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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#40.3 dB is obtained (6:80.6 dB when corrected for losge3he 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 radia- In our setup the light source is a tunable optical-
tion in optical-fiber devices is prompted by the possibility of parametric oscillatofCoherent Inc., model Mira-OP@mit-
using the resulting highly-squeezed fields to create and diging a train of pulses at a wavelength of 1538 nm with a
tribute continuous-variable entanglement for quantum-75-MHz repetition rate and 180-fs full width at half maxi-
communication applications such as teleportation and denseum pulse width. The pulses asechshaped and nearly
coding[1]. Several schemes to generate amplitude-squeezdeburier transform limitedtime-bandwidth product=0.4).
light by use of the Kerr nonlinearity in optical fibers have The source is used to inject one arm of the interferometer
recently been devisef2—6]. The most successful soliton with a strong pulse, propagating in the soliton regime, and
amplitude-squeezing experiments to date have used an asymire other with a weak, dispersive pulse 10% of the fun-
metric Sagnac interferometer, leading to 3.9 ¢80 dB  damental soliton energyThe total injected power and the
when corrected for lossp$3] and 5.7 dB(6.2 dB when relative powers of the two pulses are controlled by using a
corrected for losseqd5] of noise reduction, respectively. As half wave plate(HWP1) and a polarizing beam splitter
shown schematically in Fig. 1, the amplitude squeezing iNPBS1J). Since the pulses propagate with significantly differ-
such experiments results from the combined effect of thent group velocities in the two polarization modes, they are
soliton’s nonlinear propagation in the fiber and its subsejaunched at different times into the fiber in order for them to
quent mixing with an auxiliary weak pulse at the fiber out- gverlap at the fiber output. The relative delay is introduced
put. The mixing rotates the total mean field relative to thEby addmg Separate free-space propagation F[S(hs p0|a|’-
soliton’s noise, which gets shaped into a “crescent” throughijzation reflects from M1(M2)] for the two polarization
the nonlinear interaction, thus allowing the squeezing to bgnodes in the interferometer. This arrangement also prevents
measured in direct detection. To obtain a high degree ofross interaction between the two pulses, as they are tempo-
noise reduction, it is then crucial to control the relative am-rally separated during most of the propagation distance in the
plitude and phase of the two pulses. In the Sagnac configuiber. In addition, a piezoelectric control on M1 allows fine
ration [3,5] the pulses counterpropagate in the same fibefuning of the relative phase between the pulses. A half wave
thus preventing the control of their relative phase. Moreoverpjate (HWP2) and a quarter-wave platQWP3 are used to

the relative amplitude between the solitonlike pulse and thenject thes and p polarized pulses from free space into the
auxiliary dispersive pulse is unchangeable once one fixes the

splitting ratio of the interferometer beam splitter.
To overcome these drawbacks, we investigate the setup 4 @ (b)
shown in Fig. 2. In this rendition, the Sagnac geometry is
“unfolded” into a polarization Mach-Zehnder formed be-
tween two polarization beam splitters, PBS2 and PBS3,
wherein the two arms of the interferometer correspond to the

two polarization modes of a single-mode polarization- kg 1. A schematic of the mechanism leading to amplitude
maintaining (PM) fiber (3M-FSPM 7811 The Mach-  gqueezing in nonlinear fiber interferometefa. Amplitude depen-
Zehnder geometry allows independent control of the phasgent phase shift deforms the solitons’ symmetrical coherent-noise
and amplitude of the auxiliary pulse relative to the soliton.distribution into a crescent-shaped distributigh) The auxiliary

By adding these new degrees of freedom, we are able tpulse is used to rotate the mean field relative to the crescent to
study in greater detail the physical process that leads to noisglow maximum amplitude-noise reduction to be measured in direct
reduction. detection.
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éo.n P e R R pest =1 FIG. 2. A schematic_ of_ the experimental
Time (s) v setup. The shaded area highlights the components
that form the Mach-Zehnder interferometer.
PBS3  HwP3 HWP2 pgsp| QWPT M HWP, half wave plate; QWP, quarter-wave plate;
@) PBS, polarizing beam splitter; M, mirror. The in-
PM 1 set shows a typical plot of the sum-photocurrent
Fiber QWP3  qwpz ey noise as the auxiliary-field phase is scanned; the
Y Phase Control bottom plot is obtained by fixing the phase to
Lok maximize the noise reduction. Both plots were
] PBS5 obtained by averaging five time scans.

4-photodiode
Detector

correct polarization modes of the fibeAt the output of the 3.4, 6, and 9 m, corresponding to 2.5, 4.3, and 6.5 soliton
fiber, the two pulses are recombined using a half wave platperiods, respectively. The noise reduction was maximized by
(HWP3) and a polarizing beam splitt¢PBS3, allowing us  adjusting the relative phase between the pulses in the inter-
to easily change the recombination rafio(defined as the ferometer arms. Data sets represented by filled circles refer
ratio of powers of the weak to the strong pulse reflected byo the maximum noise reduction, which is obtained with
PBS3 by turning HWP3. The combined pulse, reflected byequal to: (a) (0.4+0.1)%, (b) (0.32+0.01)%, and (c)
PBS3, is reflected off another polarization beam splitter(0.53+0.05)%, respectively. The best noise reductions mea-
(PBS4 in order to insure a high polarization purity while sured are: (4.40.3) dB for the setup with 78% detection
minimizing optical losses. The emerging 75-MHz pulse trainefficiency and (4.40.3) dB for that with 82% detection
is then analyzed with a four-diode balanced detector, wherei@fﬁciency_ These correspond, respectively, to {6036) dB
four photodiodesEpitaxx ETX500 are used to increase the and (6.6-0.7) dB of inferred noise reduction at the fiber
saturation power to 40 mW of average power. To increase thgytput when degrations due to linear losses are taken into
overall detection efficiency, we use spherical mirrors thatyccount.
bounce back the light reflected from the photodiode surfaces. The data in Fig. 3 clearly show a pronounced dependence
This configuration yields a total measured detection effiof the noise reduction on the recombination rafjahe fiber
ciency of 78%, where the Fresnel loss at the fiber @),  |ength, and the input average power. The analysis of such
propagation losses through various optical elemé8®),  dependencies requires a model for the propagation of the
and subunity photodetector quantum efficienc¢eeguivalent  pyises’ quantum noise in the fiber. An analytical solution for
losses of 11% are the contributing factors. For better the propagation of the quantum noise of the fundamental
squeezing measurements, the Fresnel loss was also mitigatggliton (N=1) and the associated continuum is possible
by using a window that is antireflection coated on one side 7-10]. This analytical solution has been applied to the
The uncoated side is put in optical contact with the uncoate@nalysis of squeezing experiments that use interferometers
fiber tip using an index-matching gélNye Lubricants OC-  [10]. We show the comparison of this latter analysis with our
431A-LVP). We estimate that this improves the overall de-experimental data in the inset of Fig(a4 where only the
tection efficiency to 82%. o points withN=1 are plotted. However, when the pulses are
The experimental results are shown in Fig. 3. We studyot fundamental solitons, there is no known analytical solu-
the quantum-noise reduction in the photocurrent spectrajon for the propagation of the quantum noise. Several works
density at 28.7 MHz as a function of the average opticahaye applied numerical methods to solve this problem and
power that is proportional to the squared soliton num¥€r  such numerical solutions have been used to analyze the
in the soliton arm of the interferometer. Figure@®3-3(c)  nojse-reduction properties of asymmetric Sagnac interferom-
illustrate the quantum-noise reduction for fiber lengths 0feters[3,12]. A common feature of all of these works is that
the calculated noise reduction exceeds, by a sizable amount,
any experimental result obtained so far. Remarkably, how-
Yn principle QWP3 should not be necessary, but we found that i€Ver, the theory seems to be able to reproduce the overall
greatly improves the polarization purity of the pulses at the fiberstructure of the experimental data.
output. This is perhaps due to the fact that the polarization eigen- In our analysis, we have focused on the features of
modes of the PM fiber are not exactly linearly polarized. guantum-noise reduction versus average power and the asso-
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. ‘ ‘ ‘ . . K FIG. 4. Comparison of the experimental data, corrected
0 5 {10 15 20 25 30 35 quantum-noise reduction vs the squared soliton nuniNrekdia-
AvemgePowsr (i) monds, with numerical simulations: hollow squares refer to the
FIG. 3. Experimental quantum-noise reduction as a function Ofc?stﬁgvzzgeethehzlrj:l'lgry tpulszr:f ':1 ancc:)(.):eercejp tts;at;s aq:‘ I'”ed E;Cl.e:
average power in the soliton arfsquared soliton numbet?). (a) w npu _qu- ' ' ) uxtiary pu !
. N ) ) _ propagated through the fiber; lines connecting the points are added
3.4 m of fiber, T=(0.4+0.1)%; (b) 6.0 m of fiber, T=(0.11 : . )
. - . . - for guidance.(a) 6.0 m of fiber,T=(0.11+0.01)% (experimeni,
+0.01)% (triangleg, T=(0.32+0.01)% (filled circles, T=(1.0 T—0.1% (simulations: (b) 6.0 f fiber, T=(0.32+0.1)% (ex-
+0.4)% (squarey and for clarity only one error bar for each data =~ o (simuiations, 0 m of fiber, T=(0. 1)% (ex

i< displ ) f fiber T= (0. 05)% . E I h perimeng T=O._35% (simulations;_ () 6_.0 m of fibt_ar,Tz_(l.O
Zgéit?;pea;ﬁgide(si:)? irsn 7080/|0ber, (0.53+.05)%. For all data the +0.4)% (experimenk, T=1.0% (simulations. In the inset in(a)

shows a comparison of the theoretical results of RE®] (down

. . . . triangles with the corrected experimental quantum-noise reductions
ciated dependence on the recombination ratio. To do this, wup triangled in cases where the strong pulse is a fundamental

havef performed a rrl]umerlcaIfS|rr1nul§1tlorl1 O.f th? MaCh—Zehnr(]je oliton. The data points are for various fiber lengths with corre-
interferometer. At the core of the simulation is a routine t atspondingly different recombination ratids

propagates quantum noise through the fiber. This routine re-
lies on the standard linearization techniddé&] for solving

the quantum nonlinear Schtimger equatior(NLSE) units [11]. We linearize this equation by putting =(U)
R - +U, whereu is the annihilation operator for the fluctuations,
(7U A | (7 U . . o~ . .
000+~ 1) keeping only terms up to the first order in This yields a

0z 2 g2’ pair of coupled equations: the zeroth-order expansion repre-

sents the classical NLSE, which describes the evolution of
which describes the evolution of the annihilation operatbrs the envelopgU), whereas the first-order expansion gives a
for the envelope of the electric field in the fiber. Equatith  linear equation for the fluctuation operator Applying the
is written in a retarded frame moving together with the pulsediscretization procedure described in Rdf2], we have de-
along z, which is expressed in standard normalized-lengthveloped a computer program to solve the fluctuation equa-
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tion numerically, assuming that a solutiGmumerical or ana- for the discrepancy between the theory and the experiment
lytical) is given for the corresponding classical NLSE. Ourhave been discussed in the literature with authors reaching
algorithm uses a split-step Fourier method, wherein each stegiffering conclusions. Somie3] believe the discrepancy to be

is solved exactly using matrix exponentiation. The behaviodue to the Raman effethat we have found to be significant
of the Mach-Zehnder interferometer is simulated by propain our setup and their claim is partially supported by papers
gating the averaged envelopes of the solitonlike and the aushat discuss limits on the squeezing imposed by the Raman
iliary pulses through equal lengths of the fiber. Using thesd0ise[14]. Other authorg15] have reported results of nu-
numerical solutions for the averaged envelopes, we thefnerical calculations with inclusion of the Raman effect, but

propagate the noise operators for the solitonlike pulse. At th e_re;fglts sho:/v that tne Rhaman hnoise fdoes not seem to play
output of the interferometer, the solitonlike pulse is mixed? Significant role. Finally, the authors of one experimigit

with the auxiliary pulse. We consider two cases in our Simu_cooled the fiber to liquid nitrogen temperature and observed

lations: for the curves marked by hollow squares connectegzr:?fgle(f?; '?htek;i]gf'sﬁarsid:gggh;hu(s)vi#]ggteosnzg d: d?\r/sae\?jal-
with a dashed line, we assume coherent-state noise for t P g gtog

auxiliary pulse; whereas for the curves marked by solid rillouin scattering[16], whereas otherfl7] were able to

circles connected with a continuous line, we numericallyaCh'eve a good matching between the theory and data in an

propagate the noise of the auxiliary pulse through the fiber agxpe_rl_ment where b.Oth Br|II01_J|n and Raman scattering were
well. As expected, the effect of the quantum-noise evolutionneg“g'ble' These discrepancies between the various studies

of the auxiliary pulse is larger for larger recombination ratioss:gr;i%?::]tg;aitsfijg?rearmlg\éestlgatlon, both theoretical and ex-
[Fig. 4(c)]. We attribute the oscillations in the noise reduc-P ’ )

. S . oo ) . In conclusion, we have studied a Mach-Zehnder nonlinear
tion to phase chirp introduced by dispersion in the fiber. Th!Sﬁber interferometer for generation of amplitude-squeezed

also explains why the frequency of oscillations is approx"light. By varying the key parameters of the interferometer,

mately doubled, when the propagation of the auxiliary pulse ' oo .
in the fiber is fully taken into account. such as the fiber length, recombination ratio, and average

In Fig. 4a)—4(c) we compare the results of our simula- input power, we optimized its performance and measured

tions for the 6.0-m fiber length and various recombinationIarge amounts of amplitude squeezing. In addition, by using

ratios with the corresponding experimental data sets thanumgncal anglyss we have tried to understand the depen-
encies of noise reduction on these key parameters.

have been corrected for detection losses. The calculated val-

ues of noise reduction do not quantitatively agree with the The authors thank G. Biondini for useful suggestions in
experimental data, which show little evidence of the oscilla-the numerical simulations and E. Corndorf for his help with
tions. Nevertheless, the theory correctly predicts a saturatiothe computers. This work was supported in part by the U.S.
in the detected noise reduction for large value\éfwhich  Army Research Office through MURI Grant No. DAAD19-
we attribute to an increasing temporal mismatch in the over00-1-0177 and associated financial support for J. E. Sharping
lap between the solitonlike and the auxiliary pulses. Reasonthrough Grant No. DAAD19-00-1-04.
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