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We study a scheme for Mach–Zehnder (MZ) interferometer as a quantum linear device by injecting two-mode
squeezed input states into two ports of interferometer. Two-mode squeezed states can be changed into two types of in-
puts for MZ interferometer: two squeezed states and Einstein–Podolsky–Rosen (EPR) entangled states. The interference
patterns of the MZ interferometer vary periodically as the relative phase of the two arms of the interferometer is scanned,
and are measured by the balanced homodyne detection system. Our experiments show that there are different interference
patterns and periodicity of the output quantum states for two cases which depend on the relative phase of input optical fields.
Since MZ interferometer can be used to realize some quantum operations, this work will have the important applications in
quantum information and metrology.
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1. Introduction
The interferometers are among the most sensitive de-

vices for metrology and weak forces detection. Most in-
terferometers can be mapped on the Mach–Zehnder (MZ)
configuration.[1,2] An input field is split by the first beam-
splitter (BS) of the interferometer into two, which enter into
two arms where their phase difference is generated by passing
though an object in one of the two arms, and then are recom-
bined with second BS and the resultant interference pattern
will be observed which contains the information of the object.
If a coherent field is fed into the primary input port of the first
BS and the vacuum is injected into the second port, the sen-
sitivity of the interferometer is limited to the shot noise limit
(SNL) δϕ = 1/

√
Ncoh, where Ncoh is the average number of

photons in the coherent beam. This limit may be surpassed
towards the Heisenberg limit δϕ = 1/N, if quantum states are
used as the input. When the squeezed vacuum is injected into
unused port, it can increase a phase sensitivity below the shot
noise limit.[3–5] Such a method has been applied to laser inter-
ferometers for gravitational wave detection.[6,7] Furthermore
MZ interferometer can be used as a quantum linear device
to realize the quantum transformation by injecting quantum
states into two ports of interferometer, for example, using the
maximally entangled NOON state, which can improve the sen-
sitivity in the phase measurement.[8–12]

In this paper, we experimentally study MZ interferome-
ter as a quantum linear device with two-mode squeezed in-

put states. Two-mode squeezed states can be transformed
into two types of inputs: (i) the squeezed states and (ii) the
Einstein–Podolsky–Rosen (EPR) entangled states. The inter-
ference of two outputs from a BS for the two squeezed states
and the EPR entangled states has been studied and used in
CV quantum information and communication, such as quan-
tum teleportation,[13,14] quantum dense coding.[15,16] The MZ
interferometer with two-mode squeezed states has also been
theoretically investigated.[17–19] However, the related experi-
ment has not been reported, which is important in quantum
information and metrology.

2. Theoretical analysis
Although the two squeezed states and the EPR entangled

states can be transformed each other easily by a beam splitter,
they present the quite different interference patterns and peri-
odicity when they are injected into the MZ interferometer. In
this paper, the two squeezed states (or EPR entangled states)
with an adjusted relative phase are injected into the two ports
of the MZ interferometer. The interference patterns of the MZ
interferometer vary periodically as the phase difference of the
two arms of the interferometer is scanned, and are measured
by the balanced homodyne detection system. In the case of
the EPR entangled states, the output states of the MZ interfer-
ometer are changed from squeezed states into entangled states
with the periodicity of λ/2. The interference pattern will be
only shifted keeping the same shape when the input relative
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phase is changed. In the case of the two squeezed states, the
interference pattern of the output states depend on the input
relative phase of two squeezed states. We also employ a coher-
ent excited squeezed state in phase space as one of two input
squeezed states and study the interference pattern of the MZ
interferometer.

We first consider the simple case, in which two quantum
optical beams interfere at a 50/50 BS. The input fields of BS
can be written as âi = (X̂ai + iŶai)/2, i = 1,2 denote the two
input ports and X̂ai and Ŷai are the corresponding quadrature
amplitude and quadrature phase operators with the canonical

commutation relation [X̂ai ,Ŷai ] = 2i. The two output fields of
the BS are

b̂1 =
1√
2
(e iθ â1 + â2), b̂2 =

1√
2
(e iθ â1− â2), (1)

where θ is the phase difference of the two beams. When the
relative phase θ is varied, the output states will be changed,
as shown in Fig. 1. The arbitrary quadrature component of the
output states may be measured by homodyne detection. The
periodicity of 2π corresponds to the wave length λ of the input
light fields. We will discuss: i) the squeezed states and ii) the
EPR entangled input states, respectively.

Fig. 1. (color online) Schematic diagram of the quantum interference of two-mode squeezed states on a 50% BS. (a) left: schematic diagram
of the interference of the squeezed state light fields coupled into the 50% beam splitter; right: the error contours of the output states versus the
phase difference θ in phase space. (b) left: schematic diagram of the entangled state light fields entering the 50% beam splitter; right: the error
contours of the output states versus θ in phase space. (c) Theoretical calculation of the variance of quadrature phase of the output state. Blue
line, red line and black line correspond to the two squeezed states, entangled states and SNL, respectively.

For the two squeezed-states light fields as the input states
of a 50/50 BS, the variances of the input fields can be ex-
pressed as

〈δ 2X̂a1〉= 〈δ
2X̂a2〉= e2r

and
〈δ 2Ŷa1〉= 〈δ

2Ŷa2〉= e−2r,

where r is the squeeze parameter. When θ = nπ (n =

0,1,2, . . .), the variances of the quadrature components of the
output fields are

〈δ 2X̂b1〉= 〈δ
2X̂b2〉= e2r,

〈δ 2Ŷb1〉= 〈δ
2Ŷb2〉= e−2r.

Obviously, the output fields are squeezed states. When θ =

nπ +π/2, we can obtain

〈δ 2X̂bi〉= 〈δ
2Ŷbi〉= (e2r + e−2r)/2, i = 1,2.

And the quadrature components satisfy

〈δ 2(X̂b1 − X̂b2)〉= 〈δ
2(Ŷb1 + Ŷb2)〉= 2e−2r,

which shows the two output states are EPR entangled
states.[20,21] Thus, when the relative phase θ is scanned, the
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output states from a 50/50 BS are changed from squeezed
states into entangled states with the periodicity of π as shown
in Fig. 1(a).

Considering the interference of the entangled states on a
50/50 BS. The quadratures of the states in the two arms after
the interference are obtained according to Eq. (1)

Q̂b1(ϕ1) =
1√
2
[cos(ϕ1 +θ)X̂a1 + sin(ϕ1 +θ)Ŷa1

+ cosϕ1X̂a2 + sinϕ1Ŷa2 ],

Q̂b2(ϕ2) =
1√
2
[cos(ϕ2 +θ)X̂a1 + sin(ϕ2 +θ)Ŷa1

− cosϕ2X̂a2 − sinϕ2Ŷa2 ]. (2)

Here, Q̂a(ϕ) = e−iϕ â+ e iϕ â† and ϕ the angle of quadrature
component, so Q̂a(0) = X̂a and Q̂a(π/2) = Ŷa. From Eq. (2),
we can see that the outputs of two arms after the 50/50 BS al-
ways keep the squeezed states. The squeezing angles of two
arms are ϕ

squee
1 =−(θ +π)/2, ϕ

squee
2 =−θ/2 in phase space

respectively, and the squeezed quadrature variance are

〈δ 2Q̂squee
b1
〉= 〈δ 2Q̂squee

b2
〉

=
1
2

[
cos2 θ

2
〈δ 2(X̂a1 − X̂a2)〉

+ sin2 θ

2
〈δ 2(Ŷa1 + Ŷa2)〉

]
= e−2r. (3)

It is clearly shown that the angles of the squeezing states ro-
tate with respect to the input relative phase θ , as shown in
Fig. 1(b). Moreover the angles of the squeezing states for two
arms are orthogonal. The quadrature variance of one arm of
the BS with the homodyne detection is shown in Fig. 1(c) with
red solid line.

Now we consider the MZ interferometer with two types
of input quantum optical fields as shown in Fig. 2. The rela-
tive phases θ is added before the input quantum states entering
the MZ interferometer. The relative phase φ is introduced in
one of the two arms of the interferometer. Please note the two
phases, θ and φ are independent. The two beams in the two
arms are recombined and interfere on BS2 of the MZ interfer-
ometer. For the input of the EPR entangled states, the quan-
tum states after first BS of the MZ interferometer are always
squeezed states, which have the different squeezing angles for
the different input relative phases θ . Thus, the output states of
the MZ interferometer are changed from squeezed states into
entangled states with the periodicity of λ/2 when the relative
phase φ of the two arms is scanned. The interference pattern of
the MZ interferometer is only shifted when the input relative
phase, φ is changed. For the input of the two squeezed states,
the quantum states after first BS of the MZ interferometer are
changed from squeezed states into entangled states for the dif-
ferent input relative phases θ . Thus the interference pattern of

the MZ interferometer depends on the input relative phase θ

of the two squeezed states.

θθθθ
φφφφ

BS1 BS2

Fig. 2. (color online) Schematic diagram of the MZ interferometer with two
types of input quantum optical fields. The two input optical fields are inter-
fere in the first BS with the different input relative phases θ . Then they are
recombined and interfere on the second BS with the relative phase φ of the
two arms of the interferometer.

3. Experiment and results

The experimental setup is shown in Fig. 3. Two de-
generate optical parametric amplifiers (OPA’s) are pumped
by a green laser 532 nm and are feeded by the infrared
laser 1064 nm.[22,23] The light is a diode-pumped intracavity
frequency-doubled (continuous-wave ring Nd:YVO4 + KTP)
laser. The periodically poled KTP (PPKTP) crystals are used
in the OPA’s, whose temperatures are controlled by the tem-
perature controllers. The OPA’s are concentric resonators.
The lengths are about 60 mm. The input and output mirrors
are concave, whose curvature radius are 30 mm. The input
couplers of the two OPA’s have the same reflections of about
99.5% at 1064 nm, and have the transmissions of 70% and
80% at 532 nm, respectively. The transmissions of the output
mirrors of the OPA1 and OPA2 are 13% and 11% at 1064 nm
and the reflections are about 99.5% at 532 nm. Two OPA’s are
all operated below threshold with the pump fields of 89 mW
and 102 mW. Two squeezed lights can be obtained simulta-
neously with more than −1.5 dB squeezing and 7 dB anti-
squeezing. The two squeezed lights from two OPA’s inter-
fere in an equivalent 50% BS, which consists of two polar-
ized beam splitters (PBS) and a half wave plate (HW). The
input relative phase θ of two squeezed states can be adjusted
by PZT1. Two squeezed lights with linearly horizontal and
perpendicular polarization combine in the PBS1 and interfere
in PBS2 when setting the angle of HW1 at 22.5◦. Then two
beams pass through two arms with the almost equal length of
∼ 19 cm and interfere on the second 50% BS2 with the same
polarization. The optical path difference of the two arms are
scanned by M3 mounted on PZT2. This configuration forms
the MZ interferometer with two input squeezed states. For the
case of the input EPR entangled states, the EPR entangled state
first is generated by interfering two squeezed state in an equiv-
alent 50% BS . The reflective mirror M4 has a small trans-
mission of about 2%, and we can lock the relative phase of
the two squeezed-state lights at π/2 by feeding the amplified
electronic signal of the interference fringe from detector (D1)
back to the PZT1. Then EPR entangled state pass through the
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MZ interferometer, which consists of BS2 and another 50%
BS (which is not shown in Fig. 3).

signal generator
splitter

phase shifter
mixter

splitter

Fig. 3. (color online) Schematic diagram of the experimental setup. The
MZ interferometer with two input squeezed states consists of two PBSs,
i.e., PBS1 and PBS2. The MZ interferometer with EPR entangled state
consists of BS2 and another BS. OPA: optical parametric amplifiers; M1–
M3: high-reflective mirrors; PZT: piezoelectric transducers; PBS: polarized
beam splitters; HW: half wave plates; BS: 50% beam splitter; HD: balanced
homodyne detectors; LO: Local oscillator; SA: Spectrum analyzer; OS: Os-
cilloscope; PM: phase modulator.

The two output fields can be measured respectively by the
balanced homodyne detection system. Here we also record
the noise fluctuation directly, this technology is used in quan-
tum tomography.[24] We divide the electronic signal from the
balanced homodyne detection system 1 (HD1) into two parts.
One of them is used to measure the quadrature variance by
the spectrum analyzer at the analyzed frequency of 6 MHz.
The modulation frequency is much smaller than the line-width
(∼ 70 MHz) of the cavity. The other is mixed with a sinusoidal
signal at 6 MHz from a function generator, the output signal
of the mixer is passed through a low pass filter (Mini-circuit
Model BLP 1.9 MHz). At last the low-frequency electric sig-
nal is recorded by a high-speed digital oscilloscope (6× 105

points for per trace), when the relative phase of the two arms
of the interferometer is swept by 2π (corresponding to λ ) in
120 ms.

For the input of the two squeezed states, the interference
patterns of the MZ interferometer are measured with the in-
put relative phases θ as 0◦, 30◦, 60◦, 90◦, as shown in Fig. 4.
Here, the relative phase φ of the two arms of the interferome-
ter is scanned, and the quadrature component of a output field
is measured by fixing the relative phase π/2 of the detected
light and the local oscillator in the homodyne detection sys-
tem. For the input relative phases θ = 0◦, the quantum states
after first BS of the MZ interferometer are still two squeezed
light. Thus the two squeezed light will interfere in the second
BS of the MZ interferometer, and the output states are changed
from squeezed states into entangled states with the periodicity
of π , which correspond to the interference patterns of the MZ
interferometer as shown in Fig. 4(a). The variance correspond-
ing to Fig. 4(a) is given in Fig. 4(f) (blue line). For θ = 30◦

and 60◦, the quantum states after first BS of the MZ interfer-
ometer fall in between the squeezed and EPR entangled states.

The interference patterns of the MZ interferometer as shown
in Figs. 4(b) and 4(c) respectively, whose variances are given
in Fig. 4(f) (green and pink line respectively). For θ = 90◦,
the quantum state after first BS of the MZ interferometer be-
come EPR entangled light. The periodicity of the interference
patterns of the MZ interferometer is 2π as shown in Fig. 4(d),
whose variances are given in Fig. 4(f) (red line). It is clearly
shown that the output states of the MZ interferometer main-
tain two squeezed states, however, the angles of the squeezing
states rotate with respect to the relative phase φ of the two
arms.
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Fig. 4. (color online) Experimental results of the interference patterns of
the MZ interferometer. The interference patterns (noise traces) of the MZ
interferometer for two input squeezed states are given in (a) with the input
relative phases θ = 0◦, (b) 30◦, (c) 60◦, (d) 90◦. Panel (e) is noise trace for
two input vacuum state. Panel (f) is the variances of quantum states. Blue
line corresponds to panel (a), green line to panel (b), pink line to panel (c),
red line to panel (d), and dark line to panel (e).

For the input of the EPR entangled state, the quantum
states after first BS of the MZ interferometer are always
squeezed states, which have the different squeezing angles for
the different input relative phases θ . Thus, the interference
patterns of the MZ interferometer is the same as that of two
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input squeezed states with the input relative phases θ = 0◦

(Fig. 4(a)). The interference patterns of the MZ interferometer
is only shifted when the input relative phase is changed.

Here, we employ a coherent excited squeezed state in
phase space as one of two input squeezed states of the MZ
interferometer. A subharmonic laser 1064 nm from the main
laser beam is phase-modulated by an electro-optic modula-
tor at the frequency 6 MHz (This signal is from the same
sinusoidal wave at 6 MHz in homodyne detection), and in-
jected into the OPA2 through its high reflector. As the rela-
tive phase between seed wave and pump wave is controlled
by a mirror attached to a piezoelectric actuator, the coherent
excited squeezed state is generated (OPA operating at ampli-
fication). The output of OPA1 is still squeezed vacuum state.
Two squeezed states are injected into the MZ interferometer
and the interference patterns are shown in Fig. 5.

φ

2

⊥Y


X


Y

X

Y1
⊥

⊥

⊥

⊥

Fig. 5. (color online) Experimental results of the interference patterns of
the MZ interferometer with coherent excited two-mode squeezed states.
Panel (a) is the input relative phases θ = 0◦ and panel (b) is the evolution-
ary of the output quantum states in phase space as the function of the rela-
tive phase φ of two arms of the interferometer, corresponding to panel (a).
Panel (c) is for 90◦ and panel (d) is the quantum state evolution in phase
space corresponding to panel (c). Panel (e) is noise trace of the MZ interfer-
ometer with an input coherent state and an input vacuum state and panel (f)
is the state evolution in phase space corresponding to panel (e).

The average photon number of the input optical fields of
MZ interferometer can be obtained[25]

〈n〉= 1
4
(〈δ 2Q̂squee

a 〉+ 〈δ 2Q̂anti−squee
a 〉−2)+

1
4

e2
0.

Here, 〈δ 2Q̂squee
a 〉 and 〈δ 2Q̂anti−squee

a 〉 are squeezing and anti-
squeezing of the optical field, respectively. e0 is the coher-
ent excited amplitude at two sidebands ω0 ± 6 MHz, which
can be determined from Fig. 5 and is scaled according to the

shot noise limit (the unit is the standard deviation of the shot
noise limit). The experimental parameters of 〈δ 2Q̂squee

a 〉 and
〈δ 2Q̂anti−squee

a 〉 are 0.71 and 5 respectively (corresponding to
squeezing -1.5 db and anti-squeezing 7 dB). The coherent ex-
cited amplitude is e0 = 3.2. Hence The average photon num-
bers 〈n〉 of the coherent excited squeezed state and squeezed
vacuum are 3.5 and 0.93 respectively.

Figure 5(a) shows the noise trace with the input relative
phases θ = 0◦, which indicate that the noise trace of the MZ
interferometer of two input squeezed vacuum states superim-
poses on a sinusoidal curve with the periodicity of 2π . This
sinusoidal curve comes from the coherent excitation. Here the
evolution of the output quantum states in phase space as the
function of the relative phase φ of the two arms of the interfer-
ometer is also plotted in Fig. 5(b). Figure 5(c) shows the noise
trace with the input relative phases θ = 90◦, and the evolu-
tion of the output quantum states in phase space is given in
Fig. 5(d). Figures 5(e) and 5(f) show that the one is input co-
herent state and the other is input vacuum state.

4. Conclusion
In conclusion, we experimentally study the quantum

interference on an MZ interferometer with the two-mode
squeezed states. The output quantum states are measured by
the balanced homodyne detection system and the detailed in-
formation of quantum states are given by the noise trace and
variance. There are different interference patterns and peri-
odicity for two cases which depend on the relative phase of
input optical fields. We believe this work can be used in the
quantum information and measurement. For example, quan-
tum interference on MZ interferometer with an unbalanced
arm length[26,27] for the broadband squeezed and EPR entan-
gled fields,[28] which is sensitive to the different frequencies
of sideband modes of the broadband fields and generate the
frequency-dependence squeezing[28] or entanglement, will be
an interesting topic in the future.
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