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Simulations of optical inner-channel thermal deformation

for high-power system with unstable resonator
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In this letter, the influence on the beam quality due to cumulative effect of the inner channel thermal de-
formation in the high energy laser system with unstable resonator is researched. Firstly, three typical laser
powers of 50, 100, and 150 kW are selected to analyze thermal deformation of mirror by the finite element
analyze of thermodynamics instantaneous method. Then the wave front aberration can be calculated by
ray-tracing theory. Finally, Strehl ratio and Zernike aberration coefficients of the vacuum far-filed beam
can be calculated and comparably analyzed by Fresnel diffraction integration. The theory and simulation
results show that due to the effect of inner channel thermal deformation, eccentric phenomenon and astig-
matism of far-filed beam emerge, and peak power and the focused ability decrease. With the increasing
of reflective times, Strehl ratio decrease, and tilt, astigmatism and coma of x direction gradually increase,
which become the main aberration. The results can provide the reference to the thermal aberration anal-
ysis for high energy laser system and can be applied to the field of laser nuclear fusion and laser weapon,
etc.
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It has gain a great attention from all over the world for
wide applications of high-energy laser system[1−3]. But
there always exists heat absorption of laser when the
high-energy laser beam passes through the optical ele-
ments of beam control system (inner-channel), which will
make the wave front of laser beam distortion. Further-
more, this effect will cumulate as the increasing optical
elements. This will ultimately influence the far-field op-
tical beam quality.

At present, many research groups have paid great at-
tention for the heat distortion of mirror irradiated by
high-energy laser[4−6]. However, there are rarely reports
about the heat distortion of mirror influencing the far-
field optical beam quality. The researches mostly focus

on the heat distortion of single mirror or output window
of laser cavity, not including multiple mirrors which built
up the real inner-channel of laser system. At the same
time, the optical intensity distribution of high-energy
laser beam is usually generated by the unstable resonator
which is hollow in center and asymmetry[7]. Therefore,
it is necessary to investigate the heat distortion of inner-
channel for high-energy laser system, especially the influ-
ence of far-field optical beam quality.

Based on the heat distortion of single mirror, the model
of inner-channel is established to analyze the effect of
heat distortion influencing the far-field beam quality in
this letter. In the unstable resonator, the ring top-flat
Gaussian beam is formulated as
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where N is the order of top-flat Gaussian beam, w is the
radii of outer ring, w0 is the radii of inner ring. The asym-
metry of beam and increase with the output power of
laser. Because the intensity distribution of optical beam
along the flow field direction of the gain medium is inho-
mogeneous, the asymmetry of beam will increase with the
increasing output power of laser. Therefore the expres-
sion of optical intensity distribution of unstable resonator
can be simply expressed as[8]

E = E′(1 −
x

s
), (2)

where s is the intercept of the x direction. It can

Fig. 1. (Color online) Optical intensity distribution of unsta-
ble resonator.
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describe the degree of asymmetry, which take s=0.1 in
our simulation work. The beam intensity formation is
shown in Fig. 1.

When the high-energy beam irradiates the optical ele-
ments, mostly refer to mirrors. There must be small frac-
tion of laser energy to be absorbed by the mirror, which
makes the mirror temperature increasing. The tempera-
ture field of mirror can be expressed as[9]
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where T is the temperature of t time at the point (r, φ,
z) of mirror, k is the coefficient of heat exchange for the
material of mirror, ρ is the density of mirror, and c is the
specific heat. The temperature field of mirror is influ-
enced by three factors: heat injection, heat exchange, and
heat convection with the ambient atmosphere. Therefore,
the boundary condition is
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Tc = 20 ◦C
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, (4)

where Tc is the ambient temperature, Ts is the surface
temperature of mirror, hc is the coefficient of convection
heat exchange, ε is the reflectivity of mirror, I(r, φ) is
the optical intensity of laser, S is the area of irradiation,
Σ is the load region of laser beam distribution, and Σ1 is
the load region of heat convection. Substituting Eq. (4)
into Eq. (3), the temperature distribution of mirror can
be obtained under the high-energy laser irradiation.

In this letter, a 220-mm-diameter silicon mirror is cho-
sen with 15-mm thickness and 99% reflectivity. The other
material parameters are listed in the Table 1. The ther-
mal distortion caused by the temperature gradient can
be described by the thermal-elastic equations[10]:
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where ur and uz are the radial and axial thermal distor-
tion of mirror, e is the thermal strain of mirror, αt is the
coefficient of heat expanding for the substrate material,
and ν is the Poisson’s ratio. The boundary condition of
mirror is supposed fixed in its circumference, as

ur |r=r0
= uz |r=r0

= 0. (6)

There are many numerical methods to solve Eqs. (1)–
(5), such as the method of finite difference, the method
of finite element and the method of fast Fourier trans-
form etc. Here we adopt the software of finite element
(Ansys) to analyze the temperature distribution of single
mirror and its thermal distortion. Then using Zernike
polynomial to fit the distortion displacement of mirror
and can be corresponding to the aberrance items. The

single mirror irradiated by the above laser beam is shown
as Fig. 2 where r is the radius of the mirror, h is the
thickness of the mirror, and θ is the incidence angle.

When the laser beam reflects from the mirror with
the thermal distortion, there will add an additional

Fig. 2. Thermal deformation of single mirror.

Fig. 3. (Color online) Thermal distortion of the mirror with
the increasing of laser powers of (a) 50; (b) 100; (c) 150 kW.

Fig. 4. (Color online) Far-field optical intensity distribution
of non-uniform laser after 15 times 45◦ reflection. (a) 50; (b)
100; (c) 150 kW.
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Fig. 5. (Color online) Strehl ratio with the different reflection
times.

phase φ(x, y). Therefore, the light amplitude after the
reflection is expressed as

U1(x, y) = U0(x, y) exp[iφ(x, y)]. (7)

In the simulation, λ=10.6 µm, N=4, w=0.05 m, w0=0.02
m, under the boundary condition, using the parameters
of Table 1, the irradiation time is 5 s, and the laser pow-
ers are 50, 100, and 150 kW, respectively. The thermal
distortion of the mirror is shown as Fig. 3.

With increasing the laser power, the thermal distor-
tion also increases and the maxium distortion is about
3.98 µm, which equals λ/3 (λ-10.6 µm). This thermal
distortion cannot be neglected because the typical root
mean squeare (RMS) of a mirror is less than λ/10. If
the inner-channel consists of 15 same mirrors and 1 m

between each mirror, the far-field optical intensity dis-
tribution with the same laser powers are shown in Fig. 4.

The whole thermal distortion has no matter with the
layout of each mirror, and it can be regarded as the
wavefront aberration of single mirror multiplying the
reflection times[11]. Due to the thermal distortion accu-
mulation, the laser spot size and the eccentricity increase
with the laser power enhance from 50 to 150 kW. In the
real engineering, through Zernike polynomial fitting the
wavefront of optical beam, we can obtain different aber-
ration items. Z1 is constant item, Z2 and Z3 are tilting
items, Z4 is defocus item, Z5 and Z6 are astigmatism
items, Z7 and Z8 are coma items, and Z9 is third order
spherical aberration. The relationship between the aber-
ration items and the reflective times is listed in Table 2.

From Table 2, with increasing the reflective times,
the astigmatism, the tilting, the coma increase at the
same time in the x direction. But the astigmatism in
the y direction gradually decreases. In high-power laser
system, the Strehl ratio of the optical beam quality is
mostly concerned for the far-field energy focus. The
simulation results are shown in Fig. 5.

Under the same laser power, with the increas-
ing reflection times, the Strehl ratio begins to drop.
Especially, when the reflection times are more than
7, the ratio drop dramatically, which means that
the cumulative wavefront aberration is larger than
2π. Therefore, in the processing of design, the mir-
rors of inner-channel and the reflective times are also

Table 1. Parameters of Material Silicon

Density Specific Heat Line Poisson’s Elastic

(kg/m3) Heat Exchange Coefficient Ratio Module

(J/kg· ◦C) Coefficient (W/m·K) (/◦C) (N/m2)

2 329 695 153 4.68×10−6 0.26 1.9×1011

Table 2. Front Nine Zernike Coefficients With Different Reflective times

Reflective Times Z1 Z2 Z3 Z4 Z5 Z6 Z7 Z8 Z9

1 0.127 –0.463 –0.724 0.119 0.572 3.436 –0.134 –0.241 –0.120

8 0.127 –0.463 –0.724 0.119 0.577 3.434 –0.134 –0.240 –0.120

10 0.109 –1.216 –0.663 0.107 0.194 3.592 –0.405 –0.216 –0.099

13 0.069 –2.216 –0.480 0.077 –1.931 3.302 –0.770 –0.149 –0.055

15 0.037 –2.729 –0.316 0.052 –3.745 2.788 –0.961 –0.092 –0.022

20 –0.032 –3.201 0.093 –0.007 –5.664 0.869 –1.146 0.048 0.048

the important factor to influence the far-field optical
beam quality. If the inner-channel including more than
7 mirrors in this example, the control techniques of ther-
mal deformation is essential.

In conclusion, the inner-channel thermal deformation
is theoretically analyzed. The simulation results show
that the laser power and the reflection times are the
key factors to influence the far-field optical beam qual-
ity when the material and the boundary are determined.
The astigmatism and the tilting phenomenon become the
main effect to decrease the far-field optical beam qual-
ity with increasing the laser power and reflective times.
There exists a special inflexion reflective time, which is
more than the time that needs the control techniques to

restrain this thermal distortion. The results provide the
reference for the optical beam control of entire path of
the high-power laser system.
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