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Abstract Polarization smoothing (PS) can effectively improve the uniformity of focal spots.
In this study, we theoretically and experimentally investigated the polarization synthesis of
the focal spot under a birefringent wedge (BW) and speckle under the coupling of the BW
and continuous phase plate (CPP). Polarization distribution was experimentally obtained
using rotating quarter-wave plate measurement under a specific wedge angle. The simulation

and experimental results are consistent, demonstrating that the focal spot is in a state of
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coexistence of elliptical and linear polarizations. In addition, the polarization state is
determined by the ratio of the amplitudes and the phase difference between the sub-beams.
The simulation results showed that the proportion of linear polarization increased with the
separation angle of the sub-beam. In contrast, it decreased with the incident light aperture.
This research is crucial for accurately describing the polarization distribution and further

understanding the laser-plasma interactions.
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I. INTRODUCTION

Inertial Confinement Fusion (ICF) with direct or indirect drive requires highly uniform focus
spot intensity that is illuminated to the target to reduce low-mode inhomogeneity and laser-plasma
instabilities (LPI)['4]. A variety of large-scale laser driving systems currently tend to employ
continuous phase plate (CPP), smoothing by spectral dispersion (SSD), and polarization
smoothing (PS) to achieve beam smoothing!>~°1. CPP is a spatial smoothing method that modulates
the near-field phase wavefront to obtain the required focal spot envelope; SSD reduces the
coherence in time to reduce or even eliminate laser speckles under time integration; and PS divides
the beam into two orthogonally polarized beams through a birefringent crystal to guarantee the

incoherent superposition of far-field focal spots and reduce the contrast of focal spot intensity!!%-

14].

PS can effectively suppress plasma filamentation because of its instantaneous smoothness!¢l.
Many studies have been conducted on various birefringent components that realize PS, including

liquid crystal, DKDP, and KDPI!>-1°], These findings demonstrate that focus spot uniformity can
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be enhanced, and the LPI can be suppressed by combining these birefringent materials with CPP
and SSDI> 'l 131" The reduction of the intensity contrast was the primary objective of the PS-
obtained focal spot in previous research. Recent studies, however, show that distinct LPI processes

are suppressed differently by various polarization states [20:21],

As an example, SRS can be
efficiently reduced by linear polarization, but the measurement results from the direct-drive
experiment showed that linear polarization resulted in non-uniform cross-beam energy transfer
(CBET) coupling between the beams!?!22l, CBET can disrupt energy coupling, reduce the ablation
pressure, and finely tune the symmetry of the laser drive.?* 24 Therefore, it is essential to study
the polarization state of the focal spot under PS and accurately describe the polarization
distribution.

Because the focal spots of ordinary and extraordinary rays are focused on the same far-field
plane using the birefringence wedge, the ordinary ray is polarized perpendicular to the
extraordinary light, and phase difference between the two orthogonal polarizations is introduced
by PS and CPP, which causes the final polarization distribution in the focal spot to present a state
of staggered coexistence of multiple polarization states. In this study, we built a far-field
transmission model of the light field for a birefringent wedge and CPP, theoretically analyzed the
beam splitting and polarization synthesis, and applied Stokes parameters to calculate the azimuth
and ellipticity of the polarization state in the focal spot. The effects of different separation angles
between the ordinary and extraordinary parts on the polarization synthesis of the overlapping and
nonoverlapping regions of the far-field sub-focal spot were further studied. Correspondingly, the
rotation quarter-wave plate method was used to measure the internal polarization state for PS and

CPP combined with PS. Additionally, the polarization distribution of the far-field focal spot under
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a large beam aperture was analyzed based on the parameters of the high-power laser system during

operation.

Il. DESCRIPTION OF THE POLARIZATION SMOOTHING

AND STOKES PARAMETERS

PS uses a birefringent crystal to split an initial linearly polarized beam into two orthogonally
polarized beams. These beams subsequently superimpose in the far field after passing through the
lens, thereby reducing the far-field intensity modulation. There are two primary PS application
schemes for high-power laser devices. One option is for National Ignition Facility (NIF) with
indirect drive to incorporate tilted KDP plates in the converging light®*]. The other option is for
OMEGA with direct drive, adding a birefringent wedge (BW) in the parallel beam, as shown in
Figure 1. Sub-focal partially overlaps in the far field due to the angular difference between the
ordinary and extraordinary light in both schemes. The phase difference A causes the polarization

distribution to be more complex after polarization synthesis in the far field.

CPP PS Lens Focal plane

Figure 1. Schematic showing the use of a BW to achieve PS in OMEGA.

The OMEGA device scheme was used as an example to analyze the far-field polarization

synthesis. Owing to the angular difference, the phase in CPP and optical paths in the birefringent
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crystals of ordinary and extraordinary beams converging at the same location differ. Consequently,

the light field of the two orthogonal beams in the focal plane are as follows:

1 . .
E,=F {TEmexp[zgocpP (x,y) +iQyy, (x,y)}}
? (1)
1 ) .
Effe = F{ﬁ Ei;1exp[l¢cpp (x,y) T 1Py, (x,y)}}

where gocpp(x, y) v Py (x, y) , and @y, (x, y) are the phases introduced by the CPP and

ordinary and extraordinary light introduced after BW, respectively. Distinct polarization
distributions were created when two orthogonal polarizations with different phase information
were synthesized at the same location on the focal plane.

Poincaré¢ sphere, Jones vectors, and Stokes parameters are frequently used to characterize
polarization states [, The Stokes parameters, in which all measurement parameters are intensity
parameters, are a reasonably convenient way to detect the polarization state because it is easy to
measure the optical beam intensity and comparatively difficult to measure the phase information.
In addition, the Stokes parameters can be used to represent unpolarized, partially polarized, and
completely polarized beams, which can meet the requirements of the characterization of multiple
polarization states of the far-field focal spot under different experimental conditions. The Stokes

parameters for the monochromatic light are expressed as follows[?"]:

S, E+E;
S, E!-E:
S= = g ()
S, 2E E cosp
S, 2E E sing
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in which £ and E are the horizontal and vertical components of the light field, respectively, and
@ is the phase difference between the horizontal and vertical components. £ and E represent
ordinary and extraordinary light with vertical polarization. S;describes the optical field's total
intensity; S, represents the excess of linearly horizontally polarized over linearly vertically
polarized light; S, is the linear +45° polarized light minus linear -45° polarized light. The last

parameter S; quantifies the preponderance of right circularly polarized light over left circularly

polarized light!?®]. The above far-field Stokes parameters can be obtained by equation(1).
The Stokes parameters were measured using the rotating quarter-wave plate method, and the
far-field polarization state of the incident beam smoothed by the CPP and PS was obtained. When

this approach detects the Stokes parameters, the intensity /(€) can be obtained using the Mueller

formula after the incident light is transmitted through a quarter-wave plate rotating to a series of

angles @ and a fixed horizontal linear polarization[?8,
1
1(0)= E(S0 +5,c0s> 20+ S, 5in20c0526 + Sy5in20 ) 3)
The equation(3) can be rewritten by using the trigonometric half-angle formula to yield

1(0) = %(A + Bsin20 + Ccos46 + Dsin40) )

The equation (4) is a part of the Fourier series, and the highest-frequency component is

460 (6’ =2z ft) . When measuring the polarization distribution in the far field, the minimum number

of sampling points required is 8, according to Nyquist’s sampling theorem, which states that the

sampling rate must be at least twice that of the highest-frequency component to reconstruct the
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signal. A, B, C, and D were determined by calculating the coefficients of each harmonic

component of the Fourier series. The Stokes parameters in the equation(3) are as follows!?8],

2 N 4 N
S =A-C=—>»1 ——— > [ cos46
0 anz;n N”Z::‘n n
8 N
S, =2C = N21”c0s40n
o 5)
S, =2D=—">Y [ sin460
2 N;n n

4 N
S,=B =—Z[nsin29n
Nn:l

The ellipse shown in Figure 2 is a graphical representation of the polarization state; amplitude
ratios and phase differences determine its various orientations and shapes, and the ellipticity angle

vy and orientation angle 7y can be used to characterize the polarization ellipse. These angles can

be determined by the four Stokes parameters and are given by

S

tan2y = W (45, v., 457) (6)

X:%tan_l (%) (0° <y <180°) (7)
1

Polarization synthesis is linearly polarized when the phase difference between E and £, is
¢=m7r(m=0,il,i2,---) . When the amplitudes of E, and E, were equal and the phase
difference was ¢ = mz / 2(m = il,i3,i5...) , the synthesized polarization states were left- or right-

handed circularly polarized light with y=-45" and 45° , respectively. In addition to the

aforementioned special cases, the synthesized polarization state is an elliptical polarization 2%,
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Figure 2. Polarization ellipse.

lll. SIMULATIONS AND ANALYSIS

BW causes a relative deflection between the ordinary and extraordinary components, resulting
in spatially separated focal spots in the far-field plane. The wedge angle affects the focal spot size,
energy, and phase distribution in the overlapping region. As shown in Figure 3, we simulated the

polarization distribution in the focal spots when the separation angles between the sub-focal spots
werex =[1,2,5]DL . DL stands for the diffraction limit1.22%, which results from the physical

limitations of focusing light through a lens system as well as the wave nature of light, where 4 is
the wavelength and D is the beam aperture. The ratio of ordinary to extraordinary light energy was
set to 1:1 because the optimum beam smoothing effect was produced. The contrast of the focal
spot intensity was reduced to 70% when the energies of ordinary and extraordinary light were
equal [l Moreover, the beam aperture D was restricted to 18mm owing to the quarter-wave plate
diameter used in the experiment. Figure 3(c) shows two separate sub-focal spots when the beam
passed through the BW, shown in yellow and green, respectively. For a single sub-focal spot, most

of the focal spot energy was concentrated in the Airy disk, and the focus intensity distribution
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followed the Bessel Function, oscillating and reducing from the center to the edge. Areas in the

focal point, excluding the Airy disk, were defined as side lobes for the sake of description.
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Figure 3. Polarization distribution within the focal point at various separation angles.
(@) a=DL ;) a=2DL; () a=5DL.

The analysis of the equation (2) reveals that when the amplitude difference between the two
beams undergoing polarization synthesis is large, the synthesized polarization stays the same with
the larger amplitude beam's polarization state. Conversely, when the amplitude difference of sub-
beams is small, the synthesized polarization state varies with the amplitude ratio and phase
difference between the two components. The polarization distribution when « = DL is displayed
in Figure 3(a). The two sub-focal spots are separated in the vertical direction and partially
overlap. Since the central area of the Airy disk has the strongest amplitude, the other side that

overlaps with a much smaller amplitude can be ignored in the calculation. The Stokes parameters
at this position are [1 1 0 O]T and [I -1 0 O]T , respectively, still horizontal or vertically

linearly polarized. As there is a phase difference brought about by BW and the amplitudes of two
orthogonal lights that overlap at the same place in other areas do not differ substantially, the
elliptical polarization accounts for the majority of the polarization distribution. Figure 3(b) shows
the polarization distribution under the separation angle @ =2DL . With the increase of the

separation angle, the Airy disks in the two sub-focal spots are completely separated, leading to the
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polarization distribution here remaining essentially linearly polarized. The amplitude difference
between the ordinary and extraordinary light converging at the same point increases. Thus, the
polarization distribution in the side lobe either maintains linear polarization or is synthesized into
elliptical polarization with different orientations and ellipticity angles. When the separation angle
ais 5DL, the polarization synthesis is as shown in Figure 3(c). The side lobe amplitudes at the
transverse tangent of the focus center are similar. As a result, the synthesized polarization at
transverse tangent is elliptical polarization with different orientation angles, and the linear
polarization in other areas remains unchanged due to the large amplitude difference.

In summary, elliptical polarization was generated when the amplitudes of the overlapping
regions in the sub-focus were similar. However, linear polarization persisted when the amplitudes
of the two were not of the same order of magnitude, even if the sub-focal spots overlapped. The
linear polarization area in the focal spot increased and spread from the center of the Airy disks to
the edge as the separation angle between the sub-focal spots increased.

Although PS can instantaneously smooth the focal spot, it has little effect on controlling the
focal spot shape. With its ability to regulate the energy distribution and shape of the focal spot,
CPP is a phase-diffractive optical element that is frequently employed in conjunction with PS in
high-power laser devices to smooth and shape beams. The beam that passes through the same
position on the CPP is divided into two beams with separation angles after the BW, and these two
beams no longer coincide at the same point on the focal plane. Nevertheless, ordinary and
extraordinary light that converges at the same position on the focal plane for polarization synthesis
passes through different microstructures of the CPP, and the CPP introduces different phase

differences.
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Figure 4 shows the polarization distribution of the far field when CPP is combined with PS at
different separation angles. Polarization synthesis involves linear polarization with a changing
azimuth or elliptical polarization when the separation angle & between ordinary and extraordinary
light is 1 DL (Figure 4(a)). Elliptical polarization varies more in orientation and ellipticity than
when only PS is applied. The amount of elliptical polarization at the edge of the focal spot
decreased, and the linear polarization increased as the separation angle rose to 2 times DL, as
shown in Figure 4(b). When the separation angle is increased to five times the DL, the central
region of the speckle is in a state of coexistence of elliptical and linear polarizations. The linear

polarization region at the edge of the focal spot is further expanded (Figure 4(c)).
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Figure 4: Polarization distribution of speckle when CPP is combined with PS at different separation angles.
(a) a=DL; () a=2DL;(c) a=5DL

In conclusion, with the combination of CPP and PS, polarization synthesis occurred throughout
the focal spot when the separation angle of the sub-focal spot was 1 DL. The center of the focal
spots is still synthesized into various polarization states with an increase in the separation angle of
the sub-focal speckles compared to PS alone, and linear polarization begins to appear at the edge
speckle. The CPP introduces a continuous phase distribution, and the two orthogonal polarizations
converge at the same point from the distinct positions of the CPP, resulting in a broader phase

difference between the ordinary and extraordinary components. Because of this, the synthesized
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elliptical polarization has a distinct orientation and ellipticity angle, and it is more plentiful and

diverse in the area where the sub-focal points overlap.

IV. EXPERIMENTS AND DISCUSSION

The polarization states of the focal spot and speckle were acquired by rotating the quarter-wave
plate in accordance with the Stokes parameter measurement method described in the second
section. Figure 5 shows the measurement configuration. The CPP and BW smoothed the 45°
linearly polarized incident beam, and the energies of ordinary and extraordinary light were equal
when the BW divided the beam into horizontal and vertical polarization states. The quarter-wave
plate and fixed linear polarizer were positioned in front of the focusing lens in the parallel light
because the quarter-wave plate is sensitive to the incident angle of the beam. The quarter-wave
plate aperture was 18 mm, the initial direction of its fast axis was parallel to the horizontal
direction, the polarizer's transmission axis was fixed horizontally, and the detector gathered the
focal spot focused by the lens. The Stokes parameters and distribution of the polarization state can
be obtained by rotating the waveplate, measuring the focus spot intensity, and applying

equations(5).

Beam Lens CPP PS Polarizer Lens
expander
k\ ]
—<a il N N ~i
d /
Light
Laser Quarter-wave Detector

blocker Polarizer plate

Figure 5. Setup to measure the polarization distribution in the far field using

a rotating quarter-wave plate.
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The focal point after the PS, spread on the 45° line, is shown in Figure 6(a) when the separation
angle is 2DL. The wave plate's rotation angles are set to 0°, 18°, 36°, 54°, 72°, 90°, 108°
» 126°, 144°, and 162° for measurement precision. Figure 6(b) and (c) show the orientation and

ellipticity angles of the elliptical polarization in the focal spot, respectively, as determined using
equations (6) and (7). As shown in Figure 6(b), the orientation angle of the polarization of the
upper right sub-focal spot is approximately 90°, that is, the vertical direction; the orientation of the
polarization at the lower left sub-focal spot is mostly 0° or 180°, that is, the horizontal direction.
Figure 6(c) shows the ellipticity of polarization in the focal spot. The ellipticity of the overlapping
area of the two sub-focal spots is approximately 40°, indicating elliptical polarization. Figure 6(d)
shows the polarization distribution of the focus spot; the polarization state of the Airy disk
remained either horizontally or vertically linear. Elliptical and linear polarizations are mutually
doped in the side lobe with a lower intensity; in this case, the azimuth of the linear polarization

differs, including both horizontal and vertical polarization.
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Figure 6. Focal spot after PS. (a) Intensity distribution; (b) The orientation of polarization calculated by Stokes
parameters; (c) Ellipticity; (d) Polarization distribution.

The nearly circular focal spot produced by combining CPP and PS comprises many speckles
(Figure 7(a)). Compared with Figure 6(b), various orientations mix with horizontal and vertical
directions because of the addition of CPP, as shown in Figure 7(b).In addition, as shown in Figure

7(c), the ellipticities of 0°, 45° and other angles are intermingled. The linear, circular, and

elliptical polarizations in the focal spot are mixed. The polarization distribution throughout the
speckle is displayed in Figure 7(d). Linear polarization with different azimuths and elliptical
polarization with varying orientations and ellipticities were the two forms of polarization observed
in the speckles.
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Figure 7. Speckle after CPP and PS(a) intensity distribution; (b) orientations; (c) ellipticities;

(d) distribution of polarization states.

Different polarization states, including linear and elliptical polarization, may have varying

inhibitory effects on various LPI processes in focal patterns. Some results have shown that there
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are overlapping regions in the path of transmission, resulting in multi-beam LPI, such as
CBETPY, When the incident beam is linearly polarized, the scattering level can be dramatically
reduced, but the existence of linearly polarized regions will result in nonuniform CBET coupling
between beams. Additionally, if the proportion of various polarization states can be adjusted, the
energy coupling efficiency and focal spot uniformity may be improved, which will suppress the
instability such as LPI and RTIL.

The aperture of the ICF laser driver in service is much larger than that used in this experiment;
therefore, the far-field polarization distribution of the larger-aperture laser driver was simulated.
The aperture of CPP is 300mm, the aperture of the incident beam is 280mm, the diameter of the
shaped speckle is 300um, and the focal length of the lens is 1000mm. Figure 8(a), (b), and (c)
shows the multiple polarization states of the speckle when the separation angles are 1DL, 2DL,
and 5DL. Because the DL decreases as the incident beam aperture increases and there is still
significant overlap between the focal areas even when the separation angle is SDL, the synthetic
elliptical polarization in the speckle is further increased. The linear polarization at the edge is
minimized compared to the polarization distribution with a small aperture. Under the above
conditions, there is still a certain distribution of linearly polarized beams in the focal spot, and its
proportion affects the final smoothing performance. However, the polarization distribution in the
far field can theoretically be optimized by setting parameters of the CPP surface and the separation

distance of the sub-focus, which requires further investigation.
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Figure 8: Simulation of far-field polarization distribution of large aperture laser driver at various separation

angles (a) 1DL; (b) 2DL; (c) SDL.

V. CONCLUSION

In conclusion, we have demonstrated that the coexistence of distinct linear and elliptical
polarizations with different orientations and ellipticities occurs in the focal spot. The polarization
synthesis is determined by the ratio of the amplitudes and the phase difference between the sub-
beams. In addition, the simulation results showed that as the separation angle between the sub-
focal speckles rose, the proportion of linear polarization progressively increased, while elliptical
polarization did the opposite. Further analysis was performed on the polarization distribution using
a large beam aperture. The proportion of linear polarization at the edge of the focal spot decreases
at the same separation angle because of the wider beam aperture. It is theoretically possible to
optimize the CPP parameters to precisely regulate the distribution area and proportion of
polarization states in the focused spot, hence improving the energy coupling efficiency and
suppressing the LPI processes. These results have obvious important implications in the context

of understanding the laser-plasma interaction.
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