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Noise Characterization of Femtosecond Fiber Raman
Soliton Lasers
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Abstract—We have measured the broad-band amplitude noise and
the phase noise (timing jitter) of femtosecond fiber Raman soliton la-
sers. For a single-pass compressor using 300 m of either standard sin-
gle-mode fiber or polarizing preserving: fiber, we measure white (flat
with frequency) amplitude noise =50 dB above shot noise at 2 mA
photocurrent, for frequencies higher than approximately 100 kHz. This
is =30 dB larger than the amplitude noise observed from fiber grating
pulse compressors. The timing jitter increases with pump power, and
at 1.6 W pump power, we have measured 5.2 ps rms timing jitter,
given =2 ps jitter from the Nd: YAG pump. Longer fibers in the sin-
gle-pass compressor do not affect the amplitude noise, but increase the
timing jitter even further. A synchronously pumped ring cavity re-
duced the timing jitter substantially, but did not significantly improve
the amplitude noise. The high amplitude noise of these systems makes
their use unattractive for detection of signals with a small modulation
depth, such as in electrooptic sampling. However, the simple single-
pass compressor may find application in optical pump-probe experi-
ments which have larger signal levels.

I. INTRODUCTION

IBER Raman soliton lasers have been extensively used
to generate near-infrared femtosecond pulses at wave-
lengths around 1.3 um. In these lasers, picosecond laser
pulses are launched into a single-mode optical fiber, gen-
erating Raman-shifted pulses [1] that are compressed by
the soliton effect [2]. Gouveia-Neto et al. [3], using a CW
mode-locked Nd: YAG laser at 1.32 um as a pump source,
reported tunable 1.3-1.5 um femotosecond ( <100 fs)
pulses. In a similar experiment, Kafka et al. [4] generated
160 fs pulses. Islam et al. [S] obtained 250 fs pulses with
a two-fiber ring cavity configuration pumped by 10 ps
pulses from a color center laser. Zysset ef al. [6] obtained
a minimal pulse width of 77 fs tunable over 1.37-1.49
pm using 1 ps long pulses from a synchronously pumped
infrared dye laser. The focus of these papers is on the
minimum pulse width and the pulse shape measured with
optical autocorrelators; however, little attention has been
paid to the laser’s amplitude and timing stability. These
parameters are important in the application of lasers to
physical experiments.
Our interest in these lasers is their potential application
in optical sampling systems to measure the applied volt-
age [7] in GaAs devices and sheet charge densities in Si
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[8] and GaAs [9] devices with a subpicosecond time res-
olution. For these and similar experiments, in addition to
a short and stable pulse autocorrelation, the laser pulses
must have negligible pedestals, small low-frequency am-
plitude noise, very low background amplitude noise at
higher frequencies, and in some experiments, stable pulse
timing. The shape of the observed pulses from a fiber Ra-
man soliton laser consists typically of a short pulse su-
perimposed upon a much longer lower-amplitude pulse
commonly referred to as a ‘‘pedestal.”” The pedestal re-
sults in an undesired variation in the frequency response
in sampling measurements, at frequencies on the order of
the inverse of the pedestal time duration. In optical prob-
ing experiments, where a laser probe beam intensity is
modulated in proportion to a variable under measurement,
low-frequency amplitude fluctuations occurring within the
signal detection bandwidth result in fluctuations in the
measurement; therefore, small low-frequency amplitude
noise is required. Laser amplitude noise typically falls off
with increased frequency. Therefore, the experimental
signal-to-noise ratio is increased by translating the de-
tected signal to higher frequency using chopping tech-
niques. The background amplitude noise at the chopping
frequency determines the minimum detectable signal for
a given acquisition time. While timing jitter (or phase
noise) is not important in optical pump-probe experi-
ments, low timing jitter is essential for experiments in-
volving synchronization of the laser pulse repetition rate
with a microwave generator or experiments synchronizing
two lasers. Jitter in sampling experiments degrades the
time resolution and gives rise to additional noise in the
measurement.

We have constructed a single-pass fiber Raman soliton
compressor and a synchronously pumped fiber Raman so-
liton ring laser, pumped with a second harmonic mode-
locked Nd: YAG laser at 1.32 um [10], similar to that in
Taylor’s and Kafka’s approach and have reproduced their
results in terms of pulse width ( <200 fs). In this paper,
we concentrate on the characterization of the amplitude
noise and phase noise (timing jitter) of these lasers. The
actual physical effects that are responsible for the laser
fluctuations are not discussed in great detail. Such a dis-
cussion is beyond the scope of this paper.

II. Noise MEASUREMENTS

We use power spectrum techniques to measure laser
amplitude and phase noise, well-known techniques in the
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characterization of microwave synthesizers and other mi-
crowave instruments [11]-[13]. The same techniques also
have been used to characterize the noise of CW mode-
locked lasers [14], [15] and synchronously mode-locked
dye lasers [16]; however, they are still not widely used in
the optics community, where mostly only autocorrela-
tions and cross correlations are used to characterize laser
performance. We will give an overview of power spec-
trum techniques after discussing the limitations of auto-
correlation and cross-correlation methods in inferring the
amplitude and phase stability.

Conclusions from a ‘‘structureless’” autocorrelation
usually give inadequate information about amplitude noise
because the bandwidth of the receiver (the photomulti-
plier and its circuit) is limited. No information on the
higher-frequency background intensity noise and the tim-
ing jitter of the laser can be gained. Optical cross corre-
lations are sometimes used to investigate the timing jitter
of pulsed lasers. For a laser with a pulse repetition period
of 10 ns, a cross correlation of two consecutive pulses
will not measure timing jitter frequency components be-
low about 25 MHz. As we will show, the timing jitter
spectrum typically rolls off at a frequency lower than 100
kHz. For typical laser experiments, laser pulse timing
variations occurring over a period of 1-10 s are of con-
cern, requiring a cross-correlation delay of about 1-10 s,
which corresponds to about a 108-10° m optical delay line
in the cross correlator.

The laser intensity /(¢) is a pulse train with an average
power P, a pulse repetition period 7, a normalized laser
power fluctuation N(¢), and a timing jitter described by
the random variable J(r) for the pulse arrival time. For
analysis of the laser power spectrum given amplitude and
phase (timing) noise, we can treat the pulses as delta func-
tions:

I(t) = PT[1 + N(1)] ié(t —nT = J(1)). (1)

A photodetector and a spectrum analyzer are used for
noise measurements. Spectrum analyzers display the
power spectral density S,(w) integrated over the analyzer
resolution bandwidth. §,(w) is the Fourier transform of
the statistical autocorrelation function of 1(¢). With the
assumption that the amplitude noise and the timing jitter
are ergodic (the time average is the same as the ensemble
average) and stationary, the power spectral density is
given by

Sy(w) = F{I(t) % I(1)} (2)

where F stands for the Fourier transformation and * is
the correlation operator. It follows then that

S,(w) = P? =§_:<» [276(w — nw,) + Sy(w — nw)

+ nzwiSJ(w - nwL)]

(3)
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where we used the identity
2 8(r = nT = J(1))
1 [e <]
= }n;—:m exp (jnwL(l - J(t))) (4)

and expanded to first order in J(#). Sy(w) is the ampli-
tude noise spectral density, and S;(w) is the phase noise
spectral density repeated at each harmonic of the pulse
repetition rate w, = (2w )/T. By expanding (4) to second
order in J(t), it can be shown that the timing jitter also
degrades the bandwidth of the sampling measurement
using these pulses [15]. Additionally, pulse shape fluc-
tuations appear as higher-order terms in nw; and are ne-
glected in (3). The rms amplitude fluctuation oy [standard
deviation of N(r)] is given by

A= (V) =1 | serde )
and similarly for the rms timing jitter o, using S, (w) where
{ -+ ) is the mean value.

For the rms value given in (5), no assumptions of the
specific statistics of the random variables N(¢) and J(?)
are made. From (3), it follows that the normalized am-
plitude-noise sidebands are constant in magnitude with in-
creasing harmonics of the laser repetition rate. Typically,
the amplitude-noise sidebands dominate at lower laser
harmonics, while the phase-noise sidebands, having
power proportional to n”, dominate for harmonics of
higher order. Thus, amplitude noise is determined by
measuring the sidebands on a low laser harmonic, while
timing jitter (phase noise) is determined by measurements
on a sufficiently high harmonic. For the timing jitter mea-
surement, it has to be verified that the chosen high-har-
monic-noise sidebands are not dominated by amplitude
noise. Fig. 1 shows measured noise sidebands of the fiber
Raman soliton compressor at the 23rd and 50th laser har-
monic. The measured 6.8 dB increase is predicted by (3)
and demonstrates that the noise sidebands at the 50th laser
harmonic are dominated by phase noise.

In measurement, oy and o, are determined in a finite
bandwidth [wiow, @hign], and the integration in (5) runs
only over this frequency range:

ov = VN = JH ] su(w) o,

Wlow

(6)

and similarly for g;,. The measurement duration AT de-
termines w,, because the mean-squared change in the
normalized laser intensity over a time duration of AT is
given by
2
((N(1 + AT) = N(1))")

o

= 7% SO Sw(w)(1 — cos (wAT)) dw.  (7)

The same equation is valid for the timing jitter, using J (1)
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Fig. 1. Spectrum analyzer display of noise sidebands at the 23rd and the
50th laser harmonic from the single-pass compressor.

instead of N(t) and S, instead of Sy. Because (1 — cos
(wAT)) varies as (wAT)? for (wA T) << 1, amplitude
fluctuations and timing jitter components with frequencies
below wy,, = w/2AT contribute little to changes in the
laser intensity and timing observed over the period AT.
For this reason, the cross correlation of two pulses 10 ns
apart gives no information of the timing jitter below about
25 MHz. The detection bandwidth of the measurement
determines wy;,n. Very often, the phase-noise sidebands
cannot be measured over the entire frequency span be-
cause they roll off below the amplitude-noise sidebands
even at high laser harmonics.

The spectrum analyzer displays power density P( f),
integrated over the resolution bandwidth B, as a function
of the frequency f. The peak of the spectrum is at a har-
monic of the oscillation frequency, referred to as the car-
rier power P, (see as an example Figs. 1 and 4). From (3)
and the spectrum analyzer display, the amplitude fluctua-
tion for a given frequency span [ fiow, foign] is given by

Py
P

[

aN[ ﬁow’ .ﬁnigh] =

with

_, ("R
P, =2
nfL + fiow B

df, (8)

and the timing jitter is given by

0J[ﬁ0W7ﬁ1igh] = %\/é (9)

where B is the resolution bandwidth of the spectrum ana-
lyzer, n is the harmonic number of the measured side-
bands, and f; is the laser repetition frequency.

Except in squeezed-state [17] experiments, the laser in-
tensity noise is larger than the shot noise power. The ex-
cess noise Sy(w) can be stated as the excess of the shot
noise power given in decibels above the shot noise at a
given photocurrent. At the photodetector, the ratio of shot
noise power Pgy to the carrier power P, is

P SN 2qB

Pl (10)
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where B is the resolution bandwidth of the measurement,
Iy is the dc photocurrent, and q is the electronic charge.
Alternatively, the excess laser noise Sy(w) in a 1 Hz
bandwidth can be stated with respect to the carrier power.
In this case, the units of Sy(w) are given in dBc (1 Hz),
i.e., the decibels below the carrier in a 1 Hz bandwidth.
The detector dc photocurrent I, is proportional to the aver-
age laser power. The shot noise power is proportional to
Iy, whereas the carrier and the excess noise power are both
proportional to I3 [see (3)]. For this reason, the excess
laser noise in units of dBc (1 Hz) is independent of the
photocurrent, provided that the noise sidebands are not
shot noise limited. The phase noise is also stated as the
sideband power relative to the carrier by the single-side-
band phase-noise spectral density of the laser nth har-
monic, L,(w) = n’w?S,(w). This parameter, used to
specify the stability of microwave oscillators, is defined
in Fig. 1. The units of L,(w) are given in dBc (1 Hz).
Measurements of L,(w) and Sy(w) as described are in-
dependent of the receiver system characteristics, provided
that the noise sidebands are both above the measurement
system noise level and measured over a frequency range
where the receiver’s response is flat.

III. SINGLE-PASs FIBER RAMAN SoLITON COMPRESSOR

The simplest fiber Raman soliton laser is the single-
pass compressor, where pump pulses are Raman shifted
and compressed by the soliton effect while propagating
through the fiber. At the fiber output, a polarizer and a
dichroic mirror separate the 1.32 ym pump from the Ra-
man-shifted short pulse. The dichroic mirror is a dielec-
tric high-pass filter with a cutoff wavelength determined
by the angle of incidence. We use 300 m of standard sin-
gle-mode fiber and 300 and 700 m of polarization-pre-
serving single-mode fiber with a dispersion minimum
around 1.3 pum. The calculated walkoff distance between
the 55 ps 1.32 um pump pulse and the short 1.4 um Ra-
man-shifted pulse is 160 m. The 300 m fiber length is
chosen because the maximum Raman signal is achieved
with a fiber length of 1.5 to 2 times the walkoff distance
[18]. A 30 dB optical Faraday isolator isolates the pump
laser from fiber feedback. An AR-coated 10X focusing
lens couples into the fiber with = 60 percent efficiency. A
fiber polarization controller [11] and the tunable high-pass
filter (dichroic mirror) are used to suppress the pedestal.

For full diagnostics of the compressed pulses, we used
the following equipment. A quarter-meter 0.5 nm reso-
lution monochromator monitors the pulse spectrum. A
noncollinear optical autocorrelator with a scanning 8 cm
optical delay, capable of measuring 50 ps Gaussian pulses
with 2.7 percent linearity, measures the compressed pulse
and its pedestal. A Hewlett-Packard HP8566 spectrum
analyzer (with a minimum resolution bandwidth of 10 Hz)
and an HP3561A dynamic signal analyzer (with a mini-
mum resolution bandwidth of =0.6 mHz) with a photo-
diode measures the laser noise spectrum. An InGaAs pho-
todiode and sampling scope (40 ps FWHM combined
impulse response) provide qualitative real-time observa-
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tions of the laser noise while varying the experimental
parameters.

A second harmonic intensity optical autocorrelator gives
the pedestal width and height as a function of the optical
delay time, and we use this information to approximate
the percentage of the total energy contained in the com-
pressed short part of the uncorrelated pulse. Fig. 2 shows
the autocorrelation over a narrow and a wide span of a
compressed pulse with a long pedestal. From the 9.6 ps
span [Fig. 2(b)], a 260 fs FWHM autocorrelated pulse
duration is determined. From the wider 240 ps span, we
find that only 5.4 percent of the total energy is contained
within the compressed short pulse. We were able to sup-
press the pedestal significantly with a tunable high-pass
filter by decreasing the angle of incidence to the dichroic
mirror. Decreasing the angle of incidence from 55 to 20°,
the percentage of the total energy contained in the com-
pressed short part of the pulse increased from 5.4 percent
to more than 75 percent. Fig. 3(a) shows the autocorre-
lation of a pulse with the pedestal significantly suppressed
using a 30° angle of incidence to the dichroic mirror, giv-
ing 46 percent of the total energy in the short pulse. The
effect on the spectrum is shown in Fig. 3(b), where the
55° angle of incidence corresponds to the pulse shown in
Fig. 2, and the 30° angle of incidence corresponds to the
pulse in Fig. 3(a). By filtering successively more of the
shorter-wavelength part of the spectrum, the pedestal is
reduced, and the percentage of the total pulse energy con-
tained in the short compressed pulse is increased. This
implies that the short compressed pulse dominantly con-
sists of the longer-wavelength tail of the pulse spectrum.
Similar spectral modification was observed when the fiber
polarization controller was used to suppress the pedestal.
Using both the fiber polarization controller and the ad-
justable high-pass filter, we were able to suppress the ped-
estals sufficiently, fulfilling one requirement for the la-
ser’s application in optical sampling experiments.

We measured the amplitude noise on the 300 m fiber at
three different input power levels; close to threshold with
an input pump power P;; of 0.9 W and an average Raman-
shifted power P, of approximately 5 mW after the di-
chroic mirror, at Py, = 1.3 W with P, = 70 mW corre-
sponding to 24 percent Raman conversion, and at Py, =
1.6 W with P, = 170 mW corresponding to 47 percent
Raman conversion. The dichroic mirror angle of inci-
dence was kept constant at 50°. Fig. 4 displays the mea-
sured amplitude-noise sidebands at a 10 MHz frequency
span measured with a Ge photodetector and the spectrum
analyzer with 100 kHz resolution bandwidth at all three
input power levels. By blocking the beam, we verified
that the measurement was not limited by the measurement
system noise [see Fig. 4, trace (a)]. The shot noise power
level with 100 kHz resolution bandwidth is at —108 dBc
at I, = 2 mA [eq. (10)]. At 2 mA photocurrent,the am-
plitude sidebands are (b) 54 dB above shot noise at Py, =
1.6 W, (c) 58 dB above shot noise at P;, = 1.3 W, and
(d) 68 dB above shot noise at P, = 0.9 W. Below =100
kHz offset, larger low-frequency amplitude fluctuations
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are observed. The amplitude noise of the CW mode-
locked Nd: YAG pump laser shows a typical 1/f rolloff
with increased frequency offset from the carrier, ap-
proaching the shot noise level after a few hundred kilo-
hertz frequency offset. The low-frequency amplitude noise
below =100 kHz of the fiber Raman soliton compressor
is typically 10-30 dB larger than the pump laser noise,
with the same spectral structure.

Fig. 5 displays the amplitude noise between two con-
secutive laser harmonics separated by the 99.8 MHz laser
repetition frequency and demonstrates that the high-fre-
quency amplitude noise is white (flat with frequency). In
Fig. 5, the laser was operated under the same conditions,
with 1.3 W input pump power, as in Fig. 4(c), but was
measured with an =18 GHz InGaAs photodiode at a dc
photocurrent of 0.1 mA. Both traces show —100 dBc (1
Hz) amplitude noise, independent of the detector and pho-
tocurrent (see Section II).

By decreasing the angle of incidence of the dichroic
mirror to suppress the pedestals, we observed a further
increase in the amplitude noise shown in Fig. 6 for two
different input powers. Unfortunately, greater pedestal
suppression is accompanied by increased amplitude noise.
We also used 300 m of polarization-preserving fiber, for
which we observed approximately the same noise prop-
erties. Increasing the fiber length to 700 nm did not change
the amplitude noise significantly. The white noise side-
bands in this case were around 55-60 dB above shot noise
(I, = 2 mA) and increased to 72 dB above shot noise (I
= 2 mA) close to the Raman threshold.

The phase noise shows significant structure at frequen-
cies approaching the 10 Hz resolution of the microwave
spectrum analyzer. Therefore, the higher-resolution dy-
namic signal analyzer is used. Microwave-frequency laser
harmonics are translated to a 50 Hz difference frequency
using a microwave mixer and a low-phase-noise synthe-
sizer (an HP8340A). We measured the phase-noise side-
bands at the 60th harmonic of the 99.8 MHz repetition
rate at about 5.9 GHz with the higher-resolution dynamic
signal analyzer. At this frequency, the phase noise dom-
inates the noise sidebands, which was experimentally
confirmed by the predicted [eq. (3)] 8.3 dB increase of
the sidebands between the 23rd (=2.3 GHz) and the 60th
laser harmonic (=5.9 GHz). Fig. 7 shows the single-
sideband phase-noise spectral density of the Nd: YAG
laser, reduced to the 99.8 MHz laser fundamental L,( f)
in dBc (1 Hz), covering a frequency span from 25 Hz to
5 kHz. The timing jitter over the frequency span of (25
Hz, 5 kHz) is 2 ps rms [eq. (9)]. Fig. 8 displays L,( f)
over the same frequency span for the 300 m fiber Raman
soliton compressor at 1.6 and 1.4 W pump power, with
the dichroic mirror angle of incidence fixed at 50°. The
phase noise much below 25 Hz offset is dominated by
phase drift between the mode-locker driver and the mi-
crowave synthesizer used in the measurement, and the
phase noise above 5 kHz offset begins to fall below the
relatively high-amplitude-noise sidebands, even when
measured on laser harmonics approaching the bandwidth
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of the InGaAs photodiode. At lower pump powers below
1.4 W, it becomes increasingly difficult to measure the
phase noise due to the even further increased amplitude
noise, which dominates the noise sidebands. The timing
jitter in a (25 Hz, 5 kHz) of the fiber Raman soliton com-
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pressor is 5.2 ps rms at a pump power Py, of 1.6 W and
3.9 ps rms at P, = 1.4 W, given the 2 ps timing jitter
from the Nd: YAG pump. Assuming a Gaussian distri-
bution, the 5.2 ps rms timing jitter corresponds to a pulse
timing distribution of 12.3 ps FWHM.

The fiber compressor timing jitter is larger with in-
creased pump power and increases drastically for a longer
700 m fiber. The phase noise of the pump laser and of the
300 m fiber compressor with 1.4 W input power quickly
rolls off with increasing frequency offset to the carrier
(Figs. 7 and 8). At a higher 1.6 W pump power, the 300
m fiber compressor shows noise sidebands leveling off
above =600 Hz (Fig. 8). The high-frequency phase noise
is enhanced for the longer 700 m fiber compressor [Fig.
9(a)]. Because the experimental conditions do not satisfy
the approximations required for the validity of (3), the
observed 20 dB difference in the noise power between the
harmonics at 2.3 and 5 GHz is much more than the pre-
dicted 6.8 dB increase. In particular, the high laser am-
plitude noise forces phase measurements at high laser har-
monics, at which the small-angle condition assumed for
(3) is violated. The observed noise sidebands might also
arise from multiple pulsing, which is not modeled by (1)
and (3). Under these conditions the measured compressor
output observed on a fast photodetector and a sampling
scope with a combined 40 ps impulse response shows large
instabilities [Fig. 9(b)]. In contrast, the autocorrelation
pulse [Fig. 9(b)] is stable. Fig. 9 clearly demonstrates
that an autocorrelator alone is insufficient for a full diag-
nostic of the laser noise properties.

The described single-pass fiber Raman soliton com-
pressor is a very simple approach for achieving sub-300
fs pulses with good pedestal suppression. However, the
observed amplitude noise is much higher than observed
for a standard fiber grating pulse compressor, where at 1
MHz carrier offset the excess noise was =20 dB above
shot noise (I, = 2 mA) [7]. For optical pump-probe ex-
periments, for which timing jitter is of no concern, the
determined amplitude fluctuations still allow measure-
ments of larger signals with very good time resolution.
For example, by using chopping techniques to leave the
region of the higher low-frequency amplitude noise, the
white excess noise of 54 dB above shot noise at 2 mA
photocurrent [Fig. 4, trace (b)] corresponds only to 0.2
percent rms amplitude fluctuation within a 50 kHz band-
width. Small signal measurements, such as in optical
sampling measurements, require better noise properties.
For example, an excess noise level of 51 dB above shot
noise (I, = 1 mA) increases the minimum detectable
voltage in electrooptic sampling sampling from 30
uV /~1 Hz in the shot noise limit to 10 mV /+/1 Hz and
the minimum detectable sheet charge density in optical
charge-sensing measurements in GaAs devices from 2.3
- 10" cm~2/~1 Hz in the shot noise limit to 8 - 10°
cm‘z/ 1 Hz. We expect that synchronously pumped fi-
ber Raman soliton lasers, where stimulated Raman con-
version dominates spontaneous Raman conversion, should
exhibit better noise performance.
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IV. FIBER RAMAN SoLITON RING LASER

A synchronously pumped ring laser is expected to show
better amplitude and timing stability than the single-pass
compressor discussed in Section ITI. As a first experiment
to demonstrate its better noise performance, we used a
relatively low-Q ring cavity. The high loss in the cavity
is dominated by the 40 percent fiber coupling loss. A fully
integrated fiber-loop cavity would be necessary to de-
crease the cavity losses substantially.

The synchronously pumped ring cavity is shown in Fig.
10, following closely the original approach of Islam ez al.
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Fig. 10. Experimental setup of a synchronously pumped fiber Raman so-
liton laser. The chopper is used only during cavity alignment.

[5]. The pump pulse from a second harmonic mode-locked
Nd: YAG laser is coupled into the ring cavity with an-
other dichroic mirror at a fixed 55° angle of incidence. At
the output of a 300 m standard single-mode fiber, a di-
chroic mirror serves as a tunable high-pass filter for the
s-polarization; the p-polarization is previously rejected by
a polarizer. A half-wave plate and the polarizing beam
splitter form an adjustable output coupler, giving a p-po-
larized output beam. During cavity alignment, the feed-
back into the fiber is mechanically chopped, and the ring
laser output intensity is monitored by a photodiode and a
lock-in amplifier. The chopper is then removed. Rough
synchronization was achieved by monitoring the ring laser
output with a fast InGaAs photodiode and the sampling
scope (40 ps FWHM combined impulse response) and by
trimming the fiber length so that the Raman-shifted pulse
and the relaunched pulse overlapped on the sampling
scope display. A roof prism and a translation stage as a
variable delay line provides fine cavity tuning. Because
of the high cavity losses, cavity synchronization was non-
critical. For full diagnostics of the compressed pulses, we
used the same tools described in the previous section.
We observed reduced amplitude and phase noise with

the synchronously pumped ring cavity. Input power and -

feedback were adjusted to minimize the amplitude noise.
The best amplitude noise of 45 dB above shot noise (I, =
2 mA) was achieved at input powers very close to the
single-pass compressor threshold (250 mW output power
with 400 mW pump power). The white excess amplitude-
noise power of 45 dB above shot noise is still about 25
dB greater than the standard fiber grating compressor.
When we increase the pump power, the amplitude noise
increases and finally approaches the noise level of a sin-
gle-pass compressor. We believe that a higher-Q cavity
will further decrease the excess amplitude noise.

As expected, at input powers very close to the single-
pass compressor threshold, the measured timing jitter was
determined by the pump laser, and we measured 2 ps rms
in a (25 Hz, 5 kHz) bandwidth, matching the 2 ps timing
jitter of the YAG pump laser.

Operated under the conditions which minimize ampli-
tude noise, substantial pedestal power is observed. The

IEEE JOURNAL OF QUANTUM ELECTRONICS, VOL. 25, NO. 3, MARCH 1989

autocorrelation shows a pedestal with a 29 percent ampli-
tude and 60 ps duration; hence, the total pedestal energy
is large, containing =~ 97 percent of the total energy. This
is a substantial increase of the pedestal in comparison to
the single-pass compression. The monochromator scan
(Fig. 11) of the synchronously pumped laser output shows
a much narrower spectral line than observed with the sin-
gle-pass configuration [Fig. 3(b)]. In contrast to the sin-
gle-pass compressor, a wavelength discrimination be-
tween the short compressed pulse and the pedestal was not
observed, and we could not apply the previously used
methods for pedestal suppression using a high-pass filter
or a fiber polarization controller.

V. CONCLUSIONS

For a single-pass fiber Raman soliton compressor with
300 m of standard single-mode fiber, we typically ob-
tained sub-300 fs pulses and suppressed the pedestal sub-
stantially using a high-pass filter and a fiber polarization
controller. The energy contained in the short pulse could
be increased to more than 75 percent. The amplitude noise
of the CW mode-locked Nd: YAG pump laser shows a
typical 1/f rolloff with increased frequency offset from
the carrier, approaching the shot noise level after a few
hundred kilohertz frequency offset. In the single-pass fi-
ber Raman soliton compressor, the low-frequency ampli-
tude noise (< 100 kHz offset from the carrier) is typically
10-30 dB larger than the pump laser noise with the same
spectral structure, which implies that these components of
amplitude fluctuations are correlated and are determined
by the pump laser. At higher frequencies, the noise is flat
with frequency (‘‘white’’), which implies uncorrelated
pulse-pulse amplitude fluctuations. The excess noise is
=50 dB above the 2 mA shot noise power, which is =30
dB more than the excess noise at 1 MHz offset observed
from a fiber grating pulse compressor. The timing jitter
increases to 5.2 ps rms with increasing pump power (1.6
W maximum), given 2 ps jitter from the Nd: YAG pump.
Using polarization-preserving fiber did not change the
noise properties of the laser. A longer fiber (700 m) in-
creases the timing jitter substantially, whereas the ampli-
tude noise remains the same.

First experiments with a synchronously pumped fiber
Raman soliton laser were done with a relatively low-Q
cavity including a 40 percent fiber coupling loss. The
measured high-frequency amplitude noise was decreased
to 45 dB above 2 mA shot noise power. The timing jitter
was reduced to the level of the fluctuations of the pump
laser. The pedestal increased significantly, and we were
unable to suppress it with a high-pass filter or a polariza-
tion controller.

We believe that the observed uncorrelated excess am-
plitude noise is due to the spontaneous Raman conversion
because the pump laser has no uncorrelated high-fre-
quency excess amplitude noise and because first experi-
ments with a synchronously pumped ring cavity showed
less noise. However, we only observed a small decrease
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Fig. 11. Measured spectrum of the compressed pulses from a synchro-
nously pumped configuration operating close to the single-pass com-

pressor threshold.

of noise in the synchronously pumped ring cavity because
of the high losses, which reduces the cavity lifetime. The
noise is generated by many spontaneously Raman-shifted
photons, which are relaunched into the fiber and act as
seeders for the Raman gain. This is why the synchro-
nously pumped laser gives only a small reduction of the
amplitude noise in comparison to the single-pass com-
pressor. For a further decrease in amplitude noise, much
less cavity loss would be required, making a fully inte-
grated synchronously pumped cavity necessary. A pump
laser with a tunable repetition rate for the synchronization
of the two laser cavities is recommended because an in-
tegrated adjustable delay line may be difficult to fabricate.
The observed increased pedestal power may add some ad-
ditional problems.

A single-pass fiber Raman soliton compressor is a very
simple method of achieving sub-200 fs time resolution,
making it attractive for optical pump-probe experiments
with large signal levels. However, better noise properties
are required for small signal measurements, such as elec-
trooptic and charge-sensing sampling measurements, for
which a fully integrated synchronously pumped fiber Ra-
man soliton laser might be a solution.
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