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Efficient and lasting squeezed light due to constructive two-photon interference
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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 groupJ. Lu and Z. Y. Ou, Phys. Rev. Le®8, 023601(2002].
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Over the past 20 years, particular attention has been faand significant in quantum optics. Especially, because their
cused on squeezed states of lighf2]. Since the squeezed cw system is not wavelength dependent so long as to meet
light can reduce quantum fluctuations in one of the twophase matching condition in parametric down conversion
quadrature components of the field below the standard qua@nd more directional because of the phase matching condi-
tum limit (SQL) set by the symmetric distribution of the tion, it has the advantage over other atomic transition based
vacuum state, the squeezed states of light would offer possfluorescent systeni®6]. Hence, it would be interesting and
bilities of improving performance of many optical devices Significant to examine further the squeezing properties of the
and optical communication networks. It has been shown thauantum fluctuations in one of the two quadrature compo-
squeezed states of light can be generated by a number Bents of the light field in this system. This is the purpose of
nonlinear optical process¢8—11], such as four-wave mix- Our present paper.
ing, two-photon laser, parametric amplifiers, and squeezed Following the experimental scheme proposed by Stoler
atom. The reader can consult three recent bgaRs-14 for ~ [27] (also see Fig. 1 of Ref26]), we consider a mixing of a
more complete information about the experimental generacoherent state and a two-photon state and treat both of them
tion of squeezed states of light. Recently, squeezed light hakith a simple single-mode model. In the experiment of Lu
attracted renewed interest due to its practical applicationgnd Ou[26], the mixing is realized by injecting a coherent
[12-15 in optical communication, gravity wave detection, field into a parametric down converter. Then, the coherent
high-resolution laser spectroscopy, and quantum informatioftate, which is taken as an initial state for the down-
theory. For example, squeezed light has been used in spegonverted mode, interacts with a pump field via the follow-
troscopic measurement of atomic cesifib6], in a power-  ing interaction Hamiltonian:
recycled interferometef17], and in a phase-modulated
si_g_nal-recycled int_e_rf_eromet({flS], air_ning to improve _sig- H=iz\Vpa'a'+H.c., (1)
nificantly the sensitivity of these devices. Squeezed light has
also been applied in quantum information theory, for ex-
ample, quantum teleporatidii9,20, cryptography[21,22,  wherea' is the creation operator of the fieldp is the am-
dense coding[20], quantum nondemolition measurement plitude of the pump field, and is some constant propor-
[23], and quantum imag€g4]. In this respect, the security tional to a nonlinear coefficient of a nonlinear medium. As
in quantum cryptography relies on the uncertainty relatioraddressed in Ref26], we emphasize the role of quantum
for field quadrature components of these states. Furthermortyyo-photon interference. Hence, given a weak coherent state
experiments on quantum teleporation have been successfullg) [26,28,29,
performed by means of two-mode squeezed vacuum state
[25].

Very recently, Lu and Oy26] have reported an experi-
mental observation of a number of quite different features in
photon statistical distributior(e.g., photon antibunching, one can obtain the output std@6]
photon bunching, and a novel nonclassical phenomenon that
exhibits more complex structurén a cw system as they
change the relative phase between the coherent field and the [P (1))~|0)+ 1)+ (V2AV,t+ a?/\2)[2)  (3)
down converted field. Lu and O[26] pointed out that the
different features in photon statistics are attributed to a two
photon interference between a coherent field and a narro
band two-photon field. Surely, their observation is interesting

la)~[0)+al1)+ (a?/\2) |2) (lal<1), (2

by assuming\ Vpt| ~||?<1, wheret is the interaction time
hat is proportional to the length of the nonlinear medium.

It is known that a single-mode electric field operator
can be expressed as
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wherew is the frequency of the light field ara, anda, are  herent and pump fields varies. From the experimental point

a pair of conjugate quadrature operators given by of view, the dynamics of a long time scale is not practical.
Hence, for experimentally relevant time systems, we only
a;=(1/2)[a+a], (5 consider the case of a short time scale. On the other hand, we
_ . set|a|=0.01 to satisfy the assumption condition |afV |
a;=(1/2)[a—a’] (6 ~|a|?<1, which is made to get the output steté (t))

given by Eq.(3). In detail, Fig. 1 and Fig. 2 present three-
%imensional(?.D) contour plots for the time evolution ¢,
with a different choice of the relative phase between the
pump and coherent fields. As we hold the phase of the pump
[a;,a,]=i/2, (7) field at¢= /2, itis seen from Fig. () that the fluctuations
in a; could be reduced below the SQL at<®<37/2 or
and correspondingly, their variances obey an uncertainty reg<d < /2, and the field squeezing is lasting for a long
lation time. Then, if we hold the phase of the pump field ¢at
=3/2, as shown in Fig. (b), we find that the squeezing
(Aag)*(Aay)*=L2 ®)  effect occurs atr/2<® < or 3mw/2<d<27. Comparing
Fig. 1(b) with Fig. 1(a), we see that the squeezing region in
the® —T parameter space is exchanged almost totally. Simi-
in a vacuum state is in a minimal-uncertainty state, i.e.,Iar results are obtained m_Hg(zﬂ and 2b) when we hold
the phase of the coherent fielddt= /2,7, respectively, but

(Aa;)?(Aay)?=L2 with an equal variance for each quadra- :
ture component of the light field. However, squeezed statelé"."ry the phase of the pump field from 0 to 2. From both

may or may not be minimal-uncertainty states, but are such9: 1 @nd Fig. 2, we also notice that the depth of the field

that the variance in one quadrature comporgrdf the light squeezing is enhanced with the evolution of the interaction
field is less than the SQL, i.e.A(a,-)2<L. For convenience, time. In order to have a look at the squeezing effect in the

. : ; ¢-d parameter space, Fig. 3 presents a 3D contour plot for
we define the following functions H., ¢, and® at a fixed interaction tim& =0.8, where the
hjz(Aaj)z—L (j=1,2. 9 squeezing regions are clearly displayed in theb param-
eter space. Hence, with a proper choice of the relative phase
Then, ifhj<0 (j=1, or 2, the quantum fluctuations ia; between the pump and coherent fields, the dispersion in the
are reduced below the SQL. This is the general definition ofjuadrature componers; of the combined field could be
field squeezing1,2]. Using Eq.(3), we can easily arrive at reduced below the SQL set by the symmetric distribution of

in terms of the familiar photon annihilatiaf@) and creation
(a™) operators. Both conjugate quadrature operators satisfy
commutation relation

where the parametér=1/4 is the SQL. It is known that light
in a coherent stat@approximated by a single-mode laser

the functionsh;, which are given by the vacuum state.
5 5 We see that the single-photon rate calculated from(8q.
hy=lo+ |12 =11+T, (100 s the same as that derived from E8g). This means that the
mixed field is dominated by the coherent fig¢b]. Mean-
ha=—lot [a|?/2=15+T, (1D while, the two-photon rate derived from E@®) is I', given
, by Eq. (15), while the two-photon rat&, (=|a|%2) in the
with coherent field can be easily obtained from E2). Defining
the ratioR=T",/I"; between both two-photon rates, we have
lo=|a|’[ T cosp+ 3c082P)], (12)
=4T%+ - +1.
[2Tcosd—d) [ 1 R=4T2+4T cog ¢p—2P)+1 (16)
1=a] || * | *lal jcosd], (13 Obviously, if we properly select the relative phase between
the pump and coherent fields, the raRocan be biggefor
) 2Tsin(¢p— D) 1 ) smalley than 1 and a constructivéor destructive two-
I2=|al T+ m+|“| sin®|, (14 photon interference can be shown. Especially, a completely

destructive two-photon interference can be observed for the
I'p=(|a|*2)[4T?+4T cog ¢p—2D)+1], (15) case ofR=0. As an example, holding the phase of the co-
herent field atb = #/2, we present in Figd a 3D contour
whereT=|\V,|t/|a|? is the scaled interaction timey and  plot for the two-photon rate ratiB, the phasep of the pump
& are the phases of the pump and coherent fields, respefield and the interaction tim&. We find that a constructive
tively, andI’, is the two-photon rate in the combined field. two-photon interference is observedal< ¢ <37/2, while
Taking the quantum fluctuations in the quadrature compoa destructive two-photon interference occurs at@< /2
nenta, of the combined field as an example, we examine ther 37/2<¢<2w. Moreover, comparing Fig. 4 with Fig.
squeezing properties of the light field with the selection of2(a), we conclude that a constructive two-photon interference
the relative phase between the pump and coherent fields itould lead to an efficient and lasting squeezed light.
the system introduced above. In the experiment of Lu and O[R6], the relative phase
First, we examine numerically the dynamics of a modifiedbetween the pump and coherent fields is adjusted through the
function H,=h, /|a|? as the relative phase between the co-change of the path of the pump field. Surely, phase fluctua-
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FIG. 1. 3D contour plots of the modified functidiy, the phase FIG. 2. 3D contour plots of the functiod ;, the phasep of the
® of the coherent field, and the scaled interaction tinfor || pump field, and the scaled interaction tificfor |«|=0.01 at(a)
=0.01 at(a) ¢=w/2, where the solid line is foH,;<0 (—0.5 to ®=7/2, where the solid line is foH;<0 (—0.5 to —4 with an
—4.5 with an interval of-0.5), the dotted line foH,;=0, and the interval of —0.5), the dotted line foH,=0, and the dot-dashed
dot-dashed line foH ;>0 (0.05 to 0.8 with an interval of 0.05(b) line for H;>0 (0.05 to 0.95 with an interval of 0.05(b) ® =,
¢=3m/2, where the solid line is ford ;<0 (— 0.5 to—4.5 with an  where the solid line is foH,;<0 (-1 to —7 with an interval of
interval of —0.5), the dotted line foH,;=0, and the dot-dashed —1), the dotted line foH,=0, and the dot-dashed line fot,
line for H;>0 (0.1 to 0.7 with an interval of 0)2 >0 (0.05 to 0.55 with an interval of 0.05

tions may occur due to, for example, mechanical vibratior0 to 7 (note that®d is held at the value ofr/2). Certainly, if

and air flow when the pump field and the injected coherenthere is an active servo system, which can hold the phase at
field travel through different paths via multiple mirror sets a desired value, this system could generate much more effi-
[26]. In the experiment, Lu and Ou found that a swing of thecient squeezed light.

relative phase fromr to #/2 will cause the combined light In conclusion, we have demonstrated numerically that
field to go from antibunching to bunching. This means thatefficient and lasting squeezed light could be generated due
the photon correlation function is extremely sensitive to theto a constructive two-photon interference. Even if large
phases of the pump and coherent fields. However, for thphase fluctuations occur, the dispersion in one of the two
squeezed light predicted in our numerical calculation, it isquadrature components of the light field could still be re-
not so. For example, Fig.(@ shows that squeezed light is duced below the SQL set by the symmetric distribution of
still observed even if the relative phase— ®| swings from  the vacuumstate. The relevance of this work lies in the
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FIG. 3. 3D contour plot of the functiohl;, the phaseb of the FIG. 4. 3D contour plot of the two-photon rate raRpthe phase
coherent field, and the phageof the pump field foja|=0.01 at ¢ of the pump field, and the scaled interaction tiffiefor ||
the interaction timeT=0.8, where the solid line is foH,;<0 =0.01 at® = 7/2, where the solid line is foR>1 (2 to 8 with an

(—0.5 to —4.5 with an interval of—0.5), the dotted line foH, interval of 1), the dotted line foR=1, and the dot-dashed line for
=0, and the dot-dashed lines fid, >0 (0.1 to 0.7 with an interval R<1 (0.1 to 0.8 with an interval of 0)1
of 0.2).

possible by generalizing the experimental techniques of Lu
coupling of our prediction of squeezed light with other non-and Ou[26].
classical phenomena such as photon bunching and anti-
bunching within the same experimental apparatus. Also, ex- The author would like to thank Professor Vedene H.
perimental observation of squeezed light in this system iSmith, Jr. and Dr. Jiangbin Gong for helpful comments.
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