Marino et al.

Vol. 24, No. 2/February 2007/J. Opt. Soc. Am. B 335

Bichromatic local oscillator for detection
of two-mode squeezed states of light

Alberto M. Marino, C. R. Stroud, Jr., Vincent Wong,* Ryan S. Bennink,Jr and Robert W. Boyd
The Institute of Optics, University of Rochester, Rochester, New York 14627, USA

Received August 18, 2006; revised October 4, 2006; accepted October 5, 2006;
posted October 10, 2006 (Doc. ID 74190); published January 26, 2007

We present a new technique for the detection of two-mode squeezed states of light that allows for a simple
characterization of these quantum states even for arbitrary frequency separation between the modes. The pro-
posed technique is based on the use of a bichromatic field as the local oscillator in a balanced heterodyne mea-
surement scheme. By the proper selection of the frequencies of the bichromatic field, it is possible to arbitrarily
select the frequency around which the squeezing information is located, thus making it possible to use a low-
bandwidth detection system and to move away from any excess noise present in the system. © 2007 Optical

Society of America
OCIS codes: 270.6570, 270.5570, 040.2840.

1. INTRODUCTION

Two-mode squeezed states (TMSSs) play an important
role in quantum information science. They provide a plat-
form for the actual laboratory realization of the
continuous-variable entanglement that was the basis of
the famous Einstein—Podolsky—Rosen (EPR) paradox.1
They also provide a platform for a form of quantum com-
munication that was recently proposed,? as well as a
number of other applications such as continuous-variable
teleportation,?”4 quantum key distribution,”” and verifi-
cation of EPR correlations.> The presence of quantum
correlations between the modes of a TMSS has made this
state a basic tool for quantum information with continu-
ous variables, as discussed in the recent review paper by
Braunstein and van Loock.™

In spite of the important role of these states in quan-
tum information, their use in the laboratory has been re-
stricted to relatively small frequency separations between
the two modes by limitations in the frequency response of
available ultralow noise detectors and electronics. In this
paper we will describe a new method of heterodyne detec-
tion that will largely eliminate this limitation and allow
low-noise heterodyne detection at arbitrarily large fre-
quency separation between the two modes. There have
been a number of paperslk13 focused on improving either
the temporal or spatial character of the local oscillator
(LO) used in heterodyne detection in order to optimize the
degree of squeezing measured. However, no attention has
been given to the necessary requirements of the detection
system needed for such measurements.

The usual detection scheme used for the characteriza-
tion of a TMSS is based on balanced heterodyne measure-
ments. It requires the use of a LO with a frequency equal
to the mean of the frequencies of the two modes of the
squeezed field. As a result, the squeezing information is
located around the beat-note frequency between the LO
and either of the field modes that constitute the squeezed
state. In general, the frequency separation between the
modes of a TMSS can be arbitrarily large, thus the detec-
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tion of this quantum state becomes complicated when the
frequency is of the order of a few gigahertz and impossible
when it reaches tens of gigahertz.

In this paper we present a simple scheme based on a
bichromatic local oscillator (BLO) that makes it possible
to detect through the use of low-frequency detectors a
TMSS regardless of the frequency separation between its
modes. Characterization of any TMSS then becomes pos-
sible, for example, by using the simple low-frequency de-
sign of Gray et al. 14 The possibility of using a LO com-
posed of multiple frequencies has been previously
proposed15 and implemented.16 However, the previous
techniques require the use of a cavity to separate the side-
bands of the squeezed state and are not concerned with
the possibility of detecting a TMSS with arbitrary fre-
quency separation between its modes. As will be shown,
by the proper selection of frequencies of the bichromatic
field it is possible to arbitrarily select the frequency
around which the squeezing information is located, thus
making it possible to use a low-bandwidth detection sys-
tem to characterize a TMSS source. Since the measure-
ment frequency can be arbitrarily selected, it is also pos-
sible to move away from any excess noise present in the
system. We will show that this technique introduces no
excess noise beyond that of the usual technique and that
as long as the measurement frequency is less than the
squeezing bandwidth the excess noise is not significant.

The rest of the paper is organized as follows: In Section
2 we give a general overview of the basic theory of hetero-
dyne detection for the characterization of a TMSS. Then,
in Section 3 we introduce the concept of the BLO and
show the advantages and limitations of such a detection
technique.

2. BALANCED HETERODYNE DETECTION

The most commonly used technique for the detection of a
TMSS is balanced heterodyne detection. In general, this
technique consists of combining the squeezed field being
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Fig. 1. Balanced heterodyne detection scheme used for the char-
acterization of squeezed light. LO, local oscillator; BS, beam
splitter.

measured with a strong LO and detecting each of the re-
sulting fields with a photodetector, as shown in Fig. 1.
Combining the two detector signals we obtain the differ-
ence signal and analyze the noise in this signal with a
spectrum analyzer.

The fields after the beam splitter are given by

(21=tES+rEL0,

&2=7‘EAvs+tEA'L0, (1)

where E’S and E Lo are the positive frequency parts of the
squeezed and local oscillator fields, and ¢ and r are the
transmissivity and reflectivity of the beam splitter. In
general, ¢ and r satisfy the relations |¢|2+|r|?=1 and ¢'r
=i|rt|. To have a balanced detection scheme, the beam
splitter must satisfy the condition |¢| =|r| =1/\2, such that
the difference signal from the balanced heterodyne detec-
tion takes the form

112 = &;C}zl - &;&2 = L(EEELO - EZOES) . (2)

As can be seen from this equation, only the interference
terms are left for the balanced case.
For a TMSS, the field takes the form!”

Eg=d,e7i@d00) 4 §_eilo-t=0.), (3)

where we have explicitly introduced the phases for the
modes of the TMSS, ¢, and ¢_; the quadratures are de-
fined according to

1 .
X=——(@G, +é  +4_+ah),
2“’2 + +
1
VY=—z(,-a" +a_-a"). (4)
i2\;'2

With these definitions and the properties of the TMSS,
thtisvariance of the quadratures can be shown to be given
by

R 1 0 0
(AX)?) = 1 e coszi +e% sinzi ,
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R 1 0 0
(AY)?) = n e % sin2§ +e% cosZE , (5)

where s is the degree of squeezing and 6 is the squeezing
angle. As a result, the variance along the major and minor
axes of the squeezing ellipse is given by

<(Aj()2>min = ie_% >

(AY)) gy = €2 (6)

In the standard heterodyne technique, the LO is taken
to be of the form

Epo=beiort, (7)

and is assumed to be in a coherent state, such that <l;)
=|B|e’?L0. To obtain a measurement that is time indepen-
dent, the frequency of the LO has to be selected between
the frequencies of the two modes of the squeezed state, as
shown in Fig. 2, that is w;=(w,+w_)/2.

In the ideal case, the variance of the difference signal,
Eq. (2), is proportional to the noise in the quadratures of
the measured field, thus giving a direct measure of the
noise properties of the squeezed field. That is, in the limit
that the LO is much stronger than the squeezed state, the
variance of the measured signal has the form™®

a /] 7]
(AIp)%) = 2|,6’|2[e2S c0s2<x - 5) +e s sin2<X— 5) ] ,

8

where x=¢ro—(d,.+¢_)/2 is the relative phase difference
between the LO and the squeezed field. As can be seen
from Eqgs. (5) and (8), the measured quadrature variance
can be selected by changing the phase of the LO, ¢;.
Apart from giving a signal that is proportional to the
noise of the squeezed field, the balanced heterodyne de-
tection has the additional advantages of amplifying the
measured signal by the strength of the LO, as can be seen
in Eq. (8), and of eliminating both the quantum and ex-
cess noise contributions of the LO.

Once the heterodyne measurement is performed, the
squeezing information is centered around the beat-note
frequency between the LO and squeezed field. For the
case of a TMSS, the frequency of the LO has to be selected
such that wy,=(w,+w®_)/2. As a result, the squeezing infor-
mation will be centered around the beat-note frequency
6=(w,—w_)/2. This technique is especially useful when
the frequencies of the modes of the squeezed state are
close together. However, in general & can be arbitrarily

) )
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Fig. 2. Frequency components involved in a heterodyne mea-
surement of a TMSS. The frequencies of the two modes of the
squeezed state are given by w_ and w, while the frequency of the
LO is represented by w;. To get a measurement that is indepen-
dent of time, the frequency of the LO has to be selected between
the frequencies of the two modes of the squeezed state.



Marino et al.

large, limiting this detection technique to cases in which
the beat note is of a few gigahertz at the most.

3. BICHROMATIC LOCAL OSCILLATOR

As seen in Section 2, one of the main disadvantages of the
standard balanced heterodyne technique is that the
squeezing information is located around the beat-note fre-
quency 6. Unless the two modes are quite close together,
this frequency will be large, making it difficult, and in
some cases impossible, to characterize the TMSS. To over-
come this limitation, we propose the use of a bichromatic
field as the LO in the balanced heterodyne technique de-
scribed in Section 2. As we will see, by the proper selec-
tion of frequencies of the bichromatic field it is possible to
perform exactly the same measurement as with the stan-
dard technique while making it possible to use a low-
bandwidth detection system for characterizing an arbi-
trary TMSS.

In this new scheme, the local oscillator is taken to be a
bichromatic field of the form

ELO = ble_i“’th + bze_iwl‘2t, (9)

such that the frequency of each of the local oscillators is
taken close to one of the modes of the squeezed field, as
shown in Fig. 3. That is, Aj=wp;—w_ and Ay=wjg
-0, <A=w,—o_. In most cases, such a BLO can easily be
generated from the laser fields used for the generation of
the TMSS with the help of either acousto-optic or electro-
optic modulators. However, as will be shown, in principle
it is possible to use different laser fields to generate the
BLO. In this case it is necessary to actively stabilize the
phase between the mode of the squeezed field and the cor-
responding one from the BLO. Both fields of the BLO are

taken to be in coherent states, such that (b;)=8; and

(by)=By. Using this form for the LO, the variance of the
measured signal is now given by

<(Aj12)2> == {((AES)ZXIB%Q_Q“’th + Bge—ﬂszt

+ 28y Boe~errredty — (BELEg) — (EgNEL)( By
+ Bl + Bufye™ 1 4 By et ramenal

+H.c)+ 2ELES), (10)

where the last term on the right-hand side results from
the quantization of the BLO and, as will be seen, can be
neglected if the BLO is taken to be sufficiently strong.

For the general case of the BLO shown in Fig. 3, it is
necessary to include the image band for each of the modes
of the squeezed state.'?2° Because it is not possible to dis-
tinguish between the positive and negative frequency
beat-note signals when looking at the heterodyne signal,
it is necessary to take into account frequencies that lie
symmetrically on either side of the LO, as shown in Fig. 3.
The mode opposite to the squeezed field is known as the
image band. As a result, the field that is measured is not
the TMSS given by Eq. (3); instead it takes the form
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Fig. 3. Frequency components for the characterization of a
TMSS using a BLO. The frequencies of the modes of the LO are
chosen close to each of the modes of the squeezed field. It is nec-
essary to include in the analysis the influence of the image bands
associated with each mode of the squeezed state. The image
bands are represented by the dashed lines. The curves centered
around the modes of the TMSS represent the squeezing spectrum
of the state. The image bands will be correlated as long as they
are within the squeezing spectrum.

Eg=a,e7i@t=0) 4 § o 0ot 4 g gmilvt=¢)

+G, e @ (11)

where modes d,, and a,_ are the image bands. The fre-
quency of these modes is such that w;-w_=w,_—wy; and
Wro— W, =Wy — W12,

The image bands will always correspond to vacuum
modes for the idealized case in which each of the modes of
the TMSS is treated as a ¢ function. However, in a more
realistic case, there will be a squeezing bandwidth associ-
ated with the squeezed state. In a TMSS quantum corre-
lations are generated between the noise sidebands of the
two modes.”! Due to energy conservation, it is the side-
bands on opposite sides of the carrier frequencies, w_ and
w,, that become correlated. This implies that as long as
the image bands, d,, and a,_, are within the squeezing
spectrum, they will be correlated. We take this correlation
into account by assuming that the image bands are also in
a TMSS with a degree of squeezing, s, that changes with
frequency, as shown schematically by the curves centered
around w_ and o, in Fig. 3. In addition, we assume the
squeezing phase to be constant throughout the squeezing
spectrum.

The BLO technique becomes useful when A>>>A;,Aq. In
this case the bandwidth of the detection system can be de-
signed such that the terms with frequency of the order of
A can be neglected. Under this approximation the vari-
ance of the difference signal can be shown to be given by

((AI13)%) = (|B1* + | Bof*)(4 sinh’s,, + 4 sinh®s, + 4)
+[48) Boe~ A1+82)le=i(0+ ¢+ )ginh 5, cosh s,
+ 43, Boe’ P14l (bt @ )sinh 5 cosh s,

+c.c.], (12)

where s, and s, refer to the squeezing parameter at the
frequency of the carrier and image band modes, respec-
tively. To make the measurement time independent, it is
necessary to select the frequency of the fields of the BLO
such that A;=-A,. By making B;=|8;le!’t and B,
=|By|e!?2 and assuming that |3;|=|8s| =|8|, we can sim-
plify Eq. (12) to the form
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. X1+ xz2—0
(A% = 42| (20 + e28v>cos2(%)
xi+x2—0,\ (EE)
+(e"230+e"2sv)sin2< ! 22 >+ g |’
18l

(13)

where y1=d¢1—¢_ and xo9=dd9— ¢, are the relative phase
differences between each of the modes of the BLO and the
corresponding mode of the TMSS. As described above, the
last term in Eq. (13) is due to the quantization of the
BLO. This additional term is a phase independent noise
term that can limit the minimum amount of squeezing
that can be measured. However, it can be neglected when

812> (EIE,)/2, that is, the intensity of the BLO is much
greater than the intensity of the TMSS being measured.
This is usually the case for balanced heterodyne detec-
tion.

For the case in which A;=A,=0 we have that s,=s,, so
that, except for a scaling factor, the result is exactly the
same as the one obtained with the usual balanced hetero-
dyne technique [Eq. (8)]. However, the squeezing informa-
tion is now centered around dc regardless of the frequency
separation between the modes of the TMSS, making it
possible to use a low-bandwidth detection system.

As is the case when measuring a single-mode squeezed
state, it is possible to shift the frequency of the LO to
change the measurement frequency and move away from
the 1/f noise or any technical noise present in the detec-
tion system. To see the effect that changing the measure-
ment frequency has on the amount of squeezing that is
measured with the BLO technique, we assume the
squeezing spectrum to be a Gaussian of the form

QQ
s(Q) =s,exp| - — |, 14
Q) =s, p( 2 02) (14)
where () is the frequency with respect to the carrier and o
is the rms squeezing bandwidth. For this case the amount
of squeezing that is measured as a function of the mea-
surement frequency, |A; 5|, is shown in Fig. 4. Analogous
to the case of single-mode squeezing, the amount of
squeezing that is measured is reduced as the measure-
ment frequency is increased. In the limit in which the

2

Degree of Squeezing [dB]

o 05 1 15 2 25 3 35 4
Sl

Fig. 4. Effect of changing the measurement frequency on the
amount of squeezing measured with the BLO technique. As long
as the measurement frequency is less than the squeezing band-
width o there will not be a significant amount of excess noise.
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measurement frequency is much larger than the squeez-
ing bandwidth the image band will be in the vacuum state
and will lead to additional noise,?’ such that in the limit
of infinite squeezing, s — o, only 3 dB of squeezing will be
measured. However, this is generally not the case, as a
significant reduction in the measured amount of squeez-
ing does not occur until the measurement frequency gets
close to the squeezing bandwidth.

If the condition A;=-A4 is not satisfied, then the vari-
ance of the measured signal will not be time independent,
as can be seen from Eq. (12), and will oscillate between
the noise level of the two conjugate quadratures at a fre-
quency |A;|-|Ag|. This is exactly the same situation as the
one that occurs when the frequency of the LO is not set
exactly between the two modes of the TMSS when using
the usual balanced heterodyne technique. As long as the
measurement time is small compared to 1/(|A;|-|As|)
there will be no significant effect from the mismatch in
frequencies of the BLO.

One of the things to note from Eq. (13) is that the vari-
ance of the quadrature that is measured actually depends
on the relative phase difference between each of the
modes of the BLO and the corresponding mode of the
TMSS, x; and ys. As a result, the beat note from the het-
erodyne detection will contain information regarding
these relative phase differences. It is thus possible, in the
case in which the required frequencies for the BLO cannot
be obtained from the fields used to generate the TMSS, to
use different lasers to generate the frequencies for the
BLO and to use this information to actively stabilize the
relative phases when performing the measurement. The
possibility of phase locking the LO and the squeezed field
when making a homodyne or heterodyne measurement
has been shown for the case of the bright squeezed state
by Chelkowski et al. 22 and for the vacuum squeezed state
by McKenzie et al.?®

Up to now we have considered only the case in which
both fields of the BLO have exactly the same amplitude.
In practice this is not always possible, so it is necessary to
consider the situation in which the amplitudes are not
properly matched. To consider this case, the amplitudes of
the two fields of the BLO are taken to be |8;]|=|8| and
|B2] =B8] + 8B, such that Eq. (12) now takes the form

R S y
(L)% = 4|B‘2 (1 + _IB> |:(€280 + e—st)COSZ(%)

1Al 2
X1+ xz2—0
+(e7%%0 4+ e'2sv)sin2( AL ) ]
2
1/68\?
+ —| — ] (cosh 2s,+ cosh 2s,) (. (15)
2\ 14l

As can be seen from Eq. (15), the imbalance in ampli-
tudes leads to an extra source of noise. However, this ex-
tra noise term is phase independent and of second order
in 88/|8, so that its contribution can easily be made neg-
ligible. Thus, to first order, the imbalance in amplitudes
has no effect on the measurement other than an overall
scaling factor.

The main advantage gained by using a BLO is that, in-
dependently of the frequency separation between the
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modes of the squeezed field, it is still possible to charac-
terize a TMSS with the use of a low-frequency shot-noise
limited detector. Another property of using a BLO, as can
be seen from Eq. (13), is that it is possible to select the
measured quadrature variance by changing the phase of
either one of the modes of the BLO, which might have
some application in the detection of correlations between
the different quadratures of the field.

4. CONCLUSION

We have shown that by using a bichromatic local oscilla-
tor in a heterodyne detection scheme it is possible to use a
low-frequency detection system for the characterization of
a TMSS, independently of the frequency separation be-
tween the two modes of the squeezed state. This allows
for the use of a simple detection system for the character-
ization of any TMSS source. Analogous to the case of
single-mode squeezing, it is possible to arbitrarily select
the detection frequency at the expense of extra noise.
However, this excess noise does not become significant
until the measurement frequency is of the order of the
squeezing bandwidth. This freedom to select the desired
detection frequency makes it possible to move away from
the 1/f noise or any technical noise present in the detec-
tion system. In principle, it is possible to extend this idea
to the general case of multimode squeezed states.
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