+ _ 5 qaf (a2
cavity modesw, w, we write the slowly varying SH field dt e+y)as gax (a1+2a+a_)
envelope inside the nonlinear medium as
ah+.,/2yal +2—Ja b,

z Ve

b(2) =b(O) +i} (s18f+&ara ) , (1) b =he (a§+ 2a;a ) —ivTjb". (6)

) . . ) ) The resonance properties of the SH field are contained in the
whereb(0) is the SH field just before thg® medium.a; functionsg, j, andh, defined as

is the fundamental mode,. are the down-converted modes,

& and &, are the degenerate and nondegenerate nonlmegr (1+rei‘3) (1—rei5)_1 =gr(1+i0) ,

coupling constants, respectively, ahds the length of the isy—1 .

nonlinear medium. Close to degeneragy,and &, are re- h=i(1-re’) =hr 1+iR) ,

lated byé&, = 2&; and in the rest of this paper we will put : _ . ( /27 2.5 CednTi ;

& = 2&) = 2¢. Integrating (1) we find the SH field immedi- 1= ( 1-re ) (1-re?) "=jr1+ix) . O
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with o given by Here we have defined = £2gr/4t andZ? = X2 + Y2. The
] solution of (12) becomes real for the intracavity fundamental
_ 2rsing 8 field of
S ®)

K+ 2 [(k+y)T
In the limit of nonresonant SHg(= 1) the equations of X} = | Y = = E‘,( | JI/) . (13)
motion (6) are equivalent to the Langevin equations de- Avlteo 9

rived by adiabatic elimination the SH field from a nonlinear

Hamiltonian of the form This is obviously the value of the intracavity fundamental

field required to drive the IOPO above threshold. Now we can
readily write the subharmonic excitation as

H=h [X1 (a$a§+ (ai)zaz) +x2 (aia*_az+a$a+&>} :
© o (X4) [\/ ([xl/xt“]4—1> (1t 2)+1_1]
JI+e? ' ¢ '

Because of this we do not expect our treatment to be valid

in the limit where SH and IR losses are comparable, since

adiabaticity will break down then. For zero SH detuning this reduces to the well-known re-
We now introduce the quadrature phases Y1, Xz, Y2, gyt [27-29]

X4, Y4, X_, andY_, defined as

(14)

2
. . . . h v, h
Xy =a€” +ale™ Y, = —i (ale'91 - a{e*'gl) , Z=X{ [xl/xtl] -1 (15)
Xo=be% +bfe™2 | Y, = —i (be’ —bie'2) , (10)  found for the externally pumped OPO. Only our subharmonic
is expressed in terms of the fundamental pump, whereas the

and pump for a standard OPO is usually described by the SH

1 ‘ ‘ field strength. Using the symmetry of the problem, we can
Xo=—— [(a+ +a )’ + (afF + ai) e*"p] , now deduce the steady-state subharmonic quadratures above

\/? threshold to beX, = Y_ = Z//2.
Y, = +a)d’— (al +al Je |, 11 Similarly we find the equation of motion for the funda-
T2 [(a+ ) ( + _) ] (11) mental below threshold:

pump phase, which we set to zero, meaning that we cafft A A cosfy, (16)

chooseg = &*. We can use (6) together with their Hermitian
conjugates to obtain the equations of motion for the quadrawhere the phase of the fundamental is given by
tures. Unfortunately these are rather lengthy and will there-

where our phaseg;, 6, and¢ are defined relative to the _ ()—(2+K—|—y> 8k &
1 =

fore not be reproduced here, but, as shown below, the equging, — oA %3 (17)
tions are considerably simplified by choosing the ph@ses 8K & 1

62, and¢ appropriately.
2 ¢ approp y By inserting (13) and (17) into (16), we find the external field

strength required to drive the OPO above threshold to be
2 Steady-state solutions

I L Ay P S
With the goal of determining the threshold of the OPO and h= 2k /1+ 02 '
the steady-state values of the fields, we solve below the clas-
sical equations of motion. These are obtained by taking th&€he corresponding threshold power for the IOPO can now be
expectation values of the field operators in the equations aferived to be
motion derived in the previous section. The ‘in’ fields are in

(18)

the vacuum state, meaning that they will not contribute to the, _ (T+L£° 1 1 (19)
solutions. " 27 En gl Jita?)

Ignoring for now the trivial solution of all subharmon-
ics being in the vacuum state, we focus on the thresholghere the single-pass nonlinearity for second-harmonic gen-
of the IOPO. Looking for steady-state solutions above theration, Ex. = P (20w) /P2 (w), can be found from (2) by
OPO threshold, we choose the steady-state fields such thadtting the down-converted fields to zefo.and £ are the
Y1 = X_ =Y, =0. This requires a certain choice of the cavity coupler transmission and the residual intracavity losses
quadrature phases so that the real axis is chosen along the ¢orthe fundamental field. In the limit — 0 the functional de-
herent amplitudes of the fields. Now our equations of motiorpendence of the obtained threshold on the cavity parameters
for the subharmonics simplify to is similar to that obtained in [18]. To minimize this thresh-
) old we should choose the coupler transmission to be equal
, [K+y 2 - N os to half the losses. This, however, is not the optimum choice
Z°+ < A ) +0°Z% = (1+0°) X{. (12)  when one wants to maximize the squeezing in the IOPO out-
put. As shown below, the degree of observable squeezing is
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limited by, among other things, the OPO escape efficiency 1,0 - - - - - - - -
T /(T 4+ L£). From this it is clear that when the threshold is -
minimized at7” = %OC, the escape efficiency allows for max- 0.8
imum 33% quantum noise reduction. In order to maximize | 4
squeezing, one should minimize the lossesnd haverl S
as large as possible compatible with the available pumping 0.6 7 T
power. The effect of the SH feedback on the threshold is2 i o 1
mainly hidden in the functiomg|, from which it is clear that
the threshold can be drastically reduced £ 1 and§ =0 I g1
corresponding to a high build up of the second harmonic. If, o
howeverg ~ m, the threshold becomes very high because of
destructive interference of the fed-back second harmonic. I
Choosing £ = 0.5%, En. = 0.02W!, as for a good 0,0 - . - . - . - . -
KNbOj3 crystal [11], takingl = 5% and furthermore assum- 0,0 0,2 0,4 0,6 0.8 1,0
ing nonresonant SH (= 0) so thapp = 0 and|g| = 1, we find o
a threshold ofPy, >~ 170 mW, which is well within reach of .. . g yth )
modern coherent light sources. In fact a thresholti2f mw 5(')% %}Iﬁ: ;5?%:$2ﬁgt‘1er;dame”tal build fip, p) = X1/X{' as a func
has been observed in experimentally in [17]. It should be
stressed at this point that our treatment is only valid in the
plane-wave approximation. The IOPO threshold calculationsvhere we have defined the threshold intracavity SH field as
for focused Gaussian beams give results that typically dq;h = %g Ih| (thh)Z_ Again this is similar to the doubly reso-
not differ by more than a factor of two [26]. The threshold nant SHG result with the above-mentioned substitution.
calculations for focussed Gaussian beams can be also found
in [18].
In operation below the OPO threshold the down-converted
fields are all zero and, furthermore, we can Jut= 0 if the .
fundamental quadrature phase is chosen according to (17, Quantum noise
The fundamental field is now found as the solution of (16)
by using the definition (17)X1, per definition, is real, so the

)

Mo,p
(@]

N

ho)
I
o

solution can readily be picked to be With the steady-state fields at hand we can now linearize
the fluctuations around these operating points by using
X1=X"T(0,0),0<1, (20) @ Langevin approach usually referred to as the semiclassi-

cal approach [30]. Consequently we do not expect our results
wherer (o, 0) = \/Z (0, 0), andz (o, o) is given as the real to be valid in a situation with strong nonlinear interaction,
solution of which is the case very close to the OPO threshold. In this
regime, higher-order corrections come into play; more rigor-
V140%2(1+7) +22° — 20° <1+ V1+ QZ) =0. (21)  oustreatments can be found in [31—33]. In this paper we limit
ourselves to the IOPO below threshold since it is known from
Here we have defined the pump parameies €/6n =  standard OPO theory that this is where the best quadrature
V'P/Pn. It can be checked that in the limit of a perfectly res-phase squeezing is generated [27, 28]. Furthermore, the quan-
onant second harmonip & 0) this solution reduces to what tum noise of the second harmonic will not be calculated in
is found in doubly resonant SHG with the replacemerg@f this paper since it has been shown that more elaborate meth-
with the critical pump field required to reach the point of self-ods are required to deal with the quasi-resonant behavior of
oscillations. From Fig. 2 we see th&atgrows from 0 with no  this field [34].
pump to 1 as the OPO approaches threshold. Defining the fluctuation operatogs and p; as
Substituting the solution (20) into (17) we obtain the nat-

ural choice of the fundamental quadrature phase: - -
g=Xi—X,p=Y =Y, i=1+4,—, (25)

3
ol” ) (22) we insert (25) together with the < 1 steady-state values in
our equations of motion. Assuming small fluctuations, we
/ 2 / 2
G\/Z 1+e <l+ 1+e ) keep terms up to the first order to obtain the equations of mo-
tion for the fluctuations of the fundamental,

61 = arcsin

By choosing the second-harmonic quadrature phase as

O = 261+ arctanR‘l s (23) d 01 —— |1 I-v2 3 -0 01
. | o A+t \Pe s 1) (pe
\l;vee find the stationary values for this field below threshold to Ner qif S T
B k+y \py k+y \ P/
X2 (I ):0 s 2r q|2n
e s (T, (26)
Y2()=Y;'I"“(0,0) ,0<1, (24) J+y) \P;



and for the subharmonics,

d —
dk+y)t (qpi> - []H:FZ l+QZS] <Fqu)
5 ()
K+y \Pi
V2

i£
+ =)
K+J/<Pi’)

Here 1 is the unit matrix andS =

(27)

10
0 _12. We have also

defined the fundamental quadrature phase as (22) and t

second-harmonic quadrature phasefas- arctanX’ + 20,

where X' is defined in (7), and finally we have chosen the

subharmonic quadrature phase to be

¢ =61—1/2arctarp. (28)
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and the OPO escape efficiengy=«/(k +y) >~ T /(T + L),
where the last equality requir@s £ « 1.

To calculate to spectrum of noise we take into account that
the ‘in’ fields are uncorrelated

Q" (—0)q]" (@) = 5
(4" (=) pf"(@)) = 0

(") p" (@)
(P (—w)q" (@)

(34)

Here we have normalized the white spectrum of vacuum
noise of the input fields in the bandwidth relevant to

the measurement. Using these definitions we obtain the
E%llowing noise spectrum for the fundamental amplitude

guadrature:

(a0} =

anr2[a?+ (1+12)°+02r2 (2-12) |

(35)

All“in’ fields above are assumed to be independentandinthe  [(14'2) (1+312) + 3025 — 2] + 4@? (1+22)°

vacuum state. After the Fourier transformation we arrive at

[(ia‘)+ 1)1+ 172 <32 _?L)} (gi) = ,:/Ji (gg)

K+y Piln

2r qiz”)
+— 29
¢w+y)(w (29)

+

and

o reravass] () -2 (F)

Px)  k+y \pl
+«/Z in
K+y PI

for the fluctuations of the low-loss fields. Hebe= w/(k + y).

(30)

Analogous we find for the phase quadrature

((aps)?) =

anl'2[ P+ (1+312)°+ 0212 (2+312) |

(36)

[(1+I?) (1+302) + 302 — ?]* + 4@ (1+212)*

The amplitude quadrature (35) is where the quantum noise
reduction occurs. For zero detuning of the $HH0) ato =
0 this variance reduces to

((agg™)?) =1~

4r]F2

—. 37
(1+3r?)° G0

This is similar to what is found for the two-photon ab-
sorber [35] and for the singly resonant second-harmonic gen-

To obtain the IOPO output fields (which is what can be de+4t0r [21] when the SH is adiabatically eliminated. The min-

tected) we apply the boundary conditions of a fi€lan the
output coupler:

FoU = /2« F — F". (31)

Lo s
Here we assume that the coupler transmission is small relative

to 1.

3.1 Noise of the fundamental

The output fundamental field quadratures obey the equatio

S 1 ar
(52) - o0 (%)
1 (QF (%
+2/nA=nM (P{”> +2r/2nM (pi2n> \
where we have defined

M = |:(ia_)+ 1)14172 <32_§)}

(33)

imum of (37) is found for no internal losses £ 1) to be
2/3, corresponding to quantum noise reductiot.@b6 dBbe-
low the standard quantum limit. The corresponding value of
I' is I'(o, o = 0) = 37Y/2, meaning that the pump parameter
o =0.385

More exciting are the results for a finite SH detuning
(0 # 0). As o becomes large, corresponding to almost com-
plete dephasing of the SH, the noise in the amplitude quadra-
ture, now rotated relative to the pump according to (22), goes
towards ¥3. This happens around a frequen&y!, which in-

rcreases with increasing and pumpg. However, for every

value ofp there is a corresponding value of the purap?!,
which minimizes the noise. Numerically it is found thePt
decreases ag increases. The spectra are shown in Fig. 3.
From the experimental point of view this region is difficult
to access since the threshold of the IOPO becomes very high
with this choice ofp. Furthermore in order to detect this
particular quadrature, the IOPO cavity must be completely
impedance matched to the external pump since any pump
reflected off the cavity will have a different phase than the in-
tracavity fundamental. This will result in a phase shift of the
net reflected field, meaning that the amplitude noise will be
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Fig. 3. Noise spectra of the fundamental for the detuning parametei00 Fig. 4. Squeezing around the nondegenerate frequency on thresheld
and with no internal losseg & 1). The squeezing is seen to be perfect for
no SH detuning 4 = 0) only to reduce as the SH detuning parametés

set by a mixture of the ‘pure’ quadratures defineddpyin  increased
(22).

power available, and the fundamental cavity l0Sseg af L,
we can now calculate the pump parameteusing (19). This
|j]s given by

3.2 Noise of the subharmonics

Following the procedure of the preceding section we ca

readily give the noise spectra for the down-converted fields: , T 1+r
=P T (40)
2 2 4r2,/ 1+Q2
<(Aq§’r“t) >= <(A p) >= 1-9 3 wherer is the mirror reflectivity to the SH field. By using
032+(l+ F2\/1+92> (40), I'?(s, 0 = 0) can now be found as the solution to

(38) 23+222+_z—4c72 =0. Wheno is less than abouD.6,
the solution can, to a good approximation, be written as
5 r2= % v1+3202—1). If we now insert the found quan-
@+ (1— F2w/1+92) tities into (38), we obtain the noise power in the squeezed
(39) guadratures around the FSR frequency:

((am?) = (a0 =14y ——

+

2
where@ andn are defined as in the previous section. How-((Aqiu) >= (41)
ever,o = 0 now corresponds to the FSR frequency. - A+ 32521
For the perfectly resonant Skd & 0) this is not surpris- j(A p‘j“‘)2> =1—— ! + 5
ingly the same result as one would get for the externall T+Lge, [14”_11 ( 1+3202_1)]

pumped OPO provided we use the substitutios- I"'>. Ob-
viously the substitution is necessary since the threshold fahere we assumed the fundamental losses to be small,
the internally pumped OPO has been derived for the fundaso that the escape efficiency can be approximated by
mental field, whereas in [27—-29] the threshold is derived for7 /(7 + £). Knowing the parameters for the nonlinear res-
the SH pump field. In our case the SH pump field is pro-onator,En., 7, £, r, and the linewidth, it is now straight-
portional to the square of the intracavity fundamental field forward to calculate the predicted squeezing around the FSR
which has a build-up described Wy, therefore the substitu- frequency by means of (40) and (41).
tion is required for comparison.
For zero SH detuning, the noise in the subharmonics iS.3 Noise spectra of the light reflected off the cavity
zero ato = 0 whenI"? = 1 =5, corresponding to the IOPO
being exactly on threshold and having no internal losses. Fddaving now in mind an experiment where the amplitude
a finitep, however, Fig. 4 shows the squeezing reduces in sizeoise of the cavity reflection is recorded (Fig. 1), we must
and the spectrum gets broader because of the dephasingasinsider the interference of the field coming from inside
the second-harmonic pump. In some sense this corresponddte cavity and the field reflected directly off the cavity. The
pumping a standard OPO with a field containing lots of phaseneasurement is assumed to have enough bandwidth, so that
noise. The noisy pump phase will cause jitter in the phase dhe noise of the fundamental as well as the beat note of the
the down-converted fields and consequently a mixing of thelown-converted fields against the fundamental carrier can be
squeezed and antisqueezed quadratures working to cancel thetected.
squeezing. The standard beamsplitter relations now give us the fol-
In order to elaborate a bit more on the spectrum of squeetewing steady-state reflected field:
ing (38), let us consider the case where the SH detuning is o oy
zero, meaning thad = 0. Having the amoun® of pump X+ = =26 + V2 Xe ™. (42)
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This means that the overall phageof the reflected field will  the reflection off the cavity, maximum amplitude squeezing

be given by in the fundamental (around zero frequency) requires the use
of the LO with the phase different from the phase of the re-
flected fundamental field (compare Figs. 3, 4, and 5). This

¥ = —arctan sin6y 43) fact, along with the greater degree of noise reduction pre-
COSOr — 2 L1 ’ dicted in the subharmonics, leads to the attractiveness that
Y= ar 1402 we attach to the observation of the quantum noise in reflec-

tion off the IOPO at the FSR frequency.

and we can now easily calculate the amplitude noise of the In more practical terms, the squeezing in the subhar-
field. This is done by using (22) and (28) to project the noisemonics with no SH feedbacke (= 0), close to threshold
calculated in the two preceding sections onto the cohereift = 0.8) is seen from (38) to be limited mainly by the
amplitude of the reflected field since this is now serving agscape efficiency) = 7/ (7 + £). By using (19), we find
a local oscillator for the detection. We plot the spectra othat in order to reach the degree of squeezing equay, to
amplitude noise for different detunings in Fig. 5. In this fig- given that the IOPO has losse$ and nonlinearityEyy,
ure the free spectrum range (FSR) of the cavity has beeme need the pump power & = 02.£2/n (1—n)? Ex. from
considered to be 50 line widths. For zero detuning of the SHhur laser. The corresponding output coupler transmission is
at zero frequency we fin@5% noise reduction, but going given by 7 = £n/(1—n). If we use realistic parameters of
one FSR away in frequency we find perfect squeezing due = 0.8, £ = 0.005 n = 0.9, and Ey. = 0.02 W1, we find
to the nondegenerate OPO operation causing perfect fietthat 7 = 0.045 and that the pump power d? = 90 mW
correlation at this frequency. The reason for this is that thés required. Again we note that these results apply only in
OPO has high gain only at cavity resonance, meaning that plane-wave approximation (see the discussion above).
the interesting effects in the quantum noise occur at zero Finally we want to emphasize that the results given so far
frequency and at any frequency an integer times the FSRely on perfect spatial mode matching of the pump wave into
Of course this is only valid as long as the phase-matchinthe IOPO cavity. Any mismatch will result in a threshold in-
condition is still fulfilled to a reasonable extent. At zero fre- creased with the amoupt*, wherey is the degree of mode
quency, however, the interaction with the second harmonimatching. Worse is the effect on the quantum noise reduc-
has to be taken into account, resulting in 0B8% noise re- tion in the reflection of the cavity. Here any mismatch will
duction at threshold as opposed to perfect squeezing at FSRrrespond to mixing %  units of vacuum noise into the
frequency. squeezing, resulting in a noisier reflection.

With a finite detuning of the SH, this field dephases,
causing degradation of the squeezing according to the dis-
cussion in the previous section. In addition to this, the purelyy Summary
squeezed and antisqueezed quadratures will now start mix-
ing, and as a result a noise spike from the strongly antiwe have treated the internally pumped optical parametric
squeezed quadrature of the subharmonic enters the spectrostillator with the fundamental and down-converted fields
at a frequency of one FSR. This happens even for very smalésonant and the second harmonic nonresonant or partly res-
SH detuningsg, meaning that good control of the SH phaseonant with an arbitrary detuning. We derive the threshold of
is required in order to observe appreciable squeezing in thearametric oscillations for this device. It is found to depend
subharmonics. critically on the properties of the cavity with respect to the

The low-frequency squeezing is smaller and consesecond harmonic. The threshold in principle goes from zero
quently more robust against the phase shift. For the valuder the perfectly resonant second harmonic to infinity for the
of o used in Fig. 5 this squeezing almost does not reduceerfectly resonant but detuned second harmonic. The details
Note that whereas maximum amplitude squeezing in thef this behavior are described by the functign, defined
subharmonics (around FSR frequency) can be observed in (7). The steady-state fields inside the nonlinear resonator

are derived below threshold and their amplitudes are shown

30r ; to be governed by the functioR (o, ¢) (20). Our treatment
assumes all fields to be plane waves and does not include the
2,5 —p=0 problem of phase matching (for details of the effect of finite
....... p=0.03 focusing see [18, 26]).
A 20 0=0.06 In general, the issue of feeding back the SH by means
50 of increasing the SH finesse raises questions similar to the
g 157 case of the regular OPO. Namely, resonant SH allows us to
v i reduce the required pumping power but leads to additional
1.0 /.—r complications with tunability and the need to preserve sev-
F eral simultaneous resonance conditions. There is, however,

051 one important exception in the case of IOPO where resonant
and well-detuned SH offers an additional advantage: if one
0’0 1 1 1 1 ] - H H . _
0 10 20 30 20 50 60 dgswes appreciable guantum noise reduction at low frequen
} cies (around zero), we find above that a strong feedback of

wW/(K+Y) FSR the SH results in an improvement froni3L(zero SH detun-

Fig. 5. Spectrum of amplitude noise of the reflection of the 10PO. TheiN@) to 2/3 of quantum noise reduction (large SH detuning
traces corresponds to a pumpeot= 0.8 and no internal losses= 1 parameter).
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Perfect squeezing is found in the subharmomigspo-
sitioned at the multiples of the free spectrum range (FSR)
from the degenerate frequeneyfor zero SH detuning when
the OPO is driven close to the threshold and the intracavity ,
losses are negligible compared to the coupler transmission.

The physical origin of this effect is, of course, in quan- 5.
tum correlations between the fields with frequencies obeying 6

o, +w_ =2w. For zero SH detuning our noise spectra re-

duce to Lorentzians with a width 0f(2 +¥) centered at the 8: N.Ph. Georgiades, E.S. Polzik, K. Edamatsu, H.J. Kimble, A.S. Parkins:

multiples of the FSR frequency. For nonzero detunings we

find that squeezing in the optimized quadrature degrades a9.
10. J.L. Sgrensen, J. Hald, N. Jgrgensen, J. Erland, E.S. Polzik: Quantum

a result of dephasing of the second harmonic.
From a practical perspective, the most attractive result of

this squeezing at subharmonic frequencies (shown in Fig. 5%

is that the amplitude quantum noise of light reflected off the

nonlinear cavity can be completely suppressed around thé3.
FSR frequency and its multiples under ideal conditions. Thel*
ideal conditions include also perfect mode matching of thejg’

| ! : : 6. S. Schiller, R.L. Byer: J. Opt. Soc. Am.1®, 1696 (1993)
pump to the cavity. This result is valid regardless of the SH17.

finesse of the resonator within our plane-wave approxima-
tion and the SH adiabatic approximation.

Since the FSR frequency is normally in the hundreds of
MHz range, technical noise of the fundamental field can be

very low there, so that the IOPO becomes an alternative t@o.

the broadband squeezed light sources. The signal to be de-

tected with sub-shot-noise sensitivity should in this case bel:

encoded at the FSR frequency. Such a system may prov;
to be a less complicated squeezer where an experiment
ist has to deal with ‘just’ mode matching and tuning of one

cavity. 24.
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