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We demonstrate the active wavefront control of a 19-core ytterbium-doped fiber amplifier by the digital ho-
lography technique. The output wavefront is corrected even in the presence of large externally induced per-
turbations, with a measured output Strehl ratio of 0.6 in all cases. The wavefront-controlled multicore fiber
is used to amplify 800 ps pulses at 1064 nm at a repetition rate of 40 kHz, and a gain of 23 dB is obtained.
© 2010 Optical Society of America
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Fiber lasers have attracted significant interest be-
cause of their advantages in terms of efficiency, com-
pactness, reliability, and thermal behavior. However,
in the pulsed regime, the output power of such de-
vices is limited by nonlinear effects and material
damage. Increasing the effective area of the beam
propagating inside the fiber is desirable, but this
technique is limited because of multimode issues and
beam degradation for large transverse dimensions. A
widely studied alternative is the coherent combina-
tion of fiber lasers or amplifiers [1,2]. To increase con-
siderably the effective area, a large number of emit-
ters is needed, but the system becomes more complex
and more sensitive to misalignments between the
emitters, and a high fill-factor is difficult to maintain,
resulting in a decrease of the energy in the central
lobe of the far field. An interesting alternative is to
apply this concept to an integrated architecture, such
as multimode or multicore fibers.

In multimode fibers, the technique consists in lock-
ing the modes propagating inside the fiber in phase
at the output of the fiber. Wavefront control by digital
holography [3] has been recently demonstrated in a
passive fiber supporting few modes [4]. However, the
use of a multimode fiber with this technique is lim-
ited for two reasons. First, it is difficult to fabricate
highly multimode polarization-maintaining (PM)
structures. Second, the gain in the fiber and the ve-
locity group dispersion are mode dependent, and the
phase-conjugation system cannot compensate for
this. For these reasons, it is interesting to study an-
other structure that is less gain dependent and that
can be PM with a high effective area.

In this sense, multicore fibers (MCFs) are very
promising in terms of effective area, and can be PM.
Another advantage is that the emitters are all me-
chanically and thermally strongly coupled, which
make the system less sensitive to global phase varia-
tions [5]. The use of Yb-doped MCFs has been dem-
onstrated in several laser configurations [6]. Funda-
mental mode operation of a 19-core MCF amplifier
has also been demonstrated [7] without wavefront
control. However, this operating regime depends

strongly on the injection conditions. It is therefore in-
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teresting to investigate alternative methods using
wavefront control.

In this Letter, we demonstrate the wavefront con-
trol of a 19-core Yb-doped MCF amplifier using a digi-
tal holography technique. This technique relies on
the use of the phase-conjugated �1-order of diffrac-
tion of a dynamic holographic diffraction pattern re-
corded on a liquid-crystal-on-silicon spatial light
modulator (SLM) (resolution 1920�1080 and frame
rate 60 Hz). The architecture, along with technical
details of the experimental setup, have been de-
scribed in our previous work in the context of large-
mode-area (LMA) fibers [4]. The cores of the fiber
used in this work have a diameter of 7 �m and a
pitch of 11 �m, which makes them evanescently
coupled. As a consequence, the global fiber structure
supports several modes, called supermodes. Although
the fiber is not PM, the depolarization measured over
5 m is very low: a linear polarization can be experi-
mentally recovered at the output of the fiber with a
quarter-wave plate. A polarization extinction ratio of
93% is measured, even when the fiber is pumped. The
experimental setup is shown in Fig. 1. A laser source
at 1064 nm is separated into probe and reference
beams. The probe beam is coupled to the MCF. The
fiber is pumped by a 26 W fiber coupled laser diode
emitting at 976 nm. The CCD 1 images the distorted
beam at the output MCF facet and makes it interfere
with the reference beam. The pattern is displayed
continuously on the SLM at a frame rate of 12 Hz

Fig. 1. Experimental setup. BS, beam splitter; PBS, polar-
izing beam splitter; FR, Faraday rotator; GP, Glan

polarizer.
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(limited by our camera), creating a dynamic holo-
graphic diffraction pattern. A fraction of the reference
beam with an intensity lower than the damage
threshold of the SLM �2 W/cm2� is sent to the modu-
lator via the PBS and is diffracted to create the phase
conjugate of the object beam, the seed pulse. The dif-
fraction efficiency (in the �1-order) is about 10%. The
seed is coupled into the fiber, and while it propagates
back through it, the spatial phase distortion due to
the propagation in the fiber is compensated by the
SLM-induced phase conjugation. At the output of the
fiber, a corrected beam (in dotted lines) with a plane
wavefront is obtained and analyzed on CCD 2.

The hologram recorded on CCD 1 gives access to
the spatial phase of the object beam. We recorded
three holograms with no pump power, 12 W, and
26 W pump power (Fig. 2). Two phase vortices can be
seen on the holograms. This shows that the wave-
front of the object beam is not flat, and consequently
that it differs from the fundamental supermode of
the MCF: the probe beam at the output is composed
of several supermodes that interfere, leading to this
complex phase profile. In addition, it can be seen that
the three holograms are identical, which indicates
that there is no self-organization of the object beam
due to the presence of gain. This shows that an exter-
nal control of the wavefront of the beam exiting the
fiber is necessary.

To verify that we were able to generate a corrected
beam with a plane wavefront, we first used a longi-
tudinally single-mode Nd:YAG cw laser. Its narrow
spectral linewidth ��1 kHz� allows interference be-
tween the output corrected beam and the reference
beam with a plane wavefront on CCD 2 without delay
line. Figure 3(a) shows the interference pattern when
the active wavefront correction is working. The inter-
ference fringes are all parallel and equally spaced, in-
dicating that the output beam has a plane wavefront.
The spatial phase of the output beam can be de-
graded by turning off the active correction and apply-
ing a pressure on the fiber. This modifies the relative
phase between the cores inside the fiber and the
beam is no longer corrected. The effect is shown on
Fig. 3(b). A strong phase distortion appears on the
corrected beam, leading to the creation of phase vor-
tices. When the active correction is turned on again,
the interference pattern switches back to its original
profile [Fig. 3(c)] without phase vortex. An advantage
of digital holography is that no wavefront reconstruc-
tion is needed, since it is automatically performed by
the holographic diffraction pattern. This allows the
correction of complex phase distortion such as phase

Fig. 2. (Color online) Hologram recorded on CCD1 for 0,
12, and 26 W pump power. The regions of interest (phase

vortices) are indicated in the small squares (red online).
vortices.
As the limitations of fiber amplifiers mainly arise

with high peak powers, it is important to demon-
strate the feasibility of digital holography in the
pulsed regime. This experiment was performed with
800 ps pulses at a repetition rate of 40 kHz at
1064 nm. In this temporal regime, the group-delay
dispersion between supermodes is low compared to
the pulse duration and does not affect the phase cor-
rection. We checked the efficiency of the wavefront
correction by observing simultaneously the near field
and the far field of the corrected beam, and by evalu-
ating the Strehl ratio (SR). The SR is evaluated on
the far field. A theoretical far field is evaluated by cal-
culating the Fourier transform of the square root of
the near-field intensity, therefore assuming that all
the cores are in phase. This theoretical far field is
compared to the measured far field and the SR is de-
duced (Fig. 4). With active correction, we measured
an SR of 65%. Without applying a pressure to the fi-
ber, the SR drops down to 29%, and when the correc-
tion is turned on again, SR increases up to 59%. The
measured gain inside the fiber is shown in Fig. 5. We
obtain a gain of 23 dB at maximum pump power, cor-
responding to an average output power of 170 mW.
The far-field and near-field intensity profiles are
shown versus different pump power: it is clear that
the phase correction works over the whole pump

Fig. 3. (Color online) Interference fringes between cor-
rected and reference beams. (a) Active correction ON, no
pressure applied. (b) Active correction OFF, pressure ap-
plied. (c) Active correction ON, pressure applied.

Fig. 4. Measured near fields (top), far fields (middle), and
calculated far fields with constant phase (bottom). The im-
ages are normalized in intensity. The Strehl ratio is given

for each situation.
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range. The near field shows that the corrected beam
is slightly off center compared to the central core of
the fiber and differs from the fundamental super-
mode of the fiber. Indeed, the corrected beam exits
the fiber with the same characteristics as the probe
beam, which means that in our case, the probe beam
was not perfectly centered on the central core. How-
ever, this is not important for the quality of the cor-
rected beam, as it can be seen on the far field that the
beam remains Gaussian.

Like all phase-conjugation methods, the digital ho-
lography technique cannot compensate for mode-
dependent gain or loss inside the fiber. For multi-
mode fibers, it is well known that the gain depends
on the mode structure propagating inside the fiber
[8]. This makes the digital holography technique dif-
ficult for multimode fiber amplifiers. Since we dem-
onstrated that this technique works in MCF even
with high gain �23 dB�, this indicates the low depen-
dence of the gain with respect to the supermode
structure and also the absence of self-organization in
MCF amplifiers. This can be understood by noting
that, unlike in multimode fibers, both the gain and
the supermodes are strongly located in the single-
mode doped core areas that have very similar profiles
and gain. Therefore, the overlap integral between
modes and gain-providing areas does not vary much

Fig. 5. (Color online) Gain versus pump power and corre-
sponding near fields (left images) and far fields (right
images).
from supermode to supermode.
In conclusion, we demonstrated wavefront control

by digital holography in a 19-core ytterbium doped fi-
ber amplifier in cw and pulsed regimes. Self-
organization in the fundamental supermode was not
observed, and wavefront correction was demon-
strated with a gain up to 23 dB. Our system shows
efficient correction of complex phase defects such as
phase vortices: the SR was increased by a factor of 2.
The effective area of the MCF is directly proportional
to the number of cores and can be scaled easily. Our
technique can be used for noncoupled MCF, which
can be PM, and thus provides an alternative way to
scale the energy of pulsed fiber systems.
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