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High-power laser induced thermal blooming effects in a closed chamber with three different gases are investigated the-
oretically and experimentally in this work. In the theoretical treatment, an incompressible gas turbulent model is adopted.
In the numerical simulation the gas refractive index as a function of both the temperature and pressure is taken into consider-
ation. In the experimental study the pump-probe technology is adopted. A high-power 1064-nm fiber laser with maximum
output power of 12 kW is used to drive the gas thermal blooming, and a 50-mW high-beam-quality 637-nm laser diode (LD)
is used as a probe beam. The influences of the gas thermal blooming in the chamber on the probe beam wavefront and beam
quality are analyzed for three different gases of air, nitrogen, and helium, respectively. The results indicate that nitrogen is
well suitable for restraining thermal blooming effect for high-power laser. The measured data are in good agreement with

the simulated results.

Keywords: laser radiation, numerical simulation, propagation, thermal blooming

PACS: 61.80.Ba, 44.05.+e, 44.10.+i, 47.27 .-

1. Introduction

High output power and high beam quality lasers that can
be used in laser combination are potentially required in beam
application.!!) With the progressive scaling up of laser out-
put power, the thermal blooming effect in a closed chamber
becomes an important research subject. It is easy for high
power laser to induce the temperatures of the mirrors, air-
flow and chambers to rise, which is the main source of cre-
ating the temperature gradients. These gradients commonly
cause the refractive index to be distributed unevenly, which
eventually degrading both the wavefront quality and the beam
quality of lasers.!”) For example, the air contains suspended
dust, droplets and other solid or liquid particles, which are
called aerosols. These aerosols have strong absorption in near-
infrared region.?! Primitively, the thermal blooming effect in
gas was discovered along with the phenomenon research of
laser propagation in the liquid.[*! In order to eliminate the
thermal blooming effect, the experimental investigation and
numerical analysis were carried out in the laser chamber with
gas-flow.[>%! Several methods were employed to suppress the
thermal blooming effect in the chamber. A more effective
way was to inject the gas with low absorption coefficient into
the chamber. For example, the dry nitrogen was injected into
the Navy-ARPA chemical laser (NACL) emission system to
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restrain the heat accumulation in the chamber.!”] To reduce
the weight of the optical system, the non-flowing gas was
adopted. Because helium has the properties of high thermal
diffusivity and low absorption coefficient, helium was used
as the medium in the non-flowing working mode. Accord-
ing to the study of the thermal blooming phenomenon of laser
beam propagation in the chamber with static gas, the opti-
cal path difference (OPD) of laser beam in the non-flowing
helium is better than that in the medium flow system under
the same wall conditions.®) Meanwhile, the numerical simu-
lations were used to calculate the thermal blooming. For in-
stance, the beam propagation was simulated by paraxial equa-
tion, and the incompressible Navier—Stokes equation was used
in fluid medium. ™ Using the weakly compressible fluid model
and the scalar wave equation, the influence of gas thermal ef-
fect on laser propagation in a closed tube filled with air was
studied numerically. The results show that the weakly com-
pressible fluid model is more suitable for solving the problems
with complex boundary conditions.!!°! In order to correct the
wavefront distortion of laser beam caused by thermal bloom-
ing, an adaptive optical system model was established.!'!]
Recently, the thermal coupling effect of pipelines with dif-
ferent complex structures on laser propagation has also been
studied.['?] Moreover, the axial flow and outlet suction meth-
ods were used to reduce the thermal blooming effect.!!3]
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However, for most of thermal blooming investigations in the
chamber or the tube, the lasers have relatively low power or
energy!>!!=13] and there have been less reports on the influ-
ence of thermal looming on the beam quality. In this work, the
thermal blooming effect caused by a 10-kW laser in a chamber
is studied theoretically and experimentally. We examine the
influences of the thermal blooming effect on the beam wave-
front distribution and the beam quality when the chamber is
filled with air, nitrogen, and helium, respectively. The simula-
tion results are compared with the experimental data.

2. Theoretical framework

The optical path difference (OPD) of the laser beam
caused by the gas thermal blooming effect in the chamber can
be expressed as

OPD:/An~ds, (1)

where An is the change in the refractive index of the gas

medium, and S is the length of the light path. For ideal gas,

the gas equation of state can be described as!'¥]

PV /RT ~1—¢p, 2)

where P is the pressure with the Pascal (Pa), V is the volume,

R is the gas constant, T is the temperature in Kelvin (K), and

€ is a polynomial of temperature.[!>-1¢]

Starting from the Lorentz—Lorenz formula, another equa-

tion of gas refractive index can be obtained below:!!”}

(n—1)=DK, 3)
Pllvert o0
D 6(14+aT) @
(1+aT) ’

where D is the molecule density of gas, oo = 1/273.15 K,
and the dispersion factor K ~ (n — 1)(1 + oT/P), and the
value of K can be obtained by using the gas refractive in-
dex measured under the standard condition (7 =293.15 K and
P =101325Pa, i.e., 1 atm, 1 atm=1.01325x 10> Pa).

Using Eq. (3), the gas refractive index equation under dif-
ferent environmental conditions can be deduced by the gas re-
fractive index under standard condition as follows:

<n—1>:DBS(nS—1>, 5)

where the subscript s represents the parameter under the stan-
dard condition.
As is well known, the gas refractive index under standard

condition is!!8!

Aq Ay

. —~ ©
(Bl‘m) (Bﬂz)

(ng—1)x 108 = Ag+

where A, A;, Ay, By, and B5 are constants, and A is the wave-
length. For air, A = 8015.514, A} =2368616, A, = 19085.73,
By = 128.7459, and B, = 50.01974.1'5] For nitrogen, A =
8736.28, A; =2398095.2, A, =0, B| = 128.7, and B, = 0.
For helium, A =0, A} = 1470091, A, =0, B; = 423.98, and
Bz = 0.[16]

Combining the above Eqgs. (4)—(6), the refractive index of
the gas medium, n, induced by thermal blooming can be ex-
pressed as

Pli+er+

KP
6(1+aT)]
(1 +(XT)DS

X

+1.(7)

<A0+ all —+ 4 . ) x 1078
(Br-32) (22 32)
Then, the change of refractive index An can be obtained
as follows:

An =n—n;. (8)

It can be seen from Egs. (7) and (8), at a specific wavelength,
the change of refractive index of gas is related to the distribu-
tion of the gas temperature and pressure. Therefore, to calcu-
late the refractive index distribution of gas and the distribution
of OPD, we need to examine the distributions of temperature
and pressure.

In this work, the incompressible turbulent K—¢ model for
the gas propagation in the chamber is used. The corresponding
fluid equations are as follows: 3]

ap

W‘FV(PV):O? )
av 1

E—FV-VV——EVp—i-g (10)
opT K 0
—+V. T)=V.|—VT — 11
5 TV (pvT) (pcp )+pCp7 (11)

where p, v, and g respectively represent the density, velocity
vector, and gravity of the gas, K is the thermal conductivity of
the gas, C,, is the specific heat capacity of the gas at constant
pressure, and Q is the heat source which the laser irradiation
acts as. Also, the influence of gravity is taken into considera-
tion.

3. Experimental description

Figure 1 shows the experimental arrangement based on
the pump—probe technology for the observation of the thermal
blooming effect. A high-power 1064-nm quasi-continuous
wave (QCW) fiber laser (GM:5M-120HC) was used as a pump
source to produce the thermal blooming. The 1064-nm laser
delivers maximum output power of 12 kW. The 1064-nm beam
is collimated with a diameter of 15 mm via a relay optics. A
50-mW 637-nm CW laser diode (THORLABS LP637-SF70)
with high beam quality of 8 ~ 1.09 is used as a probe beam.
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The 637-nm beam is also collimated into a 15-mm diameter
beam through another relay optics. In Fig. 1, M1 is a dichroic
mirror with high transmissivity at 1064 nm and high reflectiv-
ity at 637 nm. The probe beam is added to 1064-nm beam
by dichroic mirror M1, then the resulting beam propagates
into the chamber. Plane mirrors M2 and M3 with a distance
of 3000 mm in between are highly reflective at 1064 nm and
637 nm, they being placed in the chamber. Both the 1064-nm
beam and the probe beam are reflected between the two mir-

rors four times, with total optical path arriving at 15000 mm.
The laser beams exited from the chamber are separated by a
beam splitter. Thus the probe beam is divided into 2 sub-
beams by another beam splitter. The wavefront distortion and
beam quality of the probe beam are measured simultaneously
with a Hardman wavefront sensor and a charge coupled de-
vice (CCD) camera, respectively. The chamber is filled with
air, nitrogen, and helium at room-temperature (RT) and 1 atm,
respectively.

| Closed chamber

M1 M3
1064 nm ~ Relay Beam
laser optics splitter
NOGAL nm
:: WF Dump
optics M2 637 nm
CCD /> Beam
6 splitter
637 nm Focusing lens
laser

Hartmann—Shack
sensor

Fig. 1. Experimental arrangement of thermal blooming effect.

4. Results and discussion

In the observation of the thermal blooming, different
pump power value take 0.5, 1.0, 4.0, and 8.0 kW over 100 s,
respectively. The beam radius of the pump beam and the
probe beam in the chamber window are both 7.5 mm. Con-
sequently, the corresponding pump power densities are 283,
566, 2264, and 4527 W/cm?, respectively. The initial tem-
perature and pressure of the chamber are 20 °C and 1 atm,
the initial refractive index of air, nitrogen, and helium are
1000272, 1.000277, and 1.000035, respectively. The isobaric
heat capacity of air, nitrogen, and helium are 1015, 1039, and
5196 J/(kg-K), respectively. The thermal conductivity of air,
nitrogen, and helium are 0.0256, 0.025, and 0.149 W/(m-K),

(a) pm pm

respectively. The absorption coefficient of air at 1064 nm is
a = 1.5x 1077 cm~!.1"% Because nitrogen and helium have
extremely low absorption coefficient at 1064 nm, their absorp-
tion can be omitted. On the other hand, the laser energy ab-
sorbed by the reflective mirror is 10 ppm. The convective heat
flux between the chamber and the external gas is 10 W/(m?-K).
The flow field is simulated by incompressible turbulent K—¢
model as mentioned above, and the OPD and wavefront dis-
tribution of the light field are simulated by ray tracing method
based on a COMSOL Multiphysics software in the approxi-
mation of the flat top beam. Moreover, the beam quality f3 is
estimated with the ZEMAX software based on the beam inten-
sity distribution. The experimental and simulation results are
shown in Fig. 2.

12 12 12 12
0.5 kW Foo1 1 kW Fosa 4KW Foss P30
6 6 ~ 61 e 6
0.10 0.20 0.50 0.65
E 0 - E | | E bl E 0 bk
g =) £ 0 g0 £ 0 Bo g Ho
-6 —0.10 4 —0.20 _g —0.50 _g —0.65
0.21 - 0.34 - 0.88 1.30
—12 D) T 12 T 12 o
12 0 12 12 0 12 ~12 0 12 —12 0 12
(b) mm min mm mm
12 pm 12 pm 12 pm 12 um
0.5 kW 0.14 1 kW 0.19 4 kW 0.63 8 kW 1.08
6 6 6
0.07 0.09 0.32 0.54
- £ e
-6 \_/ —0.07 _g y —0.09 —¢ > —0.32 _g —0.54
—0.14 1 —0.63 —
12 —12 —0.19 _q9 12 1.08
12 0 12 12 0 12 —12 0 12 ~12 0 12
mim mm mm min

Fig. 2. (a) Measured and (b) simulated wavefront distributions of probe beam exited from chamber filled with air under different pump power values of

0.5, 1.0, 4.0, and 8.0 kW at the 100th second.
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Figure 2 shows the measured and simulated wavefront
distributions of the probe beam exited from the chamber filled
with air under different pump power values of 0.5, 1.0, 4.0,
and 8.0 kW at the 100th second. It can be obtained from
Fig. 2(a) that the measured peaktovalley (PV) values of the
wavefront distortion are 0.43, 0.69, 1.8, and 2.6 um for the
pump power values of 0.5, 1.0, 4.0, and 8.0 kW, respectively.
From Fig. 2(b), the corresponding simulated PV values are
0.28, 0.38, 1.3, and 2.2 pm.

Figure 3 shows the measured and simulated far-field beam
intensity distributions of the probe beam exited from the cham-
ber filled with air under different pump power values of 0.5,
1.0, 4.0, and 8.0 kW at the 100th second. It can be deduced
from Fig. 3(a) that the measured values of beam quality By air
are 1.6, 2.7, 4.6, and 5.6 for the pump power values of 0.5,
1.0, 4.0, and 8.0 kW, respectively. Similarly, from Fig. 3(b),
the corresponding simulated values of beam quality Bs_ai; are
1.5,2.3,4.3,and 5.1.

Figure 4 shows the measured and simulated wavefront

(a)

Grey value

BRE 0.5 kKW 0.9 ALY 800
1500 7 600
g 11000 £ 1400
g 0 g
500 200
0 0

—0.9

0.9

8.0

Grey value

distributions of the probe beam exited from the chamber filled
with nitrogen under different pump power values of 0.5, 1.0,
4.0, and 8.0 kW at the 100th second. It can be extracted from
Fig. 4(a) that the measured PV values of the wavefront distor-
tion are 0.11, 0.14, 0.11, and 0.18 um for the pump power val-
ues of 0.5, 1.0, 4.0, and 8.0 kW, respectively. From Fig. 4(b),
the simulated PV values of the wavefront distortion are 0.001,
0.004, 0.011, and 0.025 pm for the pump power values of 0.5,
1.0, 4.0, and 8.0 kW, respectively.

Figure 5 shows the measured and simulated far-field beam
intensity distributions of the probe beam exited from the cham-
ber filled with nitrogen under different pump power values of
0.5, 1.0, 4.0, and 8.0 kW at the 100th second. Figure 5(a)
shows that the measured values of beam quality By N, are
1.10, 1.11, 1.13, and 1.13 for the pump power values of 0.5,
1.0, 4.0, and 8.0 kW, respectively. Figure 5(b) shows that
the values of simulated beam quality s n, are 1.002, 1.003,
1.004, and 1.006 for the pump power values of 0.5, 1.0, 4.0,
and 8.0 kW, respectively.

Grey value Grey value

0.0 R 1.1
120 60
g 80 & o 140
g 0 g 1
40 20
0.9 0 1 0
110 1.1
mm mim

Fig. 3. (a) Measured and (b) simulated far-field beam intensity distributions of probe beam exited from chamber filled with air under different pump

power values of 0.5, 1.0, 4.0, and 8.0 kW at the 100th second.

(a)
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Fig. 4. (a) Measured and (b) simulated wavefront distributions of probe beam exited from chamber filled with nitrogen under different pump power values of

0.5, 1.0, 4.0, and 8.0 kW at the 100th second.
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mim

0
mm

0.9

Fig. 5. (a) Measured and (b) simulated far-field beam intensity distributions of probe beam exited from chamber filled with nitrogen under different pump

power values of 0.5, 1.0, 4.0, and 8.0 kW at the 100th second.
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Fig. 6. (a) Measured and (b) simulated wavefront distributions of probe beam exited from chamber filled with helium under different pump powers of 0.5,

1.0, 4.0, and 8.0 kW at the 100th second.
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Fig. 7. (a) Measured and (b) simulated far-field beam intensity distributions of probe beam exited from chamber filled with helium under different pump

power values of 0.5, 1.0, 4.0, and 8.0 kW at the 100th second.

Figure 6 shows the measured and simulated wavefront
distributions of the probe beam exited from the chamber filled
with helium under different pump power values of 0.5, 1.0,
4.0, and 8.0 kW at the 100th second.
Fig. 6(a) that the measured PV values of the wavefront dis-

It is created from

tortion are 0.135, 0.142, 0.136, and 0.21 um for the pump
power values of 0.5, 1.0, 4.0, and 8.0 kW, respectively. Form
Fig. 6(b), the simulated PV values of the wavefront distortion
are 0.0002, 0.0003, 0.0013, and 0.003 pm for the pump power
values of 0.5, 1.0, 4.0, and 8.0 kW, respectively.
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Figure 7 shows the measured and simulated far-field beam
intensity distributions of the probe beam exited from the cham-
ber filled with helium under different pump power values of
0.5, 1.0, 4.0, and 8.0 kW at the 100th second. From Fig. 7(a),
the measured values of beam quality By ge are 1.13, 1.13,
1.16, and 1.34 for the pump power values of 0.5, 1.0, 4.0, and
8.0 kW, respectively. From Fig. 7(b), when the pump power
values are 0.5, 1.0, 4.0, and 8.0 kW, the simulated values of
beam quality fBs e are 1.002, 1.002, 1.002, and 1.0025, re-
spectively.

——Exp: air (a)

3@ -Sim: air
—A—Exp: nitrogen
—¥ -Sim: nitrogen
—— Exp: helium

| <& -Sim: helium

PV value (um)

o 1 2 3 4 5 6 7 8

e —a—Exp: air
~° —& Sim: air
’ —A—Exp: nitrogen
—¥ -Sim: nitrogen
——Exp: helium
—¢ Sim: helium

= ——%$

0 1 2 3 4 5 6 7 8
Pump power at 1064 nm (kW)

Beam quality 3

Fig. 8. Measured and simulated (a) PV values of wavefront distortion and
(b) values of beam quality 8 of probe beam versus pump power for different
gases, with solid line representing measured results, dashed line denoting
simulated results, black line, blue line, and red line for the results of air,
nitrogen, and helium, respectively.

Figures 8(a) and 8(b) show the comparison between the
measured and simulated PV values of the wavefront distortion
and the values of beam quality 3 of the probe as a function of
pump power for different gases, respectively. It is found from
Fig. 8 that the measured PV values of the wavefront distor-
tion and the values of beam quality  are in good agreement
with the simulated results for corresponding gases. When the
chamber is filled with air and the pump power value increases
from 0.5 kW to 8.0 kW, the measured PV values of the wave-
front distortion and the values of beam quality By _ajr increase
quickly with the pump power increasing, they increased 6.0
and 3.5 times, respectively. For the nitrogen, the measured
PV values of the wavefront distortion and the values of beam
quality BN, increase slightly with the pump power increas-
ing, they increased 1.8 and 1.03 times for pump power in-
creasing from 0.5 kW to 8.0 kW, respectively. As for the
helium, the measured PV values of the wavefront distortion
and the values of beam quality B, g increase progressively
with the pump power, they increased from 1.56 and 1.19 times

for pump power increasing from 0.5 kW to 8.0 kW, respec-
tively. Clearly, the nitrogen and helium are more suitable gas
media than air for mitigating the thermal blooming. At the
pump power value of 8.0 kW, the measured PV value of the
wavefront distortion and the value of beam quality By, e for
helium are slightly larger than the simulated results. It may be
that a little air is mixed into the chamber due to the fact that
helium with smaller molecular mass is easy to escape from the
chamber, because the poor-sealing chamber is used in our ex-
periment. Consequently, although nitrogen and helium both
have lower absorption to the pump laser than air, nitrogen is
more suitable to serve as the filling gas of the poor-sealing-
requirement chamber, as a result of its lower requirements for
the sealing degree of the chamber than helium.

5. Conclusions

In this work, the simulation and experiment research
about high-power laser-induced the thermal blooming effect
in the chamber are carried out by the pump—probe method.
The influence of the gas thermal blooming on the laser wave-
front and the beam quality are investigated and those results
for the chamber filled with air, nitrogen, and helium are com-
pared with each other correspondingly. The experimental re-
sults are basically in agreement with the numerical simulation.
The results confirm that the nitrogen can effectively alleviate
the thermal blooming effect in a laser system.
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