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The propagation performance of high-power partially coherent fibre laser beams in a real environment is inves-

tigated and the theoretical model of a high-power fibre laser propagating in a real environment is established. The

influence of a collimating system and thermal blooming is considered together with atmospheric turbulence and me-

chanical jitter. The laser energy concentration of partially coherent beams in the far field is calculated and analysed

based on the theoretical model. It is shown that the propagation performance of partially coherent beams depends on

the collimating system, atmospheric turbulence, mechanical jitter and thermal blooming. The propagation performance

of partially coherent beams and fully coherent beams is studied and the results show that partially coherent beams are

less sensitive to the influence of thermal blooming, which results in that the energy degeneration for partially coherent

beams is only 50% of that for fully coherent beams. Both partially coherent beams and fully coherent beams become

less sensitive to thermal blooming when the average structural constant of the refraction index fluctuations increases to

1.7x1014 m—2/3, The investigation presents a reference for applications of a high-power fibre laser system.
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1. Introduction

It is very important to study the propagation per-
formance of laser beams in a real environment for a
high-power fibre laser system. Much work has al-
ready been carried out and it has been shown both
theoretically and experimentally that partially co-
herent beams are less affected by turbulence than
fully coherent ones.'~¢ Fibre lasers have wide po-
tential applications due to their essential character-
istics such as high conversion efficiency, excellent
beam quality, convenient heat management and com-
pact configuration.!”8) With the development of high-
power laser diode pump technology and double-clad
fibre production, the output power of fibre lasers is
gradually increasing and the single-mode kilowatt fi-

91 However,

bre laser has become reality commercially.
the ultimate output power of a single fibre laser is
limited due to the nonlinear effect, facet fracture and
thermal lens.['% If the requirement of the single mode
is not needed, the output power can be increased
significantly.'" Therefore, study of high-power par-
tially coherent fibre laser beams propagating in a real

environment is of significant importance for the design
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and performance analysis of high-power fibre laser sys-
tems.

In this paper, taking the Gaussian—Schell mode
(GSM) beam as a typical model, we analyse the prop-
agation performance of partially coherent beams in a
real environment and the influence of collimating sys-
tems, atmospheric turbulence, mechanical jitter and
thermal blooming on the propagation efficiency of par-
tially coherent beams, which is calculated numerically.
The dependence of average power in the bucket (PIB)
on propagation distance is obtained. Our investiga-
tion provides a good reference for the design of high-
power fibre laser systems.

2. Theory analysis

The average intensity distribution of GSM beams
has the same intensity distribution as Gaussian

beams, which can be written as!%!2l
R? 272

I=1I—2 - . 1

o7 |-, .

The long-time averaged spot size at range z can
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be written as
RQ(Z) = [Rg + ezpreadz2] ’ (2)

where Ry is the initial value of the waist radius;
and the spreading angle 8gpreaq contains contributions
from the diffraction 4. The beam quality contains
the influence of beam collimating system Oquality, at-
mospheric turbulence 6y, mechanical jitter i, and
thermal blooming 6yjo0m-. For the purpose of discus-

sion, we write the total spreading angle in the form
of 9

2 _ 2 2 2 2 2
Hspread - (ediﬁ + equality + eturb + ejitter + ebloom) :

(3)

This expression for the spreading angle is in ex-
cellent agreement with the more exact extended Huy-
gens’ principle formulation for describing the effects
of turbulence and partial coherence.[®12=15] The in-
fluence of the collimating system, atmospheric tur-
bulence, thermal blooming and mechanical jitter on
the total beam spreading angle will be discussed sep-
arately in the following subsections.

2.1. Influence of the collimating system

For a real high-power fibre laser system, laser
beams first propagate through the collimating sys-
tem before propagating in atmosphere and the beam
degradation due to nonlinearities in transmissive op-
tics may dominate atmospheric effects such as tur-
bulence, among others.'8! To analyse and simulate
the effects of geometrical and thermal aberrations in
lenses on the optical beam quality of a high-power
GSM beams by ray optics theory, we give the rays a
transverse velocity distribution as!718]

9(wo) = (1/70%) exp(— |wo|* /2°), (4)
with the transverse velocity spread
T = A/ (V27mRo3), (5)

where vg is the velocity and 3 is a space correlation
parameter defined as
—1/2

p= (6)

The optical beam quality parameter is expressed
L[19]
as

M? =1/8. (7)

Then we can obtain

A 2
0(21uality = <7TR0> (M4 - 1) . (8)

The beam quality M? after propagating through
the ith lens is given by['8]

2 p2 1/2
2 _ 9 2 TRy o
M = [(Mil) + 2\2 0%3} 9)
For bi-concave or bi-convex lens,
R3,
iz = [(nio — 1) + g:AT;(0)] (RS )
— 4L, 2R
T 1 — i 1
+ 9T < RicLiO> ; (10a)
AT;(0) = v(2R?./R3) T, (10b)
g; = (871/8T)1 + (nio — l)aiT, (1OC)
T; = aip/(4mk;), (10d)

where R;o, Ric, Lip and n;y stand for the spot size,
the radius of curvature, the lens thickness on axis
and the refractive index of the ith lens, respectively;
A is the wavelength of the laser beams, k; is the
thermal conductivity, «; is the absorption coefficient,
p =
Yo + I'(0,z) + In(z), 7o ~0.58. In a uniform medium,

(mR%)Io) /2 is the beam power; and y(z) =

the spot size is given by

z

2
> + (M262)°,  (11)
where Lt is a constant that determines the focal length
and 6y = \/7Ry is the diffraction angle of a Gaussian
beam.

2.2. Influence of atmospheric turbulence

The influence of the atmospheric turbulence is
mainly determined by the coherent length. Due to at-
mospheric turbulence, the laser spot will be extended

and the spreading angle of GSM beams can be written
asl12-15]

Oiue =2 (N (mp0))”, (12)
where pg = (0.5456'%1@2L)73/5 is the coherent length
of spherical waves, C? is the average structural con-
stant of the refraction index fluctuations C2 (h) that
determines the strength of the turbulence and is a
function of altitude A.2%211 C2 can be calculated by
using

. H
¢z =3¢ [ czman. (13)
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where ¢ is the zenith angle.[??

To model the structural constant of the turbu-

lence we use the Hufnagel-Valley C? (h) modell??!

21\? h
2 _ —53 10 _
C2(h) = 5.94 x 10 (27> h eXp< 103>

h
2.7 %10 Sexp (b
2710 eXp( 1.5><103>

h
+ 1.7 x 10" M exp (—102> ) (14)

2.3. Influence of thermal blooming

High-power laser beams propagating in atmo-
sphere will induce thermal blooming owing to the
self-induced spreading, distortion and bending of a
laser beam, which occurs as a result of the absorp-
tion of a small fraction of the laser power by molecu-
lar and aerosol constituents in the atmosphere. Ther-
mal blooming can limit the maximum irradiance that
would propagate to a target regardless of the available
transmitter power.?3=27 Considering the absorption,
Eq. (1) can be rewritten as [23:25:26]

R? 272
I=1 0 - — (atm ) 1
R (2) exp R20) Olatm 2 (15)

where o, is the absorption coefficient.

The expression for p¢, the total beam power at
threshold for the onset of thermal blooming in a trans-
verse flow, is written as(24

™R 1 Ny

b= 4 =1 atm (Noatm — 1) R’

(16)

where 7 is the ratio of the molar specific heat Cp to
Cy at constant pressure and volume, v is the wind
velocity and R is the beam radius.

For the case of a collimated beam with a uniform
wind velocity v in the x-direction, the strength of the
thermal blooming is conveniently expressed in terms
of the parameter N, which for a collimated beam can

be written as(25—27]

N, = (2 (dn/dT) Iyz

NoatmPCPV Ry
1 _ Qatm 2
% [1 _ (e)}) ’ (17)
Qatm~

where ngatm, dn/dT and p are, respectively, the re-
fractive index, index change with respect to tempera-
ture and density.

To account for the small divergence of the beam,
N must be multiplied by the ratio (Ro/R (z))[26:28:29]

N = NC< Ro ) _ (—2(dn/dT)I()Z
R (Z) Noatm PCPVRY

e () oo

where Ry and R (z) are the initial and final beam radii

if blooming is not present. The laser spreading angle
of GSM beams due to thermal blooming can be writ-

ten as(30:31]

A 2
O ioom = | —=- 0625N?) . 1
bloom (T‘-RO) (0 0625 ) ( 9)

2.4. Influence of mechanical jitter

In a real transmitting system, mechanical jitter
is inevitable, especially in the optical tracking sys-
tem. Due to the tracking jitter induced by the resid-
ual tracking errors, the laser beams will wander and
extend, resulting in a decrease of the laser energy con-
centrating on the target surface. The spreading angle

of GSM beams due to mechanical jitter can be written
(32]
as

9j2itter = (1c570—jitter)27 (20)
where ojigter 1S the root-mean square (RMS) value of

the jitter angle.

2.5. Analysis of the combined influence

For the applications such as energy transmission,
the power in a certain area is a key parameter to our
concern. Take the influence of the above factors into
consideration, the PIB in the far field is given by

/ / Idzdy
PPIB = P X ~ 6 )
/ / Idxzdy

where we consider the PIB with radius a.

(21)

3. Numerical calculations

The configuration of the collimating system is
shown in Fig. 1 (the right dashed frame) and the
structural parameters are listed in Table 1. The colli-
mating system is a confocal telescope containing two
bi-convex lenses. The value of Ry, is variable and dif-
ferent values stand for different collimating systems.
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Fig. 1. Schematic diagram of partially coherent beams propagating in a real environment.

The value of Ry, changes asl'®!

Ly \?
1—-(1-—
(-5

The thermal and optical parameters for the mate-

1/2

Ror, = (3/4) Rac (22)

rials used in our model are summarized in Table 2.[17]

Table 1. Structural parameters of the collimating system.

Structural parameter Lens 1 Lens 2
Ry, /mm 3.00 40.00
Lo/mm 2.20 7.00
Rc/mm —10.65 variable quantity
f/mm 9.00 500.00

Table 2. Thermal and optical parameters for UV-grade
fused silica.

Parameter Value

a/ cm™! 5x1073
K/ W-cm™!. K1 1.4x1072
(On/0T) /K1 1073

ar = LY (OL/0T)/K~1 5.1x10~7
po/ g cm™3 2.2
Cp/J- g1 . K1 0.75

Assume ¢ = 45°, the RMS mechanical jitter an-
gle Ojitter = 2.5 prad, A = 1 um, Ry = 0.5 mm,!
oo = 0.25 mm, p = 10 kW and a = 5.6 cm. From
Egs. (1) and (21), we can obtain the dependence of
average PIB on propagation distance for different col-
limating systems, as shown in Fig. 2. When |Ry| is
smaller than 1000 mm, the average PIB at certain dis-
tance increases with the increase in |Rac|. When |Rac|
is equal to 1000 mm, the average PIB stays the same
unless the propagation distance is further than 1 km.
The average PIB at a certain distance decreases with
the increase in |Rac| when |Rac| becomes larger than
1000 mm. To achieve the best far-field PIB, a prop-
erly designed collimating system is indispensable, for
example, |Rac| = 1000 mm for the system described
above.

10 —— Roe = —600 mm 1|
—==Roc = —700 mm A
sb N N N Roc = —1000 mm
?‘ === Roe = —1200 mm |
g 6 Roc = —1700 mm |
Z
~ 4
=
[a W)
2
0 .
0 2 4 6 8 10
z/km

Fig. 2. Dependence of PIB on the propagation distance
for different collimating systems.

Assume |Ry.| = 1000 mm and the other param-
eters are taken to be the same as those in Fig. 2.
The dependence of the average PIB on propagation
distance under different zenith angles is presented in
Fig. 3. If the partially coherent beam propagates along
the horizontal direction, the PIB will decrease rapidly
when the range is larger than 500 m. When it propa-
gates with a certain zenith angle, the range in which
the PIB stays the same increases to 1 km and the av-
erage PIB is improved dramatically. When the prop-
agation distance is larger than 1 km, the decreasing
speed of the PIB is evidently slower than that in the
horizontal direction.

PIB/kW -m—2

z/km

Fig. 3. Dependence of PIB on propagation distance for
different zenith angles.
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Assuming that ¢ = 45°, |Rac| = 1000 mm, and
the other parameters stay the same, we can obtain
the dependence of the average PIB on the propagation
distance with different jitter errors, as shown in Fig. 4.
From Fig. 4, we see that the PIB is insensitive to me-
chanical jitter when the propagation distance is small,
for example, less than 1 km. With the increase of
propagation distance, the effects of mechanical jitter
become evident. When ojitter = 5 prad, the average
PIB is only 87.5% of the value when ojitter = 1 prad
at distance 5 km; and when ojitter = 5 prad, the value
decreases to 62.5%.

0f——ae. Tjitter = 1 prad
F ——— Ojitter = 5 urad 1
st —— Tjitter = 10 prad
o L
1
g 6l
z
~ 4
&
T L
2t
0 " . L ) ) " " . L
0 2 4 6 8 10

z/km
Fig. 4. Dependence of PIB on propagation distance with
different jittering angles.

In the above discussion, the effects of thermal
blooming are not considered. According to Eq. (16),
taking the typical values of Py = 10° N - m~2, ng—1 =
3x 1074, v =14, aaem = 0.012 km= 1,24 R = 4 cm,
v =2 m/s, we can obtain p; ~ 8 kW as the threshold
level for thermal blooming in air. So the effects of the
thermal blooming must be taken into consideration.
The dependence of the average PIB on propagation
distance is presented in Fig. 5, using Egs. (15), (19)
and (21) (the parameters are taken to be the same as
that in Fig. 4). The average PIB at z = 5 km for
v = 4 m/s is 68.2% of that value for v = 10 m/s,
and the value for v = 1 m/s decreases to only 10%.
The transverse wind can mitigate the effects of ther-
mal blooming and the effects of thermal blooming can
be ignored when v > 10 m/s.

We also calculate the dependence of average PIB
on propagation distance, with and without thermal
blooming under different atmospheric turbulence in-
tensities for partially coherent beams and fully coher-
ent beams (M? = 1) (the parameters are the same
as that in Fig. 5 except v = 3 m/s). The results are
shown in Fig. 6. From Fig. 6(a), the difference be-
tween the PIB with blooming and that without bloom-
ing for partially coherent beams is about 50% of that

for fully coherent beams, and we can conclude that
partially coherent beams are less sensitive to the influ-
ence of thermal blooming than fully coherent beams.

10 \:\\ v=1m/s
ARONN ———v=4m/s
sl \\ \\ ......... v =10 m/s i
~ \ —-—--1n0 thermal blooming
| J
2 gl
< gt
M
- -
A
2F
0 . . L L | |

z/km

Fig. 5. Dependence of the PIB on propagation distance
for different cross wind velocities.

—— partially coherent beam
— % — partially coherent heam, no blooming

10

~. — fully coherent beam

=== fully coherent bearn, no blooming

PIB/kW -m~2
iy

z/km

10 —— partially coherent beam
—w— partially coherent beam, no blooming

— fully coherent beam

——~ fully cohcrent beam, no blooming

PIB/kW -m™2

0 2 4 6 8 10
z/km

Fig. 6. Dependence of the PIB on propagation distance

for different beam types.

beams in a slanted path and C,, = 4.3 x 10716 m

the range z = 10 km, (b) the propagation of laser beams

=1.7x10" m=2/3 in the

(a) The propagation of laser

—2/3 in

in the horizonal direction, C,
range z = 10 km.

This can be understood easily, for partially coher-
ent beams have a stronger diffraction effect, which
will counteract the thermal blooming.!?®2) Compar-
ing the results of Figs. 6(a) and 6(b), we see that the
influence of thermal blooming on both partially coher-
ent beams and fully coherent beams becomes negligi-

bly small when 62 is increased to 1.7 x 10~ m~2/3,
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which corresponds to stronger turbulence effects; and
we can obtain that the effects of atmospheric tur-
bulence can counteract the effects of thermal bloom-
ing due to the much stronger influence of the atmo-
spheric spreading effects that may counteract or limit
the thermal self-focusing tendency.

4. Conclusions

We have presented a series of numerical simula-
tions intended to evaluate the influence of a real envi-
ronment on the propagation performance of partially
coherent beams. It was shown that this performance
depends on the influence of system design and atmo-
spheric condition:

1) The design of collimating systems affects con-
siderably the far-field energy concentration and a best
far-field energy concentration can be acquired through
optimizing the collimating system.

2) The propagation performance also depends on
atmospheric turbulence and the far-field energy con-
centration will be improved dramatically when prop-
agating along a certain pitching angle.

3) The stability of the platform also impacts the
performance and the tracking, thus mechanical jitter
should be mitigated to achieve a better performance.

4) Compared with fully coherent beams, partially
coherent beams are less sensitive to thermal blooming.

5) Atmospheric turbulence can suppress the influ-
ence of thermal blooming.

The calculations in this paper are based on a sim-
plified model and a more accurate analysis based on
the pure numerical simulation is under study.
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