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Abstract—We present a detailed investigation on higher order
mode suppression due to differential gain in large mode area step
index fiber amplifiers with confined Yb doping using spatially and
spectrally resolved imaging (S2). A novel active fiber with Yb doping
confined to the central 30% of the core area is fabricated and its
performance is directly compared to a fiber with a conventional
homogeneously doped core with almost identical parameters. At
high pump rates, S2 and beam pointing stability measurements
clearly demonstrate fundamental mode operation of the confined
doping few mode fiber, even under imperfect launching conditions
and environmental perturbations. In addition, we discuss the mode
content as a function of gain in co-pumped fiber amplifiers with and
without confined rare earth core doping using a power propagation
model for fibers with similar parameters to those used in our exper-
iments. Our simulation results as well as amplification experiments
indicate the great potential of the confined doping concept for single
mode high power operation.

Index Terms—Doped fiber amplifiers, fiber lasers, optical fibers.

I. INTRODUCTION

LARGE mode area (LMA) step index fibers with large
core diameters and small numerical apertures (NAs) are

essential for the development of kW class fiber lasers with nearly
diffraction limited beam quality [1]. The LMA concept mitigates
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power limiting nonlinear effects such as stimulated Brillouin
scattering (SBS) and stimulated Raman scattering (SRS) [2].
Mode area scaling while preserving single mode guidance is
challenging in step index waveguides as the core NA cannot
be chosen to be arbitrarily small and the number of supported
modes increases intrinsically as the core becomes larger. There-
fore, it is common practice to use LMA few mode fibers for
both high power fiber laser oscillators and amplifiers [3]–[6].
The majority of strategies, that have been developed over the
years to suppress the unwanted higher-order-modes (HOMs) in
LMA fibers, exploit differential propagation losses between the
fundamental mode and HOMs [7]–[12]. An alternative approach
relies on tailoring the transversal rare earth core doping profile in
LMA fibers to provide preferential gain to the fundamental mode
[13]. While loss induced HOM suppression in LMA fibers has
been investigated extensively in the past [14]–[17], experimental
results on HOM suppression due to differential gain in LMA step
index fibers are rare [18]–[20]. In particular, the effectiveness of
modal gain filtering by moving away from a homogeneously
doped cores towards a so-called confined doping approach,
where the rare earth doping is limited to the central part of the
fiber core, has only been investigated qualitatively by measuring
the beam quality factor M2 and the beam pointing stability
[21]–[25].

In this work, we discuss the concept of gain induced high
order mode suppression numerically on the example of few
mode fibers (V = 3.5) using a power propagation model, which
includes spatial gain depletion in the core region, for co-pumped
fiber amplifiers. We further present two novel low NA LMA
fibers that have been fabricated in-house. The ytterbium doping
of the first fiber (Fiber 1) is distributed homogenously across
the entire core region while the Ytterbium doing of the second
fiber, Fiber 2, is only confined to the central region of the core, to
provide preferential gain to the fundamental mode. Finally, we
quantify for the first time the HOM content of the signal beam
after amplification in a LMA fiber with confined core doping,
Fiber 2, as a function of absorbed pump power using spatially
and spectrally resolved imaging (S2) [26]. As a direct reference,
we perform the same analysis using the very similar LMA step
index fiber with homogenous Ytterbium doping across the entire
core, Fiber 1. In addition, we present a pointing stability analysis
of beams exiting the confined doping fiber amplifier in the
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Fig. 1. (a) Illustration of the refractive index profile of a confined doping fiber
with core diameter D and Ytterbium doping diameter d. (b) Left axis (black
symbols and lines): Gain overlap factors of LP01 and LP11 mode as a function
of d/D. Right axis (blue triangles and line): Ratio of the small signal gains of
LP01 and LP11 modes as a function of d/D.

presence of environmental perturbations. Both S2 measurements
as well as our pointing stability analysis, clearly demonstrate
HOM suppression due to differential gain in the confined doping
amplifier at high pump rates. These findings, in combination
with recent high power experiments [27], make our confined
doping fiber highly promising for high power fiber laser systems
with robust single mode performance.

II. CONFINED DOPING CONCEPT

Tailoring the transverse Ytterbium doping profile in LMA few
mode fiber cores can result in discrimination against HOMs on
account of different gain when the overlap of the fundamental
mode is significantly larger than the overlap of HOMs with the
Ytterbium doped region of the core. Confining the Ytterbium
doping to the central core region is in particular effective if the
normalized frequency parameter V of the waveguide is below
3.8, as the only guided HOMs (LP11,a and LP11,b) have intensity
minima in the center of the core. A schematic of the refractive
index profile of a step index waveguide with a core diameter
D and a confined Ytterbium doped region with a diameter
d < D is shown in Fig. 1(a). To illustrate the gain advantage
of the fundamental mode over HOMs in such a confined doping
fiber, we calculated gain overlap factors Γ01 and Γ11 of the
fundamental LP01 mode and the higher order LP11 modes for
fibers with a core with diameter D = 23 µm and core NA of
0.05 at a wavelength of 1060 nm for a variety of d/D ratios. The
small signal gain ratio g01/g11 =Γ01//Γ11 of the LP01 and LP11

modes is with 1.3 rather small for a homogenously doped fiber
(d/D = 1) compared to a small signal gain ratio of almost 8 for
a confined doping fiber with d/D = 0.3 (Fig. 1(b)).

Imperfect launching conditions or mode scattering along the
fiber, can result in unwanted HOM content in LMA fiber am-
plifiers. To illustrate the impact of differential gain on the mode
purity after amplification and to understand the physics of gain
filtering in more detail, full numerical simulations of LMA fiber
amplifiers have been performed similar to [28]. Our simula-
tions assume 976 nm co-pumping, a circular pump cladding
with 400 µm diameter, an Ytterbium doping concentration of
4.5 × 1025 ions/m3 and fiber lengths that guarantee 99% ab-
sorption of the pump power. We assume a signal wavelength
of 1060 nm and an initial signal power of 10 W, which is well
above the saturation power. Imperfect seed launching conditions

Fig. 2. (a) Relative fundamental mode power after amplification as function
of fundamental mode gain for fiber with homogeneous core doping d/D = 1.
(b) Relative fundamental mode power after amplification as function of funda-
mental mode gain for fiber with confined core doping d/D = 0.5.

are simulated by splitting the power that is not launched into
fundamental mode equally between the LP11a and LP11b modes
at the beginning of the amplifier. Fig. 2 illustrates the relative
power in the LP01 mode after amplification as a function of LP01

gain for 10%, 20% and 30% of initial total LP11 content and for
two different Ytterbium doping profiles. For a fiber amplifier
with homogenous core doping (d/D = 1), and for small amounts
of LP11 content (<30%) as well as fundamental mode gains<10
dB, the HOM content increases, as the gain of the fundamental
mode in the center of the core saturates before the gain of the
LP11 at the core edge does (see Fig. 2(a)). For fundamental
mode gains above 15 dB, both the fundamental mode gain as
well as the HOM gain are saturated and the larger overlap of
the fundamental mode with the doped core results in a slight
increase in output mode purity. Gain saturation effects of the
fundamental mode play a less import role for the second fiber
with confined core doping (d/D = 0.5) as the overlap of the
LP11 modes with the gain is much smaller than in the first case.
Our model predicts that about 10 dB fundamental mode gain is
sufficient to suppress the LP11 content efficiently in a confined
doping fiber with d/D = 0.5 and more than 97% fundamental
mode content can be achieved for typical amplifier gains of 20 dB
(see Fig. 2(b)).

III. FIBER FABRICATION AND CHARACTERIZATION

Two fibers with very similar core sizes, core NAs, and Yb
doping concentrations have been fabricated in-house allowing
for a direct performance comparison. The first fiber, referred to
as “Fiber 1”, is a low NA step index fiber with homogenous
Yb doping across the entire core region. The Yb doping of the
second fiber, referred to as “Fiber 2”, has been confined to the
central region of the core by surrounding a Yb-doped silica rod in
the center of the core with a Ge-doped silica ring. The Ge doping
concentration was chosen to closely match the refractive index
of the Yb-doped material. Scanning electron microscope (SEM)
images and 2D refractive index measurements for Fiber 1 and
Fiber 2 are presented in Figs. 3(a) and 3(b), and Figs. 3(c) and
3(d), respectively. In contrast to the flat refractive index profile
of Fiber 1, our confined doping fiber shows a small index step
of 2 × 10−4 across the core region – due to the use of Yb-doped
and Ge-doped material during the core manufacturing process.
In contrast to previously reported LMA fibers with confined
Yb doping [21]–[25], our fabrication method allows for more
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Fig. 3. (a), (b) SEM images (taken with Phantom ProX by Thermo Fisher
Scientific) of the core regions of Fiber 1 and Fiber 2, respectively. (c), (d) 2D
Refractive index profiles (measured with IFA-100 by Interfiber Analysis) of
Fiber 1 and Fiber 2, respectively. (e), (f) 1D Refractive index profiles (red) and
simulated mode profiles (blue) based on the measured refractive index data for
Fiber 1 and Fiber 2, respectively (simulations performed with FIMMWAVE by
Photon Design).

flexibility in fiber design as it is not restricted to circular sym-
metric rare-earth-doping profiles such as those manufactured
by modified chemical vapor deposition (MCVD). Therefore,
it could also be employed to manufacture fibers that provide
preferential gain to modes that lack azimuthal symmetry. In this
study, we are interested in providing preferential gain to the
fundamental Gaussian-like mode and, therefore, we confined
the Yb doping to the central 12 µm of the 23 µm diameter core.
It has been shown in previous theoretical work that this ratio
of core area to doped area is close to the theoretical optimum
for HOM suppression [29]. The pump cladding geometry of
both fibers has an octagonal shape to guarantee uniform pump
distribution; the measured absorption data for both fibers are
given in Table I. Based on the measured 2D refractive index data,
finite difference simulations have been performed to calculate
the profiles of guided core modes (Figs. 3(e) and 3(f)) as well
as the spatial overlap of the guided modes with the respective
Yb-doped core regions and the effective mode areas (Table I).
It is found that both fibers support LP01 and LP11 modes,
however, the overlap factors of the respective modes with the
doped regions are significantly different. Therefore, we expect
the differential gain between the LP01 mode and the LP11 mode
to be significantly higher in the case of Fiber 2.

IV. MODE ANALYSIS AND POINTING STABILITY

To measure the HOM content of the signal exiting the fiber
under test (FUT) as a function of absorbed pump power, the

TABLE I
FIBER PARAMETERS

aMeasured at 976 nm.
bCalculated at 1060 nm.

Fig. 4. S2-measurement setup for mode analysis (DC: Dichroic mirror,
FUT: Fiber under test, MO: Microscope objective, BS: Beam splitter).

S2-setup illustrated in Fig. 4 is used. A broadband seed signal
is provided by a single mode fiber coupled super luminescence
diode (SLD) amplified to ∼100 mW average power and with a
center wavelength of 1060 nm. A two-lens-telescope (f2 and
f3) is used to match the mode field diameter (MFD) of the
seed signal to the MFD of the LP01 mode of the FUT. Another
two-lens-telescope (f1 and f3) and a dichroic mirror (DC) are
used to launch 976 nm light from a multimode fiber coupled
diode laser into the cladding of the FUT. On the other side of the
FUT, a 40x-microscope objective (MO) with 0.48 NA and a lens
(f4) with 175 mm focal length are used to image the fiber facet
onto a CCD camera (CCD). Another DC is used to separate the
976 nm pump light from the signal. A 90/10 beam splitter cube
(BS) directs 90% of the signal power towards a collection fiber
(CF) and 10% of the power towards the CCD camera, located at
or close to the imaging plane of the 4f imaging system. The CF is
mounted on a motorized 2D translation stage and is connected to
an optical spectrum analyzer (OSA) to measure signal spectra at
different spatial positions across the fiber output facet image. It is
highly multimode with a 50 µm core diameter and 0.22 NA and
therefore its transfer function can be assumed to be sufficiently
flat to resolve multi-mode interference fringes generated in the
FUT. A power meter is used measure the transmitted 976 nm
pump power. The S2 measurement is performed by scanning
the collection fiber in 50 µm steps across the image of the FUT
facet and by recording output spectra at about 400 positions.
The modes present in the beam are identified and their power
contribution is quantified from the measured spectra following
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Fig. 5. S2 measurement results of Fiber 1 and Fiber 2 in an amplifier con-
figuration. (a), (b) Fourier amplitude spectra and reconstructed near field mode
profiles. (c), (d) Relative mode power as a function of absorbed 976 nm light.

the standard Fourier-analysis presented in Refs. [26], [30]. The
S2 measurements presented here are measured in the wavelength
range between 1020 nm and 1050 nm for Fiber 1 and between
1030 nm and 1040 nm for Fiber 2, respectively, in order to
provide sufficient resolution in the time domain. The FUT is
kept straight in order to exclude bend induced HOM losses from
our considerations. HOM excitation is achieved by intentionally
misaligning the FUT from the optical axis of the focused seed
beam. During the misalignment procedure, the beam exiting the
FUT is monitored with a CCD camera to ensure dominant but not
pure fundamental mode excitation. To ensure that the launching
conditions didn’t change while measuring the HOM content as
a function of absorbed pump power, the first S2-measurement
without incident pump light has been repeated at the end of each
measurement cycle. The deviation between the two measured
HOM contents was less than 0.5 %, which demonstrates the ro-
bustness of our set up and method. Figs. 5(a) and 5(b) show four
normalized Fourier amplitude spectra of our S2 measurements
for Fiber 1 and Fiber 2 with and without pump light coupled into
the FUT. These spectra are the sums of all Fourier transforms
measured across the beam cross-section [26], [30]. The peak at
0 ps group delay (GD), often called the DC-peak, corresponds
to the power contribution of all the modes present in the beam.
The reconstructed near field profiles at a GD of 0 ps is similar to
the mode field profile of a LP01 mode as we ensured dominant
fundamental mode excitation when we coupled the seed signal
into the FUT. The other peaks in the Fourier power spectrum
arise from intermodal interference in the fiber. As the HOM
content is intentionally kept small, it is valid to neglect interfer-
ence between HOMs [31] and to focus our analysis only on the
interference of HOMs with the dominant fundamental mode. To
identify which HOMs induce peaks in the Fourier spectrum, near
field profiles are reconstructed at the relevant GDs using Fourier

filtering as described in Refs. [26], [30] and are provided as
insets in Figs. 5(a) and 5(b). For example, the peaks in Fig. 5(a)
around a GD of 0.70 ps correspond to the LP11, e and LP11, o

modes that are interfering with the dominant LP01 mode. Both
LP11 modes appear at slightly different GDs in the Fourier
spectrum, which indicates the presence of a small anisotropy
in Fiber 1 that breaks the degeneracy of the LP11, e and LP11, o

modes. A second peak at a GD of 2.14 ps corresponding to a
LP21-like mode interfering with the fundamental mode is also
found in the Fourier spectrum of Fiber 1 at low power pump
rates (Fig. 5(a)). As the core V-number of ∼3.22 indicates, this
mode should not be guided by the core of Fiber 1. However,
finite difference simulations of the entire fiber structure showed,
that due to refractive index variations in the cladding region,
LP21-like modes are supported by Fiber 1. The Fourier spectra
of Fiber 2, with and without pump light, are shown in Fig. 5(b). In
this fiber, a broad peak centered at a GD of ∼3.25 ps is observed
in the Fourier spectrum. The reconstructed near field images
indicate, that the peak corresponds to LP11 modes interfering
with the fundamental mode.

Next, we investigate the HOM content at the fiber output
for both fibers as a function of gain by performing multiple S2

measurements for different launched pump powers and quantify
the HOM content following Refs. [23], [25]. The results of
these investigations for Fiber 1 and Fiber 2 are summarized in
Figs. 5(c) and 5(d), respectively. Broad maxima in the Fourier
domain typically result in less clean mode reconstructions [31].
This causes some uncertainty in obtaining the exact HOM
contents of a beam. Here, we illustrate the HOM content as
colored symbols indicate the uncertainty through shaded regions
in Figs. 5(c) and 5(d). The relative powers carried by the degen-
erated LP11, e and LP11, o modes are added together and shown
as blue squares in Figs. 5(c) and 5(d). For Fiber 1, the relative
power contribution of the LP11 modes remains strong across all
pump levels. In contrast to the relative content of the LP21-like
mode, which decays rapidly with increasing pump, the relative
power contribution of the LP11 decreases only slightly from
∼14% to ∼10% as the absorbed pump power increases from
0 W to 4.5 W (see Fig. 5(c)). At the same time, the relative
power contribution of the fundamental mode content increases
slightly from ∼76 % to ∼91 % at the highest pump level. This
behavior can be explained by the rather large overlap factor of
∼63% of the LP11 modes with the Yb-doped area in Fiber 1
which has to be compared to a ∼93% overlap of the LP01 mode
and only ∼4% overlap of the LP21-like mode.

In striking contrast, a very strong LP11 suppression has been
observed utilizing our confined doping fiber (Fiber 2) in the
amplifier. Already 1.7 W of absorbed pump power is sufficient to
reduce the total LP11 content from ∼15 % to less than ∼2% (see
Fig. 5(d)). This rigorous HOM suppression at rather low pump
levels is a direct consequence of the confined doping design
of Fiber 2 and the corresponding strong reduction in overlap of
LP11 modes with the doped area from∼63% in Fiber 1 to∼15%
in Fiber 2.

The degree of HOM suppression in high power fiber ampli-
fiers has important consequences for the pointing stability of
the respective beams. The presence of various transverse modes
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Fig. 6. Beam pointing analysis during perturbation of Fiber 2 with a fan.
(a) Beam centroid position on CCD camera. (b) R2-values of Gaussian 2D fits
on beam profile as a function of time.

makes the pointing position extremely sensitive to environmen-
tal perturbations of the fiber. Encouraged by our S2 measurement
results, we performed a pointing stability analysis of the Fiber 2
amplifier in the presence of environmental perturbations. Using
a fan, we excited small vibrations of a loose segment of Fiber
2 and recorded 60 far field beam profiles using a CCD camera
placed 85 cm away from the fiber facet over a time span of
one minute. The seed coupling condition was not changed with
respect to our previous S2 measurements and a 5 nm band pass
filter centered at 1030 nm was placed in front of the camera.
As shown in Figs. 6(a) and 6(b), we performed two pointing
stability measurements, one with and one without 976 nm pump
light coupled into Fiber 2. The plotted beam centroid positions
highlight the drastically improved beam pointing stability due to
strong HOM suppression at elevated pump levels in Fiber 2 with
confined doping. We also fitted 2D Gaussian distributions to the
recorded beam profiles and calculated the R2-values (Fig. 6(b)),
to quantify the beam deformations due to multi-mode interfer-
ence. While the shape of the beam exiting Fiber 2, in analogy
to its centroid position, changes constantly in the absence of
pump light, we also observe a strong improvement in beam shape
stability as pump light was coupled into Fiber 2 (see Media 1
and Fig. 6(b)), which is another indication for the strong HOM
suppression due to gain in Fiber 2.

V. CONCLUSION

In conclusion, we investigated for the first time the HOM
content in beams exiting Yb-doped LMA fibers with and with-
out confined doping as a function of absorbed pump power
using S2 imaging. Our S2 measurements indicate strong HOM
suppression due to differential gain in the case of the confined
doping fiber, which is in striking contrast to our findings for the
homogenously Ytterbium doped LMA fiber with very limited
HOM suppression. We also showed that the HOM suppression
drastically improved pointing and shape stability of the beams
exiting our confined doping amplifier indicating single mode
performance even under imperfect launching conditions and
environmental perturbations. Our results, in combination with
recent high power experiments using the same fiber [27] and a
study that indicated enhanced transverse mode instability (TMI)
threshold for a confined doping fiber [32], highlight the potential
of confined doping strategies for achieving excellent high power
single mode amplifier performance.
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