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The impact of self-phase modulation on coherently combined ultrafast fiber-based chirped-pulse amplifiers
(CPA) is studied. We point out that, in nonlinear CPA regime, the nonlinear phase accumulated in each fiber
amplifier can significantly differ from one to another, resulting in serious efficiency degradation of coherent
combining. A test bench based on picosecond pulses, and a single fiber amplifier is developed to experimen-
tally demonstrate the effect. The effects that can lead to this nonlinear phase deviation and the induced
system limitations are discussed and analyzed. © 2010 Optical Society of America

OCIS codes: 060.2320, 140.3510.

Fiber-based chirped-pulse amplification (CPA) sys-
tems, offering a number of advantages such as excel-
lent output beam quality, high efficiency, and large
surface area to volume ratio that results in large heat
dissipation capacity, are currently one of the best
technical solutions to generate ultrashort pulses at
high average power. Recently, a fiber-CPA system de-
livering 640 fs pulses at an average power of 830 W
and a repetition rate of 78 MHz has been demon-
strated [1]. The energy per pulse that individual fiber
CPA can deliver remains, however, modest compared
to their bulk counterpart and is ultimately limited by
two factors: the achievable physical size of the bulk
compressor (which limits the temporal width of
stretched pulses), and the peak pulse power that op-
tical fibers can withstand. Since, typically, the former
is of the order of 1 m and the latter is about 4 MW
(corresponding to the critical power for self-focusing
in silica glass) [2], a limit of a few millijoules can be
found.

To further scale up the energy per pulse, active co-
herent beam combining is a promising solution [3].
Widely studied for cw laser systems, this technique
consists in separating and distributing a single laser
source into an actively phase-locked array of fiber
amplifiers and then combining the amplified beams
into a single one. Excellent results have been ob-
tained in the cw regime. For the pulsed regime, it has
been proposed and discussed as a solution for inertial
fusion laser driver [4] and a first demonstration has
been performed in the nanosecond regime [5]. In this
Letter, we discuss a phenomenon that arises in short-
pulse coherently combined fiber CPAs: the amount of
self-phase modulation (SPM) accumulated in each fi-
ber amplifier can significantly deviate from one an-
other, leading to coherence degradation for beam
combining. In what follows, we first bring out the is-
sue by using a test experiment and then discuss fur-
ther system aspects of this issue in real coherently
combined fiber CPAs, outlining the factors leading to
this nonlinear phase deviation, the induced limita-
tions and possible solutions to overcome the problem.

To demonstrate the impact of SPM deviation on co-
herent combining, we have carried out an experiment
based on picosecond (ps)-pulses and one single-fiber
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amplifier. Although interested in femtosecond (fs)
CPAs, we have chosen to use ps pulses for two rea-
sons. First of all, we need both high peak power and a
relatively high repetition rate in this demonstration.
This translates into an average power too high to be
practical for fs CPAs. Second, the high peak power of
ps pulses in our experiment is similar to that of
stretched fs pulses in high-energy CPAs, which re-
sults in, approximately, the same amount of maxi-
mum SPM. For this to hold true, the temporal dura-
tion of the ps pulse should not change, which has
been checked in our experiment. Moreover, it is
shown in the second part of the Letter that, for fs
CPAs, the time-varying nonlinear phase deviations of
stretched pulses will finally translate into almost
constant phase shifts for the recompressed pulses.

A schematic of the experimental setup is shown in
Fig. 1 and bears some similarities with [6]. The
pulsed source is a diode-pumped passively mode-
locked Nd:YVO, laser operating at 1064 nm and de-
livering 11 ps pulses at an average power of 1.5 W
and a repetition rate of 125 MHz. It is further re-
duced to 1.25 MHz by using an acousto-optic modu-
lator. At the output of the laser source, a free-space
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Fig. 1. (Color online) Schematic of the experiment setup.
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Mach-Zehnder-type interferometer is used to pre-
pare two time-shifted replicas of the same pulse with
a fixed phase relationship at the amplifier input. The
pulses are separated in time by about 1 ns to avoid
the impact of environmental fluctuations, such as the
mechanical and thermal fluctuations of fibers, whose
characteristic time is far larger than 1 ns. The pulses
are also slightly separated in space so that we can
control the relative amplitudes of injected pulses by
adjusting the position of the fiber input end. The am-
plifier is a 6-m-long polarization-maintaining double-
clad (20/400 um) ytterbium-doped fiber, which is
counter pumped. The input power is 6 mW. The am-
plified signal is retrieved by using a dichroic mirror
and then sent to a second interferometer, where the
same time delay is introduced so that the two ampli-
fied pulses can interfere. The interference fringes are
recorded on a CCD camera.

The fringes on Fig. 2(a) are recorded at an output
average power of 0.5 W, which corresponds to a pulse
energy of 0.2 ud. The good visibility (46%, ideal value
is 50%) suggests that the fixed phase relationship of
the two pulses is conserved at the output of the am-
plifier, and that the relative intensity of the replicas
is well balanced. When the output average power is
scaled to 1.5 W, we observe a decrease of visibility
(18%), as shown on Fig. 2(b). After slightly adjusting
the position of fiber input end to balance the relative
amplitudes of injected pulses, the visibility can be
significantly improved [37%, see Fig. 2(c)]. Finally, as
the output average power is scaled down to 0.5 W, the
initial recorded visibility [see Fig. 2(d)] is recovered
without readjusting the fiber input end. Figure 3
shows the measured fringe visibility evolutions, as a
function of average output signal power, before and
after our best adjustment of fiber input end for bal-
ancing the relative amplitudes of injected pulses at
high power. The explanation of this experimental ob-
servation is as follows: at high output power, a small
input amplitude imbalance of a few percents between
the two replicas is turned into a large time-

Fig. 2. Recorded interference fringes at the output.
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Fig. 3. (Color online) Measured fringe visibility evolu-

tions, as a function of average output signal power, before

and after the adjustment of fiber input end.

dependent phase deviation through SPM, which re-
duces the fringes contrast. Indeed, since the
B-integral in our experiment is about 107 (estimated
by measuring the spectral broadening compared with
numerical simulation) for an average power of 1.5 W,
an input amplitude deviation of only a few percents
can result in an output phase deviation of several ra-
dians. This phenomenon leads to a very high sensi-
tivity of the system to amplitude imbalances and
fluctuations and to a degradation of the performances
of a coherent combining system. Note that even when
the power balance was adjusted as best as we could
in this test experiment, the visibility of the fringes
decreases at high power. This nonlinear sensitivity is
not due to thermal or transverse spatial effects,
which have been carefully ruled out by using a
single-mode fiber to filter the output beam (not
shown in Fig. 1 for clarity), but probably related to
relative beam pointing instabilities between both
arms of the splitting interferometer and increased
sensitivity to the time overlap of the pulses in the re-
combining interferometer.

In order to quantitatively analyze the impact of the
SPM deviation on the efficiency of coherent combin-
ing CPAs, we assume that the SPM deviations just
lead to temporally constant phase deviations be-
tween the final compressed pulses, and these devia-
tions take the value of B-integral deviations. This as-
sumption has been numerically verified for several
pulse shapes, such as Gaussian, super-Gaussian,
first-order soliton, and spectrally modulated Gauss-
ian pulses. Figure 4 shows an example: two 100 fs
Gaussian Fourier-transform limited pulses are
stretched with second-order dispersion to 1 ns; then,
a nonlinear phase with a peak value of, respectively,
20 and 21 rad is introduced for each pulse (values
corresponding to the nonlinearity of one amplifica-
tion stage in a FCPA system described in [7]); finally,
they are both compressed by the same compressor,
with second-order dispersion, to about 210 fs. From
Fig. 4, we see clearly that, during the main part of
the compressed pulses, the deviation between their
phases is about 0.8 rad and is quasi-constant, which
means that a piston correction of the phase is suffi-
cient to compensate it. Now, if we assume the phase
deviation A¢yy, is a Gaussian random variable with a
variance of 0%, we can estimate the coherent combin-
ing efficiency (ratio of obtained peak power compared
to the ideal in-phase case) for a large number of am-
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Fig. 4. (Color online) Intensity and phase of the two com-

pressed pulses: the peak values of nonlinear phase before
compression are 20 and 21 rad.

plifiers to be exp(—o'i/ 2). For the efficiency to be
above 90%, we must have 0,<0.46. If the average
B-integral is 25, this translates into a relative devia-
tion of B-integral among the amplifiers that should
be less than 2%.

The SPM deviation can be induced by input signal
power deviation, as demonstrated in our experiment.
In a real coherent combing fiber-CPA system, it
might have less impact than suggested by our dem-
onstration, because the fiber amplifiers are generally
operating in the regime of saturation, which reduces
the intensity variations at the output and therefore
the phase deviation. However, in a real system, the
SPM deviation can also come from pump power de-
viation. We can use the following equation to evalu-
ate the impact of the relative deviations of the signal
and pump powers on the relative SPM deviation:

Adnr, AP, AP,

=M + > (1)
N Py Py

where AP,y/P,, and APpO/PPO is the relative input
power deviations for, respectively, the signal and
pump, and

d1n ¢NL
dPg

dln ¢NL

(2)
PO P,

s =150 sy T =
are two coefficients that characterize the sensitivity
of SPM deviation to the relative power deviations. We
have numerically calculated these two parameters by
using the parameters of the fiber used in our experi-
ment and with a pump power of 10 W. The results are
shown on Fig. 5, where we can clearly see that the
SPM deviation is generally much more sensitive to
the pump power deviation. With an average input
signal power of 1 mW, for example, we found that 1%
pump power deviation can lead to 1.3% SPM devia-
tion, whereas it is less than 0.1% for signal. As men-
tioned above, this is because the amplifier is rapidly
saturated with the increase in input signal power.
Moreover, it is worth noting that the deviation of fi-
ber Kerr nonlinear coefficient, inversely proportional
to the fiber mode area, can also be translated into a
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Fig. 5. (Color online) Simulated sensitivities of relative

SPM deviation to the relative input signal and pump power
deviations (7, and 7,, respectively), as a function of aver-
age input signal power.

nonlinear phase deviation. The tolerance for the core
diameter of commercialized large mode area fibers
can be as large as 10%, which can result in a relative
SPM deviation as large of 20%.

As shown above, the phase deviation A¢y; can be
considered as a constant during the compressed
pulse, though it is time varying for stretched pulses.
Therefore, by performing the relative phase measure-
ment after compression, one may retrieve the nonlin-
ear phase-deviations and correct them actively. The
precise mechanism at the origin of phase deviation,
i.e., pump and input signal intensity fluctuations and
fiber nonlinearity deviation, will determine the fre-
quency range of the nonlinear phase noise and the
possibility to correct for it.

To conclude, we present the first analysis to our
knowledge of the impact of nonlinear effects in
pulsed CPA fiber combining systems. An experiment
is presented to identify the limiting effect, and fur-
ther analysis of induced limitations is carried out. It
is shown that, for highly stretched CPAs, the phase
deviations induced through SPM by multiplicative
intensity deviations can still be corrected, since they
are essentially constant in the compressed pulse.
However, as nonlinearities induce an increased sen-
sitivity to fluctuations that is quantified in this Let-
ter, future combined CPA systems are likely to work
in a quasi-linear regime.

We acknowledge funding for this work from the
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