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Beamsplitters have played an important role in quantum optics experiments. They are often used
to split and combine two beams, especially in the construct of an interferometer. In this letter, we
experimentally implement a nonlinear beamsplitter using a phase-sensitive parametric amplifier,
which is based on four-wave mixing in hot rubidium vapor. Here we show that, despite the differ-
ent frequencies of the two input beams, the output ports of the nonlinear beamsplitter exhibit in-
terference phenomena. We make measurements of the interference fringe visibility and study
how various parameters, such as the intensity gain of the amplifier, the intensity ratio of the two
input beams, and the one and two photon detunings, affect the behavior of the nonlinear beams-
plitter. It may find potential applications in quantum metrology and quantum information proc-
essing. © 2016 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4945260]

A beamsplitter is an elementary optical device that splits
a beam of light into two, which has played an irreplaceable
role in quantum optics.' It has been theoretically studied and
experimentally used to generate multipartite entanglement®
and Gaussian cluster states.* More importantly, it is the cru-
cial part of most interferometers. For example, the Mach-
Zehnder interferometer consists of two beamsplitters, with one
acting as a wave splitter and the other as a wave combiner.
The fully quantum description of a beamsplitter can be found
in Ref. 1.

More recently, our group has experimentally built a non-
linear interferometer with two parametric amplifiers (PAs),'* "2
which can reach the ultimate quantum limit of phase measure-
ment, i.e., the Heisenberg limit.'>'* Specifically, the parametric
amplifier is based on nondegenerate four-wave mixing (FWM)
process in two hot Rb-85 atomic vapor cells.'”™® It has several
advantages for practical implementations, for example, no need
of cavity due to strong nonlinearity of the system and thus no
mode constraints, spatial separation of the generated nonclassi-
cal beams and thus making the system simple, etc. It has been
proved to be a very promising candidate in quantum informa-
tion processing and has many applications such as quantum
entangled imaging,' tunable delay of EPR entangled states,”®
low-noise amplification of an entangled state,*' realization of
slow, fast or stopped light,””>* high purity narrow-bandwidth
single photons generation,” advancement of quantum correla-
tion,””" generation of three strongly quantum correlated
beams,28 ultrasensitive measurement of microcantilever dis-
placement™ and the localized multi-spatial-mode quadrature
squeezing for quantum imaging.*

In our nonlinear interferometer, the first PA amplifies
the “signal” (probe) beam and generates a new “idler” (con-
jugate) beam. After that, both beams are sent to the second
identical PA. Thus, the first one acts as a wave splitter and
the second one as a wave combiner. Since amplification is
involved in both PAs, we can consider them as nonlinear
beamsplitters. Recently, we have theoretically proposed
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versatile quantum networks for generation of cluster state by
cascading several phase-insensitive PAs*' or utilizing the op-
tical spatial mode comb,32 making the so-called nonlinear
quantum networks.

Unlike the PAs mentioned above, which are seeded
by either one coherent beam or two quantum-correlated
beams,'®'*?!** here we experimentally realized another
type of nonlinear beamsplitter, which combines two incom-
ing optical fields in coherent state with different frequencies.
This is actually the proposal for two-mode phase sensitive
amplifier (PSA) that we have theoretically studied recently.*?
We will also show that the output ports of this type of non-
linear beamsplitter exhibit interference phenomena and study
how the various experimental parameters such as the inten-
sity gain of the amplifier, the intensity ratio of the two input
beams, one-photon detuning and two-photon detuning, affect
the behavior of interference.

As shown in Fig. 1(a), a normal beamsplitter combines
two input beams with same frequency and induces interfer-
ence phenomena at the two output ports. Considering the
schematic shown in Fig. 1(b), two beams with different fre-
quencies are injected to a nonlinear beamsplitter, which is
based on parametric amplification process. The input-output
relation of a PA is well described by
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FIG. 1. BS, beamsplitter; PA, parametric amplifier; ¢, the phase shift of
beam?2 or idler beam; /y,15, 15 o, li our» the intensities of the output beams.
(a) A normal beamsplitter combining two beams. (b) A nonlinear beamsplit-
ter based on a PA.
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where G is the intensity gain and a (b) indicates the signal
(idler) field. Here, we assume that the idler beam is subject
to a phase shift of ¢, while the phases of the signal and
pump beams are fixed.

When both input ports are seeded by coherent fields, the
intensities of the output fields are given by

Is,out =Gl + (G - 1)117 + 24/ G(G - 1)],11[, CcoS (],')7 3)
Liow = GIpy + (G — 1)I, +2+/G(G — )l I cos p,  (4)

where [, and [, indicate the intensities of the input fields. Here,
we have neglected the spontaneous emission term G-1,>* since
both input beams (in W order, corresponding to photon num-
ber of 4 x 10'? within 1 s) are bright in experiment. From Eqs.
(3) and (4), one can easily find that the output fields can be
amplified or de-amplified under varying phase, leading to the
interference phenomena at the two output ports. The interfer-
ence visibilities for both output ports are calculated

v _2VBVG(G 1)

= e oT 5)
V= Z\/B— VG(G - 1) , (6)

BG+G—p

where ff =1,/I,. The interference phenomena can be
explained as two individual PAs seeded only by the signal or
idler field interfering with each other. Each PA amplifies or
generates its own signal and idler beams, respectively. The
two output signal beams of the same frequency are well
overlapped under our current symmetric geometry and so are
the two output idler beams. Thus, these two output signal
(idler) beams will interfere with each other, leading to the
amplification or de-amplification of the beams. From this
point of view, our nonlinear beamsplitter induces interfer-
ence phenomena at each output port.

The experimental layout is shown in Fig. 2. The nonlin-
ear beamsplitter is based on a double-A configuration FWM
process in a Rb-85 vapor cell (as shown in Fig. 2(b)). We use
an external cavity diode laser (ECDL) and a tapered amplifier
(TA) as our laser system. The linewidth of the ECDL is of
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FIG. 2. Experimental layout. (a) ECDL,
external cavity diode laser; HWP, half

\‘ D, wave plate; PBS, polarization beamsplit-

ter; TA, tapered amplifier; AOM,
acousto-optic modulator; PZT, piezo-
electric transducer; GL, Glan-Laser po-
larizer; GT, Glan-Thompson polarizer;
BB, beam blocker; D1, D2, photodetec-
tors; OS, oscilloscope. (b) Double-A
scheme of the DI line of Rb-85. A,
one-photon detuning; J, two-photon
detuning.

100kHz and the frequency is blue detuned about 0.8 GHz to
the 58,5, F =2 — 5P, transition. A polarization beams-
plitter (PBS) is used to split the beam into two. One is sent to
the TA to generate the pump beam which is vertically polar-
ized. The other one is passed through an acousto-optic modu-
lator (AOM1). A weak signal beam tuned 3.04 GHz to the red
side of the pump is derived. Afterwards, the zero order beam
passed through the first AOM is sent to the second AOM. In
the same way, a weak idler beam tuned 3.04 GHz to the blue
side of the pump is produced. Both signal and idler beams are
horizontally polarized. All these beams are combined with a
Glan-Laser polarizer and crossed at the center of the Rb vapor
cell, whose temperature is stabilized at 116 °C. The beam
waist of the signal (idler) beam is 200 (215) um, and 500 um
for the pump beam. A Glan-Thompson polarizer with an
extinction ratio of 10° : 1 is placed after the cell to filter out
the residual pump beam. The output signal and idler beams
are sent to two photodetectors (D; and D,).

As shown in Fig. 3, the typical interference fringes of
the two outputs are obtained by scanning the piezo-electric
transducer mirror on the input idler beam path. The interfer-
ence visibilities of the signal and idler output ports are 91.6%
and 90.0% respectively. It should be pointed out that the data
of visibility of the signal and idler beams are not measured at
the same time. The two interference fringes are modulated in
sync in principle. The output fields can be amplified (above
the straight green lines) or de-amplified (below the straight
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FIG. 3. Interference fringes at the output ports of the nonlinear beamsplitter.
Left, Signal output. Right, Idler output. The green lines, the output of signal/
idler without the pump beam.
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green lines) by this nonlinear beamsplitter depending on the
value of phase ¢. The measured intensities of the two output
beams when the pump beam is blocked are defined as unit and
denoted by the straight green lines in Fig. 3. The interference
pattern intensities of both output beams are normalized to the
two straight green lines, respectively.

In order to investigate the influence of intensity ratio 3
between the two input beams on the visibilities of the two out-
put ports, we keep the idler beam power (10 xW) unchanged
and vary the signal beam power from 2.5 uW to 40 uW. At
the same time, we change the intensity gain of the system by
varying the pump beam power. The other parameters are set
as follows: 0 =4MHz and A = 0.8 GHz. The experimental
results (Bottom) and theoretical predictions (Top) agree very
well, as shown in Fig. 4. For the experimental results, the
maximal visibilities for both the signal and idler beams are
limited by absorption losses and imperfect spatial mode
matching between the input beams at the center of the vapor
cell. At large intensity gain regime, the better intensity balanc-
ing of the two input beams gives better visibilities.

The one-photon detuning and two-photon detuning of the
system can affect the behavior of the nonlinear beamsplitter.
Therefore, the visibilities also will be influenced by these two
parameters. To study this effect, we fix the signal and idler
beam powers at 20 uW. First, we set the two-photon detuning
at 4 MHz and scan the one-photon detuning from 0.4 GHz to
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FIG. 4. The intensity ratio and intensity gain dependence of the two output
port visibilities. Top left and right, the theoretical simulations from Egs. (5)
and (6), bottom, the experimental results for the signal and idler outputs.
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2.0 GHz. At the same time, we record the intensity gains and
visibilities of two output ports. The results are shown in Fig.
5(a). The red diamond trace is for the signal visibility as a
function of one-photon detuning and the blue diamond trace
is for the idler. The green and yellow dot traces are for the in-
tensity gains of the signal and idler beams, respectively.
Within the range from 0.5 GHz to 1.0 GHz, the visibilities for
both channels are all above 90%. Both of the intensity gains
decrease as the detuning increases. Second, we set the one-
photon detuning at 0.8 GHz and scan the two-photon detuning
from —5MHz to 65MHz. We vary the frequencies of both
signal and idler beams symmetrically to change the two-
photon detuning. The results are shown in Fig. 5(b). We find
that the visibilities keep above 90% within a wide range from
0MHz to 30 MHz. The best visibility for both output ports is
achieved at about 4 MHz.

It must be pointed out that our nonlinear beamsplitter
described in this letter is different from both stages of our
previous SU (1,1) interferometer.'®"'? In our previous SU
(1,1) interferometer, the first PA works in phase-insensitive
configuration, and it amplifies the signal beam and generates
a idler beam. The signal and idler beams are quantum-
correlated and very noisy after this amplification (well above
their corresponding shot noise limits). The second PA is
injected with signal, idler, and pump beams and thus
becomes phase-sensitive. The gain of the second PA will
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FIG. 5. (a) The visibilities of the signal and idler fringe as a function of one-
photon detuning. (b) The visibilities of the signal and idler fringe as a func-
tion of two-photon detuning. The intensity gains for both beams are also
depicted in both figures.
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depend on the phase of the three beams. Under amplification
condition, quantum correlation shared between the two out-
put ports of the PSA stage will be enhanced. Under de-
amplification condition, the second PA can recover the signal
and idler beams back to the initial states (coherent state and
vacuum). Instead of being seeded by two noisy signal and
idler beams, the current system described in this letter is
seeded by two coherent states. When the system operates at
amplification condition, it will generate two output beams
with intensity difference squeezing, and at de-amplification
condition, these two outputs will show intensity sum squeez-
ing as predicted by our theoretical study.>® We believe it is
worth studying how the sensitivity of the interferometer
changes if we apply the system studied here to the first stage
of the SU (1,1) interferometer.

In conclusion, we have experimentally built a nonlinear
beamsplitter using a PA, which is based on non-degenerated
FWM process in hot rubidium vapor and studied the interfer-
ence phenomena. It should be noted that a non-degenerate
parametric amplifier with two coherent seeding beams has
also been studied in parametric down conversion in a nonlin-
ear crystal putting in a cavity.3’3 435 However, there are sev-
eral distinctions between our scheme presented here and the
previous works*~*?> based on nonlinear crystal due to the
advantages of the FWM process in atomic vapor, such as no
need of cavity, multimode nature, and natural separation of
the output beams. We find that the intensity ratio of the two
input beams can affect the visibilities of the two output ports.
The better intensity balancing of the two input beams gives
better visibilities of the two output ports at high gain regime.
We also studied how the one- and two-photon detunings
influence the visibilities. Our studies here pave the way to
study the quantum properties of squeezing and entanglement
predicted by our recent theoretical work.*® Such a nonlinear
beamsplitter could be used to construct a nonlinear interfer-
ometer which is different from our previous SU (1,1) inter-
ferometer. It may also find applications in phase-sensitive
generation of entangled images.
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