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Soliton squeezing in a Mach-Zehnder fiber interferometer
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A scheme for generating amplitude squeezed light by means of soliton self-phase modulation is experimen-
tally demonstrated. By injecting 180-fs pulses into an equivalent Mach-Zehnder fiber interferometer, a maxi-
mum noise reduction of 4.460.3 dB is obtained (6.360.6 dB when corrected for losses!. The dependence of
noise reduction on the interferometer splitting ratio and fiber length is studied in detail.
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Current interest in efficient generation of squeezed ra
tion in optical-fiber devices is prompted by the possibility
using the resulting highly-squeezed fields to create and
tribute continuous-variable entanglement for quantu
communication applications such as teleportation and de
coding@1#. Several schemes to generate amplitude-squee
light by use of the Kerr nonlinearity in optical fibers hav
recently been devised@2–6#. The most successful solito
amplitude-squeezing experiments to date have used an a
metric Sagnac interferometer, leading to 3.9 dB~6.0 dB
when corrected for losses! @3# and 5.7 dB~6.2 dB when
corrected for losses! @5# of noise reduction, respectively. A
shown schematically in Fig. 1, the amplitude squeezing
such experiments results from the combined effect of
soliton’s nonlinear propagation in the fiber and its sub
quent mixing with an auxiliary weak pulse at the fiber ou
put. The mixing rotates the total mean field relative to t
soliton’s noise, which gets shaped into a ‘‘crescent’’ throu
the nonlinear interaction, thus allowing the squeezing to
measured in direct detection. To obtain a high degree
noise reduction, it is then crucial to control the relative a
plitude and phase of the two pulses. In the Sagnac confi
ration @3,5# the pulses counterpropagate in the same fib
thus preventing the control of their relative phase. Moreov
the relative amplitude between the solitonlike pulse and
auxiliary dispersive pulse is unchangeable once one fixes
splitting ratio of the interferometer beam splitter.

To overcome these drawbacks, we investigate the s
shown in Fig. 2. In this rendition, the Sagnac geometry
‘‘unfolded’’ into a polarization Mach-Zehnder formed be
tween two polarization beam splitters, PBS2 and PB
wherein the two arms of the interferometer correspond to
two polarization modes of a single-mode polarizatio
maintaining ~PM! fiber ~3M-FSPM 7811!. The Mach-
Zehnder geometry allows independent control of the ph
and amplitude of the auxiliary pulse relative to the solito
By adding these new degrees of freedom, we are abl
study in greater detail the physical process that leads to n
reduction.
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In our setup the light source is a tunable optic
parametric oscillator~Coherent Inc., model Mira-OPO! emit-
ting a train of pulses at a wavelength of 1538 nm with
75-MHz repetition rate and 180-fs full width at half max
mum pulse width. The pulses aresechshaped and nearly
Fourier transform limited~time-bandwidth product.0.4).
The source is used to inject one arm of the interferome
with a strong pulse, propagating in the soliton regime, a
the other with a weak, dispersive pulse (.10% of the fun-
damental soliton energy!. The total injected power and th
relative powers of the two pulses are controlled by usin
half wave plate~HWP1! and a polarizing beam splitte
~PBS1!. Since the pulses propagate with significantly diffe
ent group velocities in the two polarization modes, they
launched at different times into the fiber in order for them
overlap at the fiber output. The relative delay is introduc
by adding separate free-space propagation paths@s(p) polar-
ization reflects from M1~M2!# for the two polarization
modes in the interferometer. This arrangement also prev
cross interaction between the two pulses, as they are tem
rally separated during most of the propagation distance in
fiber. In addition, a piezoelectric control on M1 allows fin
tuning of the relative phase between the pulses. A half w
plate ~HWP2! and a quarter-wave plate~QWP3! are used to
inject thes and p polarized pulses from free space into th

FIG. 1. A schematic of the mechanism leading to amplitu
squeezing in nonlinear fiber interferometers.~a! Amplitude depen-
dent phase shift deforms the solitons’ symmetrical coherent-n
distribution into a crescent-shaped distribution.~b! The auxiliary
pulse is used to rotate the mean field relative to the crescen
allow maximum amplitude-noise reduction to be measured in di
detection.
©2001 The American Physical Society01-1
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FIG. 2. A schematic of the experimenta
setup. The shaded area highlights the compone
that form the Mach-Zehnder interferomete
HWP, half wave plate; QWP, quarter-wave plat
PBS, polarizing beam splitter; M, mirror. The in
set shows a typical plot of the sum-photocurre
noise as the auxiliary-field phase is scanned;
bottom plot is obtained by fixing the phase
maximize the noise reduction. Both plots we
obtained by averaging five time scans.
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correct polarization modes of the fiber.1 At the output of the
fiber, the two pulses are recombined using a half wave p
~HWP3! and a polarizing beam splitter~PBS3!, allowing us
to easily change the recombination ratioT ~defined as the
ratio of powers of the weak to the strong pulse reflected
PBS3! by turning HWP3. The combined pulse, reflected
PBS3, is reflected off another polarization beam split
~PBS4! in order to insure a high polarization purity whil
minimizing optical losses. The emerging 75-MHz pulse tra
is then analyzed with a four-diode balanced detector, whe
four photodiodes~Epitaxx ETX500! are used to increase th
saturation power to 40 mW of average power. To increase
overall detection efficiency, we use spherical mirrors t
bounce back the light reflected from the photodiode surfa
This configuration yields a total measured detection e
ciency of 78%, where the Fresnel loss at the fiber end~5%!,
propagation losses through various optical elements~8%!,
and subunity photodetector quantum efficiencies~equivalent
losses of 11%! are the contributing factors. For bette
squeezing measurements, the Fresnel loss was also mitig
by using a window that is antireflection coated on one si
The uncoated side is put in optical contact with the uncoa
fiber tip using an index-matching gel~Nye Lubricants OC-
431A-LVP!. We estimate that this improves the overall d
tection efficiency to 82%.

The experimental results are shown in Fig. 3. We stu
the quantum-noise reduction in the photocurrent spec
density at 28.7 MHz as a function of the average opti
power that is proportional to the squared soliton numberN2

in the soliton arm of the interferometer. Figures 3~a!–3~c!
illustrate the quantum-noise reduction for fiber lengths

1In principle QWP3 should not be necessary, but we found tha
greatly improves the polarization purity of the pulses at the fi
output. This is perhaps due to the fact that the polarization eig
modes of the PM fiber are not exactly linearly polarized.
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3.4, 6, and 9 m, corresponding to 2.5, 4.3, and 6.5 soli
periods, respectively. The noise reduction was maximized
adjusting the relative phase between the pulses in the in
ferometer arms. Data sets represented by filled circles r
to the maximum noise reduction, which is obtained withT
equal to: ~a! (0.460.1)%, ~b! (0.3260.01)%, and ~c!
(0.5360.05)%, respectively. The best noise reductions m
sured are: (4.160.3) dB for the setup with 78% detectio
efficiency and (4.460.3) dB for that with 82% detection
efficiency. These correspond, respectively, to (6.360.6) dB
and (6.660.7) dB of inferred noise reduction at the fibe
output when degrations due to linear losses are taken
account.

The data in Fig. 3 clearly show a pronounced depende
of the noise reduction on the recombination ratioT, the fiber
length, and the input average power. The analysis of s
dependencies requires a model for the propagation of
pulses’ quantum noise in the fiber. An analytical solution
the propagation of the quantum noise of the fundame
soliton (N51) and the associated continuum is possi
@7–10#. This analytical solution has been applied to t
analysis of squeezing experiments that use interferome
@10#. We show the comparison of this latter analysis with o
experimental data in the inset of Fig. 4~a!, where only the
points withN51 are plotted. However, when the pulses a
not fundamental solitons, there is no known analytical so
tion for the propagation of the quantum noise. Several wo
have applied numerical methods to solve this problem
such numerical solutions have been used to analyze
noise-reduction properties of asymmetric Sagnac interfer
eters@3,12#. A common feature of all of these works is th
the calculated noise reduction exceeds, by a sizable amo
any experimental result obtained so far. Remarkably, ho
ever, the theory seems to be able to reproduce the ov
structure of the experimental data.

In our analysis, we have focused on the features
quantum-noise reduction versus average power and the a
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ciated dependence on the recombination ratio. To do this
have performed a numerical simulation of the Mach-Zehn
interferometer. At the core of the simulation is a routine th
propagates quantum noise through the fiber. This routine
lies on the standard linearization technique@13# for solving
the quantum nonlinear Schro¨dinger equation~NLSE!

]Û

]z
5 iÛ †ÛÛ1

i

2

]2Û

]t2
, ~1!

which describes the evolution of the annihilation operatorsÛ
for the envelope of the electric field in the fiber. Equation~1!
is written in a retarded frame moving together with the pu
along z, which is expressed in standard normalized-len

FIG. 3. Experimental quantum-noise reduction as a function
average power in the soliton arm~squared soliton numberN2). ~a!
3.4 m of fiber, T5(0.460.1)%; ~b! 6.0 m of fiber, T5(0.11
60.01)% ~triangles!, T5(0.3260.01)% ~filled circles!, T5(1.0
60.4)% ~squares!, and for clarity only one error bar for each da
set is displayed;~c! 9 m of fiber,T5(0.536.05)%. For all data the
detection efficiency is 78%.
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units @11#. We linearize this equation by puttingÛ5^Û&
1û, whereû is the annihilation operator for the fluctuation
keeping only terms up to the first order inû. This yields a
pair of coupled equations: the zeroth-order expansion re
sents the classical NLSE, which describes the evolution
the envelopê Û&, whereas the first-order expansion gives
linear equation for the fluctuation operatorû. Applying the
discretization procedure described in Ref.@12#, we have de-
veloped a computer program to solve the fluctuation eq

FIG. 4. Comparison of the experimental data, correc
quantum-noise reduction vs the squared soliton numberN2 ~dia-
monds!, with numerical simulations: hollow squares refer to t
case where the auxiliary pulse is in a coherent state and filled cir
to the case where input quantum noise of the auxiliary pulse
propagated through the fiber; lines connecting the points are ad
for guidance.~a! 6.0 m of fiber,T5(0.1160.01)% ~experiment!,
T50.1% ~simulations!; ~b! 6.0 m of fiber,T5(0.3260.1)% ~ex-
periment! T50.35% ~simulations!; ~c! 6.0 m of fiber, T5(1.0
60.4)% ~experiment!, T51.0% ~simulations!. In the inset in~a!
shows a comparison of the theoretical results of Ref.@10# ~down
triangles! with the corrected experimental quantum-noise reducti
~up triangles! in cases where the strong pulse is a fundamen
soliton. The data points are for various fiber lengths with cor
spondingly different recombination ratiosT.
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tion numerically, assuming that a solution~numerical or ana-
lytical! is given for the corresponding classical NLSE. O
algorithm uses a split-step Fourier method, wherein each
is solved exactly using matrix exponentiation. The behav
of the Mach-Zehnder interferometer is simulated by pro
gating the averaged envelopes of the solitonlike and the a
iliary pulses through equal lengths of the fiber. Using the
numerical solutions for the averaged envelopes, we t
propagate the noise operators for the solitonlike pulse. At
output of the interferometer, the solitonlike pulse is mix
with the auxiliary pulse. We consider two cases in our sim
lations: for the curves marked by hollow squares connec
with a dashed line, we assume coherent-state noise for
auxiliary pulse; whereas for the curves marked by so
circles connected with a continuous line, we numerica
propagate the noise of the auxiliary pulse through the fibe
well. As expected, the effect of the quantum-noise evolut
of the auxiliary pulse is larger for larger recombination rat
@Fig. 4~c!#. We attribute the oscillations in the noise redu
tion to phase chirp introduced by dispersion in the fiber. T
also explains why the frequency of oscillations is appro
mately doubled, when the propagation of the auxiliary pu
in the fiber is fully taken into account.

In Fig. 4~a!–4~c! we compare the results of our simul
tions for the 6.0-m fiber length and various recombinat
ratios with the corresponding experimental data sets
have been corrected for detection losses. The calculated
ues of noise reduction do not quantitatively agree with
experimental data, which show little evidence of the osci
tions. Nevertheless, the theory correctly predicts a satura
in the detected noise reduction for large values ofN2, which
we attribute to an increasing temporal mismatch in the ov
lap between the solitonlike and the auxiliary pulses. Reas
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for the discrepancy between the theory and the experim
have been discussed in the literature with authors reac
differing conclusions. Some@3# believe the discrepancy to b
due to the Raman effect~that we have found to be significan
in our setup! and their claim is partially supported by pape
that discuss limits on the squeezing imposed by the Ram
noise @14#. Other authors@15# have reported results of nu
merical calculations with inclusion of the Raman effect, b
the results show that the Raman noise does not seem to
a significant role. Finally, the authors of one experiment@2#
cooled the fiber to liquid nitrogen temperature and obser
an increase in the noise reduction, thus suggesting a pre
nent role for thermal phase scattering owing to guided-w
Brillouin scattering@16#, whereas others@17# were able to
achieve a good matching between the theory and data i
experiment where both Brillouin and Raman scattering w
negligible. These discrepancies between the various stu
suggest that further investigation, both theoretical and
perimental, is warranted.

In conclusion, we have studied a Mach-Zehnder nonlin
fiber interferometer for generation of amplitude-squeez
light. By varying the key parameters of the interferomet
such as the fiber length, recombination ratio, and aver
input power, we optimized its performance and measu
large amounts of amplitude squeezing. In addition, by us
numerical analysis we have tried to understand the dep
dencies of noise reduction on these key parameters.

The authors thank G. Biondini for useful suggestions
the numerical simulations and E. Corndorf for his help w
the computers. This work was supported in part by the U
Army Research Office through MURI Grant No. DAAD19
00-1-0177 and associated financial support for J. E. Shar
through Grant No. DAAD19-00-1-04.
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