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Raman-induced photon correlations in optical fiber solitons
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Recent experimental results on edge-filtetal$o referred to as low- and high-pass filjessbpicosecond
optical solitons have raised a number of theoretical questions concerning the origin of the reduced photon-
number fluctuations. One of the main experimental results was that for long fibers, on the order of 100 soliton
periods, the measured photon-number squednicig@asedwith propagation distance in contrast with theoret-
ical calculations for picosecond solitons at that time. Here | present theoretical results on photon statistics of
edge-filtered subpicosecond optical solitons. The numerical simulations include coupling to phonons via a
Raman interaction, in addition to the electronic Kerr nonlinearity, and are in good agreement with the experi-
mental data over the range of propagation distances investigated so far. The theoretical results clearly show that
the phenomena observed are not related to long fiber propagation but to the Raman self-frequency shift and
should be more clearly observable using cooled fif8t050-29479)51508-4

PACS numbe(s): 42.50.Dv, 42.65.Tg, 42.65.Dr, 42.81.Dp

Spectral filtering in one form or another has proved to bea three-wave-mixing process, but now only two of the
an extremely useful and simple method for the manipulatiorbosons are detected. Essentially there is a filtering process
of optical fields. For nonlinear pulse propagation it is a natuwhere the spectral filter is given by the response function of
ral method for engineering pulse characteristics and hathe media. Second, there is a colored noise associated with
proved useful in noise reduction in propagating optical soli-this frequency-dependent response function. For the fast
tons[1], such as reducing Gordon-Haus timing jit{@l. A electronic nonlinearity all participating photons are in prin-
method for reducing photon-number fluctuations of opticalciple detectable. This is one reason why self-interacting
solitons below the shot-noise level using spectral filteringfields allow photon correlations to more easily produce opti-
was demonstrated several years §8d]. It took advantage cal fields with noise statistics measured substantially below
of the internal quantum noise structyfg of soliton pulses shot noise. But there is a price to pay for ideal symmetrical
to reduce the noise below shot noise. noise generated by the electronic nonlinearity. When we con-

It was shown in the first theoretical predictif@] that the  sider initial propagation of a coherent fundamental soliton
method did not simply remove excess noise nor did photonthe noise is not in the far wings of the intensity spectrum, it
number squeezing arise from only sub-shot-noise variancds “in-band” noise that makes it difficult to remove without
of individual frequency components. In fact, it was stated indisturbing the signal. It would seem reasonable to argue that
[3] that intermode correlations were important for the fol-any physical process that conserves photon-number and
lowing reason. The optimal bandpass filter corresponded tmoved noise within the main signal bandwidth out of band
only a partial removal of outer noisy frequencies. It wascould allow larger squeezing than the ideal case. The new
found that for bandpass filtering an ideal coherent fundamerbalance between removing correlated noise and leaving the
tal soliton the optimal cutoff frequency corresponded to theanticorrelated noise would depend on the relative contribu-
peak of the electronic nonlinearity induced spectral intensitytions from the electronic nonlinearity and the candidate
noise sidebands. The only way that can occur is for som@hysical process. In silica fiber a candidate process is the
remaining frequencies to be correlated with other unfilteredRaman effect, which can be effectively turned on simply by
spectral components to reduce the integrated spectral noissing subpicosecond pulses.

(i.e., anticorrelated The fact that the photon-number noise  The experiments were performed using 13Qffsl width
increased when the filter was further narrowed, even thought half maximum pulses[7] to investigate the effects of the
those frequencies that were additionally removed had variRaman process and its associated quantum noise in optical
ances that were above shot noise, was proof that intermod#ers. High-pass filtered pulses showed greater noise reduc-
correlations were reducing the photon-number variance ofion after propagating on the order of 100 soliton periods
the filtered pulse. This was made obvious by describing botltompared to a few soliton periods. Low-pass filtered pulses
the noise reduction variation with filter bandwidth along with showed at best shot-noise level fluctuations for long fibers
the intensity spectral noise varian®5]. Such correlations and similar noise levelgalthough smaller squeezinghan
were later experimentally measurigl. Of course, in a non- high-pass filtered pulses for short fibers less than about three
linear process frequency correlations are trivial, but what isoliton periods. Qualitatively the experimental results are
interesting in this case is the way they are correlated. consistent with the Raman downshifted spectral components

The Raman effect changes the balance between correlatesthibiting excess noise with reduced anticorrelation, while
spectral components in two ways. First, there is a Ramathe higher-frequency components remain anticorrelated. The
amplification process that converts photons at frequentty  noise correlation balance must depend on the particular Ra-
w* ) (predominantlyw to o — () at or below room tempera- man contribution to the Kerr nonlinearity of silica fiber,
ture), whereby a phonon at frequen€yis involved. This is  which here is taken to be approximately 18%. An interesting
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guestion is whether a medium that exhibits an almost purely o
Raman interaction and little instantaneous Kerr nonlinearity \/ﬁh(w)zf dQ
would exhibit larger squeezing with an asymmetric filter 0
than a purely electronic nonlinearity with a symmetric filter.
Previous work on the generation of single-cycle classical raand the cross-correlation
diation using Raman scattering of femtosecond pu[$ds
suggests that a quantum theory for media with strong Raman + 1
interactions on femtosecond time scales will take on a dif- <Fv(§!w)rv(§”w/)>:ﬁ5(‘§_§,)5(a’+ ')
ferent form than the one presented here. A more general
guantum theory for femtosecond time scales has been devel- X[Nen(| o))+ 0(— w) ]a(|w]) .
oped and will be described elsewh¢s.

By comparing the numerical results for solitons experi- (4)
encing no Raman effect with those that do in the subpicosec- , , , )
ond pulse regime used in the experiments, it is shown in thid "€ quantum noise from the electronic nonlineaiiyis a
paper that the Raman effect can indéecteasethe squeez- real 5-correlated Gaussu’m noise with variance given by the
ing relative to the non-Raman case using an edge filter foproduct of the_ electronic fractioi and inverse photon-
certain propagation distances, even after propagating only BUmber scale b= 7,to/K"w’?, wheresy is the nonlinearity
few soliton periods. This is in contrast to previous theoreticaover the time-scale of interest. The paramei¢w) is the
results for picosecond pulses where for short propagatiolRaman gain that has a peak near 13 THz for silica fiber.
distances there was no evidence of Raman effects increasifigman inhomogeneous model parameters used here corre-
the squeezing. The predicted form of the evolution of thespond to the Raman gain curve in REf1]. The techniques
photon-number variance is consistent with the experimentdp study the propagation of the quantum field equations are
observations. Moreover, at shorter propagation distancegliscussed elsewhef#2]. Error bars in the plots represent the
where the experimental data published so far shows a defestimated combined sampling and step-size error. By using a
nite oscillatory structure, good quantitative agreement ig1ormally ordered representation, no additional noise sources
found. An asymptotic soliton perturbation theofg0] is need be added to compensate for the effect of the spectral
much better suited to answer questions about the long fibditer f(») on vacuum fluctuations. In the positiverepre-
results of order 100 soliton periods. However, the resultsentation, the photon number is taken to be
presented here indicate that new insight into the optimal
noise reduction from Raman effects in soliton photon- —
number squeezing is interesting, not only for long fib%rs, but (n)znj dof*(—o)f(0)($'(~w)d(w)). (5)
also for other physical systems for which the ratio of the
electronic to the Raman contribution of the nonlinearity isThis paper considers the effect of the simplest asymmetric

o) sgne)
|
(0%~ w?) 2

a(|w), (3)

smaller. . filters—high-pass and low-pass frequency filters.
The Raman-modified stochastic nonlinear Sdimger The experimental parameters described in R@fthat are
equation for the normalized photon flux fiefe(£,7) is given  relevant to the discussion here afe=0.981 andt,=73 fs,
by [11] using coherent input pulses with &lsech() amplitude pro-
56 ' 2 file containing 21=4.1x 10° photons ai=1503.5 nm. Us-
| . o ing these parameters to set the time scale and photon-number
9 2 1iﬁ $+if ¢l p?+\igle scale of the system, the optimized photon-number squeezing

versus the propagation distance is calculated by varying the
T, , , , cutoff frequency of an edge filter. The length scale is deter-
fﬁwdT h(r=m)e'(7)b(7)+Ty|, () rined by the anomalous group-velocity dispersioi.aAny
corrections due to higher-order effects, such as third-order
dispersion or frequency-dependent electronic nonlinearity,
have not been included here for simplicity. The results given
in Fig. 1 correspond to inclusion of Raman effectsTat
=4.2 K and with no Raman effects. An important effect
shown in Fig. 1 is that after the first minimum in the oscil-
lation the Raman effect causes the next peak to be truncated
t=300 K. This is clearly seen in the experimental dath In
the ideal case the first minimum is at about three soliton
periods(é=37/2) and the period of the oscillation is eight
soliton periods §periog=47). The cooled Raman case
clearly exhibits arincreasein squeezing relative to the ideal
case. The general trend after ten dispersion lengths is toward
increased squeezing. The result for applying a low-pass filter
+[n(lw))+0(—w)]a(|o])}, (2) s also given in Fig. 1. At ten dispersion lengths, the photon-
number variances of the low-pass filtered pulse approached
whereny, is the thermal phonon occupation numb&ie) is  shot-noise level and displayed small departures below shot-
a step function with value unity for positive arguments, noise thereafter, but were not statistically significant in these

+ig

where the length and time variableg, £) in the comoving
frame at speed’ (group velocity at the carrier frequenan
the laboratory frame xt) are r=(t—x/w')/ty, £=X/Xg,
Xo=12/|K"|. The characteristic time scalgwill be chosen to
be the pulse width later, and the soliton period7i® times
longer than the dispersion length determined by, and the
second-order dispersiokl’. The Raman noise correlations
are given by the autocorrelation

1
<FV<§,w)FV<f',w'>=ﬁ&f—f')(s(mw'){—iEh(w)
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FIG. 1. Variation of the photon-number squeezid@) for op- FIG. 2. Variation of the photon-number squeez{d@) for op-

timal noise reduction using the high-frequency pass and lowiimal noise reduction using the high-frequency pass edge filter ver-
frequency pass edge filters versus propagation distance in units sfis propagation distance in units of dispersion length with and with-
dispersion length with and without the Raman effegtH73 fs, T out Raman effecttg=1 ps,T=0K, 300 K).

=0K, 4.2 K, 300 K). Upper solid line is for a low-frequency pass
edge filter aff =300 K and for¢ >10 remaining near the shot-noise

level within error estimates. Lower solid line and other simulation
data are for high-frequency pass edge filters.

cutoff frequency corresponds to the lower frequency peak in
the spectral intensity variance. The auto-correlations and
cross correlations in the spectral components will be pre-
simulations. The results for the Raman affected pulse arsented elsewher@].
remarkably similar to the experimental data of Bgaet al. The Raman noise always appeared to decrease the squeez-
[7]. ing in the picosecond pulse regime, as discussed earlier. In
A feature exhibited in Fig. 1 that should be noted is thethe theoretical studies that have included Raman effects car-
squeezing after ten dispersion lengths for the non-Ramaried out so far[3,5], the Raman self-frequency shift was
case. Upon inspection of the cutoff frequency for optimizednegligible and the filters were symmetric about the initial
noise reduction, one finds there is a sharp transition near thjgulse central frequency. Now, one is led to the interesting
point towards a lower cutoff frequency. The non-Raman af-conclusion that eithefi) Raman noise alone increases the
fected pulse requires a higher cutoff frequency than the Raghoton-number noise while the Raman self-frequency shift
man affected pulse after that point as the propagation disallows this noise penalty to be overcome with the aid of the
tance increases further. One anticipates that the optimizeglectronic nonlinearity ofii) the Raman effect also allows an
cutoff frequency oscillates in the ideal case. However, thdncrease in the squeezing of picosecond pulses, provided the
Raman affected pulse exhibits just the opposite trend in theymmetric bandpass filter is replaced with edge filters.
optimized cutoff frequency as the propagation distance in- We can now rule outii), since an explicit calculation has
creases further. This is consistent with the Raman selfbeen carried out using edge filters for picosecond pulses. The
frequency shift; however, the frequency shift itself is still optimized edge filter for propagation including the Raman
small after ten dispersion lengths, whereas the quantum noigdfect always displays a smaller noise reduction with respect
shows a significant change in its spectral intensity variance$p the ideal case usirig=1 ps atT =300 K. Figure 2 shows
which is highly asymmetric, as expectgtB] and measured the photon-number squeeziidB) versus propagation dis-
[14]. As discussed earlier, one can show by the same reasotance for the latter case with and without the Raman effect.
ing as was done for a fundamental soliton not experiencing a0 decrease the Raman noise, one can cool the fiber, as was
self-frequency shiff3] that quantum intermode correlations achieved in the original coherent quantum soliton experi-
are important for below shot-noise photon-number statisticsnents of Rosenbluh and Shelpy5]. Results comparing a
as has been discussed[i#]. It is even clearer in this case cooled fiber atT=4.2 K with a room-temperature fiber at
than in[3], since there is no spectral intensity variances beT=300 K and the non-Raman case with a purely electronic
low shot noise at room temperature afger5.5 and, for ex- nonlinearity are shown in Fig. 1. They have a number of
ample, at the local minima in Fig. 1 &6, the optimal interesting features, some of which appear in the experimen-
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tal data at room temperature. It is clear in Fig. 1 that thefor fibers up to about 20 soliton periods are accurately de-
Raman noise causes the truncation of the oscillation near testribed by the theory of Carter and Drummond for the
dispersion lengths, since the cooled fiber shows a clear oRaman-modified quantum nonlinear Safirger equation
cillatory peak. At around 25 dispersion lengths the nonq{11]. For longer propagation distances the numerical results
Raman case reaches a peak in its oscillatory photon-numbgsing the positive? representation are currently not accurate
Variance, and at the same prOpagation distance the COOI%ough to a”OW any Comparison between theory and experi_
fiber has an order-of-magnitude larger noise reduction. At 3@nent. It is possible that introducing a stochastic differencing
dispersion lengths the cooled fiber reaches an estimateg,cedurg12] could enable longer propagation distances to
squeezing of-6.8+0.6 dB, which is comparable to the in- he gtdied. However, a linearized quantum theory for this
ferred squeezing found for long fibers in the experiments of,ohiem has been specified in the Heisenberg representation

—6.4+0.8 dB[7]. : . _
All the qualitative features of the quantum noise proper-ﬁg and may be studied using other methods for long fibers

ties of edge-filtered subpicosecond optical pulses found i

the experiments of Spiar et al. [7] are consistent with the This research was supported in part by NSF cooperative
Raman-modified quantum nonlinear Safirger equation. agreement ACI-9619020 through computing resources pro-
There does not appear to be any need to modify the existingided by the National Partnership for Advanced Computa-

theoretical description to explain the experimental resultsiional Infrastructure at the San Diego Supercomputer Center.
The results presented here indicate that the experimental data
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