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Propagation properties of high-power fiber laser with high-order-mode (HOM) content are studied numerically for
the first time to the best of our knowledge. The effect of HOM on the propagation property is evaluated by the
power in the bucket (PIB) metric. It is shown that PIB is mainly dependent on HOM content rather than the relative
phase between the fundamental mode and HOM. The PIB in vacuum is more than 80% when the power fraction of
the HOM is controlled to be less than 50% at 5 km. The relative phase has an impact on the peak intensity position
and concentration of the far-field intensity distribution. If an adaptive optics system is used to correct the peak
intensity deviation, the results indicate that there exists a maximal value of PIB as relative phase increases. Such
effect is weakened when propagating in turbulence. Compared to the laser beams without HOM, laser beams with
HOM content are less influenced by the turbulence and can reduce average intensity fluctuation. The results may
be useful in the design of a high-power fiber laser system. © 2015 Chinese Laser Press
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1. INTRODUCTION

Optical propagation of laser beams in vacuum and turbulent
atmosphere has been widely studied, and investigation of the
propagation properties of laser beams through turbulence
atmosphere can provide useful reference for many important
applications, such as free space optical communications, laser
radar, light detection and ranging, and remote sensing and
imaging [1-11]. Recently, with the development of high-
brightness pump diodes and large mode area (LMA) double-
clad fiber, ytterbium-doped fiber laser has evolved from
lower-power setups to multi-kW industrial systems in the
past decade [12], which results in the propagation of high-
power fiber laser under intense study. Unfortunately, in a
high-power laser system, the combination of high average
power and LMA leads to the onset of mode instabilities (MIs)
[13-15], which results in a laser beam with high order modes
(HOMs). It should also be noted that, even when the MI does
not occur, the output beam from LMA fiber is not free of
HOM [16]. Although lots of methods to mitigate or eliminate
HOM are proposed as well as increasing the threshold power
of MI [17,18], significant progress has not been reported until
now, which means, in practice applications, a high-power
fiber laser free of HOM content is not possible at present.
Propagation of fiber laser without HOM has been studied
[9]. However, to the best of our knowledge, the propagation
properties of fiber laser beams with HOM content have not
yet been examined.

In this paper, the propagation of high-power fiber laser with
HOM content is studied with the power in the bucket (PIB)
being the evaluation criterion. Our aim is to find the tolerance
of HOM content in the energy transmission application of
high-power fiber laser and provide reference for the design
of high-power laser system.
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2. THEORETICAL MODEL

An optical field propagating in a weakly guiding step-index
fiber can be locally expressed in terms of the so-called LP
fiber modes (or LP modes), which are often used to express
the exiting mode of the fiber laser [19]. The normalized elec-
tric field of LP,,, mode ¥;p ~can be written as

Yrp,., 2{7/"#@ cos(mep), )

where N, is the normalization factor, and, in step-index fi-
bers, f,,,(r) can be expressed as [20]

S (Upin 7/ @)
Son(r) =22 g > >0, (2a)
" S (Unn)
Koy (Wo/ @)
fm7 (7') =—=—T"'" r>a, (2b)
' Km(Wmn)
Ugrm + V%nn = Vzv (20)
V= 2;‘_“NA, @d)
and the normalization factor N,,, is
Ny, =2n Amf%n(r)rdr for m = 0, (32)
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Ny, =x / “r2, (ryrdr form > 0, (3b)
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where J,, and K,, is the Bessel function and modified Bessel
function, respectively, a is the core radius of the fiber,

(r = V22 + 42, ¢) is the polar coordinates, NA is the core
numerical aperture of the fiber, and 1 is the wavelength.

In general, dynamic energy transfer in MI most often hap-
pens between an LP;; and LP;; mode at the onset stage in
refractive-guiding step-index fiber [13,14]. It is shown that per-
turbation coupling of the fundamental LP;; mode into the
LP;; mode is the strongest [21-23] and its bend loss is rela-
tively low, which makes this HOM ubiquitous and difficult
to eliminate. Other higher modes can be eliminated by bend
loss, so the remaining analysis presented in the paper will con-
sider the set of modal superposition states consisting of differ-
ent admixtures of the calculated LP(; and LP;; modes present
at the near-field fiber output, where the electric field of the
high-power fiber laser can be expressed as

E\car fiela = \/ALP“em(/)‘PLP“ +/1-Arp Yip,, . “)

where A, p;; is the power fraction in the LP;; mode and A¢ is
the relative phase between the LP,; and LP;; modes. In prac-
tice, the laser from LMA fiber is launched from a transmitter
with adaptive optics (AO), which can clean up the laser beam
[24,25] and add tile phase at the transmitter plane to correct
the beam pointing error (peak intensity deviation) caused by
the HOM [16], as shown in Fig. 1. The optical field after the
transmitter can be written as

E,near field — (\/ ALPueiAd)lPLPu + Y 1 _ALPUIPLP()l)eiizLHZ’ ®)

where ¥ p ~is defined by Egs. (1) and (2) with a replaced by
D = Ma. M is the magnification of the transmitter and F is the
distance to the target.

We model propagation of the laser beam through the tur-
bulence volume as a sequence of 2D wave propagations from
one thin phase screen to another using scalar diffraction
theory [26-28]. Propagation of the complex wave amplitude
function E(x,y,2z) from the ith to the (i + 1) phase screen
is accomplished by first applying the phase screen aberration
mask ¢(x,y,z;) and then propagating the angular spectrum
propagator a distance Az; between the turbulence layers.
The propagation of the optical field can be accomplished us-
ing a standard numerical propagation technique such as a fast
Fourier transform (FFT)-based approach. This approach to
model propagation is a Fourier domain technique, which
can be written mathematically as

LMA fiber High power laser propagation '

Transmitter with AO Target

Fig. 1. Scheme of the launch of LMA fiber laser.
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where ¢(x,y,2;) is the phase screen realizations that de-
scribes the phase aberration induced by atmospheric turbu-
lence [¢(x,y,2;) = 1 for propagation in vacuum]; k = 2z/4
is the wavenumber; K, K, is the spatial frequency component
along x axis and y axis, respectively; and F, F-! stand for di-
rect and inverse Fourier transforms. The phase screens are
generated by fast Fourier method with subharmonics [29].
To provide sufficient statistics for the calculations of average
irradiance, the resulting intensity frames are averaged to cre-
ate the simulated intensity profile of the beams [10,30].

3. NUMERICAL SIMULATIONS

A. Validation of the Simulation Code

To verify the simulation code, we compared simulation results
with analytic results for a Gaussian beam. The analytic
expressions for the Gaussian beam are presented here for
reference. For a Gaussian beam field E;(r,z =0) =
(Ey/wy) exp(-r> /w%), after propagating a distance z in turbu-
lence, the optical intensity (irradiance) can be expressed as

E? 2
Io(rz) =% exp|-——1%), 7
G( ) 'I,U(2)TZ p( ’LU(Z)TZ ) ( )
with
=1+l + 2, ®

where 7, = 2z2/kw?, 7, = 242z /kwyr,, and 73 = 1 — 2/F, and
k = 2z /2 is the wavenumber. E|, is the peak intensity, wy is
initial radius, 4 is the wavelength, F' is the focus distance,
and 7, is the coherence length of a spherical wave and can
be expressed as r, = (0.545C2k2L)~3/>. C% is the structure
constant, which represents the atmospheric turbulence
strength. Figure 2 shows a comparison of simulation and ana-
lytic intensity patterns. The array size is 512 x 512 points. One
thousand phase screen realizations were averaged for the sim-
ulation intensity. wy = 15 cm, 4 = 1 pm. The simulation and
analytic profiles are identical, except for small random varia-
tions in the simulation intensity due to the finite number of
frames. The simulation profiles become smoother as more
frames are averaged.
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Fig. 2. Comparison between the analytic and simulated results when
z=1kmand C? = 1x 10715 m2/3,
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B. Propagation in Vacuum

We now perform some numerical calculations as examples to
illustrate the propagation properties of fiber lasers with HOM
content in vacuum. In accordance with Egs. (1) and (2), the
near-field intensity distribution of the fiber modes is plotted in
Fig. 3. The laser is launched focally with V = 3, 1 = 1 pm. The
irradiance distribution for the fiber laser beams with HOM
content is calculated and plotted in Fig. 4 with Ma = 15 cm
and F' = z. Here, dotted axes are used to denote the center
of the target. It is shown that the HOM content will cause
the deviation of the peak intensity and results in the beam-
quality degradation.

Figure 5 plots the irradiance distribution with different
power fractions and relative phases. It is shown in Figs. 5(a),
5(c), and 5(e) that the peak of the far-field irradiance varies
with relative phases: the peak deviates to one side monoto-
nously when A¢ increases from -z /2 (37/2) to z/2; the peak
deviates to another direction monotonously when A¢p
increases from 7/2 to 3z/2. From Figs. 5(b), 5(d), 5(f), and
5(g), one can see that the deviation of the center becomes
larger with longer propagation distance and larger power
fraction of HOM content.

Figures 4 and 5 show a qualitative effect of HOM content on
propagation. The beam quality factor should be introduced in
order to obtain detailed and quantitative results. For the ap-
plications such as energy transmission, the power in a certain
area on the target is a key parameter to the researcher’s con-
cern. In order to characterize the beam quality, the PIB is
chosen as the criterion, which is given by

% ST T) dardy

PIB = P x b Jn /2
[ 2 (T dady

®

where & is the bucket radius, [ is the irradiance, and the total
power P is normalized equal to 1. According to [31], bucket
size with a diameter between 2 and 3 cm is useful for realistic
application. A bucket diameter of 2.5 cm is chosen in our
numerical calculation. The PIB as a function of A¢ and
App,, is shown in Fig. 6, where i = 1.25 cm. Figure 6(a) re-
veals that PIB on the target is independent of A¢. This indi-
cates that PIB on the target decrease monotonically with the
increase of A;p ~and decreases more rapidly at longer propa-
gation distance. We can also conclude that, if the power in the
HOM is controlled to be less than 50%, the PIB above 80% can
be achieved at a range less than 5 km.

If AO is used to correct the peak intensity deviation by add-
ing a tilt phase, the PIB on the target with different power frac-
tions and relative phases is shown in Fig. 7. In the numerical

(a) (b)
Fig. 3. Trradiance distribution of fiber modes. (a) LPy;; (b) LPy;.
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Fig. 4. Irradiance distribution at 2 = 5 km. (a) Near-field intensity
with Azp, = 0. (b) Near-field intensity with A;p = 0.3, Agp = /4.
(c) Farfield intensity with A;p =0. (d) Farfield intensity with
Arp, =03, Agp = n/4.

simulation, we chose the point with the highest peak intensity
as the center of the bucket. This reveals that there exists an
optimization of PIB as A¢ increase: the PIB increases with
the increasing of A¢ until it reaches the maximal value; after
the maximal value, PIB decreases with the increasing A¢.
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The values of A¢ corresponding to the maximum PIB are
kept the same (z/2) with different HOM power fractions,
and the optimization is more obvious with higher HOM
power fractions.

C. Propagation in Turbulence

To further study the propagation properties of high-power
fiber lasers with HOM content, we have studied the effects
of HOM content in turbulence. The numerical modeling
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Fig. 6. PIB as a function of relative phase and HOM content Azp, .
(@) 2 =5km. (b) A¢p =0.

0.8
@
a /
075t .«
S AL =04
07t ALF”
C A =02
0.65 " 05
A =05
ALF'” /
0.6
0 0.2 04 0.6 0.8 1
A/n(rad)

Fig. 7. PIB as a function of A¢g.

(b)
Fig. 8. Example of phase screen used in numerical simulation.
(@) C3 =5x 10716 m™/3, (b) C2 = 1x 10715 m=2/3,

procedure is, thus: The initial fiber laser beam with optical
field given in Eq. (5) is propagated from the initial plane to
the second plane using the angular spectrum propagation
method [10]; then, the phase screen, which represents the
accumulated atmosphere turbulence effect through the
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Fig. 9. Irradiance distribution at z = 5 km. (a) Without HOM con-
tent. (b) Azp, = 0.3, Ap = /4.
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Fig. 10. Normalized intensity distribution. (a) Azp, = 0.2, A¢ = 7 /2.
() Ap, =0.2.

propagation distance, is multiplied with the field at the second
plane; the aforementioned process is repeated until the final
distance is reached. Examples of phase screen used in the
simulation are given in Fig. 8.
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The irradiance distribution for the fiber laser beams is plot-
ted in Fig. 9 with C2 = 1x 10" m™%/3. It is shown that the
HOM content causes distortion of the laser beams.

Figure 10 plots the irradiance distribution with different tur-
bulence strength and relative phases after propagation 1 km in
turbulence. It is shown in Fig. 10(a) that the influence of tur-
bulence has only made the beam become divergent without
changing the peak position. The peak of the far-field irradi-
ance also varies with relative phases in turbulence, as in
Fig. 10(b): the peak deviates to one side monotonously when
A¢ increases from -z/2 (37/2) to =/2; the peak deviates to
another direction monotonously when A¢ increases from
/2 to 3r/2.

The PIB as a function of A;p, is shown in Fig. 11. The
parameters are taken the same as in Fig. 5. This indicate that
PIB on the target decreases monotonically with the increase
of Arp , except for some random deviations due to the finite
number of frames. Compared with the results in Fig. 6(b), it
can be realized that the influence of HOM content is weakened
when the laser beams propagate in the turbulence.

The PIB as a function of turbulence strength (D/r) is cal-
culated and plotted in Fig. 12 with 2z = 5 km. It is shown that
the laser beams with HOM are less influenced by the turbu-
lence, which means that laser beams without HOM content
are superior to the laser beams with HOM content in the case
of turbulence propagation.

Atmospheric turbulence also results in the average inten-
sity fluctuation, which is one of the key concerns for a free
space optical communications application. To quantitatively
characterize this fluctuation, we calculated the scintillation
index (SI), which is defined as
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Fig. 12. PIB as a function of turbulence strength.
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where (-) represents an ensemble average. The SI on axis
(x =0,y = 0) as a function of turbulence strength is plotted
in Fig. 13, which indicated that laser beams with HOM content
has smaller SI and can reduce intensity fluctuation.
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With the peak deviation corrected by AO system, PIB on the
target with different C2 is shown in Fig. 14. Take the case of
App,, = 0.1, for example; it is shown that the PIB is increased
by 21% from 0.657 to 0.792 with C2 = 1 x 10716 m=2/3, by 16%
from 0.42 to 0.49 with C2 = 5 x 10716 m=2/3, and by 12% from
0.268 to 0.30 with C2 = 1x 10> m2/3, which reveals that
there also exists an optimization of PIB as A¢ increase in tur-
bulence, but the optimization effect of PIB is weakened by
stronger turbulence.

4. DISCUSSIONS

Our study points out that PIB on the target is independent of
the relative phase between the fundamental mode and HOM.
The detailed reason can be obtained by the following deriva-
tion process:

Based on Huygens-Fresnel diffraction integral [6-8], the
intensity distribution after propagation distance can be
expressed as

:%[:[:[:[:(E(x,y,zzo)E’*(f,ﬂﬁ:0))

xexp{ L {0-27 + a-9) - 0= - @)

x (exply (p.q.%,y) +y* (v,q.&,n)])drdydédy,

(I(p.q.2))

an

where () denotes average over the ensemble of the turbulent
medium. Take Eq. (b) into Eq. (11), we can obtain

{I(,q,2)) = Iy + Lo1 + Lopa1, (12)

with

Iy = ’ZZA;’)’; IS exp{ f[(x2+y2)—(§2+f72)]}

X‘PLPU(x»Z/)q’LPU(fs 1)
X exp {%[(10—06)2 +(a-y)?-p-8*- (q—n)2]}

x (exply (p.q,%,y) +y* (0,q.&,n)])drdydédy, (13a)

=) [ [ [

X exp {—ig[(%2 +yh) -+ 112)]}
X \PLPM (x, y)lPLPUl & n
cexp {5210 -0 + @@= - - 97 - -]}

x (exply (p. q.2.y) + v (1. q. & n))drdydédn. (13b)
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It can be seen that the term I;,;; is influenced by the
relative phase. For the special case that the intensity is located
at the initial plane, [* [® Io;.q1(x. y,2 = 0)dxdy = 0 can be
obtained by using the properties of a Bessel function. For
the general case that the plane is not the transmitter plane,
by numerical integral, we also found that /%, [* Iy, dvdy =
0, which results that PIB on the target is mdependent of the
relative phase between the fundamental mode and HOM.

It is shown in [32] that the power content as well as the
phase among modes changes dramatically once the MI thresh-
old has been reached. Based on the aforementioned study, the
change of the relative phase has no effect on the PIB.
However, the change in the power content has a significant
impact on the PIB. In a future study, it is more important
to reduce the HOM content than to control the relative phase.

A recent proposed approach to mitigate the effect of MI has
proven to control the HOM content less than 50% when the
lasing power is 300% of the threshold power [17]. Based on
the study in Section 3, the improved lasing output obtained
by the method is deployable in practice.

5. CONCLUSIONS

In conclusion, propagation of a high-power fiber laser with
HOM content is studied by numerical simulation. It is shown
that the PIB is mainly dependent on HOM content instead of
the relative phase, and, if the power in the HOM is controlled
to be less than 50%, the PIB in vacuum is more than 80%,
which means the laser beam could be applied for practical
use. The relative phase mainly has an impact on the peak in-
tensity of the far-field intensity distribution. If AO is used to
correct the peak intensity deviation, the results indicate that
there exists an optimization of PIB as an increase in relative
phase, and the corresponding relative phase of the optimal
value is 7 /2. There also exist an optimization of PIB in turbu-
lence, but the optimization effect of PIB becomes weakened
with stronger turbulence.
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