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The interference of the squeezed light produced by two independent, identical optical parametric oscillators

below threshold is discussed in the context of semiclassical theory. It is shown that interference exists in the

usual sense between the output fields from two optical parametric oscillators with coherent injected signals.

The degree of squeezing and the intensity and noise fluctuation of the interference field are calculated in detail.
PACS numbers: 42.50.Dv, 42.50.Lc, 42.65.Ky. © 1995 Optical Society of America

1. INTRODUCTION

Squeezed states of light have become the subject of
important investigat@ong in contemporary quantum op-
tics. It has been démenstrated that frequency down-
conversion in an optical parametric oscillator (OPO) is a
physical process for the generation of squeezed states.!~*
Squeezed light has been employed for improvement of
measurement precision beyond the vacuum-state limit in
interferometry and spectroscopy.’~7 In practical appli-
cations the superposition and interference of two squeezed
lights may often occur, so we study in detail the inter-
ference of two squeezed lights produced by two OPQ’s
below threshold.
Ghosh et al. have discussed the interference between
a signal and an idler photon produced in parametric
downconversion.® Belsley -et al. have shown theoreti-
cally that the interference of independent broadband
squeezed vacua can produce photon twin beams with
perfect intensity correlation.? Dodson and Vyas have
discussed, with considerable sophistication and detail,
the statistical features of the superposed field when the
output light from a degenerate parametric oscillator is ho-
modyned with a coherent local-oscillator field.® Caves
et al. have theoretically calculated the “photon-number
distribution for two-mode squeezed states with coher-
ent amplitude.!! Second-order- interference has been
successfully observed by Zou et al. in the superposition
of signal photons from coherently pumped parametric
dow?converters without cavities.’? To our knowledge,
f-he Interference of the squeezed light derived from two
’“deper{dent OPO’s with nondegenerate parametric down-
conversion has not been discussed in the literature. Here
we S,tUdy this subject. First the basic equations of the
OPO’s are presented; then the average photon flux and
the fluctuatior in the spectrum of the interference field
are analyzed. The results indicate that without the in-
“Jected signal beams there is no interference in the usual
8ense between the squeezed-state lights produced by two
independent OPQ’s pumped by beams derived from a
common laser source. The intensity of the superposi-
tion field does not depend on the relative phase between
the two overlapping squeezed beams. But, if a coher-
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ent signal beam is split and then injected into the two
OPO’s, interference is present. The degree of squeezing
of the interference field cannot be larger than that of the
original overlapping squeezed fields.

2. BASIC EQUATION OF THE OPTICAL
PARAMETRIC OSCILLATORS

A block diagram of the interference of two squeezed-
state beams is shown in Fig. 1. M, and M, are 50%
beam splitters, and M3 and M, are perfectly reflecting
mirrors. The squeezed lights generated in OPOl and
OPQ2 through type 2 parametric downconversion are su-
perposed through My; then the intensity of the resultant
field is detected by detector D.

We use the semiclassical approach proposed by Fabre
et al.! to calculate the interference of the output fields
from the OPO cavities and the field fluctuations. In this
case, we describe the dynamics of small field fluctuations
by linearizing the classical equations of motion in the
vicinity of the stationary state. We consider these field
fluctuations to be driven by the vacuum fluctuations en-
tering the cavity through the coupling mirror.’® Treating
the pump light as a classical field and neglecting the dis-
sipation of the pump field and the detuning of the OPO
cavities, we can write the C-number Langevin equdtion
of the system as!®!4

Tay + (y1 + y1')ar = geoas” + 2y; ay™ + 2y ¢, ",
(la)

Tay + (y2 + y2')agy = geoar™ + 2yza; ™ + vy c, ",
(1b)

where a; (i = 1, 2) represent the intracavity signal and
idler field amplitudes associated with their annihilation
operators, g is proportional to the amplitude of the clas-
sical pump field, 7 is the cavity round-trip time for the
signal and the idler modes, g is the nonlinear coupling
parameter that depends on the second-order nonlinear ro-
efficient y? of the intracavity medium, y; is related to the
losses of the output mirror of the cavity, and v;’ is depen-
dent on the absorption and scattering losses of the crystal
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Fig. 1. Interference block diagram of two squeezed beams.
as well as on the losses of the other caﬁt.)' mirrors. In
the follomng calculation we assume that 71 = y3 = y and

yi' = 2 = ¥/, and we take £, v, and y' as real qu.antx-
ties, i.e., the phase shift of the light field in the cavities is
not consxdered a;" and c;i* are the field amphtudes of
the injected noise_ from the output and the input mirrors,’
respectwely

"The boundary condition obeyed by the output ﬁeld 1313

a’ 2yia; — a.'h (2)

Taking a;'" = ¢, = 0, we easily obtain the threshold
pump power from Eqgs. (1) ’

taT PRI B

leol = (v + 7’)/g.' (3)
The squeezmg spectrum for the output ﬁeld from an
OPO may be found in the literature.!®

3. SUPERPOSI'I'ION OF TWO
SQUEEZED LIGHTS

"If there is no injected signal from the input mirror of the

OPO cavity, with significant loss for the signal and the
idler resulting only from the output mirror, the cavity
is called one sided.!* In this case we take y' =~ 0, and
Egs. (1) become

y a,™, (4a)
i ‘ (4b)

Ta; + ya, = 85002. +
. L]
Tay + yas = geoay 2y a3

Solving Egs. (2) and (4) in frequency space, we obmm
the output field «,°** from OPOl

A,ali"(ﬂ) + Azazr‘n(—ﬂ) ,

a,™(Q) = = (5a)
o)) = A,a,"“(-ﬂ)Bﬁ-‘Ag'ag‘“‘(ﬂ), 5b)
@™ (Q) = Ajar™(Q) +BA201"“(—0) i 50)
et (-0 = A1 D) L AT M) gy,

B
where A
| Al =7+ Q32 % Fleol?,
= 2ge07, B
=(y - iQr)? - &leol®.

M

The operators of the output-coupled mode for OPOL1 are
defined as'® !

‘Zhang et a},

= (a; + a2)/v2, (6a)
- (a; +as )IVz. (6b)

| When the mput ﬁeld is a vacuum state and therma}
noise is neglected, the 1ruected noise a;™ obeys the follow.
. ing relations!”:

[a,"(Q)a, (-] = 5,,5(9 +Q'), (7a)
[a"(a @] =0, (7b)
[at“"(fﬂ)a,"v‘v"(‘ﬂ_').] =0 (7c)

We assume that the configurations for OPO1 and OPO2
are completely identical, so all expressions obtained for
OPO1 [Egs. (5)- (7)] can be used for OPO2 if we simply
replace a®, a;, a;*, di, d*, and €0 with the correspond.
ing variables for OPO2: ~ B;°*, b, bi*, ds, ds*, and &',

The superposition field of the two output fields from

~ OPO1 and OPO2 through beam splitter M; (Fig. 1) can

be expressed as®

dy exp[—iwg(r) + To')]_"f' idy exp[—iwo(rs + ro)j'
B . _'(8)

D-

where 7o, 71, and 73 are, respectively, the propagation
times of light from beam splitter M, to detector D and

from OPO1 and OPO2 to M,. g .
The average photon flux at the debector is

= (D" D).

Here 7 is the quantum efficiency of the detectors.
One can calculate R by using Egs. (5)-(9):

(9)

R = —1'—7,[ dndn'(p* (-0)DQ")
m .

= (1/2)n(d,"d,) + (1/2)n(d;" d3)
ﬂ82|80'|27

ngleol*y .
7(y? = g%leol?)

E 7(y? = g%leol?)
If |eol? = |eo'|2, one obtains

nglleol’y -

7(y? = g%leol?) (10
It is clear_that there is no interference term that de-
pends on the phase difference between the two squeezed
lights d, and d3 in Eq. (10), i.e., there is no interference
effect in the usual.sense. The total photon number of
the resultant field is the sum of the photon numbers of

the two overlapping squeezed lights. °

4. INTERFERENCE OF TWO
SQUEEZED LIGHTS :

When the signal beam is simultaneously injected into the
cavity through the input mirror with the pump light, the
input and the output of the signal field are in two direc-
tions. This type of cavity is called a two-sided cavity.!
In this case the loss y' cannot be designated zero; at the
game time c¢;™ can be replaced by ¢, + ¢; in Egs. (1),
where &; denotes the amplitudes of the injected beams.

Solving Egs. (1) in frequency space and using boundary
condition (2), we obtain the output fields of the sxgnal and
" idler lights: :
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(68);
B o) m A2027(=0) + Agey*(~0)
1 )
B,
:};:ﬁ!::'-l! -+ A“hm(n) + A5c1in(n) + ASBQ‘ + A58| ,
! Bl Bl

. ’ (11a)

(a); A‘ i”(ﬂ)+A' i"ﬂ

(T)! g *out(—) = £222 o («2)

1

(7C)11 . Aw\'x'i"(—ﬂ) +A5Cl‘m("0)

d OPO2! B _
d for! *en + Ace”
“simply. + 53—5’3—‘—”—1—' (11b)
espond-sJ
;d fEO/' | ar®() = A2y ""(-Q) + Aze, " (-0)
8 from; B o
1) canf in ' i »
Aqar™(Q) + Abc')m(n) Aael + Aaeg
+ + )
Bl Bl

)], ' (11c)

(8), az*nut(_ﬂ) - Aﬁ‘alm(n)g Aatclm(ﬂ)
\gation; ' b .
D and Aday"™(=0) + Ascy* (=)
+
/ B,
- *
At Aol (11d)
9) B, .
s, { where

Ay = 2geo /7y, ; N

Ac= 72 = = i) + gl P,

As = 2y + ¥') = iQr]/5¥, ,

Bi=((r +y') —iQrP - g*leol?,
" As ix_ientionéd above, we can obtain the same exhression
for QPO2 by replacing ;. and e2 with ey and &4. ’

1t is assumed that the signal and the idler modes in the
cavities have identical amplitudes’and phases, i.e,,

SRR .

(10)

eezed : . :
rence/  Taking |zo| = [£y’|, we obtain the average photon num-
er of (bfzr) detected by detector D from Egs. (6), (8);.(11), and
s S R NS T

R= E”f/ ddn'd*-ap@'y. . .
- ) ngz'e'Aolz.y v . . n - " i : » . et
M+ 90 = gilggm] * 73 mryal? + leal?)

9::: * 8myy'nleil leglcos[wo(y = 75) + (4y = ga)}. (13)
irecy The integration in Eq.(13) is shown in detail in
ty. Appendu‘ A. The third term on 'the right-hand of
- the] Eq. (13) is the interference term related to the ‘phase
(1), fixfTerence (#n ~ ¢3) between the two signal fields injected
18. § into OPQI afxd OPO2 and the difference between the
jary| Propagation times (7, — r3) from the two OPO's to detec-
and] tor D, 'I:he interference effect depends on the intensity
and the intracavity losses of the injected signal fields.
The first and the second terms, respectively, are the

clel=led, wi=ya, L 2a)
1t dE' - . . :‘;le;l = ‘C4I, d/a = '/lf . “i. (12b) .
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¢ background intensities given by the pump and injected
signal fields, = _ R

5. FLUCTUATION OF THE .
INTERFERENCE FIELD

The annihilation and creation operators of the interfer-
ence field are defined as!® .

D =(d, +idy)/V2, - (14a)
D =(d\* - ids*)/V2. (14b)
The quadrature operaiors of the interference ﬁeld are

Xp, =(D + D)2, (15a)
Xp. = (D - D*)/2i. (15b)

The uncertainty relation is
(Xp., Xp,) = -1/2i. (16)

This shows that the noise of the coherent state is 1/4.
When the pump amplitudes and the.cavity parameters of -
the two OPO's are assumed to be identical, the fluctuation
in the spectrum of the interference field is obtained from
Eqs. (11) and (15):

SD..out(n) - f(ZXD~ ou.l(ﬂ), XD_oul(Ql):)dn

- _ &nleoly .| _cosd - cos(8' + ) = 2
.4 ((y + ¥') = gleol? + Q312

coé 8~ cos(8' +m)+ 2 , v‘(”)
[+ )+ gleaP + 037 [

where 6 and 6’ are the phases of pump flelds 2o and £,

mspe_ctjvely, ’ : S R U0 S 15 Sl P
Setting cos § — cos(8' +'7).= 2 and () ‘= 0, we obtain °

the maximum squeezing at the pump threshold [Eq. 3 °

5 u(g) e Y_. o 7 gy
S5 ms™(0). Wy o S

PMNSIFEN

For the one-sided cavity (y = 0) at the above-mentioned
condition, 'Sp - mex®**(0) = ~1/4, and perfect squeezing is
achieved. 'If =~ -~ g s

4gleolty + 5') -
(y + ¥')? + gleol?

Py = cos 6 = cos(8' + ) = (19)

we have Sp ™ = 0, and-the resultant field is not -
squeezed. Because the two squeezed lights are super-
posed through beam splitter M;, a » phase. difference
has been added between 6 and ¢’ in the expression of
Sp.***(f2). The. condition of maximum squeezing cor-
responds to § = 8’ = 0. We have assumed that OPO1
and OPO2 are pumped with a common laser source, so
the condition of maximum squeezing is easily :~fisfic.
The maximum degree of squeezing of the int ..re:
field is equal to that of a single overlapping field.  When
2> [cos 8 - cos(8’ + 7)] = P, the interference field is
squeezed (Sp_°"* < 0); otherwise the fluctuation of the re-
sultant field is larger than the vacuum noise (Sp_°¢t > 0);
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Fig. 2. Integra.ting loop.

i.e, the squeezing effect is not present. P, depends on
l€ol and on the parameters of the cavity in Eq. (19).

6. CONCLUSIONS

The superposition and interference effects between the
squeezed fields produced in two independent optical
parametric oscillators through intracavity nondegenerate
parametric downconversion have been discussed. The
intensity distribution and the fluctuation in the spectrum

of the resultant field h§ve been calculated by the semiclas- . -
sical method. We have shown that when the signal is not. -
injected into the two OPO’s, the interference pattern that',’

depends on the phase difference between the two overlap-
ping squeezed lights is not present. The output squeezed
fields from the two OPO’s intérfere in the usual sense only
when there are injected coherent signals. The fluctua-
tion in the spectrum of the superposition field depends on
the phases of the pump fields for the two OPO's but is not
related to the injected signal fields, whereas the inter-
ference pattern depends only 6n the phase difference be-
tween the injected signal lights. Although the degree of
squeezing of the resultant field cannot be larger than that
of the single overlapping field, we can obtain a stronger
intensity of the resultant squeezed-state light at the same
noise level by controlling the phase difference of the pump
fields and the phase difference of the signal fields between
two cavities. With an injected coherent signal the OPO
becomes a parametric amplifier, and the output field is
a squeezed coherent state instead of a squeezed vacuum
state.. We assume that without the injected signals there
is no phase correlation between the output squeezed fields
from the two independent OPO's, so there is no interfer-
ence pattern, whereas with coherent injected signals the
phases of the output squeezed fields are defined by the’
phases of {he injected fields. The calculation results can
be used for both intracavity nondegenerate (a; # a;) and
degenerate (a; = a,) parametric downconversion. Those
concerned with the superposition of squeezed-state light
might be interested in our discussion.

APPENDIX A

The two complex int,egratiéns in Eq. (13) are derived as
follows:

= [(y +9') = iQ7] — g2eol2 ..
1 o -
2 ) [Q +i(y + y')/7P + g2leol?/7?
C rmsilyeylyr
=Lt 4z (A1)

T2 Joccnitysy'wr Z2 + g2leol2/72

- Zhang et al.
Using the integrating loop in Fig. 2, we get

» 1. ¢ dx
Eq. (A1) = - = @,/W

az '
- [ Z7+ gleal?/e? | w2

Using the residue theorem and integrating, we get

—m/(7gleol) | (> pump threshold)

. Eq. (A2) = {0 (< pump threshold)

Ny +y')-iQrldoe
== [(y +9) = Q7] - gleol?
i 2 +ily + y')/7)d0
) [Q+ily + 9')/1] + g2leol?/7?
i =+i(y+y' Vr VAVA
"2 i T

Integrating Eq. (A3), we get

(A3)

0 (> pump threshold)
Eq. (A3) {”/T (< pump threshold)
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