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We construct an interferometer with parametric amplifiers as beam splitters. Because of the gain in
the parametric amplifiers, the maximum output intensity of the interferometer can be much bigger
than the input intensity as well as the intensity inside the interferometer (the phase sensing intensity).
We find that the fringe intensity depends quadratically on the intensity of the phase sensing field at
high gain. This type of nonlinear interferometer has better sensitivity than the traditional linear
interferometer made of beam splitters with the same phase sensing intensity. © 2011 American

Institute of Physics. [doi:10.1063/1.3606549]

Optical interferometry is the basis for precision mea-
surement. Traditional optical interferometer such as the
Michelson interferometer played a pivotal role in the devel-
opment of Einstein’s special relativity.' Even at present day,
it is still a central part of the design in Laser Interferometer
Gravitational-Wave Observatory in search of the gravita-
tional wave predicted by Einstein’s general relativity.

A simple interferometer such as the Mach-Zehnder in-
terferometer shown in Fig. 1(a) consists of two beam splitters
with the one acting as wave splitter and the other as wave
combiner. For simplicity of argument, we let them to be
identical with a transmissivity T and reflectivity R. From any
standard optics textbook,” we can find the output intensity is
related to the input by

Lo = 210TR(1 + cos ) = Ir(1 + cos ¢) /2, (1)

where [, is the input intensity and Iy = 4[yTR is the maxi-
mum fringe intensity. The best sensitivity for measuring a
small phase change occurs at ¢ = 7/2 with

Al = IpA@/2 = 2T1, A, 2)

where I, = Rl is the intensity of the field subject to a phase
change (phase-sensing field). So, the sensitivity for phase
measurement is directly related to the fringe intensity / and
that for a linear interferometer is also proportional to the
phase sensing intensity.

On the other hand, there are some nonlinear processes
that are phase sensitive. Yurke et al. proposed in 1986
(Ref. 3) to use parametric processes to measure the phase
and the sensitivity can reach the ultimate quantum limit of
phase measurement, i.e., the Heisenberg limit.* There were
numerous theoretical analyses on such a system, including a
recent one by Plick et al. who suggested a further boost from
a coherent state injection.” But there has been no experimen-
tal realization since its inception, perhaps because the output
field in the original proposal by Yurke et al. is very weak to
detect at experimentally controllable gain.
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In this letter, we report on an experiment in which we
construct a nonlinear interferometer with parametric ampli-
fiers acting as beam splitters to split and recombine an
incoming optical field. When properly balanced, the interfer-
ometer can in principle have 100% visibility. Since amplifi-
cation is actively involved in the interferometer, the phase
sensing field inside the interferometer is amplified from the
input field and so is the output field exhibiting the interfer-
ence fringe. Thus, the sensitivity can be greatly enhanced as
compared to the traditional linear interferometer.

Consider the conceptual sketch in Fig. 1(b). Our inter-
ferometer consists of two parametric amplifiers (PA). The
first PA (PA1) amplifies the input “signal” field and in the
meantime produces a conjugate “idler” field. Thus, the first
PA serves as a beam splitter and split the input field into
two. The second PA (PA2) serves as a beam combiner,
which mixes the amplified signal field and the idler field.
The action of a parametric amplifier is well described in any
nonlinear optics text book® as

A;)ut _ GA;H 4 g i:n*; A?m _ GA;” 4 gAin* (3)
Here s and i stand for signal and idler, respectively. G is the
amplitude gain of the amplifier and |G|* — |g|*=1.

Therefore, if there is no idler field input at PA1, the
fields after PAI is

Ag = GilAy; An = g1AY. 4)

Here, A is the input signal field. Note that when the gain is
large, G; = g; > 1 and we have a nearly equal splitting of
Ao but the split fields are amplified from the input. Assum-
ing the idler field is subject to a phase shift of ¢, we obtain
the outputs of PA2 from Eqgs. (3) and (4) as

As2 - G(QD)AY(M AIZ = g(@)A;m (5)

with

G(p) = GGy +gig2¢7 " g(g) = Giga+ Gagie'”. (6)

In the case when both amplifiers have the same gain:
G1 =G, = Gy, g1 = g2= go, we have (G, go =real)

© 2011 American Institute of Physics
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FIG. 1. (a) A linear Mach-Zehnder interferometer. (b) A nonlinear interfer-
ometer with parametric amplifiers (PA1 and PA2) as the equivalent beam
splitters.
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G(p) =1+ gl (1 +e7): g(9) = Gogoll + 7). (D)
From Eq. (4), we find the intensity of the phase sensing field
(idler 1) inside the interferometer as

Ly = |Aa]* = [gol*o, (®)
with Iy = |A,o|” as the input intensity. The intensities of the
output fields can also be easily obtained as

Lo =1Io[1+2|Gogo|*(1 +cos )],
)

So both the output fields show interference fringes when the
phase is scanned. The idler side always has a visibility of
100%, but the signal side’s visibility is

Vy = 2|Gogol*/ (1 + 2|Gogol*), (10)

which is close to 100% when G, go > 1.
From Eq. (9), we find the maximum fringe intensity at
the idler output to be

1M = 41o|Gogo|* = 4|Go|* s = 4(Ips + Io)ps/Io. (1)

Here I,,; = I, is the intensity of the phase sensing field. For a
laﬁrd%e gain and a fixed input I,, we have I,, > I, and

x I 2 . Eq. (11) is the main feature of this nonhnear inter-
ferometer that is different from a traditional linear interfer-
ometer, i.e., the maximum fringe intensity depends
quadratically on the phase sensing intensity, in contrast to
the linear dependence in Eq. (1) for a linear interferometer.
Furthermore, the maximum fringe intensity is amplified from

Iin=219|Gogo|*(1 +cos ).
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FIG. 2. (Color online) Layout for an experimental realization of the nonlin-
ear interferometer. H: half wave plate; PBS: polarization beam splitter;
AOM: acoustic optic modulator; GL: Glen laser polarizer; GT: Glen-
Thompson polarizer; SMF: single-mode fiber; D: detector.

the phase sensing intensity by a factor of 4\G0|2, giving an
enhancement in sensitivity as compared to Eq. (2) for a lin-
ear interferometer.

The experimental layout is shown in Fig. 2. The two
parametric amplifiers are based on a four-wave mixing pro-
cess’ of a lambda configuration in Rb-85 vapor cells (inset
of Fig. 2). The two identical Rb vapor cells are 12 mm long
and are temperature-stabilized at 117 °C. They are respec-
tively illuminated by an intense vertically polarized pump
beam (~400 mW) with a beam waist of 600 ym. The pump
beams are from a frequency-stabilized Ti:Sapphire laser
locked to a Fabry-Perot reference cavity. A horizontally
polarized seed beam (usually known as ‘“signal”) with a
beam waist of 350 um is combined with the pump beam at
an angle of 0.7° in the center of the first vapor cell by a
Glan-laser polarizer. A Glan-Thompson polarizer at the out-
put port of the vapor cell is used to filter out the pass-over re-
sidual pump beam. The pump laser frequency is about 0.8
GHz blue detuned from the Rb-85 F=2 — F’ transition at
795 nm and the seed signal beam is about 3.04 GHz red
shifted from the pump with an acoustic optic modulator.
Based on these settings, the seed signal beam is amplified by
a gain, which depends on the power and frequency of the
pump beam. In the meantime, a conjugate beam (usually
dubbed “idler”) with a frequency of 3.04 GHz blue shift
from the pump is produced in the four-wave mixing process.

By using a 4f imaging system, we couple the outputs of
the first vapor cell (the amplified signal and the conjugate
idler beams) into the second vapor cell through another
Glan-laser polarizer. They are symmetrically crossed with
the pump at the center of the second vapor cell at 0.7°, simi-
lar to the first vapor cell. The two output beams from the
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FIG. 3. (Color online) Interference fringes for the
nonlinear interferometer. (a) Signal output. (b) Idler
output.
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FIG. 4. (Color online) Visibility of interference fringe as a function of
power gain \goﬁ Green squares: idler fringe; blue diamond: signal fringe;
red solid line: plot of the function in Eq. (10); the function is multiplied by a
factor of 0.95 for imperfect alignment. The arrow corresponds to the gain
for Fig. 3.

second vapor cell are, respectively, sent to two photodiodes
(D1 and D2) with single-mode fiber coupling for spatial
mode clean up. The obtained photocurrents are fed to a digi-
tal scope for data collection and analysis. A mirror mounted
on a piezo-electric transducer is used to change the phase of
the signal and idler beams after the first cell for the phase
scan of the interferometer. The relative power of the pump
beams can be controlled by half wave plates H1, H2, and H3
while the power of the injected signal beam by H4.

Fig. 3 shows typical interference fringes at the two out-
puts of the interferometer. The relative power of the two
pump beams to the two cells is optimized for maximum visi-
bility (P, =420 mW, P, =430 mW). The signal output has a
slightly smaller visibility (94.5%) than the idler side (98.6%),
as expected from Eq. (10). Next, we measure the visibilities at
different gains of the parametric amplifier by varying the
power of the pump beams. Fig. 4 shows the results of the mea-
surement. The red solid line is a plot of Eq. (10) multiplied by
a factor of 0.95 to account for imperfect alignment of the in-
terferometer. The visibility data of the signal fringe follow
this line very well. Moreover, the visibility of the idler fringe
is kept at constant around 95%, consistent with Eq. (9).

To confirm the nonlinear nature of the interferometer, we
measure the maximum of the interference fringe of the idler
output as a function of the intensity of the phase sensing field
(the idler beam by D3 right after the first vapor cell) as we
change the pump powers. The results are plotted in Fig. 5 in
log-log scale. The solid red line is a best fit curve to Eq. (11)
with I, as the adjustable parameter. The dashed black line is
a straight line with a slope of two, showing the quadratic
dependence. The inset is in linear scale clearly showing the
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FIG. 5. (Color online) Logarithmic of the maximum intensity of the inter-
ference fringe as a function of logarithmic of the intensity of the phase sens-
ing field inside the nonlinear interferometer. Inset: linear scale plot; red solid
line: fit to the function in Eq. (11); dashed line: slope 2 for quadratic
dependence.

nonlinear trend. Note that, at the highest value, the maximum
fringe intensity is about 30 times the phase sensing intensity.
In conclusion, we demonstrate a nonlinear interferometer
with a fringe intensity much higher than the equivalent linear
interferometer, thus leading to an enhanced sensitivity for
phase measurement. Although we did not discuss quantum
noise performance of this nonlinear interferometer, it is shown
elsewhere® to be also better than linear interferometers.
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