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Abstract

This study proposes an assembly-preload optimization method for polarization smoothing in high-power laser facilities
using stress-induced birefringence in a fused silica vacuum window. A discrete opto-mechanical model is developed
by coupling force—optics interactions with the window boundary constraints and assembly configuration. Based on this
model, a backpropagation-based framework optimizes preload magnitude, loading position, and contact stiffness via
gradient descent, with focal-spot irradiation uniformity as the objective. Under optimized conditions, 29% of the incident
P-polarized light is converted to S polarization at 532 nm, increasing to 41% at the design wavelength of 351 nm, while
the Precision Diagnostic System verified a relative RMS contrast of approximately 0.77 at 351 nm, with high-intensity
speckles significantly suppressed and no noticeable wavefront distortion or near-field modulation. The proposed method
improves irradiation uniformity while preserving beam quality, providing a practical strategy for preload optimization in

polarization smoothing.
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1. Introduction

Laser inertial confinement fusion (ICF) relies on high-power
laser pulses to drive the implosion of deuterium—tritium (DT)
fuel capsules, with the ultimate goal of achieving fusion
ignition and high energy gain!'?!. During this process,
laser—plasma instabilities (LPIs), including stimulated
Raman scattering (SRS) and stimulated Brillouin scattering
(SBS), will degrade laser energy coupling and induce
drive asymmetries, thereby posing significant challenges
to achieving fusion ignition®*®!.  The growth of LPIs
is strongly correlated with increasing laser intensity and
irradiation nonuniformity. Consequently, with the continuous
enhancement of the output capability of high-power ICF laser
drivers, active manipulation of laser irradiation uniformity
has become essential for suppressing the growth of LPIs
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and improving implosion performance!”#!. Representative

large-aperture high-power laser drivers, including the
National Ignition Facility (NIF) in the United States, the
Laser Mégajoule (LMJ) facility in France, and the 100-kJ
laser facility in China, have incorporated beam smoothing
techniques as indispensable components for controlling
focal spot distributions and improving laser—target coupling
efficiency °~1%. These approaches are generally categorized
into spatial smoothing, temporal smoothing, and polarization
smoothing[13-131,

Spatial smoothing techniques, represented by the random
phase plate (RPP) proposed by Kato et al. and the continuous
phase plate (CPP) developed by Dixit et al., modulate the
wavefront distribution of the large-aperture laser beam to
generate a focal spot with a smooth intensity envelope on
the target plane, thereby improving the spatial uniformity
of the focal spot distribution!!®!71.  However, the phase
modulation inevitably results in small-scale speckle structures
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in the far field due to coherent interference, accompanied
by high-contrast and high-spatial-frequency intensity
modulations. Although advanced optimization methods, such
as improved Gerchberg—Saxton (G-S) algorithms, have been
developed in recent years to refine the phase distribution of
phase plates, these high-energy small-scale speckles remain
difficult to eliminate'31%). Excessive high-spatial-frequency
components may induce surface perturbations on the fuel
capsule, providing initial seeds for Rayleigh—Taylor (RT)
instabilities and further enhancing the growth of LPIs2%-211,
Temporal smoothing techniques are designed to suppress
these high-spatial-frequency speckle components through
temporal averaging or decorrelation. Induced spatial
incoherence (ISI), proposed by Lehmberg et al., introduces
optical path delays exceeding the laser coherence time
across the beam aperture, causing the interference pattern
to rapidly evolve with time?>?3].  Smoothing by spectral
dispersion (SSD), proposed by Skupsky et al., employs
electro-optic phase modulation and diffraction gratings
to generate spatially dependent frequency shifts across
the laser beam, thereby reducing speckle contrast through
temporal integration>.  Although temporal smoothing
techniques are highly effective in suppressing medium- and
high-spatial-frequency nonuniformities, their smoothing
performance is inherently constrained by the finite duration
of laser pulses and the available time for intensity averaging.

Polarization smoothing (PS) techniques reduce focal spot
intensity contrast by exploiting the incoherent superposition
of orthogonally polarized beams. Rothenberg demonstrated
that, when interference between orthogonal polarization
components is eliminated, PS can instantaneously reduce
RMS nonuniformity of the focal spot to 1/ V2 of its
initial value, independent of the laser pulse duration!>],
Michel further clarified the underlying physical mechanisms
linking PS to LPI suppression!?6l.  More importantly,
polarization diversity on the target plane can effectively
disrupt the phase-matching conditions required for parametric
instabilities, such as SRS and SBS, which is essential for
suppressing rapidly growing LPIs?”]. Current PS schemes
employed in ICF laser drivers can be generally classified
into two categories: inter-beam polarization smoothing
and intra-beam polarization smoothing. Inter-beam PS
adjusts the polarization states of individual sub-beams within
the beamlet by arranging wave plates in their respective
optical paths, thereby enabling incoherent superposition
among these sub-beams?®?°!. In contrast, intra-beam PS
directly introduces polarization diversity into the originally
linearly polarized third-harmonic (3w, 351 nm) beam %!, The
representative approach utilizes the birefringence properties
of large-aperture KDP/DKDP crystals to convert the incident
laser beam into two spatially separated orthogonal polarization
components3!341 The intra-beam PS enables more
effective suppression of high-intensity speckle fractions on
the target plane. However, The KDP-based crystal optics
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experience transverse stimulated Raman scattering (TSRS)
under ultraviolet laser irradiation!3>-¢1. The TSRS gain
increases exponentially along the transverse direction of the
crystal aperture, which significantly restricts the operational
safety margin of this approach in high-energy ultraviolet laser
systems.

Stress-induced birefringence can provide a new pathway for
achieving polarization smoothing using isotropic materials.
Within the elastic regime, the linear and controllable
mechanical response to the applied load provides a feasible
basis for active optical polarization control. By exploiting
mechanically induced birefringence, polarization smoothing
can be actively implemented in materials with higher laser
damage thresholds, such as fused silica. Spilman et
al. realized a stress-induced spatially varying waveplate
in the circular BK7 window using three-point symmetric
mechanical preloading [*7-381, This approach locally converted
linearly polarized light into vector vortex beams, thereby
demonstrating the feasibility of active polarization control
through mechanical stress. Liu et al. subsequently
investigated the stress-induced birefringence in small-aperture
optical plates through numerical simulations, providing
valuable insights into the analysis of optical responses arising
from assembly-induced stresses in optics®®!.  However,
existing studies on mechanical stress-induced birefringence
for polarization control have largely been limited to simple
polarization manipulation in small-aperture optics or have
primarily focused on suppressing parasitic birefringence
induced by assembly stresses. Extending stress-induced
birefringence to polarization smoothing of large-aperture
laser beams in ICF laser drivers still faces several fundamental
challenges. First, stress-induced polarization smoothing of
large-aperture laser beams on the target plane relies on the
coordinated interaction of multiple coupled physical fields,
making the inverse determination of the required stress
field from the desired physical response highly challenging.
Second, the relationship between the applied preload and the
internal stress field during assembly is governed by complex
boundary constraints and stress transmission paths, rendering
conventional empirical design approaches inadequate. Finally,
stress-induced polarization modulation must avoid excessive
wavefront distortion and near-field modulation to ensure the
beam quality required for ICF laser drivers.

As the core algorithm of differentiable programming, the
backpropagation (BP) algorithm leverages the chain rule to
efficiently compute the gradients of input parameters from
output errors, making it a powerful tool for goal-oriented
inverse design'4!. To date, this approach has been successfully
applied to the optimization of high-power optical systems,
including the phase distribution design of CPPs*!l. To
address the aforementioned challenges, this study introduces
a BP-based framework and proposes the active mechanical
loading strategy for stress-induced polarization smoothing.
First, the coupling mechanism between the applied preload
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and the internal stress tensor is elucidated, and a parametric
mapping model linking preload parameters, edge pressure,
and the internal stress field is established. Second, an
opto-mechanical coupling model incorporating assembly
parameters is developed to quantitatively reveal the influence
of the stress field on polarization states and focal spot energy
distributions. Finally, the preload parameters are iteratively
optimized through the BP framework, enabling high-precision
active control of irradiation uniformity on the target plane.

2. Material and Methodology
2.1. Optical Functional Carrier

The isotropic fused silica serves as a critical material in
high-power laser facilities, primarily due to its outstanding
optical transparency, excellent resistance to optical damage,
and remarkable growth uniformity. It is widely utilized in
key optical components, such as shielding plates, reflectors,
wedged lenses (WFL), and vacuum windows (VW). Positioned
between the target chamber and the final optics assembly,
the VW serves to isolate the air connection between them,
maintaining an ultra-high vacuum (UHV) environment of
approximately 107 to 1073 Pa within the target chamber.
Consequently, the VW must withstand substantial differential
pressure. The mechanical parameters of fused silica are
summarized in Table 1. Notably, the peak compressive
strength reaches 1.14 GPa, which is sufficient to withstand
most high-magnitude pressures without stress concentration.
Furthermore, the high elastic modulus coupled with a low
Poisson’s ratio ensures that deformations under tensile or
compressive loads remain micro-scale within the elastic
regime.  Consequently, the impact on surface figure
degradation is minimal, which is highly advantageous for
mechanical clamping aimed at acquiring the stress tensor
field.

Table 1. Mechanical properties of the fused silica (Corning 7980).

Mechanical property Value
Young’s modulus (E) 73 GPa
Fracture modulus after abrasion 52.4 GPa
Bulk modulus (K) 35.9GPa

Poisson’s ratio (v) 0.16

Density (p) 2.20 g/cm?
Knoop hardness (100 g load) 522 kg/mm?
Tensile strength 54 MPa
Compressive strength 1.14 GPa

As an isotropic and linearly elastic photoelastic medium,
fused silica exhibits microscopic anisotropy when deformed
within the elastic regime under external loading. The
stress-optic coupling effect is quantitatively described using
the refractive index ellipsoid formalism:

Table 2. Optical parameters of the fused silica (Corning 7980).

Optical parameter Value
Refractive index ng at 351 nm 1.4764
Piezo-optic coefficient 7y 0.4279 TPa™!
Piezo-optic coefficient 7y, 2.8107 TPa~!
Piezo-optic coefficient a4 T — T2
where i, j =1,2,3 (1)

Z Bijxixj = 1,
ij

In Eq. (1), x; (i = 1,2, 3) denote the Cartesian coordinates
corresponding to the x, y, and z axes, respectively;
B;j (i, j = 1,2, 3) represent the components of the dielectric
impermeability tensor B. For isotropic fused silica, the
dielectric impermeability tensor is expressed in matrix form
as:

By; Bi» B3
B =|By; Bx» B|, where B;j = Bj; 2)
B31 B3z Bis

Under the initial condition without external loading or any
inhomogeneity, the tensor components in Eq. (2) satisfy By =
By, = B33 = 1/1’1(2) and B, = By3 = B3 = 0, where ng is the
refractive index in the unstressed state. Under external loading,
referring to the Cartesian coordinate system in which the stress
vector 0 = [0y, Oy, Oz, Txy, Tyzs Tzxll is defined, the
impermeability tensor B = [B11, By, Bis, Bia, B3, B13]T
are linearly related to the stress components as follows:

B=B’+n-o 3)

mp mp om0
m2 o w2 O
mi2 mp w0
0 0 0 TT44
0 0 0 0 4
0 0 0 0 0 TT44

“

[l Ne]

0
0
0
0
4

Here, m denotes the piezo-optic coefficient matrix. The
numerical values of & for fused silica glass are summarized
in Table 2.

For an arbitrary propagation direction, the optical properties
of the medium are governed by the elliptical cross-section of
the refractive index ellipsoid normal to that direction. For
the large-aperture fused silica optics, the beam propagation
direction is perpendicular to the entrance surface of the
element. By defining the x-y plane as the entrance surface
(with the length and width aligned along the x- and y-axes,
respectively), the beam propagation direction coincides with
the z-axis of the Cartesian coordinate system. In this
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Figure 1. Variation of refractive index parameters under external stress. In an
isotropic medium, mechanical stress distorts the refractive index surface from
a perfect sphere into an ellipsoid, leading to n. # n,. The effective refractive
index for light propagation is determined by the elliptical cross-section of the
refractive index ellipsoid normal to the wave vector. The inset schematically
illustrates the stress-induced birefringence parameters and the corresponding
elliptical cross-section for light propagating along the z-axis.

configuration, the stress-induced birefringence experienced
by the beam is governed by the elliptical cross-section of
the refractive index ellipsoid in the x-y plane, as illustrated
in Figs. 1 and 2(a). Analytical solution of the elliptical
cross-section yields the principal polarization parameters
governing beam propagation, namely the slow-axis refractive
index nj, the fast-axis refractive index n,, and the optic-axis
azimuth @ (which is defined as the rotation angle of the major
axis about the z-axis):

0’ , Bn>Bxn
6= 9'+7T/2 ,  Bi1 < By, 9 <0 (@)
9'—7T/2 , Bll<BZ2, 6 >0

r_ 1 —1(_2Bn
where 6’ = 3 tan (311—322)'

2

(6)

2
ny,= >
(Bi1+Bxp) F \/4312 +(B11 - Bn)?

According to Eqs. (3)-(6), for the z-directed beam
propagation, the refractive index n; and n; depend exclusively
on the dielectric impermeability tensor elements Bjj, Bi2,
and Bjy, which are functions of the stress components oy,
oy, and 7xy. Evidently, the normal stresses o7 and oy, acting
along the x- and y-directions respectively, together with the
shear stress 7, in the x—y plane, constitute a plane stress state
confined to the x—y plane. This implies that any attempt to
modify the stress-induced birefringence of an optical element
via stress vectors must rely on the relative magnitudes and
spatial distributions of these plane stress components as the
primary evaluation metrics.

In the birefringent medium, the difference in refractive
indices between the fast and slow axes leads to different
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phase velocities for orthogonally polarized waves. After
traversing the same physical path length, the two polarization
components acquire a relative phase retardation J:

2 d
d=p1—p2= THA (n1(z) —na2(z)) dz @)

where ¢ and ¢, denote the phases of the optical waves
polarized along the slow and fast axes, respectively, and d is
the propagation distance through the medium.

As indicated by Egs. (6) and (7), both the magnitudes
of the stress components and the integrated thickness of the
optical element contribute positively to the accumulated phase
retardation ¢.

Moreover, for large-aperture optical elements employed in
high-power laser systems, a relatively small thickness (e.g.,
shielding plates of 430 mmx430 mmx 10 mm) combined with
high clamping loads tends to increase the risk of mechanical
instability and damage. In contrast, the larger thickness
of the VW provides higher bending stiffness and a greater
mechanical safety margin under lateral loading. Taking these
factors into account, the VW represents a more appropriate
choice for implementing stress-induced birefringence as a
polarization smoothing mechanism.

As shown in Figs. 2(a) and 2(b), the VW employed in
the high-power laser system has dimensions of 430 mm X
430 mm x 43 mm, yielding a width-to-thickness ratio in the
range of 8—10, which satisfies the condition for the plane
stress assumption. This implies that when a mechanical load
is applied to the side faces of the window, the resulting stress
field is essentially a plane stress state confined to the x—y
plane. Moreover, lateral loading minimizes the impact on
the clear aperture while still generating the required stress
distribution.

2.2. Coupled Stress—Boundary Response Analysis

2.2.1. Mechanical Model

Given that the stress-induced deformation is negligible
relative to the overall dimensions of the VW, and that the
resulting strain remains within the elastic limit, the mechanical
response of the optic can be modeled using linear elasticity
theory. The displacement field is given by u =ue, +vey, +
we,, where (u,v,w) are the displacement components in
the Cartesian system. The stress-induced strain tensor & =
[&x> €y, €25 Vxys Vyzs ¥2x]T can be related to the nodal
displacements as follows:

E =

du oy ow 1 fou o
ox’ dy’ 8z’ 2\dy ox)’

2

Bz+6_y

T2

1{dv Jow 16w+8_u
ox 0z

T
) ®)
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Figure 2. (a) The propagation direction, integrated thickness, and refractive index ellipsoid cross section of a large-aperture laser beam within the fused silica
vacuum window. (b) The clear aperture geometry of the VW and the effective beam aperture of the large-aperture laser beam.

The nodal displacements within the medium give rise to
variations in the internal stress state. According to Hooke’s
law, the relationship between stress and strain in the material
can be expressed through the generalized constitutive matrix:

C11 C12 C12 0 0 0
C12 Ci11 C12 0 0 0
_ Atame fcr2 ¢ e 00 0 e 9
M 0 0 0 C44 0 0
0 0 0 0 Ca4 0
0 0 0 0 0 Ca4

Where A ame is the Lamé constant of the material, given by
ALame = %, where E is Young’s modulus and v is
Poisson’s ratio. The reduced stiffness coeflicients are defined
ascy; = 1-v,ci2 = v,and ¢4 = (c11—c12) /2. Under external
loading, the static equilibrium of the medium is governed by
the Cauchy equilibrium equations in the Cartesian coordinate

system:

_30’x aTxy 6sz _
ZFX_ ox * ay * 0z /=0

ot do ot
poo Sy 99 vz
Z Y 0x * oy * 0z

d1,x 0Ty doy

F,=—"—+ + —

Z © ox dy 0z

By employing the three fundamental equations of linear
elasticity together with mechanically appropriate boundary

conditions, the governing differential equations can be solved
to obtain the physical quantities of interest.

+fy=0 (10)

+f,=0

2.2.2. Boundary Conditions and Loading Configuration
Given the structural configuration of the VW, when the edge
load is approximately uniform across the thickness, the x—y

)
43mm
Beam Admissio:n
Uniform Plane |
istributiory |
|
q(): ay)

Figure 3. Schematic of the application direction of symmetric edge pressure
loads.

plane stress tensor field remains identical at any integration
plane along the thickness direction. Under this condition,
the refractive-index-related parameters become independent
of the integration position and reduce to thickness-invariant
quantities. Consequently, it is only necessary to analyze how
the functional distribution of the edge load along the clear
aperture direction affects the x—y plane stress tensor field.
Owing to the structural symmetry of the loading condition,
the edge stress load distribution can be defined as:

x=%D/2: 0oxx=qx(y), Oxy=0

(1)

y==%L/2: o0y, =gy(x), Oxy =0

Here, D and L denote the clear aperture dimensions of
the optical element, with D = L = 430 mm in the present
study. The functions ¢.(y) and g, (x) represent the edge
pressure distributions along the corresponding boundaries,
satisfying g,(y) = qy(x) = q(I). The function g(I) is
an even-symmetric stress distribution with respect to the
symmetry axis, i.e., ¢() = g(—I), as illustrated in Fig. 3.
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Figure 4. (a) Discretization of boundary conditions. (b) Linear combination of unit pressure loads.

2.2.3. Discrete Solution of the Stress Tensor Field
Under non-uniform pressure loading, closed-form analytical
solutions generally do not exist for the three-dimensional or

plane stress tensor fields in large-aperture optical elements.

The finite element method (FEM), as a mature and versatile
numerical approach, enables the effective discretization and
solution of complex mechanical models. Therefore, in
this work, FEM is employed to perform the mechanical
analysis of the optical element. For large-aperture laser
beams, the plane stress tensor fields induced by different
mechanical boundary conditions result in varying degrees of
optical modulation. Consequently, a comprehensive analysis
of various boundary configurations is essential. However,
simulating the mechanical responses associated with all
possible boundary conditions is computationally prohibitive.
Within the scope of linear elasticity, the relationship between
boundary conditions and the mechanical response of the
medium constitutes a linear system. Therefore, if the
input boundary condition is a linear combination of two
or more functions, the output response is equal to the linear
combination of the outputs generated by each individual input
function. Within the clamping-force range considered in this
study, the fused silica element remains in the linear elastic
regime, and the calculated stress levels are far below the tensile
and compressive strength limits of the material. Therefore,
the mechanical response can be described using the principle
of linear superposition. By exploiting the superposition
principle, an arbitrary symmetric input boundary condition
q(1) distributed over the aperture can be discretized, and the
total load within the stressed region can be expressed as:

L/ (2Al)

F=2 ) Q) qodAl

n=1

(12)

Here, QO denotes the load amplitude at position /,,, gg is
the response function for a unit load, and Al represents the
discretization interval of the load distribution (see Fig. 4(a)).
For this unit load ¢, the finite element method is employed

to compute the stress tensor field 0'(") induced when the
pressure acts at the n-th discrete pomt For fused silica
elements operating within the elastic regime, the constitutive
relations, geometric compatibility, and boundary conditions
all satisfy the linearity assumption. Consequently, the total
stress tensor field response induced by the symmetric load g (/)
over the entire boundary is equal to the linear superposition of
the responses generated by each discretized unit load g acting
independently within its respective subinterval (I, [,, + Al)
(see Fig. 4(b)). Therefore, the total discretized stress tensor
field response of the fused silica element under the symmetric
load ¢(1) in the linear elastic regime is defined as:

L/(2A])

o(total) _ Z Q(ln)-O'O(")

n=1

13)

Consequently, we have established the coupled finite
element discretization model linking the stress tensor field
of the large-aperture fused silica transmission element to its
boundary conditions.

2.3. Propagation Model and BP Algorithm for the
High-Power Beam

2.3.1. Stress-Informed Beam Propagation Model

In the (ICF) driver, the front-end system must perform
energy amplification, spatial shaping, filtering, and frequency
conversion (lo — 3w) for large-aperture beams. This
necessitates maintaining a high degree of linear polarization
purity. Consequently, a mechanically stressed VW is
strategically positioned in the third-harmonic beam path to
tailor the beam’s polarization state. Fig. 5 shows the primary
optical components and the beam propagation process in the
third-harmonic section of the FOA. The spatial propagation
model for large-aperture beams is formulated as comprising
the following three parts:

Step 1: Initial Beam Definition and Phase Modulation by
the CPP

When the beam propagates to the front surface of the
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Figure 5. Partial propagation of a large-aperture beam in the final optics assembly (FOA).

continuous phase plate (CPP), it is assumed to be a collimated,
large-aperture, super-Gaussian, P-polarized vector beam with
the wavelength of 351 nm and a uniform phase distribution.
This assumption is valid because the beam has undergone
rigorous shaping and filtering in the front-end optical path.

As light waves are complex amplitude vectors encompassing
amplitude, phase, and vibration direction, direct modeling
is computationally intensive. In beam tracing algorithms,
the wave is decomposed along orthogonal axes into two
orthogonally polarized complex amplitude components based
on its vibration characteristics. Consequently, the vector
complex amplitude distribution at the front surface of the
CPP in high-power laser systems can be defined in Cartesian
coordinates as:

_ UxO(X, }7) _ A(x, y)ei‘/’O(X,y)}
UO()C, y) - [Uyo(x, y) = [ 0 (14)
2 2 n 2 2 n
A(x,y) = Agexp |- (L_)j) (D_};) (15)

Here, ¢o(x, y) denotes the initial phase field of the beam.
Under the condition of a uniform phase distribution, ¢g(x, y) is
setto zero. L1 and D represent the beam aperture dimensions,
with L1 = D; = 385 mm. The electric field amplitude peak
Ap is determined jointly by the laser energy P and the pulse
width 7, where P = 2000J and 7, = 3 ns. The parameter n
is the order of the super-Gaussian function, taken as n = 8.

Ny=431

\

Figure 6. The matrix discretization scheme for the beam and optical elements.

In the model calculation, various physical quantities of the
optical field are subjected to matrix-based discretization. As
illustrated in Fig. 6, a two-dimensional optical field matrix is
established on the beam cross-section, featuring a sampling
interval of 1 mm and a total sampling size of 431 x 431.
Similarly, subsequent optical elements in the path, such as the
CPP and the VW, are also modeled using this matrix-based
representation to achieve their numerical simulation.

The CPP is fabricated using precision mechanical grinding,
resulting in a continuously varying surface profile designed
to impose a phase modulation on the incident beam. Upon
transmission through the element, a specific continuous phase
distribution function 77 = §cpp(x, y) is introduced into the
complex amplitude vector field of the beam. Consequently,
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the transmitted field satisfies:

(16)

iscpp(x,y)
Ui(x,y;0) = [le(x,y)} _ [U()X(x,y)e

Uly(x,)’) - 0

After being modulated by the CPP, the beam undergoes
free-space diffraction prior to reaching the downstream optical
element. To circumvent the complexity of directly solving the
diffraction integral, the angular spectrum theory is employed to
transform the propagation analysis from the spatial domain into
the frequency domain. According to this theory, any complex
optical wave can be decomposed into a linear superposition of
plane-wave components (i.e., angular spectra) with different
weighting coefficients. Consequently, the angular spectrum
of the propagating field immediately after the CPP can be
expressed as:

A= [ vy

xexp[—iZn'(fxx +fyy)] dxdy (17)

Here, fi = a/A and f, = B/A denote the spatial
frequencies corresponding to the direction cosines (a, ).
Upon propagating a distance z in free space, each plane-wave
component accumulates a phase delay characterized by the
transfer function H( fx, fy, z), which is expressed as:

Al(fXafy;Z)ZAl(fmfy)H(fx’fy;Z) (18)

ek VI=ARP=(R | g2y 2 < 122
. (19)
0, Other

Here, k = 27 /A denotes the wavenumber. By performing a
two-dimensional inverse Fourier transform on the propagated
angular spectrum, the field is reconstructed back into the
spatial domain, yielding the complex amplitude distribution
at the observation plane:

Ul(x,y;z)=[ [ Ai(fr, fy:2)
x exp [i27 (fex + fyy)] dfcdfy  (20)

For discretized optical fields represented in matrix form,
the two-dimensional Fast Fourier Transform (2D-FFT) is
typically employed for numerical analysis. Regarding the
image field at the observation plane following transmission
through subsequent optical elements, the spatial propagation
algorithm described above is uniformly adopted to obtain the
solution.

H.Wu et al.

Step 2: Stress-Induced Optical Modulation

Under the action of edge pressure clamping, the stress tensor
field is numerically discretized, yielding the phase retardation
distribution & (x, y) and the fast-axis azimuth 6(x, y) for the
VW operating at 351 nm. Within the VW, the incident
complex amplitude vector field is decomposed in the rotated
coordinate system (x’, y") into two orthogonal components:
Uiw (x',y";21) and Uy (x’, ¥'; 21). Here, the rotation angle
of the new coordinate system relative to the original one is
6(x,y). In this local frame, U and U, correspond to
vibrations along the slow and fast axes, respectively. Upon
traversing the VW, a phase retardation distribution §(x, y) is
induced between the emergent complex amplitude components
U,y and U,y . Subsequently, the field U, at the observation
plane must be transformed back to the original coordinate
system. The transmission process described above can be
mathematically represented by the Jones matrix field J(x, y)
as follows:

UZx(y;O) le(x,y;ZI)]
Us(x,y;0) = = , 21
2(x.3:0) [Uzy(x,y;O) &) Uiy (royszny] @D
cosd —sin@||1 O cos@ sin@
J= [sinG cos @ ] [O ei‘s] [— sin@ cos 0] (22)

For brevity, the fast-axis orientation distribution 6(x, y)
and the phase retardation distribution §(x, y) are hereafter
abbreviated as 6 and 9§, respectively. In the Jones matrix J,
the first and third terms correspond to the forward and inverse
coordinate transformation operators between the original and
the rotated coordinate systems, respectively. The second term
represents the phase retardation modulation applied to the two
orthogonal polarization components within the rotated frame.

Step 3: Far-Field Beam Propagation

The modulated beam propagates through free space to
the wedge lens and is focused onto the target observation
plane. Based on the Huygens-Fresnel principle and under the
paraxial approximation, the relationship between the far-field
Us(xy,yr; f) and the near-field Us(x, y; z2) in front of the
lens can be expressed as:

Glif e
Ustessi§) =57 [tz
2
X exp —zﬁ(xfx+yfy) dxdy (23)

Where f is the focal length of the lens; xz,ys are the
spatial coordinates of the observation plane; e’*/ /(i1 f) is a
complex constant factor that does not affect the analysis of
the relative light intensity distribution. Thus, Us(xz, ys; f) «
F{Uz(x,y;z2)}, where F denotes the Fourier transform,
xp=Af-&and yr = Af - n, with £ and n being the spatial
frequencies after the 2D Fourier transform.
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At the defocused observation plane located at a distance z3
(z3 # f) from the lens, the far-field distribution is given
by Us(xp,ys;z3) o« F{U(x,y;22)e'B}, where B is the
additional quadratic phase factor introduced by the defocused
plane:

-2 +y?)
Afz3

For the complex amplitude vector field, we apply 2D-FFT
to each of its orthogonal components to solve for the focused
field distribution. In summary, the complete physical
model describing the spatial propagation and focusing of
large-aperture beams through the CPP, VW, and lens has
now been established. Regarding the intensity distribution
during propagation, it is defined by I(x,y) = U(x,y) -
U*(x,y). Under discretized matrix conditions, /(x, y) must
be normalized to ensure energy conservation, and the actual
peak intensity (in W/cm?) is then determined based on the
total laser energy P and pulse width 7,,:

B= (24)

P I(x,y)
) e 25
real (X, ) T, AxAy Z I(x,y) =
n=x,y

where Ax and Ay are the sampling intervals in the spatial
domain, with units of cm.

2.3.2. BP Algorithm under Mechanical Constraints

In Section 2.2, the solution method was established for
the total stress tensor field o-°) under arbitrary symmetric
boundary loads ¢ (/). This stress field directly governs the
birefringence parameter distribution of the VW and modulates
the optical transmission characteristics of the beam in
subsequent spaces. This subsection aims to address an inverse
design problem: given a desired field distribution function in
the target region, how to optimize the preload applied to the
fixture. To achieve this, a backward propagation algorithm
integrating the optical field transmission model and physical
boundary constraints is introduced. The core concept involves
constructing the entire mechanical-optical transmission chain
as a differentiable computational graph. By leveraging
automatic differentiation, the gradient of the intensity loss
function in the target region is back-propagated to the input
preload, enabling end-to-end optimization. The construction
procedure for the large-aperture beam backward propagation
algorithm, considering physical boundary constraints, is as
follows:

Step 1: Parameter Tuning under Mechanical Constraints

The stress tensor field responsible for beam modulation
is generated by the edge pressure of the VW, which must
be applied through realistic physical constraints. For
mechanically clamped stress regulation, factors such as the
contact configuration between the optic and the fixture, as
well as the location and magnitude of the preload, all influence
the edge pressure. Therefore, a mapping between the preload

parameters and the edge load can be defined as follows:

q(l) =T{F(p1.....pn)} (26)
Here, F(py,...,pn) denotes the preload force, where
P1s-- -, Py are the parameters governing its characteristics.

Step 2: Forward Model Construction

In Section 2.3.1, a beam propagation model for high-power
laser facilities was constructed, taking the initial field function
and mechanical boundary conditions as inputs, and yielding
the field distribution at any observation plane. In the ICF,
the intensity distribution at the focal plane serves as the
critical metric for evaluating the effectiveness of polarization
smoothing. Therefore, we adopt the intensity at the focal
observation plane, I3(xr, ys; f), as the output of the forward
model. By integrating the relationship between the preload and
the edge pressure established in Step 1, we can construct the
forward computational model that takes the preload parameter
F(pi,...,py) asits input:

I(xf,yy; f) =forward{py,...,pn} 27

Step 3: Loss Function Definition

The optimization objective is to make the predicted intensity
I(xf,yy; f) as close as possible to the desired intensity
Ioal(x 7,y ;5 f). We can define the loss function as the Root
Mean Square Error (RMSE) between the predicted and target
intensity distributions:

M
[1(xr.y75 f)
Y

n=xy m=yys

1 N
L(F):N—MZ

(x5 0] (28)

Step 4: Backpropagation via Automatic Differentiation

For the preload parameter F(py, ..., pn), the objective is
to find the optimal set {py, ..., p,} that minimizes the loss
function L(F). Utilizing the backpropagation algorithm,
partial derivatives of each node tensor with respect to its
associated nodes are computed layer-by-layer in reverse order
from the output layer, ultimately yielding the gradient of the
loss function L(F) with respect to the preload parameter
Vp L. Leveraging this gradient information, the updated
preload parameters corresponding to the next iteration step
can be derived as follows:

Frew = Foua — x - Vp-£ (29)

Where y denotes the learning rate.
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3. Results and discussion
3.1. Parameter Reduction under Mechanical Constraints

In the mechanical clamping scheme for stress-modulated
polarization smoothing, the VW is seated within the clamping
frame, with longitudinal shims and copper plates interposed
between the frame and the window. A centralized preload

H.Wu et al.

covering the range of contact media typically used in optical
alignment. Fig. 7(c) provides the comprehensive schematic
illustrating the layout of the preload application points, the
composite structure of the fixture materials, and the resultant
edge pressure distribution. Fig. 7(d) shows the edge pressure
distribution induced by a 1000-N preload applied at the center
of the clamping surface (corresponding to position NO.10 in

is applied to the central region of the window via a setscrew
acting on the outer midsection of the copper plate; whereas
symmetrically distributed preloads in the non-central regions
of the copper plate are generated using wedge.

Once the preload application structure is fixed, the material
parameters of the shims interposed between the optical
element and the frame become a critical factor governing
the edge pressure distribution on the element. Numerical
simulations indicate that the pressure exerted on the optic
edge by the preload, after being transferred through the
copper plate and intermediate shims, exhibits a high degree
of conformity with a Gaussian profile. As shown in Fig. 7(a)
and 7(b), we assigned different Young’s moduli and Poisson’s
ratios to the shims to mimic four common optical contact
materials: silicone, F246 rubber, ABS plastic, and copper.
These materials form a stiffness gradient from soft to rigid,

Fig. 7(c)). It can be observed that the pressure distribution at
the optic interface exhibits a good fit to the Gaussian profile
across all selected intermediate contact materials with varying
stiffness. Furthermore, the standard deviation of the pressure
distribution, ogauss, decreases as the stiffness of the contact
material increases. This implies that for a constant preload, a
higher stiffness results in a narrower and more peaked pressure
distribution at the optic interface. The relationship between
the preload and the edge pressure distribution can be expressed
as:

Fs=A-d- 0gauss V27
K R o | IS

Ogauss Ogauss

(a) (b) =
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Figure 7. (a) Schematic of the four contact structures with varying stiffness (d = 43 mm). (b) Mechanical properties of the contact materials. (¢) Schematic
of the preload application points on the copper plate and the contact configuration. (d) Edge pressure distributions and Gaussian fitting results for the four
materials under the preload at position NO.10. (e) Edge pressure distributions for the four materials under various preload positions and magnitudes.
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Here, F denotes the preload magnitude, A is the pressure
amplitude constant associated with the Gaussian distribution,
@ represents the integral function of the standard normal
distribution. To verify the consistency of this fitting method
across arbitrary edge positions and preload magnitudes,
preload tests were conducted at locations NO.1 to NO.19
for all four contact materials. Exploiting structural symmetry,
only the simulation results for positions NO.1 to NO.10
are presented here. As shown in Fig. 7(e), the pressure
distributions induced by the preload at various locations all
exhibit a good Gaussian fit. Furthermore, the peak pressure
increases as the loading position shifts toward the edges. This
occurs because the positional shift reduces the mean g in
Eq. (30), lowering the integral value of the standard normal
distribution @ over the interval. Consequently, to maintain
a constant preload magnitude Fy, the pressure amplitude
constant A in the equation must increase accordingly. The
comparison of the edge pressure distributions at the same
loading location under different preload magnitudes F reveals
that varying F only scales the overall amplitude of the
distribution linearly, without altering its underlying shape.

Based on the relationship between the preload and the edge
pressure distribution established above, the preload parameters
(Fy, P) can be mapped to the Gaussian distribution parameters
(A, pt, Ogauss) induced by the intermediate medium. For the
preload applied by the central setscrew on the copper plate, the
induced pressure parameters are characterized as (A, u; =
0, 01gauss)- For the symmetric off-center preloads generated
by the two wedges, the corresponding pressure parameters
are given by (A2, up = +P, 02guss). Since both loading
configurations share the same shim contact material, we have
Olgauss = O2gauss = Ogauss- Consequently, the edge pressure
distribution under the frame preload boundary constraint
can be reduced to four independent parameters: Para =
(A1, Az, P, O'gauss)-

3.2. Optimization Results of Edge Pressure and Preload

Based on the beam propagation model described in
Section 2.3.2, we constructed the optical transmission system
class to simulate the sub-beam propagation process under
stressed operating conditions. This class encapsulates all
the beam and optical component models required to execute
the optimization algorithm. As shown in Fig. 8 (a), the test
pulse was initialized with the energy = 2000 J, the wavelength
= 351 nm, the order = 8, the pulse width = 3 ns, and
P-polarization. During propagation, the test pulse is subjected
to a predefined random continuous phase distribution to
simulate the phase modulation effect induced by CPP. After
propagating a certain distance, the phase-modulated pulse
undergoes subsequent polarization modulation. Since the
initialization of the test pulse and the CPP phase modulation
strategy are fixed, they are uniformly treated as constants
within the optimization algorithm framework. In the variable
layer, the parameters governing the edge pressure distribution,

Para = (A1, A2, P, 0gauss), are defined as design variables
and assigned to Input Layer 1. Within the forward calculation
framework, the design variables in the input layer directly
govern the material optical parameters of each PS node.
As the test pulse propagates through the stressed optical
component, its polarization state (vibration direction) and
phase are altered at each node accordingly. After modulation
by the PS nodes, the test pulse propagates through free space
and undergoes convolution transformation before reaching
the lens node. Following focusing by the lens, the pulse
arrives at the focal spot target layer. In the target layer,
the algorithm will evaluate the uniformity of the focal spot
energy distribution by comparing the desired target with the
calculated results, and subsequently feeds back the deviation
for optimization. The optimization framework is constructed
based on tensor operations. During forward propagation, the
gradients of all associated nodes are computed automatically.
Following the error evaluation in the target layer, backward
optimization is performed using these gradient values.

The flat-top beam exhibits a uniform spatial energy
distribution (RMS = 0) across the spot region, making it
an ideal reference for optimizing the uniformity of the focal
spot energy distribution. In fact, the focal spot generated by the
CPP-modulated pulse consists of numerous fine-scale speckles
with non-uniform energy distribution, which significantly
increases the RMS value. The PS technique effectively
suppresses these speckles, leading to a notable reduction
in the RMS of the focal spot. By adopting a flat-top beam as
the target energy distribution, the reduction in focal spot RMS
induced by different stress distributions can be effectively
quantified. As shown in Fig. 8(b), we define a super-Gaussian
circular beam with order = § to approximate the flat-top beam
profile. The characteristic radius of this beam is set equal
to the radius of the CPP-shaped focal spot. By adjusting
the energy amplitude constant to fix the total energy at 2000
J, the target distribution for the optimization algorithm is
defined. Under the constraints of the objective function,
we can optimize the edge pressure by updating the gradient
fields of the associated nodes via backpropagation. During
the optimization process, all parameters in the set Para are
normalized to ensure a consistent sampling step size across all
dimensions. Fig. 8(c) illustrates the edge pressure distribution
when the focal spot RMS converges after multiple iterations
of optimization. The optimal configuration is achieved when
the symmetric preloads at positions £50.78 mm yield a peak
edge pressure of 1.88 MPa, the central preload at 0 mm yields
0.85 MPa, and the material parameter ogayss = 30.01 mm.
Under this condition, the relative contrast of the focal spot is
reduced by a factor of 0.77 relative to that obtained using the
CPP alone.

Regarding the internal stress of the component, the principal
stress induced by the edge pressure decays with increasing
distance from the load source, asymptotically approaching
zero. The stress gradient concurrently diminishes, and the rate
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Figure 8. (a) The iterative optimization framework based on the gradient descent BP algorithm. (b) The desired target energy distribution. (c)
Optimized preload parameters and the corresponding edge pressure profile. (d)—(f) Internal stress distributions induced by edge pressure:
normal stresses (0xx, 0yy) and shear stress (7yxy). Normal stress is defined as negative for compression and positive for tension; shear
stress is defined as positive for counter-clockwise shear and negative for clockwise shear. (g)—(h) Near-field energy distributions of the
polarization components for the test pulse under stress modulation. (i) RMS curves characterizing the energy uniformity during near-field
pulse propagation. (j) Transmission wavefront distortion induced by internal stress. (k) Energy distributions in the far-field focal plane and
near the focus.
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of this decay is governed by the geometric dimensions of the
element. For the VW with dimensions of 430 mm X 430 mm,
the internal stress component distributions under the optimized
edge pressure are illustrated in Figs. 8(d)-8(f). The pressure
distribution generates two zones of high normal stress near the
edges of the optical aperture, with the stress values gradually
decreasing toward the center of the component. In the corner
regions of the element, where the edge pressure is relatively
low, the normal stress is nearly absent. Under the combined
action of the edge pressure units, the shear stress exhibits
a shield-shaped gradient pattern symmetrically distributed
across the four quadrants. The size of these sub-regions,
the gradient distribution, and the spacing between them
are determined by both the locations and magnitudes of
the preloads. The modulation effect of the internal stress
distribution induced by edge pressure on the near-field energy
distribution of the test pulse is illustrated in Figs. 8(g) and 8(h).
The internal stress tensor field induces partial polarization
conversion from the initial P-state to the S-state within the test
pulse aperture. The spatial distribution and conversion ratio
of this effect exhibit a strong correlation with the gradient
distribution of the shear stress components. The configuration
of the edge pressure units spatially isolates the converted
S-polarized components, interleaving them with the residual
P-polarized regions. This distribution pattern effectively
reduces the overlap area among far-field polarization speckles,
thereby providing a significant positive gain for the incoherent
superposition of focal spot components. Additionally,
numerical simulations were conducted to characterize the
wavefront phase modulation induced by the stress tensor field
and the resulting intensity redistribution during propagation.
As shown in Fig. 8(j), the variations in the refractive indices
of the fast and slow axes induced by the stress tensor field
result in transmission wavefront distortions TWD[#n;] and
TWD{n;] for the beam components vibrating along these
axes, with peak values of 438 nm and 517 nm, respectively.
The overall transmission wavefront distortion of the beam
vector field is characterized by the average of the distortions
of the two components, denoted as TWD|[average|. Under
stress loading, the peak TWD/[average] of the beam vector
field reaches 478 nm (~ 1.364). Furthermore, the gradient
change from the peak to the valley is gradual, with no abrupt
transitions observed. Fig. 8(i) plots the evolution of the
RMS value for the beam modulated by both CPP and PS
at various propagation distances z. The results indicate
that the impact of the phase modulation introduced by CPP
on the beam energy distribution intensifies progressively
with increasing propagation distance; however, the RMS
curves for the CPP-only and CPP+PS cases exhibit a high
degree of coincidence. This confirms that the stress-induced
transmission wavefront distortion does not induce any adverse
energy modulation effects on the beam. Consequently, the
beam maintains good optical uniformity during near-field
propagation even after the application of stress modulation.

Fig. 8(k) illustrates the far-field energy distribution of
the test pulse before and after stress loading, covering
both the transverse target plane and the longitudinal region
near focus. The comparison of the transverse focal spot
energy distributions reveals that the fraction of high-energy
speckles decreases significantly after the introduction of stress.
In the longitudinal direction, stress induces a polarization
distribution that evolves dynamically with defocus distance
and leads to more pronounced fluctuations in the longitudinal
energy distribution compared to the stress-free case. This
modulation characteristic is more conducive to suppressing
LPIs during pulse irradiation on the target.

To evaluate the actual modulation effect of edge pressure
on large-aperture laser beams, an offline diagnostic system
was developed to enable synchronous real-time measurements
of both near-field and far-field characteristics under stress
loading. As illustrated in Fig. 9(a), the measurement setup is
configured as a beam expansion system with a total optical
path length of approximately 28 m. The input probe beam has
the diameter of 10 mm and is converted into a pure P-polarized
state after passing through the polarizer. Subsequently, the
beam is expanded to 52 times its initial diameter via two
lens assemblies (f = 250 mm, 13 m; clear apertures =
25.4 mm, 430 mm). This configuration generates a collimated
large-aperture beam, ensuring that its optical field distribution
fully covers the clear aperture of the downstream components.
Sufficient space is reserved between the two large-aperture
lenses to accommodate optical elements such as the CPP and
VW. Additionally, a polarization imaging camera is integrated
into this section to precisely measure the polarization state at
arbitrary positions within the clear aperture. After passing
through the rear large-aperture lens, the beam is demagnified
and focused onto the focal plane. In front of the target
area, the switchable attenuator and polarizer are deployed,
enabling the CCD camera to precisely characterize the far-field
focal spots corresponding to different polarization states. To
acquire the complete near-field distribution, the CCD camera
located at the focal plane is removed to clear the optical
path. The beam subsequently diverges from the focal plane
and is collimated by a small-aperture lens (f = 150 mm,
clear aperture = 25.4 mm), thereby reconstructing the scaled
consistent near-field distribution. By employing another CCD
camera positioned behind this lens, precise measurements
of the near-field polarization component distributions can be
performed. To match the spectral response of the cameras and
facilitate system alignment, a standard 532 nm laser is adopted
as the light source, coinciding with the second-harmonic
wavelength of high-power laser systems. Furthermore, the
large-aperture lenses and CPP optic in the setup are identical
to those in the high-power laser facility, ensuring high
consistency between offline measurements and actual online
operational conditions.

To realize the edge pressure and stress tensor field
distribution specified by the optimization results, a composite
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Figure 9. (a) Configuration of the offline measurement setup. (b) Near-field and far-field energy distributions. (¢) FOPAI curves of the focal spot energy
distribution. (d) Instantaneous intensity probability density curves of the focal spot energy distribution. (e) Power density spectrum of the focal spot energy
distribution. (f) Encircled energy curves of the focal spot energy distribution. (g) Energy statistics of different focal spots. (h) The beam depolarization ratio
under repeated measurements. (i) Near-field energy distributions during beam propagation
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structure consisting of a 0.25 mm-thick copper pad and a
0.75 mm-thick F246 rubber pad was employed to match the
Ogauss Parameter. Meanwhile, preloads of 2.8 x 103 N at the
center and 6.22 x 10 N at two symmetric eccentric positions
were applied to achieve the required pressure amplitudes.
Upon completion of the preloading process, the optical
modulation effects induced by the internal stress tensor field
within the VW were evaluated. As shown in Fig. 9(b),
the near-field and far-field energy distributions of the probe
beam after stress loading are presented. In the near-field
energy distribution, the internal stress tensor field induced
by edge pressure successfully reproduced the simulated
polarization distribution transformation. ~However, the
increase in the measurement wavelength relative to the
simulation wavelength reduces the phase retardation under
identical stress levels, resulting in a lower proportion of
converted S-polarized components compared to the simulation
results, which is consistent with the theoretical derivation
in Eq. (6). For the far-field distribution, the total energy
distributions were measured for configurations with CPP
only and with CPP+PS. The energy distributions of the
P- and S-polarization components were also measured for
the CPP+PS configuration. Since the CPP optic in the
measurement setup corresponds to the 45° incident sub-beam
of the high-power laser facility, the induced phase modulation
results in an elliptical envelope of the focal spot at the target
plane, ensuring a circular energy map on the pellet. It can be
observed that, compared with the phase modulation induced
by CPP alone, the combination of stress-induced PS and
CPP significantly reduces the fraction of high-power-density
speckles within the focal spot, while resulting in finer and
denser speckle patterns. Fig. 9(c) shows the Fraction of
Power Above Intensity (FOPAI) curves, representing the
power fraction exceeding multiples of the average intensity
within the focal spot. Upon imposing the stress tensor field,
the slope of the FOPAI curve decreases markedly, indicating
effective suppression of high-power-density speckles within
the focal spot. The instantaneous intensity probability density
curves in Fig. 9(d) characterize the statistical properties of
intensity fluctuations within the focal spot speckle field. For
the polarized thermal light (degree of polarization P = 1), the
ratio of the standard deviation to the mean of the instantaneous
intensity is unity. For the completely unpolarized thermal
light (P = 0), this ratio decreases to 1/ V2, which arises from
the statistical optics of the complete incoherent superposition
of speckle fields. Fig. 9(d) demonstrates that imposing the
stress tensor field causes a sharp decrease in the instantaneous
intensity probability density for the 532 nm beam, indicating
a substantial degree of incoherent superposition between the
two polarization components. According to statistical optics,
this effect becomes more pronounced at shorter wavelengths.
Fig. 9(e) compares the transverse power spectral density (PSD)
of the focal spot before and after the introduction of stress. It
can be observed that imposing the stress tensor field shifts the

PSD curve toward lower spatial frequencies, indicating that
the stress effectively suppresses the high-frequency speckle
components associated with rapid energy fluctuations within
the focal spot. Fig. 9(f) evaluates the encircled energy
distributions of the focal spot before and after imposing the
stress tensor field. It can be observed that the enclosed
energy fractions remain nearly identical across different
radii, indicating that the stress-induced transmitted wavefront
distortion does not cause a significant expansion of the focal
spot radius. Figs. 9(g) and 9(h) present the statistical results of
beam energy under multiple repeated experimental conditions.
With the combined CPP and stress-inducing PS elements,
reflections from the front and rear surfaces of the added VW
result in partial beam energy loss. Under the combined action
of the stress tensor field and multiple optics, the beam forms
the focal spot with a complex polarization distribution. Using
an analyzer, we quantitatively measured the energy fractions
of the residual P-polarized component and the converted
S-polarized component. The results show that at 532 nm, the
stress tensor field induces conversion of approximately 29%
of the beam energy to S-polarization; whereas at 351 nm, this
proportion can increase to about 41%.

To analyze whether the stress-induced beam would generate
unacceptable spatial energy modulation during subsequent
propagation, we evaluated the near-field energy distribution
over a propagation distance of 6 m. As shown in Fig. 9(i), in
the 4f system, the propagation distance D of the large-aperture
beam and the propagation distance d of the downscaled
small-aperture beam satisfy the relation d = D X (f2/f1).
Based on this, the CCD is required to shift by 0.8 mm along the
optical path to characterize the evolution of the energy intensity
of the large-aperture beam over a near-field propagation range
of 6 m. Taking the optical field image plane at the rear
surface of the VW as the zero reference, we employed a
micrometer translation stage to move the camera within a
range of +0.8 mm, and recording the field distributions at
intervals of 0.1 mm. We observed that the overall morphology
of the near-field energy distribution remained consistent across
different longitudinal positions. Concurrently, we normalized
each recorded frame and analyzed their PV and RMS values
relative to the global average distribution. The results show
that the RMS values remained stable at approximately 2%,
demonstrating that the stress tensor field does not induce
significant energy modulation during propagation.

3.3. Integrated Experimental Diagnosis

To further investigate the polarization smoothing performance
of the proposed scheme in practical high-power laser systems,
the online experiment was conducted on the Integrated
Experimental Precision Diagnostic System (PDS) of a
high-power laser driver. As shown in Fig. 10(a), The VW
subjected the designed stress distribution was installed at
the reserved interface between the DKDP third harmonic
generation crystal (THG) and the WFL, so that the stress
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Figure 10. Online validation results of the stress modulated polarization smoothing scheme. (a) Schematic of the Integrated Experimental Precision Diagnostic
System (PDS) of a high-power laser facility and the location of the stress optic. (b) Far-field (3w, 351 nm) speckle energy distribution with only the CPP optic
installed. (¢) Far-field (3w, 351 nm) speckle energy distribution with both the CPP optic and the stress induced PS optic installed. The measurements in (b) and
(c) were both carried out along the same diagnostic beamline shown in (a), and the same CPP optic was used in both measurements. (d) FOPAI curves of the
focal spot. (e) Encircled energy curves of the focal spot energy distribution. (f) Energy statistics of different focal spots. (g) Power density spectrum of the focal

spot energy distribution.

modulation acted directly on the 3w laser beam (351 nm).
After polarization modulation, the 3@ beam, together with
the residual 1® beam (1053 nm) and 2w beam (527.5 nm)
after harmonic conversion, was focused toward the target
region through the WFL. Because the beams with different
wavelengths are focused along different directions, the 1o
and 2o beams were spatially separated from the 3w beam
in the target region and were removed by physical isolation.
After passing through the focus, the 3w beam entered the
target diagnostic chamber (TDC), where its far field focal
spot energy distribution was recorded by a CCD camera after
reflection and attenuation.

Figures 10(b) and 10(c) show the far field speckle energy
distributions measured by the CCD in the TDC during two
main shots, with only the CPP optic installed (CPP shot) and
with both the CPP and the stress PS optics installed (CPP+PS
shot), respectively. Both main shots were performed using
the same diagnostic beamline in the PDS shown in Fig. 10(a).

The same CPP and other optics were used in both shots, with
identical installation positions and system parameters, so as
to minimize the influence of other factors on the experimental
results. The output energies of the two main shots were of
the same order of magnitude but were not exactly identical,
with 850.7 J for the CPP shot and 817.1 J for the CPP+PS
shot. Therefore, the two shots were normalized to the same
reference energy during data processing to avoid the influence
of the energy difference on the speckle statistics.

From the 3D far field speckle energy distributions shown in
Figs. 10(bl) and 10(c1), the high-power density peaks in the
original speckle field are clearly reduced under the designed
stress field, and the fraction of high-power density speckles
is significantly decreased. This indicates that stress induced
polarization modulation can effectively suppress local high
energy density fluctuations in the target region. Figures 10(b2)
and 10(c2) show the energy concentration of the CPP shot
and CPP+PS shot. Circular and elliptical regions with an
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aspect ratio of 1700:900 were used to calculate the encircled
energy of the speckle field, where the aspect ratio of the
ellipse corresponds to the designed focal spot size of the
CPP used in the experiment. The focal spot sizes of the two
shots remained almost unchanged (for the circular region:
Rcpp shot = 607 um, Rcppips shot = 600 um, radius change
= —1.17%; for the elliptical region, with the semi minor
axis defined as the equivalent radius R: Rcpp shot = 399 um,
Rcpp+PS shot = 397 um, radius change = —0.5%). On this
basis, the RMS of the speckle field within the 90% elliptical
encircled energy region was further calculated, and the relative
contrast before and after polarization smoothing was compared.
The results show that the RMS contrast of the CPP+PS shot
is reduced to approximately 0.776 times that of the CPP shot,
which is consistent with the expected polarization smoothing
performance of the designed stress field at 351 nm. As
shown in Fig. 10(d), compared with the 532 nm offline
experimental results, the FOPAI curve obtained in the 351 nm
integrated diagnostic experiment shows a more pronounced
decrease, indicating stronger suppression of high-power
density speckles at the design wavelength. Figure 10(e) shows
the encircled energy curves with varying elliptical radius.
The two curves show good agreement overall and almost
overlap after the encircled energy reaches approximately 90%,
further indicating that the spatial separation introduced by
the stress induced wavefront gradient remains on the scale of
the speckle coherence length, thereby avoiding a noticeable
increase in the focal spot radius while maintaining the energy
concentration. In addition, as shown in Fig. 10(f), the peak of
the instantaneous intensity probability density in the diagnostic
experiment is further reduced, which is consistent with the
decrease in the relative RMS contrast. The PSD results in
Fig. 10(g) show that some high spatial frequency components
are suppressed after polarization smoothing, indicating that
the spatial separation and incoherent superposition of the
orthogonal P and S components can effectively reduce local
intensity fluctuations in the speckle field.

4. Conclusion

This study proposes a gradient-descent-based BP optimization
strategy for assembly preload in stress-induced polarization
smoothing of the high-power laser facility. Employing the VW
as the functional stress carrier, a coupled mechanical-optical
model was established to quantitatively correlate the internal
stress tensor field distribution with the optical properties of
the material. Leveraging the finite element method and the
linear superposition principle of elasticity, we achieved a
discrete solution for the stress tensor field under arbitrary
symmetric edge pressures. Furthermore, we developed a
theoretical propagation model covering large-aperture beams
transmitting through multiple optical components and free
space, and based on which we constructed a forward simulation
algorithm for terminal optics sub-beams incorporating stress
effects.

Based on the terminal optics sub-beam forward simulation
algorithm, we constructed a boundary pressure optimization
framework featuring backpropagation capabilities. Through
quantitative analysis based on the mechanical clamping
configuration, we clarified the mapping relationship between
boundary pressure and preload force, achieving parameter
reduction and specification from mechanical boundary
constraints to preload implementation. We integrated
the mechanical coupling mechanism between boundary
constraints and preload forces into the optimization framework,
establishing an information transfer and feedback link from
mechanical preload to the optical far field. Using a flat-top
spot as the target far-field energy distribution, we optimized
the preload parameters and determined the required amplitude
and location of the preload force for mechanical clamping.
Based on the optimized preload parameters, we simulated the
optical modulation effects of the stress tensor field during the
propagation of the large-aperture beam. The results indicate
that this stress field significantly suppresses the fraction of
high-power-density speckles in the target area and intensifies
energy fluctuations along the propagation direction near the
focal region, which positively contributes to the mitigation
of LPIs without inducing adverse intensity modulation in the
near field.

To evaluate the actual optical modulation effects induced
by mechanical preload, we established a metrology system for
characterizing the field modulation of the large-aperture beam
and conducted experiments to measure the optical modulation
introduced by the stress tensor field. Experimental results
show that at the test wavelength of 532 nm, approximately
29% of the incident P-polarized energy is converted to
S-polarization, whereas this conversion efficiency reaches
41% at the operating wavelength of 351 nm. Furthermore, the
stress tensor field effectively suppresses high-power-density
speckles, reduces temporal intensity fluctuations, optimizes
the power spectral density of the focal spot, and introduces no
significant wavefront aberrations or near-field modulation. To
verify the actual performance of the proposed scheme at the
design wavelength, an online experiment was performed at 351
nm on the Precision Diagnostic System (PDS) of a high-power
laser facility. The measured relative RMS contrast of the focal
spot was reduced to approximately 0.776 of that obtained
with the CPP alone, which agrees well with the numerical
prediction of approximately 0.77 at 351 nm. Meanwhile,
compared with the 532 nm offline experiment, the FOPAI
curve at 351 nm showed a greater reduction, while the focal
spot size and energy concentration remained nearly unchanged.
The combined results from the 532 nm offline experiment
and the 351 nm online experiment verify that the proposed
stress induced polarization smoothing method can maintain
beam quality while providing stable speckle suppression in
the target region under practical high power laser conditions.

This method provides a controllable solution for polarization
smoothing in high-power laser drivers. The future work
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will focus on cooperative strategies for stress-induced
polarization smoothing among multiple sub-beams within
the bundle, aiming to achieve adaptive preload feedback and
multi-actuator coordinated control targeting energy uniformity
on the target plane during multi-beam operations, thereby
further enhancing the adaptability and long-term stability of
the system.
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