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Compensation of self-phase modulation in fiber-
based chirped-pulse amplification systems
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We demonstrate a simple, all-fiber technique for removing nonlinear phase due to self-phase modulation in
fiber-based chirped-pulse amplification (CPA) systems. Using a LiNbOj electro-optic phase modulator to
emulate a negative nonlinear index of refraction, we are able to remove 1.07 rad of self-phase modulation
acquired by pulses during amplification and eliminate nearly all pulse distortion. Our technique is high
speed, removes nonlinear phase on a pulse-to-pulse basis, and can be readily integrated into existing CPA

systems. © 2006 Optical Society of America
OCIS codes: 320.7110, 320.5540, 230.0250.

Fiber-based amplifiers have generated great interest
recently because of their ability to amplify ultrafast
pulses to energies comparable with conventional bulk
solid-state systems while offering significant practi-
cal advantages,' including compactness, reduction of
complex components, and freedom from misalign-
ment. However, the smaller beam confinement and
larger interaction lengths render them ~10° times
more sensitive to nonlinear effects than bulk solid-
state ampliﬁers.1 To avoid nonlinear effects, the
dominant of which is self-phase modulation (SPM), it
is necessary to employ chirped-pulse amplification
(CPA), where pulses are stretched before amplifica-
tion to reduce peak power and compressed afterward.
However, even with the largest practical stretched
pulse durations of ~1 ns, power must be scaled back
so as to allow no more than 1 rad of nonlinear phase
shift in the gain medium in order to prevent notice-
able pulse distortion and broadening.”
Compensation of SPM therefore shows great prom-
ise in helping fiber-based CPA systems achieve pulses
with larger energy. SPM compensation in CPA sys-
tems has been shown by using the negative nonlinear
index (ny) of semiconductor materials,” using a spa-
tial light modulator (SLM) in a pulse-shaping
conﬁguration,‘l’5 and by residual third-order disper-
sion (TOD).®" However, the wavelength dependence
of semiconductor parameters degrades the quality of
compensation for pulses less than ~1 ps, and linear
and two-photon absorption limit the thickness of the
material and thus the amount of nonlinear phase
that can be practically removed. The drawbacks to
using SLMs are cost and complexity of compensation,
which requires nontrivial free-space alignment as
well as speed limitations of the SLM, which is physi-
cally limited to less than ~1 kHz. The use of residual
TOD is practical to implement, but only partially
compensates SPM at best. In this Letter, we demon-
strate an all-fiber SPM compensation device for CPA
based on a technique recently used for optical data
streams in which an electro-optic phase modulator
was used to emulate negative n,.® We are able to suc-
cessfully remove 1.07 rad of nonlinear phase on a
pulse-to-pulse basis. Our technique is simple, high
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speed, capable of fully removing SPM and can readily
be integrated into existing fiber CPA systems.

The concept of our compensation device is quite
simple. Our goal is to remove the nonlinear phase
due to SPM that a pulse accumulates during ampli-
fication in a fiber gain medium, @y,
=nok[5E(z,t)|?dz, where |E(z,t)]* is the temporal
profile of the intensity at a given point in the gain fi-
ber. Because the total dispersion during stretching
for a typical CPA system is much larger than the to-
tal dispersion in the amplifier, the interaction be-
tween nonlinearity and dispersion is negligible.2 We
can therefore treat nonlinearity as being lumped, in
which case the nonlinear phase accumulated from
SPM can be written as ¢ng=nqok|EAt)[*Legy, where
|[EAt)[? is the temporal profile of the output intensity
from the amplifier and L. is the effective length de-
termined by the gain profile of the amplifier as a
function of z. To cancel this phase, our compensation
device makes use of a LiNbOj electro-optic phase
modulator driven by a voltage that is proportional to
the optical intensity of the amplifier output. The
phase imparted to optical pulses by the phase modu-
lator can be described by ¢py=7V(¢)/V ., where V_ is
the voltage necessary to obtain a 7 phase shift. By
applying V(t) = —|EA¢)|?, we effectively emulate nega-
tive ny and can use the phase modulator to compen-
sate for the nonlinear phase. This technique differs
from using true optical negative ny, since electro-
optic modulators have response times of the order of
~10 ps at best, and negative n, generally has a re-
sponse of <1 ps. However, in our proposed and dem-
onstrated compensation method we impose phase on
pulses stretched to >100 ps. Therefore the ultrafast
response associated with optical negative nqy is not
necessary, and our technique is ideally suited to a
CPA system.

The experimental setup is shown in Fig. 1. The
pulsed source consisted of a mode-locked fiber laser
(IMRA; Femtolite B-4-FC) producing 0.08 nd, 370 fs
pulses at a center wavelength of 1556 nm and a rep-
etition rate of 50 MHz. The optical spectrum was ap-
proximately sech? in shape with a 3 dB bandwidth of

© 2006 Optical Society of America



G2 Stretcher
2f
Fiber
Circulator C1
Pulsed| 1 M G1
Source 1
SPM Compensator
DCF R
(D=-0.43 ps/nm) H
EDFA |
Pre-Amp
(D=-0.17 ps/nm) ;
E Power
----------------------- EDFA
G3 (D=0.6 ps/nm)
h
|
Cc2
M3
Compressor G4
To Autocorrelator
Fig. 1. Experimental setup. C, collimator; G, grating; M,

mirror; PD, photodetector; PM, phase modulator; EDFA,
erbium doped fiber amplifier; DCF, dispersion compensat-
ing fiber.
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Fig. 2. Oscilloscope time trace of the stretched optical
pulse (solid curve) and electrical signal (dashed curve) into
the phase modulator. Pulse widths as measured by the
30 GHz sampling scope are 136 and 151 ps, respectively.

7.0 nm. Pulses were stretched to 136 ps (Fig. 2) by a
grating stretcher, giving —20.0 ps/nm of total disper-
sion. They were then preamplified by an erbium-
doped fiber amplifier (EDFA) to account for some of
the loss through the stretcher and following SPM
compensation device. Five meters of slope-matched
dispersion-compensating fiber with a total dispersion
of —0.43 ps/nm was placed before the preamplifier to
compensate for dispersion from the power amplifier
(0.6 ps/nm) and the preamp (-0.17 ps/nm). This al-
lowed us to match the grating compressor to the
stretcher and avoid nonnegligible effects from higher-
order dispersion. The SPM compensator consists of a
LiNbO3; phase modulator driven synchronously by
the detected optical input signal. A variable attenua-
tor was used to adjust the power into the 10 GHz
high-speed photodetector (Discovery, DSC-R402) in
order to adjust the magnitude of the compensation
signal, and a variable rf delay was used to synchro-
nize the electronic drive with the optical input. By
choosing the correct sign and magnitude of the driv-
ing signal, the phase modulator precompensates each
pulse with the desired amount of negative SPM. For
proper compensation, the detector bandwidth and
stretched pulse duration must both be large enough
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that the electronic signal into the phase modulator
accurately follows the stretched optical signal. The
oscilloscope time trace in Fig. 2 shows the excellent
match between the optical pulse (solid curve) and
electrical signal (dashed curve) in our system. The
small deviation is expected as a result of the mea-
sured 63 ps impulse response of the detector and fol-
lowing rf components. Simulation shows that this de-
viation has no noticeable effect for precompensation
in our system. After SPM precompensation, pulses
were amplified from 0.02 to 30 nJ by a commercial,
gain-flattened, two-stage EDFA (IPG, EAU-1-C),
where they simultaneously acquire ~1.07 of nonlin-
ear phase from SPM. The total length of fiber inside
the amplifier was ~26 m with an output fiber pigtail
of ~1.25 m, giving a measured total dispersion of
0.6 ps/nm. The nonlinear coefficient of the fiber in
the amplifier is close to that of SMF, vy
~1.2Wlkm™!, leading to the expected nonlinear
phase shift of ~1.07 obtained in our experiment. Af-
ter amplification, pulses were compressed by a grat-
ing compressor providing 20 ps/nm of dispersion and
then measured by a second-order autocorrelation.

To demonstrate the concept of the device, we mea-
sured autocorrelation traces with and without SPM
compensation for the highest power obtainable from
the amplifier and therefore the largest amount of
SPM. This corresponded to 1.5 W and 1.0, respec-
tively. For both cases, the grating stretcher and com-
pressor were left in a matched configuration in which
the compressor length was optimized by maximizing
the two-photon photocurrent of a silicon diode for low
power out of the power amplifier (20 mW) and there-
fore negligible nonlinearity. Figure 3(a) shows the
high-power trace without compensation, and Fig. 3(b)
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Fig. 3. Autocorrelation traces. (a) without compensation

for a nonlinear phase shift of 1.07 rad, (b) with 1.07 rad of
compensation. Insets, simulated traces.
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Fig. 4. Autocorrelation trace for a nonlinear phase shift of

1.07r rad and an optimally mismatched grating compressor.

Inset, simulated trace.

shows the trace for 1.07r compensation (~5.0 V peak-
to-peak signal into the phase modulator). Calculated
results from the simulation are shown in the insets of
each figure. We model the amplifier by using the
standard split-step Fourier method and take into ac-
count dispersion, SPM, stimulated Raman scatter-
ing, and third-order dispersion, of which the latter
two have negligible effects given our pulse energy
and bandwidth. The significant reduction in pulse
broadening and distortion shown in Fig. 3(b) demon-
strates the effectiveness of the compensation tech-
nique. Furthermore, the excellent match between
simulated and measured autocorrelation traces dem-
onstrates the accuracy with which we are able to re-
move SPM. Taking into account the deconvolution
factor, the final compensated intensity pulse width
corresponds to 418 fs, which is only 13% beyond the
transform limit of 370 fs. The reason we do not ex-
actly recover the transform limit is a small amount of
nonlinearity in the 2 m of fiber between the source
and the stretcher, ~0.5 rad of SPM.

For demonstration of the practicality of this tech-
nique, we compare the configuration of a matched
stretcher—compressor with SPM compensation ver-
sus the typical configuration in which a deliberately
mismatched grating compressor providing anoma-
lous dispersion is used to mitigate the effects of
SPM.° Figure 4 shows the autocorrelation trace for
the system with 1.07 rad of SPM and an optimally
mismatched grating compressor (by decreasing the
grating distance of the compressor until the two-
photon current was maximized). Calculated results
from the simulation are shown in the inset. Not only
is the pulse width for this configuration 23% larger
than that with SPM compensation and in a matched
stretcher—compressor system [Fig. 3(b)l, but there
also resides a significant amount of energy in incom-
pressible sidelobes. As the nonlinear phase increases,
the technique of using residual dispersion from a
mismatched compressor becomes even less effective.
Pulses become broader and more distorted. Using
SPM compensation in a matched stretcher—
compressor as demonstrated in this work, however,
can ideally return pulses to the transform limit re-
gardless of increasing nonlinearity.

The practical limit for which our technique can
compensate for SPM depends on the interaction be-

tween dispersion and SPM in the amplifier. Our
simulation shows that for our large amplifier disper-
sion of 0.6 ps/nm there is no noticeable distortion of
the pulse intensity for compensating up to 107 rad of
SPM. Decreasing the amount of dispersion in the
power amplifier will make SPM compensation more
robust, allowing for compensation of even larger non-
linear phase shifts.

In summary we demonstrate the removal of
1.07r rad of nonlinear phase shift on a pulse-to-pulse
basis for fiber-based CPA by using an electro-optic
modulator to emulate negative n,. Our compensator
is all-fiber, high speed, and can readily be integrated
into existing systems. Though we demonstrate SPM
compensation for a wavelength of 1550 nm, our tech-
nique can work at any other wavelength for which in-
tegrated electro-optic phase modulators can be
manufactured, such as 1.3 um, 1.06 um, and 850 nm.
In fact the V, for integrated modulators scales super-
linearly with wavelength, making our compensation
technique even more powerful for shorter-wavelength
sources. Larger magnitude of compensation can also
be achieved by using higher-power rf amplifiers. Fur-
thermore, for a completely periodic pulse train, wave-
form synthesis of the electronic drive could allow
compensation of at least 4-5 times as much SPM'° as
demonstrated in this work by using cost-effective
narrowband rf amplifiers. Though grating pairs were
used for stretching and compressing of optical pulses
in this experiment, we foresee this compensator’s be-
ing integrated into systems that use other fiber-based
dispersive devices, such as fiber Bragg gratings and
photonic bandgap fiber,"! to achieve compact, all-
fiber, high-energy pulse generation.
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