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Abstract: We investigate the channel thermal effect resulting from the gas thermal blooming
effect and mirror thermal deformation on the beam quality, and we propose a mitigation measure
for blowing purge gases. Without gas blowing, the gas thermal blooming effect opposes the
influence of mirror thermal deformation on the beam phase, resulting in significant phase
distortion and offset. Noticeable distortion and divergence of the laser spot was also observed.
After blowing purge gases, the beam phase was primarily determined by the mirror thermal
deformation. Simultaneously, the mean-squared beam width decreased uniformly, improving the
symmetry and energy concentration of the laser spot. However, the laser spot tended to stabilize
when the gas velocity exceeded a certain threshold.
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1. Introduction

High-power lasers are extensively utilized in national defense and manufacturing industries
because of their excellent directivity, high energy output, and rapid response speed [1-3]. To
achieve precise tracking and targeting of the laser on a designated object, the laser beam must
traverse a complex channel that can rotate and change the propagation direction multiple times.
During this process, the gas medium in the channel absorbs a portion of the laser energy, leading
to a local temperature rise and subsequent change in the refractive index, resulting in the gas
thermal blooming effect. Simultaneously, mirror thermal deformation also affects the beam
quality [4-6]. As the applied laser energy increases, the thermal effect of laser propagation in
complex channels exerts a more pronounced destructive influence on the beam, significantly
impeding the advancement and practical application of high-power lasers.

The thermal effect of laser propagation has been a focus of continuous research in recent decades.
Gebhardt and Smith developed a theoretical model to predict the steady-state self-induced thermal
distortion of a laser beam in an absorbing medium along the transverse direction of propagation
[7]. They also reviewed the development of thermal blooming along the 25 years before 1990
[8]. Fleck et al. described the calculation of the time-dependent three-space-dimensional laser
beam propagation. These methods are applicable to the propagation of high-energy laser beams
through gases in the presence of horizontal wind and turbulence [9,10]. Researchers have
developed numerical models to analyze the thermal blooming effect of different types of laser
beams, including Gaussian, Airy, Hermite-Gaussian, vortex, and array beams, propagating in the
atmosphere. These models were used to investigate the gas thermal blooming effect on the laser
beam quality under different parameters and provide detailed explanations of the changes in the
intensity distribution, centroid position, and mean-squared beam width of laser beams propagating
through a medium [11-17]. The thermal blooming effect of high-power laser propagation in
rain and sea environments was also analyzed using a numerical simulation method [18-20]. Lu
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et al. proposed a feasible approach to obtain the phase change induced by thermal blooming.
Additionally, based on the phase change, an alternative solution for phase compensation near
the receiver was provided [21]. Due to the movement of the propagation medium, a high-power
laser cannot produce a stable thermal blooming effect. Spencer used wave-optics simulations to
examine Monte Carlo averages associated with turbulence and thermal blooming (steady-state,
time-dependent) with the goal of investigating turbulent thermal blooming interactions [22,23].
The principle of analyzing the thermal effect of high-power laser propagation over short distances
in complex channels is similar to that of long-distance atmospheric propagation. However,
analyzing the thermal effect in a channel is a more complex and comprehensive problem. The
main factors affecting the thermal effect of the channel are as follows. First, the channel includes
the thermal blooming effect caused by the gas and thermal deformation of the mirror. Second,
the temperature rise in the gas and mirror differs when they absorb laser energy and heat is
transferred between them. Third, the temperature in the channel increased, but failed to dissipate
heat promptly, leading to irregular heat accumulation. The fourth is the interaction between the
turbulent gas motion and thermal effect of the channel after blowing the purge gas.

This study provides a comprehensive analysis of the thermal effects of high-power laser
propagation through complex channels. Additionally, a mitigation measure involving the use of
a blowing purge gas was proposed, and an in-depth analysis and a comparison of the changes
in beam quality after the blowing process were conducted. Section 2 provides a theoretical
description of the channel thermal effect resulting from the gas—thermal blooming effect and
mirror thermal deformation. In Section 3, a numerical model is established to describe the thermal
effects of the channel. In this section, we analyze and compare the variation characteristics of
the channel temperature distribution, beam phase, and laser spot parameters (centroid position,
mean-squared beam width, and energy Strehl ratio) with the laser propagation time and power,
while considering the presence and absence of purge gas blowing. Additionally, the mitigation
effect of different gas velocities on the channel thermal effect was examined. In Section 4,
an experimental platform for the simplified channel is constructed, and a comparison is made
between the experimental and simulation results regarding the distribution characteristics of the
beam phase difference. Section 5 summarizes the results of this study.

2. Theoretical model

It was assumed that the high-power laser propagated along the z-axis of the channel. Under the
paraxial approximation, Maxwell’s wave equation is expressed as follows [9,10]:

OE 2
21k6——V2E + k2 —2—1 E, (1)
U

where E is the envelope of the electric field, the wavenumber related to the wavelength is
k=2m/A, V% = 9%/0x> + 0>/ 9y? is the transverse Laplace operator, ny is the refractive index
before perturbation, and 7 is the refractive index after perturbation.

Let E" be the complete solution to Eq. (1) at z = z". The solution at z = z*! may be written as
follows [9,10]:

Z"+Az
EML = exp (——AZV exp ——/ - —1 dz

Equation (2) shows that propagation over distance Az comprises vacuum propagation of the
field over distance a Az/2, an increment of the phase in accordance with nonlinear medium
changes, followed by vacuum propagation of the resulting field over distance a Az/2.

The laser output was assumed to have a Gaussian distribution for a continuous laser beam.
After the laser beam passes through the beam expander-collimator system, the optical field
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distribution at the initial plane (z = 0) can be expressed as follows:

2P 242
E(x,y,z=0) = — exp (— 2y ) , 3)
nwg w;

where P is the laser power and wy is the beam waist radius.
The laser beam intensity distribution of a beam propagating in a gas medium can be expressed
as follows:
I = |EP exp(-ai2), @)

where «a; is the absorption coefficient of the gas medium.
Under isobaric conditions, the hydrodynamic equation describing the change in gas density in
the time-dependent thermal blooming problem can be expressed as follows:

-1
%+v-Vp1 U 5 )(011+Q1), ®)
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where ¢, represents the speed of sound, y denotes the specific heat ratio, p; represents the change
in gas density, and Q; denotes the heat transferred by the mirror to a unit volume of gas per unit
time.

The relationship between the refractive-index fluctuations and gas density in the channel can
be expressed by the following structural equation [24]:

n—ny _p1
no—1 po

, (6)

where py is the density of the gas with no perturbations.

During laser propagation in the channel, the change in the refractive index of the gas is
determined by the change in its density. At time ¢, let the gas refractive index of the cross section
at z = z; be n1 and the gas refractive index of the cross section at z = z; + Az be n,. When Az is
sufficiently small, the phase difference A¢| between the two cross-sections can be expressed as
follows:

71+Az
Agy = k/ Andz ~ k (”1 m_ no) Az. %
21 2

After the laser passes through the gas medium, the intensity distribution on the mirror surface
is assumed to be I;. Figure 1 shows the structure and boundary conditions of the mirror. It can
be observed that the mirror comprises a monocrystalline silicon substrate and a gold film, and
the surface of the film is exposed to a gas environment. The interface between the gold film and
gas is S1, and the interface between the silicon substrate and gold film is S,. In addition to S5,
the remaining surfaces of the monocrystalline silicon substrate were considered to be adiabatic.
The mirror temperature increased with the absorption of a portion of the laser energy. At time
t, Ty represents the temperature field distribution of the gas in proximity to the gold film, 7,
denotes the temperature field distribution of the gold film, and 7 represents the temperature field
distribution of the silicon substrate.

In order to simplify the calculation model, the scattering on the gold film is neglected. The
gold film has an extremely high absorption coefficient, and it is assumed that the gold film
receives all the energy absorbed by the mirror, and heat exchange occurs between the gold film
and gas. Assuming that the gold film is thin, the temperature of interface S, is considered to
be equal to that of the gold film 7. Consequently, the energy absorbed by the gold film leads
to temperature rise and thermal deformation of the silicon substrate through heat conduction.
It is assumed that the gold film and monocrystalline silicon substrate are isotropic, and their
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Fig. 1. Structure and boundary conditions of the mirror.

thermophysical parameters are constant. The temperature distribution of the gold film and silicon
substrate can be described by the heat conduction equation as follows [25]:

dr
V-«kVT + Q> :pcpE, (®)

where « represents thermal conductivity, ¢, denotes specific heat, and O, denotes heat generated
by an internal heat source.

As per the heat conduction equation of the gold film, the gold film absorbs a portion of the
laser energy denoted as Q. The interface S; experiences convection and thermal radiation, and
the thermal boundary conditions can be expressed as follows:

oT

Ko (1>0) = h(T — Tp) + o&[(T + 273.15)* = (T + 273.15)*], )
M

0> = Bliaz exp(—a»z), (10)
where / is the convective heat transfer coefficient; o is the Steven-Boltzmann constant, o= =
5.67 x 1078W/(m? - K*); B is the energy absorptivity of the mirror; a, is the absorption coefficient
of the gold film; and ¢ is the emissivity. The temperature field distribution T for the gold film
can be obtained by combining Eqs. (8)-(10).

In the heat conduction equation for a monocrystalline silicon substrate, the temperature of
the interface S, is equal to the temperature at the boundary of the silicon substrate, represented
as Tls,(t>0) = T,. At the same time, the laser energy irradiated on the substrate becomes
exceedingly low and negligible after the laser beam passes through the gold film. In addition,
the smaller absorption coefficient of the substrate further reduces the absorption of laser energy.
This implies that O, = 0. The temperature—field distribution 7§ of the monocrystalline silicon
substrate can be obtained using Eq. (8).

Owing to the thinness of the gold film, the thermal deformation of the mirror can be considered
as a deformation of the substrate. When the temperature field 7, changes unevenly, the thermal
strain of the monocrystalline silicon substrate in cylindrical coordinates is expressed by the
following thermoelastic equation [26]:

Uy 1 00 2(1+p) 0T,

Viu, - = + — 0, 11
TR T T oper T 1-2u ©or (i
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0= —+ —, 13
or * r * 0z (13)
2 2
v2 0 10 0 (14)

T2 Trar o
where u, and u, represent the displacement components of the substrate in the r and z directions,
respectively; u is the Poisson’s ratio; ¢ is the volume strain; and @ is the thermal expansion
coefficient.
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It is assumed that the incident angle between the laser beam and mirror is 6. Figure 2 shows
the thermal deformation of the mirror at time ¢. It can be seen that point A(x, y,z) undergoes
deformation and moves to the position of point B(x + Ax,y + Ay, z + Az). This deformation
causes a change in the beam propagation path from optical path one to optical path two, resulting
in an optical path difference in /. Therefore, the phase difference A¢, of the mirror at the
coordinate (x + Ax,y + Ay) can be expressed as follows:

Ady = k (—Az + ﬂ) : (15)
tan 6

Fig. 2. Thermal deformation of the mirror.

In this study, several laser spot parameters were adopted to analyze the influence of the channel
thermal effect on the laser spot distribution, which are given as follows:
(1) Centroid position and mean-squared beam width
The centroid position and mean-squared beam width of the laser spot are defined as follows
[27]:
A o:o A O:O xI(x,y, z)dxdy [ o:o A O:o yI(x,y, z)dxdy

e S f_o;/_o;l(x,y,z)dxdy’

16
L5 1y, 2)dxdy (16)

and
2 4 ./;oo ./—oo (x B X)ZI(.X, Y Z)dXdy 2 4 ./;oo -/;oo (y - y)zl(x’ Ys Z)dxdy (17)
Wy = ) S s Wy = 00 ) ’
i ./—oo f—oo I('x’ Y Z)dXdy ’ ./—oo ./—oo I(x’ Ys Z)dXdy
respectively.

(2) Energy Strehl ratio (SRg)
The energy Strehl ratio is defined as the ratio of the real beam power to the ideal beam power
within a given bucket, expressed as follows [28]:

[ [ I(xy.2)dxdy

x24y? <w?

f f Ivacuum(X, y, z)dxdy ’

x2+y? <w?

SRg =

(18)

where w is the bucket half-width chosen as the mean-squared beam width in vacuum and Iy,cyum
is the intensity in vacuum.
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3. Numerical simulation and analysis

Figure 3 shows the complex channel structure. The total length of the channel was 5600 mm,
and it comprised several cylindrical pipes with inner and outer diameters of 154 and 160 mm,
respectively. Gold-coated monocrystalline silicon mirrors are installed at the corners of the
channels. The incident angle between the laser beam and mirror is § = 45°. The dynamic sealing
structure allowed for mutual rotation between the pipes. After the laser propagates within the
channel, it enables scanning in both the horizontal and pitch directions. To mitigate the thermal
effect of the channel, we propose blowing a purge gas that filters most of the water and dust
particles steadily in the positive y direction at the entrance of the channel before laser propagation.
It is assumed that the absorption coeflicient of the purge gas is significantly lower than that of air,
while keeping the other parameters unchanged. The gas turbulence intensity at the channel inlet
can be expressed as follows:

VindinPo )_0'125 (19)

I =0.16 X (
HG

where vi, denotes the inlet gas velocity, dj, represents the hydraulic diameter of the channel inlet,
din = 154 mm, and pu denotes the gas dynamic viscosity, pg = 1.7894 X 107Pa:s.

Large-aperture
channel

Dynamic sealing
structure

Laser beam

Mirror

Fig. 3. Complex channel structure of laser propagation.

Previous studies have demonstrated that a scheme for blowing purge gases can effectively
create a positive pressure seal in the channel, prevent external environmental contaminants, and
ensure a dry and clean environment within the channel [29]. After multiple propagations and
reflections of the optical field Ey at the entrance of the channel, the optical field at the exit section
of the channel becomes E;5. Using E;5 as the monitoring target, the influence of the thermal
effect of the channel on the laser spot distribution was analyzed. In this study, a multiphase
screening method was employed to simulate the phase difference resulting from the gas thermal
blooming effect and mirror thermal deformation. Simultaneously, the discrete Fourier transform
method was utilized to calculate the beam propagation within the channel. The calculation
process is described in detail in [15], and is briefly described here. In the simulation analysis
of the fluid domain within the channel, we assumed that the gas was an incompressible fluid
with a slightly varying density. The numerical model was subjected to the following boundary
conditions. First, the ambient temperature and inlet purge gas temperature are set to 22 °C.
Second, the high thermal conductivity of the channel material allows the rapid transfer and
dissipation of heat within the channel. Therefore, it was assumed that the temperature of the
interface between the channel and gas remained consistently equal to the ambient temperature.
Third, in both the no-gas-blowing and gas-blowing schemes, the gas inlet surface of the channel
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was defined as the wall surface and velocity inlet, respectively, whereas the outlet surface of the
channel always functioned as an outflow boundary. Fourth, the channel had a short length, and
the gas absorption coefficient was extremely small. The energy loss during the propagation of
the laser beam through the gas medium was neglected, and only the partial energy absorption by
the mirror was considered. The basic parameters of the selected numerical simulations are listed
in Table 1.

Table 1. Basic parameters of the selected nhumerical simulations.

Parameter Symbol Value
Wavelength (um) A 10.6
Beam waist radius (mm) wo 50

Sound speed (m/s) Cs 340
Specific heat ratio y 1.4

Gas density (kg/m>) 00 1.196

Gas refractive index no 1.0002727
Air: absorption coefficient (m " B g 6x107°
Purge gas: absorption coefficient (m ™) ap 3% 1073
Mirror: energy absorptivity B 0.5%

Si: density (kg/m>) Ds 2330

Si: specific heat (J/(kg-°C)) Cpl 713.9

Si: thermal conductivity (W/(m-°C)) K 140

Si: thermal expansion coefficient ech w 2.62% 1070
Si: Poisson’s ratio M 0.22
Gold: density (kg/m?) P 19320
Gold: absorption coefficient (m~ 1y ) 7.65 % 107
Gold: specific heat (J/(kg-°C)) Cp2 129.81
Gold: thermal conductivity (W/(m-°C)) Kg 297.73

3.1. Effect of propagation time on beam quality

The laser power was selected as P = 1 x 10*W. In the gas-blowing scheme, we set vi, = 1.6m/s
and I = 0.048 to. Considering the working times of 10 s and 60 s as examples, the temperature
distributions of the channel’s y-z cross section are shown in Fig. 4 when comparing the schemes
with and without gas blowing. As shown in Figs. 4(a) and (b), the gas temperature distribution in
the channel is closely correlated with the laser propagation path in a short time. With increasing
time, the temperatures of the gas and mirror in the channel increased, and the temperature
distribution gradually became disordered. The mirror temperature was higher than that of the
gas at various time points. The mirror transmitted heat to the surrounding gas, and the laser
beam had an overlapping propagation path in the corner area of the channel; thus, more heat
accumulated in the corner area. Comparing Figs. 4(a), (c), and Figs. 4(b) and (d), it can be seen
that blowing the purge gas at different times significantly reduced the gas temperature rise in the
channel and mitigated the heat accumulation issue. Additionally, it provided forced-convection
heat dissipation to the mirror. However, the heat dissipation effect on the mirror is insignificant.

The influence of the channel thermal effect on the beam phase was analyzed from three
perspectives: the phase difference resulting from the gas thermal blooming effect, mirror thermal
deformation, and the total phase difference of the channel. The phase differences resulting from
the channel thermal effect with and without gas blowing are shown in Figs. 5 and 6, respectively.
Figure 5 shows that the phase differences resulting from the gas thermal blooming effect and
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Fig. 4. Temperature distributions of the channel’s y-z cross section for different working
conditions and time when P = 1 x 10*W. (a), (b) no gas blowing; (c), (d) gas blowing. (a),
(¢)t=10s; (b), (d) t=60s.

mirror thermal deformation are similar to a Gaussian distribution at different times. Although
they can cancel each other owing to their opposite effects on the beam phase, the presence of this
nonuniform compensation causes a significant distortion of the beam phase. The total phase
difference of the channel exhibited significant variation in the y direction and demonstrated a
certain degree of symmetry in the x direction. As time increases, the phase difference caused by
the gas thermal blooming effect changes more significantly than the thermal deformation of the
mirror, resulting in a more pronounced effect on the beam phase. As shown in Fig. 6, owing to
the gas turbulence effect and discharge of hot gas, the phase difference caused by the gas thermal
blooming effect no longer follows the characteristics of a Gaussian distribution. At different
times, the total phase difference of the channel closely resembled the phase difference caused by
the mirror thermal deformation. This indicates that mirror thermal deformation is the primary
factor affecting the beam phase after the purge gas is blown. By comparing Figs. 5 and 6, it can
be observed that blowing the purge gas can effectively alleviate the phase difference caused by
the gas thermal blooming effect in the channel at different times. This mitigation effect became
more pronounced with time. However, their ability to mitigate the phase difference in the thermal
deformation of mirrors is limited.

Within 60-s of laser propagation, the change in the laser spot parameters at the monitoring
target (E5) with time was analyzed. The variation curves of the laser spot centroid position
X and y with time ¢ under both the no-gas-blowing and gas-blowing conditions are shown in
Fig. 7. Figure 7(a) shows that X was in a fluctuating state when no gas was blown. After blowing
the gas, the offset of x was significantly reduced, and the change remained relatively stable.
Figure 7(b) shows that the offset of y is larger in the absence of gas blowing, and the offset
along the -y direction becomes more pronounced over time. After blowing the gas, the offset



Vol. 31, No. 25/4 Dec 2023/ Optics Express 41927 |

Optics EXPRESS

=10s Gas Ag(rad) =10s  Mirror Adg(rad) t=10s  Total Adg(rad)
-0.66 50 1.05 50 -0.29
(b) (c)
30 30
0.99 _ 08 _ -0.42
a1 s 10
£ 10 £ 10
amn 0ss -0.55
230 -30
65 0 03 0 - 0.68
550 30 -10 100 30 50 S50 =30 -100 100 30 50 50 <30 -10 10 30 50
x(mm) x(mm) x(mm)
=60s Gas Ag(rad) 1=60s  Mirror Adg(rad) =60s  Total Adg(rad)
50 L7 5, 173 5, -0.87
(d (e (H
30 30 30
_ 2,06 _ 144 _ -1.03
= 10 g 1 = 10
£ 10 £ 10 £ 10
- 238 s -1.19
230 -30 -30
-0 27 0 086 0 135
550 30 -10 100 30 50 -500-30 -100 100 30 50 50 <30 -100 10 30 50
x(mm) x(mm) x(mm)
Fig. 5. Phase differences resulting from the gas thermal blooming effect and mirror thermal
deformation at different times with no gas blowing and total phase difference of the channel.
(a), (d) Gas; (b), (e) Mirror; (c), (f) Total. (a), (b), (c) t=10s; (d), (e), (f) t=60s.
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Fig. 6. Phase differences resulting from the gas thermal blooming effect and mirror thermal
deformation at different times with gas blowing and total phase difference of the channel.
(a), (d) Gas; (b), (e) Mirror; (c), (f) Total. (a), (b), (c) t=10s; (d), (e), (f) t=60s.
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of y in the -y direction decreased significantly and remained stable. It has been proven that, at
different times, the channel thermal effect without gas blowing causes the laser spot centroid
position to shift significantly. Selecting a gas-blowing scheme can effectively reduce the centroid
shift and alleviate centroid jitter. A comparison of Figs. 7(a) and (b) shows that the offset of
the beam centroid y is larger than that of X at different times. The reason is that the channel is
symmetrical along the x-axis. Without blowing gas, the hot gas in the channel rises along the
z-axis, which aggravates the difference in gas density along the z-axis. After blowing the gas,
owing to the influence of the flow field distribution in the channel, the distribution of the flowing
hot gas along the y- or z-axis within the channel is uneven but along the x-axis is approximately
symmetrical. Consequently, there is a significant difference in gas density along the y- or z-axis of
the channel cross-section. In summary, after the coordinate transformation of laser propagation,
the difference in gas density with and without gas blowing always makes the laser spot at the
exit section of the channel change more obviously along the y-axis. This observation provides
evidence that the thermal effect of the channel has a more significant influence on the centroid
position of the laser spot in the y direction. Meanwhile, the difference in gas density continues to
increase with time, making the offset of ¥ more pronounced over time.

%107 (a) aa0> (b
O ____________
,
- -1 = =in vacuum
E =#-no gas blowing
= —@-gas blowing
= 2
— =in vacuum 3
—#-no gas blowing
9r =8 gas blowing
PR S S S S S S -4
0 10 20 30 40 50 60 0 10 20 30 40 50 60

1(s) 1(s)

Fig. 7. Variation curves of the laser spot centroid positions x and y with time ¢ with and
without no gas blowing when P = 1 X 10*W. (a) x; (b) y.

The variation curves of the laser spot mean-squared beam width w, and wy and astigmatism
parameter w,/w, with time ¢ under both no-gas-blowing and gas-blowing conditions are shown
in Fig. 8. The astigmatism parameter w,/w, represents beam symmetry; the closer the w,/w,
is to one, the better the laser spot symmetry. Figures 8(a) and (b) show that the mean-squared
beam widths w, and w), decreased in a short time and then increased rapidly in the absence of
gas blowing. These values are higher than the ideal value in the vacuum state and exhibit a
gradual upward trend. After blowing the gas, both w, and wy, gradually decreased over time
and eventually stabilized. At different times, the values of w, and wy during gas blowing were
consistently smaller than those without gas blowing and in vacuum. It was proven that the channel
thermal effect without gas blowing causes the laser spot to diverge significantly. Gas blowing
effectively mitigated the divergence of the laser spot and enhanced its stability. Figure 8(c) shows
that w, /w) is consistently greater than one for both no gas blowing and gas blowing, indicating a
similar distortion of the laser spot shape at different times. Without blowing gas, w,/w, increased
rapidly with time, reached its peak at approximately 30 s, and then decreased rapidly. It was
demonstrated that the change in the shape of the laser spot was fast and irregular. During gas
blowing, w,/w, approaches the ideal vacuum state, and its value steadily increases to a stable
value over time. This finding provides evidence that the gas-blowing scheme effectively mitigates
the laser spot distortion, enhances the symmetry of the laser spot distribution, and promotes
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a more stable change in the laser spot shape. The variation curves of the energy Strehl ratio
SRE with time ¢ under both the no-gas-blowing and gas-blowing conditions are shown in Fig. 9.
Without gas blowing, SRr exhibits a rapid increase, followed by a sharp decrease to a value of
less than one. It has been proven that the channel thermal effect without gas blowing causes
a divergence in the energy of the laser spot. After gas blowing, SRr gradually stabilizes at a
value greater than one. This is because the mirror thermal deformation is the primary factor
affecting the beam phase after the purge gas is blown, and the phase difference caused by the
mirror thermal deformation leads to the energy concentration of the laser spot.

50.6 — T (a) 50.4 — T (b)
50.4
502 :
— —_ = =in vacuum
g 502 = -invacuum || = —#-no gas blowing
é —#-no gas blowing E =8~ gas blowin,
s o : = g g
BN gas blowing 2 e —fm m m m = = = = = {

Somg o = = = = === === =]

49.8 ; 4981

0 10 20 30 40 50 60 0 10 20 30 40 50 60
1(s) 1(s)

1.004

=~ 1.002
.
T=
2
1
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0.998 =@—gas blowing

0 10 20 30 40 50 60
1(s)

Fig. 8. Variation curves of the laser spot mean-squared beam width wy and wy and
astigmatism parameter wy/wy with time ¢ under both no gas blowing and gas blowing
conditions with P = 1 x 10*W. (a) wy; (b) wy; (c) wy/wy.

3.2. Effect of laser power on beam quality

The laser power was selected as P = 1 x 10°W and the gas-blowing scheme is the same as that
described in Section 3.1. Considering a working time of 10 s as an example, the temperature
distributions of the channel’s y-z cross section of the channel are shown in Fig. 10 when
comparing the schemes with and without gas blowing. Figures 10(a) and 4(a) show that as the
laser power decreases, there is a corresponding reduction in heat accumulation within the channel.
This decrease in laser power also leads to a lower temperature rise in both the gas and mirror.
Comparing Figs. 10(b) and 4(c), it is evident that the gas-blowing scheme enables the channel to
efficiently discharge the hot gas. As a result, variations in the laser power primarily affected the
temperature increase of the mirror, whereas the gas temperature remained relatively stable.
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Fig. 9. Variation curves of the energy Strehl ratio SRg with time 7 under both no gas blowing
and gas blowing conditions with P = 1 X 10*W.
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Fig. 10. Temperature distributions of the channel’s y-z cross section for different working
conditions when P = 1 x 103W and 7= 10 s. (a) no gas blowing; (b) gas blowing.

Considering the laser propagation for 60 s as an example, the phase differences resulting from
the channel thermal effect are shown in Fig. 11 when comparing the schemes of the no gas
blowing and gas blowing conditions. Figures 11(a) and (b) show the phase differences generated
by the gas thermal blooming effect and mirror thermal deformation still follow a Gaussian
distribution at a low laser power. Furthermore, the nonuniform compensation of these phase
differences results in a beam phase offset. On comparing Figs. 11(a) and (b) with Figs. 5(d) and
(e), it is evident that the gas thermal blooming effect under different laser powers remains the
primary factor affecting the beam phase in the no-gas-blowing scheme. With increasing laser
power, the phase difference caused by the gas thermal blooming effect underwent greater changes,
resulting in a higher impact on the beam phase. Comparing Figs. 11(d) and (e) with Figs. 6(d)
and (e), it can be seen that gas blowing can significantly reduce the phase difference caused by
the gas thermal blooming effect at different laser powers, while having a minimal impact on the
phase difference caused by the mirror thermal deformation. Additionally, the primary cause of
the channel thermal effect was the thermal deformation of the mirror.

The change in the laser spot parameters at the monitoring target (E;5) with laser power was
analyzed. The variation curves of the laser spot centroid positions x and y with laser power P
under both the no gas blowing and gas blowing conditions are shown in Fig. 12. Figure 12(a)
shows that the offset of X fluctuates as the laser power increases in the absence of gas blowing,
and the amplitude of the change increases gradually. After blowing the gas, the offset of x was
significantly reduced, and the change remained relatively stable. Figure 12(b) shows that the
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Fig. 11. Phase differences resulting from the gas thermal blooming effect and mirror
thermal deformation with P = 1 x 103W and 7 = 60 s under the conditions of no gas blowing
and gas blowing and the total phase difference of the channel. (a), (d) Gas; (b), (¢) Mirror;
(c), (f) Total. (a), (b), (c) no gas blowing; (d), (e), (f) gas blowing.

offset of y in the —y direction is significant in the absence of gas blowing, and the offset increases
gradually with the increase in power. After blowing the gas, the offset of y was significantly
reduced, and the offset change exhibited higher stability. It was proven that the channel thermal
effect in the absence of gas blowing causes the laser spot centroid to shift significantly at different
laser powers. Gas blowing can effectively reduce the centroid shift and alleviate centroid jitter.
Comparing Figs. 12(a) and (b), it can be observed that the offset of the beam—centroid y is also
higher than that of X at different powers.
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Fig. 12. Variation curves of the laser spot centroid positions X and y with power P under
both no gas blowing and gas blowing conditions at =60 s. (a)x; (b)y.

The variation curves of the laser spot mean-squared beam width w, and wy and astigmatism
parameter w,/w, with laser power P under both the no gas blowing and gas blowing conditions
are shown in Fig. 13. Figures 13(a) and (b) illustrate that w, and w, gradually increase with P in
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the absence of gas blowing. The reason is that the gas thermal blooming effect is the primary
factor affecting the beam phase in the absence of gas blowing, and this influence becomes more
obvious with increasing power. The phase difference caused by the gas thermal blooming effect
causes the laser spot to diverge significantly. When gas is blown, w, and w,, gradually decrease
with an increase in P, which is the opposite of the change pattern without gas blowing. This is
because the mirror thermal deformation is the primary factor affecting the beam phase after the
purge gas is blown, and the degree of influence continues to increase with increasing power. The
phase difference caused by the mirror thermal deformation leads to the energy concentration
of the laser spot. At different powers, the values of w, and w, were consistently smaller when
gas blowing was applied compared to the cases of no gas blowing and vacuum. This provided
evidence that the gas-blowing scheme was effective in reducing the mean-square beam width
of the laser spot, suppressing the divergence of the laser spot and enhancing the stability of
the laser spot shape. Figure 13(c) shows that w,/w, is consistently greater than one with and
without gas blowing. The reason for the change is that the difference in laser spot at the exit
section of the channel along the y-axis direction is more obvious with and without gas blowing.
Therefore, the distortion of the laser spot in the y direction is more serious, so that w, is less
than w,. Meanwhile, the difference in laser spot along the y-axis increases gradually with the
increase in laser power, so that w,/w, shows a gradual increase with increasing laser power.
However, at different powers, the w,/w), tends to be closer to the vacuum state when gas blowing
is applied. This finding provides evidence that despite the laser spot distortion becoming more
pronounced with increasing laser power, the gas-blowing scheme improved the symmetry of the
laser spot compared to the no-gas-blowing scheme. The variation curves of the energy Strehl
ratio SR with power P under both the no-gas-blowing and gas-blowing conditions are shown in
Fig. 14. It can be observed that the value of SRr gradually decreases with increasing P when
there is no gas blowing. By contrast, the changing trend of SR in the gas-blowing scheme is
completely the opposite, and it is always greater than one. This demonstrates that the gas-blowing
scheme effectively enhanced the energy concentration of the laser spot at different laser powers.
Furthermore, this enhancement effect became more pronounced as the laser power increased.

3.3. Effect of inlet gas velocity on beam quality

The laser power was selected as P = 1 x 10*W. Considering a working time of 60 s as an example,
the temperature distributions of the channel’s y-z cross section is shown in Fig. 15 when vy, is
0.4 m/s and 2 m/s. A comparison of Figs. 15(a) and (b) shows that a larger inlet gas velocity
has a more pronounced impact on mitigating the heat accumulation at the corner of the channel.
However, variations in the gas velocity do not significantly influence the temperature rise of
either the gas or the mirror. At different inlet gas velocities, the mirror temperature consistently
exceeded the gas temperature, and increasing the gas velocity was more effective in reducing
the temperature increase of the mirror. Figure 16 shows the phase differences resulting from
channel thermal effects at different inlet gas velocities. By comparing the phase difference at
different v;,, it becomes evident that the change in gas velocity primarily impacts the phase
difference resulting from the gas thermal blooming effect, while having a minimal effect on
the phase difference resulting from mirror thermal deformation. Despite the varying levels of
turbulence effects in the gas owing to different gas velocities, the total phase difference remains
similar to the phase difference resulting from mirror thermal deformation. It is proven that the
phase difference caused by the mirror thermal deformation remains the most significant factor
influencing the beam phase. Furthermore, the influence of mirror thermal deformation on the
beam phase increased with higher gas velocities.

Considering the laser propagation for 60 s as an example, the change in the laser spot parameters
at the monitoring target (£s) with the inlet gas velocity was analyzed. The value range of vj,
was set to 0.2-2 m/s, and the turbulence intensity I for different gas velocities was obtained
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Fig. 13. Variation curves of the laser spot mean-squared beam width wy and w) and
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using Eq. (19). The variation curves of the laser spot centroid positions x and y with gas velocity
vin are shown in Fig. 17. It can be observed that X and y gradually approach the ideal values
expected in a vacuum as vj, increases. This finding confirms that the ability to alleviate the offset
of the laser spot centroid increased with the increase in gas velocity. The variation curves of
the laser spot mean-squared beam width wy and w, with gas velocity v, are shown in Fig. 18.
As vy, increases from zero, both w, and w), exhibit a sharp initial decrease, followed by slower
changes; however, they consistently remain smaller than the ideal vacuum value. When v;;,>0.8
m/s, wy and wy, show only slight changes. Gas blowing has been proven to have a consistent effect
on the mean-square beam width of a laser spot in different directions. Furthermore, when the
gas velocity reached a certain value, the mean-squared beam width reached a stable state. The
variation curves of the astigmatism parameter w,/w, and energy Strehl ratio SR with respect
to the gas velocity vj, are shown in Fig. 19. As vj, increased from zero, w,/w, exhibited an
abrupt decrease, whereas SRg showed an abrupt increase. Subsequently, both w,/w, and SRg
changed gradually with an increase in the gas velocity, consistently remaining greater than one.
When v;,>0.8 m/s, the changes in w,/w, and SRr were less pronounced. Gas blowing has been
proven to effectively correct the distortion of the laser spot and enhance its symmetry and energy
concentration. An appropriate increase in the gas velocity is beneficial for improving the laser
spot quality. However, once the gas velocity exceeded a certain threshold, the shape and energy
distribution of the laser spot tended to stabilize.
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Fig. 17. Variation curves of the laser spot centroid positions X and y with gas velocity vi,
with P = 1 x 10*W and r=60's.
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Fig. 18. Variation curves of the laser spot mean-squared beam width wy and wy, with gas
velocity vip with P = 1 x 10*°W and 1 =60 s.



Research Article Vol. 31, No. 25/4 Dec 2023/ Optics Express 41936 |

Optics EXPRESS

0.999 = =in vacuum
- wx/wv
0.998 - SRE
0 0.4 0.8 1.2 1.6 2
vm(m/s)

Fig. 19. Variation curves of the astigmatism parameter w,/wy and energy Strehl ratio SRg
with gas velocity vj, with P = 1 X 10*W and 1 =60 s.

4. Experimental verification

The thermal effect on the channel became more pronounced as the laser power increased.
However, the measurement of the beam phase of high-power lasers is a complex and challenging
task. To validate the accuracy of the model-establishment approach, we reduced the laser
power and simplified the channel structure. By establishing a numerical model that replicates
the simplified experiment, we compared the phase-detection results obtained from both the
simulation and experiment. Figure 20 shows the beam phase detection experiment after the laser
beam propagates through the glass pipe. The experimental investigation includes the following
contents. First, the analysis focuses on the influence of the gas thermal blooming effect in the
glass tube on the beam phase in the absence of nitrogen blowing. Second, the effect of nitrogen
blowing on alleviating the gas thermal blooming effect in the channel was examined. In the
experiment, the laser wavelength was 4 = 9.3 um and the output power of the laser was uniformly
adjusted using a signal generator. The laser beam was expanded and collimated through a beam
expander-collimator system, resulting in an approximately parallel beam with a beam waist radius
of wp = 7.5mm. The glass pipe used in the experiment was cylindrical with an inner diameter of
20 mm, outer diameter of 26 mm, and length of 2000 mm. One end of the pipe was sealed with a
ZnSe planar lens, and the nitrogen inlet was opened. The hydraulic diameter of the nitrogen inlet
was di, = 6mm and the nitrogen velocity is vy, =10 m/s. The other end of the pipe serves as
a free outlet. After the laser beam passes through the beam splitter and attenuator, the phase
change is detected using a wavefront sensor.

Beam expander-collimator Beam splitter

Laser \‘\\. Planar lens Glass pipe Brick

-

e X z
N,

Signal generator ¥

Attenuator

Wavefront sensor

Fig. 20. Beam phase detection experiment after a laser beam propagates through the glass
pipe.

Experimental measurements were conducted to determine the beam phase difference after
the laser propagated for 60 s, both with and without gas blowing at powers of 5 W and 20
W. Figure 21 presents the simulation data and experimental results of the phase difference
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distribution for different laser powers under both the no gas blowing and gas blowing conditions
at t=60s. Comparing Figs. 21(al), (a2), (bl), and (b2), it is evident that both the simulation
and experimental results exhibit characteristics similar to a Gaussian distribution under the
no-gas-blowing scheme for different laser powers. It is challenging to eliminate errors during
the experimental measurement process, and there may be some fluctuations in the experimental
results. Nevertheless, the phase difference distribution characteristics observed in both the
simulation and experiment remain largely consistent. By comparing Figs. 21(c1), (c2), (d1), and
(d2), it can be seen that the phase difference distribution in both the simulation and experimental
results under the gas-blowing scheme and at different laser powers exhibits a certain symmetry
in the x direction. Additionally, owing to the uneven hot-gas discharge caused by the angle of
the gas direction at the inlet, the phase difference experiences an offset in the same direction
along the y-axis. However, there were some differences in the offset values due to experimental
errors. In summary, the phase difference distribution characteristics obtained from both the
numerical simulation and experimental results exhibited significant similarities under both the
no-gas-blowing and gas-blowing conditions. This provides evidence of the accuracy of the
numerical model.

Simulation (SW) Simulation (20W) Simulation (5W) Simulation (20W)
(1) Gas

@) #o1) 8 Gas

=
.
S
=

y(mm)
(=]

y(mm)
(=4

y(mm)
o

y(mm)
(=]

-
ES
IS
IS

]
ED
5]
]

8 4 0 4 s 8 4 0 4 8§ 8 -4 0 4 8 -8 -4 0 4 8
x(mm) x(mm) x(mm) x(mm)
8 Experiment (5W) 8 Experiment (20W) 8 Experiment (5W) 8 Experiment (20W)
(a2) - (b2) \ (c2) Gas (d2) Gas
4 ‘ 4t A 4 4
Eo . Eo Eo Eo f
-8 -8 -8 -8
8 -4 0 4 8 8 4 0 4 3 8 4 0 4 3 8 4 0 4 3
x(mm) x(mm) x(mm) x(mm)

Fig. 21. Simulation data and experimental results of the phase difference distribution for
different laser powers under both no gas blowing and gas blowing conditions at =60 s. (al),
(b1), (cl), (d1) Simulation; (a2), (b2), (c2), (d2) Experiment. (al), (a2), (bl), (b2) no gas
blowing; (c1), (c2), (d1), (d2) gas blowing. (al), (a2), (c1), (c2) 5 W; (bl), (b2), (d1), (d2)
20 W.

5. Conclusion

In this study, a numerical model was developed to describe the thermal effects of high-power
laser propagation in complex channels. The influence of the channel thermal effect on the
beam phase and laser spot as the laser propagation time and power varied was analyzed and
compared in detail under both the no-purge gas blowing and purge gas blowing schemes. The
numerical analysis results indicated that as the laser propagation time and power increased,
significant heat accumulation occurred in the channel under the no-gas-blowing scheme. The
gas thermal blooming effect has a more pronounced effect on the beam phase than the mirror
thermal deformation. However, their influence on the beam phase is essentially the opposite,
and this non-uniform compensation causes a significant distortion and offset of the beam phase.
The centroid position of the laser spot exhibits significant jitter and offset. The offset of the
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centroid position y along the -y direction is more evident. The mean-squared beam widths w,
and w, of the laser spot increased unevenly. Therefore, the distortion and divergence of the
laser spot are significant, which further changes the energy Strehl ratio SRg by less than one.
When the gas-blowing scheme was implemented, the gas thermal blooming effect in the channel
was significantly alleviated. Consequently, the main influence on the beam phase was from
the thermal deformation of the mirror. Despite the introduction of gas turbulence, the centroid
position offset was reduced by several orders of magnitude. Simultaneously, both w, and w,
decreased uniformly, whereas SRr remained greater than one. Additionally, w,/w, approached
the ideal vacuum value and the change remained stable. These changes provide evidence that the
gas-blowing scheme significantly improves the symmetry, stability, and energy concentration
of the laser spot. Increasing the inlet gas velocity was advantageous for mitigating the channel
thermal effect. However, it is worth noting that once the gas velocity exceeds 0.8 m/s, the laser
spot parameters will no longer change significantly. Finally, an experimental platform for the
simplified channel was constructed. By comparing the experimental and simulation results, it
was observed that the distribution characteristics of the beam phase differences were similar.
This similarity provides evidence of the accuracy of the numerical model.
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