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Abstract: The use of high-power lasers in the industry has been rapidly advanced by incorporating flexible-fiber-based beam
delivery. In order to deliver high-power laser beam to a distant place, the laser beam must propagate through the atmosphere.
When the laser beam propagates through a medium, a fraction of the laser energy is absorbed by the medium. This absorbed
power heats the medium and alters the index of refraction of the path, and leads to a distortion of the beam itself. This
phenomenon is called thermal blooming. Thermal blooming at Ay = 1.08 pm is caused by the absorption of water vapor. In this
article, high-power laser beam propagation in a slightly wet atmosphere at Ay = 1.08 um was theoretically investigated. At First,
the absorption coefficient (o) of air at 10% relative humidity was estimated. Then, simulation of thermal blooming of Gaussian
laser beam with an initial power of 1 kW and a radius of 5 mm was conducted using this a. Under the condition of no wind, the
beam intensity decreases rapidly with increasing length z. At z = 16 m, the intensity of laser beam became 1/5 of the initial
intensity at z = 0 m. When laser beam propagated in the moist air with transverse air flow, thermal distortion of the beam was
not symmetrical around the z axis because of the asymmetry introduced by the one-dimensional wind velocity v. Under the
condition of calm uniform wind with v = 0.05 m/s, laser beams propagated only 25 to 30 m at most without damaging the
initial beam shape. On the other hand, the beams propagated 65 to 70 m at most without beam-shape deformation under the
condition of light uniform wind with v= 0.5 m/s.
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medium. This absorbed power heats the medium and alters the
index of refraction of the path, and leads to a distortion of the
beam itself. This phenomenon is called “thermal blooming”
[39]. The thermal blooming is particularly noticeable when
the CO, laser beam propagates through the air at o= 10.6 pm,
and many research institutes have reported on this
phenomenon experimentally and theoretically [39-53].

The atmospheric absorption dependence on laser
wavelength is very important. In the atmospheric absorption
at o = 1.08 pm, the dominant absorber is water vapor. In
previous studies, thermal blooming effect was often neglected
because the fiber laser wavelength, A, = 1.08 um, is near a
water vapor transmission window, Ay = 1.045 um [54, 55].
This is true when the laser beams propagate in dry air in areas
of low humidity.

However, when propagating laser beams in a humid place
like Japan, the laser beam is affected by water absorption.
As a result, it is conceivable that the thermal blooming

1. Introduction

The use of high-power lasers in the industry has been
rapidly advanced by incorporating flexible-fiber-based beam
delivery. The output power from the ytterbium (Yb)-doped
fiber lasers has abruptly increased over the past decade [1-6].
A high output power of >200 W in the continuous-wave (CW)
laser operation at the wavelength (A,) of 1.08 um using
cladding-pumped Yb-doped silica fibers has been reported
[7-29]. High-power laser beams can be transported through
short-length delivery fibers [19, 21, 25, 30]. The hollow-core
photonic crystal fibers and holey fibers are now implemented
as a tool of laser beam delivery in place of traditional optical
fibers [31-38].

However, in order to deliver high-power laser beam to a
distant place, the laser beam must propagate through the
atmosphere. When the laser beam propagates through a
medium, a fraction of the laser energy is absorbed by the
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appears when the laser beams propagate through a moist
atmosphere.

In this article, we investigated high-power laser beam
propagation in a slightly wet atmosphere at Ao = 1.08 um.

2. Absorption Coefficient of Water Vapor

The near infrared absorption spectrum of liquid water at
293 K was reported by Curcio and Petty [56].

According to their report, an absorption coefficient a,, of
liquid water at Ao = 1.08 pm is 11.31 m™".

The saturated vapor pressure e; (Pa) of moist air at
temperature 7 (K) is given by Tetens’ equation [57]

17.2694(T—273.15)

e; = 6110 exp [ P

6]
By using Eq. (1), the e value at 7= 300 K was estimated
to be about 3.535 x 10° Pa. This is the water vapor pressure
at 100% relative humidity.
If the saturated water vapor pressure e, is known, the water
vapor density p, (kg m™) at temperature 7 and relative
humidity 4 is given by the following equation

py = 0.00217 7= ©)

When relative humidity % is 10%, the p, value at T =
300 K was estimated to be about 2.557 x 10~ kg m™ by
using Eq. (2).

By comparing this water vapor density with the density p
(= 996.62 kg m™ [58]) of the saturated water at 300 K, the
water content ¢, per 1 m’ of air at 10% relative humidity is
given by the following equation

py _ 0.002557

C, =—=
w p 996.62

~ 2.565 x 107° 3)

By using ¢, and oy, the absorption coefficient a, of air at
10% relative humidity is given by

ay = Cy " Ay 4

By using Eq. (4), the a, of air at 10% relative humidity
was estimated to be 2.90 x 10° m™ at A, = 1.08 um.

This a, value was used in the following calculation as the
absorption coefficient a of slightly wet atmosphere.

3. Simulation of Thermal Blooming of
Gaussian Laser Beams

Two propagation patterns of the Gaussian laser beams in
slightly wet atmosphere were considered in the calculation,
as shown in Figure 1.

In pattern (a), there is no relative motion (no wind)
between the laser beam and the moist air. Laser beam
propagates along the z direction.

On the other hand, in pattern (b), the laser beam
propagates in the moist air with transverse air flow. For the
sake of analysis, we assumed that there is a uniform wind
with the velocity v in the x direction.

High-Power Laser Beam Propagation in Slightly Wet Atmosphere

In the following subsection, we described the calculation
results of Gaussian laser beam propagation in a slightly wet
atmosphere with no wind at Ay = 1.08 pum.

P,

I—__? S 7

-
v=0m/s v>0m/s
z z
(a) No Wind (b) Uniform Wind

Figure 1. Laser beam propagation patterns in slightly wet atmosphere.
3.1. Laser Beam Propagation with No Wind

The intensity of an initially collimated Gaussian laser
beam propagating through the slightly wet atmosphere at a
point z away from the output end (z = 0) is given by

I (x,y,z) =1(xy,0)e % =[e * 5)

This equation does not take into consideration that the
thermal distortion of laser beams arises because the absorbed
laser power in the atmosphere changes its index of refraction
and therefore changes the beam intensity itself.

Taking into account this problem, the steady state solution
for the initially Gaussian laser beam was derived as follows:
[39, 41]

I1(x,y,z) =I,e”%

an

on —az_ _xP+y?
conl )]

where an/aT, A (= 0.02614 W m™ K [58]), and n (=
1.000274) are the thermal coefficient of the refractive index,
thermal conductivity, and refractive index of the slightly wet
atmosphere at 300 K and A, = 1.08 um, respectively. P and ®
are the initial power and beam radius of the Gaussian laser
beam.

dn/ 0T is approximately given by the following equation:

o _ -1

oT = 1+B(T-273.15) Q)
where B (= 0.003672 [59]) is the body expansion coefficient
of air at 1 atm. dn/ dT at T'=300 K and A, = 1.08 um was
estimated to be about -0.92 x 10° K! using Eq. (7).

The intensity distributions of laser beam at z =0, 8, and 16
m were calculated using Eq. (6) when P =1 kW, © =5 mm,
10% relative humidity, and A, = 1.08 pm. The calculated
results are shown in Figures 2-4.
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Figure 2. Normalized intensity distribution of laser beam at z = 0 m. 10%
relative humidity.

09 + z=8m, 10% R.H.

Figure 3. Normalized intensity distribution of laser beam at z = 8 m. 10%
relative humidity.
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Figure 4. Normalized intensity distribution of laser beam at z = 16 m. 10%
relative humidity.

In these figures, the intensity / (X, y, z) was normalized by
dividing by 7, ¢ “*.

As shown Figures 2-4, the beam intensity decreases
rapidly with increasing z. At z = 16 m, the intensity of laser
beam became 1/5 of the initial intensity at z =0 m.

When a z << 1, Eq. (6) can be rewritten as [39]

_x%4y?
Lys) exp [Dce w? ] ®)

I, e~ %

where

(g—;)Pazz

2Anmw?

D, = )

Since dn/ dT takes a negative value, D, will take a large
negative value as z increases. As a result, the normalized
intensity decreases sharply as z increases, as shown in
Figures 2-4.

3.2. Laser Beam Propagation with Calm Uniform Wind

When an initially collimated Gaussian laser beam
propagates in the moist air with transverse air flow, thermal
distortion of the beam is not symmetrical around the z axis
because of the asymmetry introduced by the one-dimensional
wind velocity.

For the sake of analysis, we assumed that there is a
uniform wind with the velocity v in the x direction.

Taking into account this problem, the steady state solution
for the initially Gaussian laser beam was derived by
Gebhardt and Smith [45]. The solution is as follows:

1038 expy (v [2 (2) e

Iye~%z
Vi 2 2
+ e (1—4%)(1+erf(%))]} (10)
where
2(57)P em %1
- pCpn;m)3 [Z + a ] (1)

Here p (= 1176.3 kg m” [58]) and C, (= 1007 J kg K
[58]) are the density and specific heat of the slightly wet
atmosphere at 300 K, respectively. erf (x) is the error
function with respect to x.

The intensity distributions of laser beam at z = 0, 10, 20,
and 30 m were calculated using Eq. (10) when v = 0.05 m/s,
P=1kW, ® =5 mm, 10% relative humidity, and Ay = 1.08
um. The calculated results are shown in Figures 5-8. In these
figures, the normalized intensity distributions are shown by
contour lines with intervals of 0.1.

T T T
= - 0.01
= - 0.005
j

- : q0 y (m)
= - -0.005
= - -0.01

L L L L L L L

-0.015 -0.01 -0.005 a 0.005 0.01 0.015
x (m)

Figure 5. Normalized intensity distribution of laser beam at z = 0 m with v =
0.05 m/s and 10% relative humidity. Intervals of contour lines are 0.1.
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Figure 6. Normalized intensity distribution of laser beam at z = 10 m with v =
0.05 m/s and 10% relative humidity. Intervals of contour lines are 0.1.
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Figure 7. Normalized intensity distribution of laser beam at z = 20 m with v =
0.05 m/s and 10% relative humidity. Intervals of contour lines are 0.1.
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Figure 8. Normalized intensity distribution of laser beam at z = 30 m with v =
0.05 m/s and 10% relative humidity. Intervals of contour lines are 0.1.

As shown in Figures 6 and 7, at the outset of the thermal
distortion effects, the laser beams are slightly contracted
in the + y direction and shifted into the direction of the
flow.

When the thermal distortion becomes more severe, the
self-induced thermal lens effect is clearly visible. As
shown in Figure 8, the narrowing and/or focusing of the
beam occurs along the flow direction and the peak

High-Power Laser Beam Propagation in Slightly Wet Atmosphere

intensity of the focalized beam exceeds that of the initially
collimated laser beam.

Figure 9 shows the maximum values of the normalized
intensity distribution and the shift A x in the x direction of the
peak positions as a function of z.
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Figure 9. The maximum values of the normalized intensity distribution and
the shift A x in the x direction of the peak positions versus z with v = 0.05 m/s
and 10% relative humidity.

As shown in Figure 9, the maximum value increases
rapidly with increasing z when z = 30 m. On the other hand,
A x increases with increasing z when z = 25 m and gradually
reaches a constant value of 0.0053 m.

Figure 10 shows the normalized intensity distribution of
laser beam at z = 65 m. In this figure, the intensity
distribution is shown by contour lines with intervals of 100.
As shown in this figure, the laser power is concentrated in
two narrow areas, which are asymmetrical with respect to the
y = 0 axis. And the centers of these areas are located at x
[0.0053 m and y [0+ 0.0050 m.
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Figure 10. Normalized intensity distribution of laser beam at z = 65 m with v
= 0.05 m/s and 10% relative humidity. Intervals of contour lines are 100.

To find the maximum shift value A™ x in the x direction,
both sides of Eq. (10) were at first differentiated with respect
to x. Then, assuming that the differentiated result was equal



Journal of Electrical and Electronic Engineering 2022; 10(6): 215-222 219

to 0, we have the following equation:

x\? VI y2\ _
4(5) —2+2(1-4%) =0 (12)
Using Eq. (12) and y =~ 0.0050 m, A™ x is given by
A"x = 1.070 - @ = 0.0054 m (13)

This A™ x (0.0054 m) is close to the A x ([10.0053 m)
observed in Figure 10.

Thus, under conditions of v = 0.05 m/s (calm wind) and
10% relative humidity, laser beams can propagate only 25 to
30 m at most without damaging the initial beam shape, even
in crosswinds.

Intensity distribution of laser beam is affected by wind
velocity. In the next subsection, we describe high-power laser
beam propagation under conditions of v = 0.5 m/s (light
wind) at Ao = 1.08 pum.

3.3. Laser Beam Propagation with Light Uniform Wind

We investigated the intensity distributions of laser beam
under the condition of light uniform wind (v = 0.5 m/s) when
P=1kW, ® =5 mm, 10% relative humidity, and A, = 1.08
pm.

T 0.015

-1 0.005

- -0.005

F - -0.01

I ! I I ! I 1
-0015 -0.01 0005 0.01 0.015

-0.015

Figure 11. Normalized intensity distribution of laser beam at z = 10 m with v
= 0.5 m/s and 10% relative humidity. Intervals of contour lines are 0.1.
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Figure 12. Normalized intensity distribution of laser beam at z = 20 m with v
= 0.5 m/s and 10% relative humidity. Intervals of contour lines are 0.1.
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Figure 13. Normalized intensity distribution of laser beam at z = 30 m with v
= 0.5 m/s and 10% relative humidity. Intervals of contour lines are 0.1.

The intensity distributions of laser beam at z = 10, 20, and
30 m were calculated using Eq. (10) when v = 0.5 m/s, 10%
relative humidity, P = 1 kW, ® = 5 mm, and Ay = 1.08 pm.
The calculated results are shown in Figures 11-13. In these
figures, the normalized intensity distributions are shown by
contour lines with intervals of 0.1.

As shown in Figures 11-13, the laser beams are slightly
contracted in the + y direction and shifted into the direction
of the flow. However, even at z = 30 m, the self-induced
thermal lens effect does not occur.
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Figure 14. The maximum values of the normalized intensity distribution and
the shift A x in the x direction of the peak positions versus z with v = 0.5 m/s
and 10% relative humidity.

Figure 14 shows the maximum values of the normalized
intensity distribution and the shift A x in the x direction of the
peak positions as a function of z.

As shown in Figure 14, the maximum value increases
gradually with increasing z when z = 100 m. On the other
hand, A x increases with increasing z when z 2 70 m and
reaches a constant value of 0.0053 m.

Thus, under conditions of v = 0.5 m/s and 10% relative
humidity, laser beams can propagate 65 to 70 m at most
without damaging the initial beam shape. This distance
(65-70 m) is double that (25-30 m) of the calm wind
condition.

As described above, intensity distribution of laser beam is
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affected by humidity and wind velocity, and the distance at
which the initial beam shape can be maintained can be
increased by increasing the wind speed.

4. Conclusion

In order to deliver high-power laser beam to a distant place,
the laser beam must propagate through the atmosphere. When
the laser beam propagates through a medium, a fraction of the
laser energy is absorbed by the medium. This absorbed power
heats the medium and alters the index of refraction of the path,
and leads to a distortion of the beam itself. This phenomenon
is called thermal blooming. Thermal blooming at Ao =1.08 um
is caused by the absorption of water vapor. In this article,
high-power laser beam propagation in a slightly wet
atmosphere at A, = 1.08 um was theoretically investigated. At
First, the absorption coefficient (o) of air at 10% relative
humidity was estimated. Then, simulation of thermal
blooming of Gaussian laser beam with an initial power of 1
kW and a radius of Smm was conducted using this a. Under
the condition of no wind, the beam intensity decreases
rapidly with increasing length z. At z = 16 m, the intensity of
laser beam became 1/5 of the initial intensity at z = 0 m.
Under the condition of calm uniform wind with velocity (v)
of 0.05 m/s, laser beams propagated only 25 to 30 m at most
without damaging the initial beam shape. On the other hand,
beams propagated 65 to 70 m at most without beam-shape
deformation under the condition of light uniform wind with v
=0.5 m/s.
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