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Efficient and lasting squeezed light due to constructive two-photon interference
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Department of Chemistry, Queen’s University, Kingston, Ontario, Canada K7L 3N6

~Received 8 January 2002; published 13 May 2002!

We demonstrate numerically that efficient and lasting squeezed light can be achieved due to a constructive
two-photon interference. Even if large phase fluctuations occur, the dispersion in one of the two quadrature
components of the light field can still be reduced below the standard quantum limit set by the symmetric
distribution of the vacuum state. Experimental observation of squeezed light in this system is possible by
generalizing the recent techniques of Ou’s group@L. J. Lu and Z. Y. Ou, Phys. Rev. Lett.88, 023601~2002!#.
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Over the past 20 years, particular attention has been
cused on squeezed states of light@1,2#. Since the squeeze
light can reduce quantum fluctuations in one of the t
quadrature components of the field below the standard q
tum limit ~SQL! set by the symmetric distribution of th
vacuum state, the squeezed states of light would offer po
bilities of improving performance of many optical devic
and optical communication networks. It has been shown
squeezed states of light can be generated by a numbe
nonlinear optical processes@3–11#, such as four-wave mix-
ing, two-photon laser, parametric amplifiers, and squee
atom. The reader can consult three recent books@12–14# for
more complete information about the experimental gene
tion of squeezed states of light. Recently, squeezed light
attracted renewed interest due to its practical applicati
@12–15# in optical communication, gravity wave detectio
high-resolution laser spectroscopy, and quantum informa
theory. For example, squeezed light has been used in s
troscopic measurement of atomic cesium@16#, in a power-
recycled interferometer@17#, and in a phase-modulate
signal-recycled interferometer@18#, aiming to improve sig-
nificantly the sensitivity of these devices. Squeezed light
also been applied in quantum information theory, for e
ample, quantum teleporation@19,20#, cryptography@21,22#,
dense coding@20#, quantum nondemolition measureme
@23#, and quantum images@24#. In this respect, the securit
in quantum cryptography relies on the uncertainty relat
for field quadrature components of these states. Furtherm
experiments on quantum teleporation have been success
performed by means of two-mode squeezed vacuum s
@25#.

Very recently, Lu and Ou@26# have reported an exper
mental observation of a number of quite different features
photon statistical distribution~e.g., photon antibunching
photon bunching, and a novel nonclassical phenomenon
exhibits more complex structure! in a cw system as they
change the relative phase between the coherent field an
down converted field. Lu and Ou@26# pointed out that the
different features in photon statistics are attributed to a tw
photon interference between a coherent field and a narr
band two-photon field. Surely, their observation is interest
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Gaithersburg, MD 20899-8423.
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and significant in quantum optics. Especially, because t
cw system is not wavelength dependent so long as to m
phase matching condition in parametric down convers
and more directional because of the phase matching co
tion, it has the advantage over other atomic transition ba
fluorescent systems@26#. Hence, it would be interesting an
significant to examine further the squeezing properties of
quantum fluctuations in one of the two quadrature com
nents of the light field in this system. This is the purpose
our present paper.

Following the experimental scheme proposed by Sto
@27# ~also see Fig. 1 of Ref.@26#!, we consider a mixing of a
coherent state and a two-photon state and treat both of t
with a simple single-mode model. In the experiment of
and Ou@26#, the mixing is realized by injecting a cohere
field into a parametric down converter. Then, the coher
state, which is taken as an initial state for the dow
converted mode, interacts with a pump field via the follo
ing interaction Hamiltonian:

H5 i\lVPa†a†1H.c., ~1!

wherea† is the creation operator of the field,VP is the am-
plitude of the pump field, andl is some constant propor
tional to a nonlinear coefficient of a nonlinear medium. A
addressed in Ref.@26#, we emphasize the role of quantu
two-photon interference. Hence, given a weak coherent s
ua& @26,28,29#,

ua&'u0&1au1&1 ~a2/A2! u2& ~ uau!1!, ~2!

one can obtain the output state@26#

uC~ t !&'u0&1au1&1~A2lVpt1 a2/A2!u2& ~3!

by assumingulVptu;uau2!1, wheret is the interaction time
that is proportional to the length of the nonlinear medium

It is known that a single-mode electric field operatorE
can be expressed as

E52E0~a1cosvt1a2sinvt !, ~4!
gy,
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BRIEF REPORTS PHYSICAL REVIEW A 65 055801
wherev is the frequency of the light field anda1 anda2 are
a pair of conjugate quadrature operators given by

a15~1/2! @a1a†#, ~5!

a25~1/2i ! @a2a†# ~6!

in terms of the familiar photon annihilation~a! and creation
(a†) operators. Both conjugate quadrature operators satis
commutation relation

@a1 ,a2#5 i /2, ~7!

and correspondingly, their variances obey an uncertainty
lation

~Da1!2~Da2!2>L2, ~8!

where the parameterL51/4 is the SQL. It is known that ligh
in a coherent state~approximated by a single-mode laser! or
in a vacuum state is in a minimal-uncertainty state, i
(Da1)2(Da2)25L2 with an equal variance for each quadr
ture component of the light field. However, squeezed sta
may or may not be minimal-uncertainty states, but are s
that the variance in one quadrature componentaj of the light
field is less than the SQL, i.e., (Daj )

2,L. For convenience
we define the following functions

hj5~Daj !
22L ~ j 51,2!. ~9!

Then, if hj,0 ( j 51, or 2!, the quantum fluctuations inaj
are reduced below the SQL. This is the general definition
field squeezing@1,2#. Using Eq.~3!, we can easily arrive a
the functionshj , which are given by

h15I 01 uau2/2 2I 1
21G2 , ~10!

h252I 01 uau2/2 2I 2
21G2 , ~11!

with

I 05uau2@T cosf1 1
2 cos~2F!#, ~12!

I 15uau2F2T cos~f2F!

uau
1S 1

uau
1uau D cosFG , ~13!

I 25uau2F2Tsin~f2F!

uau
1S 1

uau
1uau D sinFG , ~14!

G25~ uau4/2! @4T214T cos~f22F!11#, ~15!

whereT5ulVput/uau2 is the scaled interaction time,f and
F are the phases of the pump and coherent fields, res
tively, andG2 is the two-photon rate in the combined fiel
Taking the quantum fluctuations in the quadrature com
nenta1 of the combined field as an example, we examine
squeezing properties of the light field with the selection
the relative phase between the pump and coherent field
the system introduced above.

First, we examine numerically the dynamics of a modifi
function H1[h1 /uau2 as the relative phase between the c
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herent and pump fields varies. From the experimental p
of view, the dynamics of a long time scale is not practic
Hence, for experimentally relevant time systems, we o
consider the case of a short time scale. On the other hand
set uau50.01 to satisfy the assumption condition ofulVptu
;uau2!1, which is made to get the output stateuC(t)&
given by Eq.~3!. In detail, Fig. 1 and Fig. 2 present thre
dimensional~3D! contour plots for the time evolution ofH1
with a different choice of the relative phase between
pump and coherent fields. As we hold the phase of the pu
field atf5p/2, it is seen from Fig. 1~a! that the fluctuations
in a1 could be reduced below the SQL atp,F,3p/2 or
0,F,p/2, and the field squeezing is lasting for a lon
time. Then, if we hold the phase of the pump field atf
53p/2, as shown in Fig. 1~b!, we find that the squeezing
effect occurs atp/2,F,p or 3p/2,F,2p. Comparing
Fig. 1~b! with Fig. 1~a!, we see that the squeezing region
theF2T parameter space is exchanged almost totally. Si
lar results are obtained in Fig. 2~a! and 2~b! when we hold
the phase of the coherent field atF5p/2,p, respectively, but
vary the phasef of the pump field from 0 to 2p. From both
Fig. 1 and Fig. 2, we also notice that the depth of the fi
squeezing is enhanced with the evolution of the interact
time. In order to have a look at the squeezing effect in
f-F parameter space, Fig. 3 presents a 3D contour plot
H1 , f, andF at a fixed interaction timeT50.8, where the
squeezing regions are clearly displayed in thef-F param-
eter space. Hence, with a proper choice of the relative ph
between the pump and coherent fields, the dispersion in
quadrature componenta1 of the combined field could be
reduced below the SQL set by the symmetric distribution
the vacuum state.

We see that the single-photon rate calculated from Eq.~3!
is the same as that derived from Eq.~2!. This means that the
mixed field is dominated by the coherent field@26#. Mean-
while, the two-photon rate derived from Eq.~3! is G2 given
by Eq. ~15!, while the two-photon rateG0 (5uau4/2) in the
coherent field can be easily obtained from Eq.~2!. Defining
the ratioR5G2 /G0 between both two-photon rates, we ha

R54T214T cos~f22F!11. ~16!

Obviously, if we properly select the relative phase betwe
the pump and coherent fields, the ratioR can be bigger~or
smaller! than 1 and a constructive~or destructive! two-
photon interference can be shown. Especially, a comple
destructive two-photon interference can be observed for
case ofR50. As an example, holding the phase of the c
herent field atF5p/2, we present in Fig. 4 a 3D contour
plot for the two-photon rate ratioR, the phasef of the pump
field and the interaction timeT. We find that a constructive
two-photon interference is observed atp/2,f,3p/2, while
a destructive two-photon interference occurs at 0,f,p/2
or 3p/2,f,2p. Moreover, comparing Fig. 4 with Fig
2~a!, we conclude that a constructive two-photon interferen
could lead to an efficient and lasting squeezed light.

In the experiment of Lu and Ou@26#, the relative phase
between the pump and coherent fields is adjusted through
change of the path of the pump field. Surely, phase fluct
1-2
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BRIEF REPORTS PHYSICAL REVIEW A 65 055801
tions may occur due to, for example, mechanical vibrat
and air flow when the pump field and the injected coher
field travel through different paths via multiple mirror se
@26#. In the experiment, Lu and Ou found that a swing of t
relative phase fromp to p/2 will cause the combined ligh
field to go from antibunching to bunching. This means th
the photon correlation function is extremely sensitive to
phases of the pump and coherent fields. However, for
squeezed light predicted in our numerical calculation, it
not so. For example, Fig. 2~a! shows that squeezed light
still observed even if the relative phaseuf2Fu swings from

FIG. 1. 3D contour plots of the modified functionH1, the phase
F of the coherent field, and the scaled interaction timeT for uau
50.01 at~a! f5p/2, where the solid line is forH1,0 (20.5 to
24.5 with an interval of20.5), the dotted line forH150, and the
dot-dashed line forH1.0 ~0.05 to 0.8 with an interval of 0.05!; ~b!
f53p/2, where the solid line is forH1,0 (20.5 to24.5 with an
interval of 20.5), the dotted line forH150, and the dot-dashed
line for H1.0 ~0.1 to 0.7 with an interval of 0.2!.
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0 to p ~note thatF is held at the value ofp/2). Certainly, if
there is an active servo system, which can hold the phas
a desired value, this system could generate much more
cient squeezed light.

In conclusion, we have demonstrated numerically t
efficient and lasting squeezed light could be generated
to a constructive two-photon interference. Even if lar
phase fluctuations occur, the dispersion in one of the
quadrature components of the light field could still be
duced below the SQL set by the symmetric distribution
the vacuumstate. The relevance of this work lies in

FIG. 2. 3D contour plots of the functionH1, the phasef of the
pump field, and the scaled interaction timeT for uau50.01 at~a!
F5p/2, where the solid line is forH1,0 (20.5 to 24 with an
interval of 20.5), the dotted line forH150, and the dot-dashed
line for H1.0 ~0.05 to 0.95 with an interval of 0.05!; ~b! F5p,
where the solid line is forH1,0 (21 to 27 with an interval of
21), the dotted line forH150, and the dot-dashed line forH1

.0 ~0.05 to 0.55 with an interval of 0.05!.
1-3
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BRIEF REPORTS PHYSICAL REVIEW A 65 055801
coupling of our prediction of squeezed light with other no
classical phenomena such as photon bunching and
bunching within the same experimental apparatus. Also,
perimental observation of squeezed light in this system

FIG. 3. 3D contour plot of the functionH1, the phaseF of the
coherent field, and the phasef of the pump field foruau50.01 at
the interaction timeT50.8, where the solid line is forH1,0
(20.5 to 24.5 with an interval of20.5), the dotted line forH1

50, and the dot-dashed lines forH1.0 ~0.1 to 0.7 with an interval
of 0.2!.
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possible by generalizing the experimental techniques of
and Ou@26#.

The author would like to thank Professor Vedene
Smith, Jr. and Dr. Jiangbin Gong for helpful comments.

FIG. 4. 3D contour plot of the two-photon rate ratioR, the phase
f of the pump field, and the scaled interaction timeT for uau
50.01 atF5p/2, where the solid line is forR.1 ~2 to 8 with an
interval of 1!, the dotted line forR51, and the dot-dashed line fo
R,1 ~0.1 to 0.8 with an interval of 0.1!.
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