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Raman-induced photon correlations in optical fiber solitons
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Recent experimental results on edge-filtered~also referred to as low- and high-pass filters! subpicosecond
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 squeezingincreasedwith propagation distance in contrast with theoret-
ical calculations for picosecond solitons at that time. Here I 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 fiber.@S1050-2947~99!51508-4#

PACS number~s!: 42.50.Dv, 42.65.Tg, 42.65.Dr, 42.81.Dp
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Spectral filtering in one form or another has proved to
an extremely useful and simple method for the manipulat
of optical fields. For nonlinear pulse propagation it is a na
ral method for engineering pulse characteristics and
proved useful in noise reduction in propagating optical s
tons @1#, such as reducing Gordon-Haus timing jitter@2#. A
method for reducing photon-number fluctuations of opti
solitons below the shot-noise level using spectral filter
was demonstrated several years ago@3,4#. It took advantage
of the internal quantum noise structure@5# of soliton pulses
to reduce the noise below shot noise.

It was shown in the first theoretical prediction@3# that the
method did not simply remove excess noise nor did phot
number squeezing arise from only sub-shot-noise varian
of individual frequency components. In fact, it was stated
@3# that intermode correlations were important for the f
lowing reason. The optimal bandpass filter corresponde
only a partial removal of outer noisy frequencies. It w
found that for bandpass filtering an ideal coherent fundam
tal soliton the optimal cutoff frequency corresponded to
peak of the electronic nonlinearity induced spectral inten
noise sidebands. The only way that can occur is for so
remaining frequencies to be correlated with other unfilte
spectral components to reduce the integrated spectral n
~i.e., anticorrelated!. The fact that the photon-number nois
increased when the filter was further narrowed, even tho
those frequencies that were additionally removed had v
ances that were above shot noise, was proof that interm
correlations were reducing the photon-number variance
the filtered pulse. This was made obvious by describing b
the noise reduction variation with filter bandwidth along w
the intensity spectral noise variance@3,5#. Such correlations
were later experimentally measured@6#. Of course, in a non-
linear process frequency correlations are trivial, but wha
interesting in this case is the way they are correlated.

The Raman effect changes the balance between corre
spectral components in two ways. First, there is a Ram
amplification process that converts photons at frequencyv to
v6V ~predominantlyv to v2V at or below room tempera
ture!, whereby a phonon at frequencyV is involved. This is
PRA 601050-2947/99/60~2!/781~4!/$15.00
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a three-wave-mixing process, but now only two of t
bosons are detected. Essentially there is a filtering proc
where the spectral filter is given by the response function
the media. Second, there is a colored noise associated
this frequency-dependent response function. For the
electronic nonlinearity all participating photons are in pri
ciple detectable. This is one reason why self-interact
fields allow photon correlations to more easily produce op
cal fields with noise statistics measured substantially be
shot noise. But there is a price to pay for ideal symmetri
noise generated by the electronic nonlinearity. When we c
sider initial propagation of a coherent fundamental solit
the noise is not in the far wings of the intensity spectrum
is ‘‘in-band’’ noise that makes it difficult to remove withou
disturbing the signal. It would seem reasonable to argue
any physical process that conserves photon-number
moved noise within the main signal bandwidth out of ba
could allow larger squeezing than the ideal case. The n
balance between removing correlated noise and leaving
anticorrelated noise would depend on the relative contri
tions from the electronic nonlinearity and the candida
physical process. In silica fiber a candidate process is
Raman effect, which can be effectively turned on simply
using subpicosecond pulses.

The experiments were performed using 130-fs~full width
at half maximum! pulses@7# to investigate the effects of th
Raman process and its associated quantum noise in op
fibers. High-pass filtered pulses showed greater noise re
tion after propagating on the order of 100 soliton perio
compared to a few soliton periods. Low-pass filtered pul
showed at best shot-noise level fluctuations for long fib
and similar noise levels~although smaller squeezing! than
high-pass filtered pulses for short fibers less than about t
soliton periods. Qualitatively the experimental results a
consistent with the Raman downshifted spectral compon
exhibiting excess noise with reduced anticorrelation, wh
the higher-frequency components remain anticorrelated.
noise correlation balance must depend on the particular
man contribution to the Kerr nonlinearity of silica fibe
which here is taken to be approximately 18%. An interest
R781 ©1999 The American Physical Society
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question is whether a medium that exhibits an almost pu
Raman interaction and little instantaneous Kerr nonlinea
would exhibit larger squeezing with an asymmetric filt
than a purely electronic nonlinearity with a symmetric filte
Previous work on the generation of single-cycle classical
diation using Raman scattering of femtosecond pulses@8#
suggests that a quantum theory for media with strong Ra
interactions on femtosecond time scales will take on a
ferent form than the one presented here. A more gen
quantum theory for femtosecond time scales has been de
oped and will be described elsewhere@9#.

By comparing the numerical results for solitons expe
encing no Raman effect with those that do in the subpicos
ond pulse regime used in the experiments, it is shown in
paper that the Raman effect can indeedincreasethe squeez-
ing relative to the non-Raman case using an edge filter
certain propagation distances, even after propagating on
few soliton periods. This is in contrast to previous theoreti
results for picosecond pulses where for short propaga
distances there was no evidence of Raman effects increa
the squeezing. The predicted form of the evolution of
photon-number variance is consistent with the experime
observations. Moreover, at shorter propagation distan
where the experimental data published so far shows a d
nite oscillatory structure, good quantitative agreement
found. An asymptotic soliton perturbation theory@10# is
much better suited to answer questions about the long fi
results of order 100 soliton periods. However, the res
presented here indicate that new insight into the optim
noise reduction from Raman effects in soliton photo
number squeezing is interesting, not only for long fibers,
also for other physical systems for which the ratio of t
electronic to the Raman contribution of the nonlinearity
smaller.

The Raman-modified stochastic nonlinear Schro¨dinger
equation for the normalized photon flux fieldf(j,t) is given
by @11#

]f

]j
52

i

2 F16
]2

]t2Gf1 i f f†f21AifGe

1 ifF E
2`

t

dt8h~t 2t8!f†~t8!f~t8!1GvG , ~1!

where the length and time variables (j,t) in the comoving
frame at speedv8 ~group velocity at the carrier frequency! in
the laboratory frame (x,t) are t5(t2x/v8)/t0 , j5x/x0 ,
x05t0

2/uk9u. The characteristic time scalet0 will be chosen to
be the pulse width later, and the soliton period isp/2 times
longer than the dispersion lengthx0 determined byt0 and the
second-order dispersionk9. The Raman noise correlation
are given by the autocorrelation

^Gv~j,v!Gv~j8,v8!5
1

n̄
d~j2j8!d~v1v8!$2 iA2ph~v!

1@nth~ uvu!1u~2v!#a~ uvu!%, ~2!

wherenth is the thermal phonon occupation number,u(v) is
a step function with value unity for positive arguments,
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dV
a~V!V

p~V22v2!
1 i

sgn~v!

2
a~ uvu! , ~3!

and the cross-correlation

^Gv~j,v!Gv
†~j8,v8!&5

1

n̄
d~j2j8!d~v1v8!

3@nth~ uvu!1u~2v!#a~ uvu! .

~4!

The quantum noise from the electronic nonlinearityGe is a
real d-correlated Gaussian noise with variance given by
product of the electronic fractionf and inverse photon-
number scale 1/n̄5h0t0 /k9v82, whereh0 is the nonlinearity
over the time-scale of interest. The parametera(v) is the
Raman gain that has a peak near 13 THz for silica fib
Raman inhomogeneous model parameters used here c
spond to the Raman gain curve in Ref.@11#. The techniques
to study the propagation of the quantum field equations
discussed elsewhere@12#. Error bars in the plots represent th
estimated combined sampling and step-size error. By usin
normally ordered representation, no additional noise sou
need be added to compensate for the effect of the spe
filter f (v) on vacuum fluctuations. In the positive-P repre-
sentation, the photon number is taken to be

^n&5n̄E dv f * ~2v! f ~v!^f†~2v!f~v!& . ~5!

This paper considers the effect of the simplest asymme
filters—high-pass and low-pass frequency filters.

The experimental parameters described in Ref.@7# that are
relevant to the discussion here areN50.981 andt0573 fs,
using coherent input pulses with anNsech(t) amplitude pro-
file containing 2n̄54.13108 photons atl51503.5 nm. Us-
ing these parameters to set the time scale and photon-nu
scale of the system, the optimized photon-number squee
versus the propagation distance is calculated by varying
cutoff frequency of an edge filter. The length scale is det
mined by the anomalous group-velocity dispersion atl. Any
corrections due to higher-order effects, such as third-or
dispersion or frequency-dependent electronic nonlinear
have not been included here for simplicity. The results giv
in Fig. 1 correspond to inclusion of Raman effects atT
54.2 K and with no Raman effects. An important effe
shown in Fig. 1 is that after the first minimum in the osc
lation the Raman effect causes the next peak to be trunc
t5300 K. This is clearly seen in the experimental data@7#. In
the ideal case the first minimum is at about three soli
periods~j53p/2! and the period of the oscillation is eigh
soliton periods (jperiod54p). The cooled Raman cas
clearly exhibits anincreasein squeezing relative to the idea
case. The general trend after ten dispersion lengths is tow
increased squeezing. The result for applying a low-pass fi
is also given in Fig. 1. At ten dispersion lengths, the photo
number variances of the low-pass filtered pulse approac
shot-noise level and displayed small departures below s
noise thereafter, but were not statistically significant in the
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simulations. The results for the Raman affected pulse
remarkably similar to the experimental data of Spa¨lter et al.
@7#.

A feature exhibited in Fig. 1 that should be noted is t
squeezing after ten dispersion lengths for the non-Ram
case. Upon inspection of the cutoff frequency for optimiz
noise reduction, one finds there is a sharp transition near
point towards a lower cutoff frequency. The non-Raman
fected pulse requires a higher cutoff frequency than the
man affected pulse after that point as the propagation
tance increases further. One anticipates that the optim
cutoff frequency oscillates in the ideal case. However,
Raman affected pulse exhibits just the opposite trend in
optimized cutoff frequency as the propagation distance
creases further. This is consistent with the Raman s
frequency shift; however, the frequency shift itself is s
small after ten dispersion lengths, whereas the quantum n
shows a significant change in its spectral intensity varian
which is highly asymmetric, as expected@13# and measured
@14#. As discussed earlier, one can show by the same rea
ing as was done for a fundamental soliton not experiencin
self-frequency shift@3# that quantum intermode correlation
are important for below shot-noise photon-number statist
as has been discussed in@6#. It is even clearer in this cas
than in @3#, since there is no spectral intensity variances
low shot noise at room temperature afterj;5.5 and, for ex-
ample, at the local minima in Fig. 1 atj;6, the optimal

FIG. 1. Variation of the photon-number squeezing~dB! for op-
timal noise reduction using the high-frequency pass and l
frequency pass edge filters versus propagation distance in uni
dispersion length with and without the Raman effect (t0573 fs, T
50 K, 4.2 K, 300 K). Upper solid line is for a low-frequency pa
edge filter atT5300 K and forj .10 remaining near the shot-nois
level within error estimates. Lower solid line and other simulati
data are for high-frequency pass edge filters.
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cutoff frequency corresponds to the lower frequency peak
the spectral intensity variance. The auto-correlations
cross correlations in the spectral components will be p
sented elsewhere@9#.

The Raman noise always appeared to decrease the sq
ing in the picosecond pulse regime, as discussed earlie
the theoretical studies that have included Raman effects
ried out so far@3,5#, the Raman self-frequency shift wa
negligible and the filters were symmetric about the init
pulse central frequency. Now, one is led to the interest
conclusion that either~i! Raman noise alone increases t
photon-number noise while the Raman self-frequency s
allows this noise penalty to be overcome with the aid of
electronic nonlinearity or~ii ! the Raman effect also allows a
increase in the squeezing of picosecond pulses, provided
symmetric bandpass filter is replaced with edge filters.

We can now rule out~ii !, since an explicit calculation ha
been carried out using edge filters for picosecond pulses.
optimized edge filter for propagation including the Ram
effect always displays a smaller noise reduction with resp
to the ideal case usingt051 ps atT5300 K. Figure 2 shows
the photon-number squeezing~dB! versus propagation dis
tance for the latter case with and without the Raman effe
To decrease the Raman noise, one can cool the fiber, as
achieved in the original coherent quantum soliton expe
ments of Rosenbluh and Shelby@15#. Results comparing a
cooled fiber atT54.2 K with a room-temperature fiber a
T5300 K and the non-Raman case with a purely electro
nonlinearity are shown in Fig. 1. They have a number
interesting features, some of which appear in the experim

-
of

FIG. 2. Variation of the photon-number squeezing~dB! for op-
timal noise reduction using the high-frequency pass edge filter
sus propagation distance in units of dispersion length with and w
out Raman effect (t051 ps,T50 K, 300 K).
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tal data at room temperature. It is clear in Fig. 1 that
Raman noise causes the truncation of the oscillation nea
dispersion lengths, since the cooled fiber shows a clear
cillatory peak. At around 25 dispersion lengths the no
Raman case reaches a peak in its oscillatory photon-num
variance, and at the same propagation distance the co
fiber has an order-of-magnitude larger noise reduction. At
dispersion lengths the cooled fiber reaches an estim
squeezing of26.860.6 dB, which is comparable to the in
ferred squeezing found for long fibers in the experiments
26.460.8 dB @7#.

All the qualitative features of the quantum noise prop
ties of edge-filtered subpicosecond optical pulses found
the experiments of Spa¨lter et al. @7# are consistent with the
Raman-modified quantum nonlinear Schro¨dinger equation.
There does not appear to be any need to modify the exis
theoretical description to explain the experimental resu
The results presented here indicate that the experimental
t.

T

s,
e
en
s-
-
er

led
0
ed

f

-
in

g
s.
ata

for fibers up to about 20 soliton periods are accurately
scribed by the theory of Carter and Drummond for t
Raman-modified quantum nonlinear Schro¨dinger equation
@11#. For longer propagation distances the numerical res
using the positive-P representation are currently not accura
enough to allow any comparison between theory and exp
ment. It is possible that introducing a stochastic differenc
procedure@12# could enable longer propagation distances
be studied. However, a linearized quantum theory for t
problem has been specified in the Heisenberg represent
@16# and may be studied using other methods for long fib
@10#.
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