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Application of optical diffraction method in designing phase plates
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Continuous phase plate (CPP), which has a function of beam shaping in laser systems, is one kind of important diffrac-
tive optics. Based on the Fourier transform of the Gerchberg—Saxton (G-S) algorithm for designing CPP, we proposed an
optical diffraction method according to the real system conditions. A thin lens can complete the Fourier transform of the
input signal and the inverse propagation of light can be implemented in a program. Using both of the two functions can
realize the iteration process to calculate the near-field distribution of light and the far-field repeatedly, which is similar to
the G-S algorithm. The results show that using the optical diffraction method can design a CPP for a complicated laser
system, and make the CPP have abilities of beam shaping and phase compensation for the phase aberration of the system.
The method can improve the adaptation of the phase plate in systems with phase aberrations.
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1. Introduction

In high power laser facilities, the uniformity of laser irra-
diation on the target has extremely strict requirements.!! In or-
der to meet such requirements, various laser beam smoothing
techniques have been put forward, including two-dimensional
smoothing by spectral dispersion (SSD),[>3 polarization
smoothing (PS),!*’! segmented wedge array (SWA),®! dis-
tributed phase plates (DPP),[”#! and continuous phase plates
(CPP).°-111 All of these measures have their unique perfor-
mances. Among them, CPP has been widely used because
of its great control of the far-field pattern and smoothing
effects.['=13] CPP is a kind of important diffractive optics
The design of CPP is similar to the
other diffractive optical elements, mainly involving a phase

with complex figure.

retrieval process, and there are various design algorithms,
including the Gerchberg—Saxton (G-S) algorithm, simulated

14151 the genetic algorithm, [ and some modified

annealing,[
algorithms based on these standard ones.!!”] The G-S algo-
rithm, which can design CPP to meet the demand of experi-
ments, has advantages of fast calculation speed and convenient
implementation, resulting in wide applications. The basis of
the G-S algorithm is the Fourier transform and its inverse with
a many-times iteration process. %]

The G-S algorithm based on Fourier transform usually
calculates under the ideal conditions. The obtained CPP will
have a good performance in the system with good beam qual-
ity or little phase aberration. But when the beam quality is
not so good or the system has large total phase aberrations, the
performance of the CPP will be affected.!'-!?! If these factors
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of the system can be taken into account in the design, the result
of the new CPP will be better than the former one.

In this paper, we firstly introduce the basic principle of the
G-S algorithm, then propose our optical diffraction method
based on real system conditions. The method is completed
by replacing the Fourier transform of G-S with beam propa-
gating through a lens and replacing the inverse Fourier trans-
form with the inverse diffraction from the far-field domain to
the near-field domain. The method allows an additional phase
modulation to cut in the beam path, especially the space be-
hind the lens. Secondly, a simple and clear example in which
this diffraction method is used to design a CPP for a system
with a phase modulation is presented. Besides, a comparison
of the CPP shaping results obtained by the two different de-
sign methods is performed. Lastly, for a simplified and scaled
system from the final part of a real laser facility, '] the steps
of designing a CPP using the proposed method are described.

2. Principles of the two CPP design methods
2.1. Standard G-S algorithm

The G-S algorithm is a type of iterative optimization al-
gorithm based on the Fourier transform.!?’! A diagram of the
iterative procedure with some important parameters is pre-
sented in Fig. 1. Five steps of the process are described as
follows. 1) @ppp is the initial phase generated randomly, Ej is
the objective near-field amplitude, and they can form a com-
plex field of the input beam. 2) Ey is the complex amplitude in
the far-field made by the spatial Fourier transform of the near-
field. 3) Judge if the E; is an appropriate output result. 4) If E¢
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is not suitable, the far-field objective pattern Ey,; replaces the
calculated amplitude of the far-field, and the far-field phase
distribution generated by step 2) and Ep,; form a new far-field
distribution. 5) Make an inverse Fourier transform of the new
far-field obtained in step 4), and obtain a new near-field distri-
bution. The phase information @ppp is the required key output
result, and it also goes into step 1) to become the phase distri-
bution in the next iterative process. Then do the process again

until the result @ppp is appropriate.

2.2. Principle of the optical diffraction method

According to the G-S algorithm principle described in
Subsection 2.1, the Fourier transform is the basis of the
algorithm.?'-23] Based on Fourier optics knowledge, a thin
lens can complete the Fourier transform of the input signal
and gain the result on the focal plane. The inverse Fourier
transform just corresponds to the inverse process of the focus-

ing function of a thin lens, which means light propagates back

form NF calc FF . . ..
input_.{ E = to the near-field domain from the far-field domain. This in-
0, $DPP H fy PIf . .
Eo, popp ’ verse propagation process can be run on a program. Figure 2
Eobj 1) 2) : . . . .
is the schematic of the proposed optical diffraction method.
Somrmn, T Figure 2(a) shows the focusing process of a lens correspond-
’ B eoer Fobiy 1 O output ing to the Fourier transform, and figure 2(b) shows the inverse
) objs
5) calc NF 3) ¥oep process. The dashed dot lines in Fig. 2(b) are to distinguish
the inverse process of light from the normal propagation. The
Fig. 1. Standard G-S algorithm flow diagram. iteration step and analysis of the method are given below.
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Fig. 2. (color online) Diagram of the optical diffraction method: (a) the focusing process of a lens corresponding to the Fourier

transform, (b) the inverse process.

The diffraction method aiming to design CPP is tanta-
mount to calculating the propagation and the inverse propaga-
tion of light in Fig. 2. The light propagation can be described
by the scalar diffraction theory. The input laser is assumed to
be a flat-top beam and its complex amplitude is U;. @cpp is the
modulation caused by a phase plate and also is the result we
demanded. At first, a random phase distribution is set as @cpp,
which will change during each iteration process. The function
of the thin lens is known as

tl:exp[ Zkf (¥ +y )] 6]

The beam propagates a certain distance L after passing the lens
to meet a kind of phase modulation ¢. Then the beam further
propagates a distance (f —L) to go to the focal plane. Fig-
ure 2(a) shows the focusing process which can be expressed

as
Ur = (@)

where Uy is the far-field complex amplitude, ® donates the

Uy exp(jocpp)t; @ ho=1.exp(j Q) @h— 1,

convolution, and £ is the pulse response function of diffractive

propagation under the Fresnel approximate conditions. The &
is a function of propagation distance z

xp[ k (x? —i—y)]

where k =21 /A and A is the wavelength.
When far-field distribution Ur on the focal plane is ob-

exp (jkz)

h; (x,y) jAZ 3

tained, the phase part of U and the objective amplitude com-
bine to form a new far-field complex just like that in the G-S
algorithm mentioned above. The new distribution is expressed

as
Ui = )

where @ is the phase part of Ur calculated by Eq. (2), and Eqp;

Eqgvjexp (j o) ,

is the objective amplitude and usually a round super-Gaussian
distribution for the focal spot.

Figure 2(b) shows the inverse process. The new far-field
Uy is the input signal and the inverse propagating process can
be expressed as

Ul =Uioh !, exp(—jo)oh iy, )
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where ™! is the pulse response function of inverse diffractive
propagation and just a small change is added to Eq. (3),

- exp (—jkz) ko2 o
h! =— —j=— . 6
. () mry et e P (> +7) (6)

The change of function #;~ I'is the same as that of A~ !.
It means that the phase factor introduced by the lens is elimi-
nated from the phase information of the beam. 7, !is expressed
as

tl_l = exp {j _sz (x2 +y2)} . @)

The result we needed is the phase part of the output beam
according to U] = U; exp(j @cpp), which is obtained by a com-
parison of Egs. (2) and (5). This is a complete calculation
process and lots of calculation time is needed to obtain an op-
timized result. U] must be handled just like Ur before it can go
into the next iteration process. The phase part of U] and the
objective near-field amplitude combine to form the new input
beam that goes into the calculation process.

The whole optical diffraction method is based on the
beam diffractive propagation implemented by numerical simu-
lation. According to Fig. 2, the biggest difference between the
diffraction method and the G-S algorithm is the phase modu-
lation ¢ located in the space behind the lens. The phase mod-
ulation is considered in our design. ¢ in Eq. (2) can express a
single phase modulation or multi-modulations

exp(j@) = exp(j@1) ®hy, -exp(j@2)
Qhzy by, -exp(jQn), (®)

or some modulation like atmosphere disturbance

exp(j¢) =expljo(z,1)]. )

2.3. Quality evaluation of the focal spot

Two specifications, root mean square (RMS) and energy
concentration 7, of the focal spot are used to measure the
shaping ability of CPP. They are defined as

Nrms = (10)
Y I
Stop
= 11
n A (11)
Stotal

where I is the intensity of the sampling points, I is the average
intensity of /, N is the number of the sampling points, and Sy
and Sy are the area of the objective far-field and the area of
the total spot, respectively.

3. CPP designed by the optical diffraction
method

Figure 2 shows the schematic of the optical diffraction
method to design a CPP based on the real optical path. So fig-
ure 2(a) is also a simple optical system which needs a CPP to
shape the laser beam. The phase modulation is set as a cosi-
noidal type presented in Fig. 3, with 5A4 peak-to-valley (PV).
This value is proper to evaluate the effects of the cosinoidal
modulation on the beam quality and the result of CPP. The ob-
jective far-field intensity envelope is a super-Gaussian of order
4 with an intensity full width at half-maximum (IFWHM) ra-
dius of r = 0.4 mm. The near-field clear aperture is square
with a side length of 40 mm. The focal length is 1800 mm
and the wavelength is 351 nm. The simulation space for the
near field is a 2048 x 2048 grid. The distance L between the
lens and the position of modulation is 1000 mm. The whole
calculation process needs 20 iterations without filter plus 50

iterations with a super-Gaussian filter of order 20 and filter
24]

cutoff parameter 317 rad/m.!

Phase/\
|
w0

z/mm 10 20720

Fig. 3. (color online) Three-dimensional distribution of cosinoidal
phase modulation.

The periodic phase modulation shown in Fig. 3 has a very
significant influence on the beam quality due to its grating-
like function of spectral dispersion. Especially when the mod-
ulation depth is relatively large (several wavelengths), lots of
beam energy will be transferred to the sidelobes of the focal
spot. Therefore, this type of modulation introduced into the
system can affect the performance of the shaping optics seri-
ously, CPP in this case. This cosinoidal phase modulation is
taken into account in the optical diffraction method and the re-
sults are shown in Fig. 4. Figure 4(a) is the continuous phase
plate calculated by the diffraction method. According to the
figure, it has a low distribution on the center and high distribu-
tions on both sides. This feature of the distribution is opposite
to the cosinoidal distribution in Fig. 3. Figure 4(b) plots the
lines of distributions of the CPP along x and y axes. The line
along the x axis has a large valley distribution with about 54
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of PV, while the line along the y axis does not have such a
large PV. Note that only the center portion of the phase mod-
ulation is valid because the beam size becomes smaller after
propagating a distance behind the lens.
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Fig. 4. (color online) (a) Continuous phase plate calculated by the
diffraction method; (b) one-dimensional distributions of CPP along x
and y axes.

As a contrast, another CPP is designed by the traditional
G-S algorithm. The result is presented in Fig. 5. Figure 5 is
the figure distribution of the phase plate and has no discernible
distribution features (the radiating-like shape is just caused by
the phase unwrapping algorithm). Figure 5(b) shows the lines
of the CPP distribution along x and y axes and the PV of this
CPP is just about 1A.

Both CPPs calculated above are applied to the system and
their shaping results of the focal spot are presented in Fig. 6.
It is clear that the spot in Fig. 6(a) shaped by the CPP in Fig. 4
is better than that in Fig. 6(b) shaped by the CPP in Fig. 5.
The RMS value of the top area and the energy concentration
are 13.2% and 85.5% for the spot in Fig. 6(a), and 17.0% and
76.9% for the spot in Fig. 6(b). This difference is caused by
the cosinoidal phase modulation, which is considered in the
diffraction method but not in the G-S algorithm. This differ-
ence is related to the PV of the modulation. So it indicates that
the CPP designed by G-S can have a good performance when
the phase aberrations in an optical system are small. But when
the phase aberrations become larger, the diffraction method
will have more advantages.
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Fig. 5. (color online) (a) Continuous phase plate calculated by the G-S
algorithm; (b) one-dimensional distributions of CPP along x and y axes.
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Fig. 6. (color online) Two-dimensional distributions of focal spots: (a)
shaped by the CPP in Fig. 4, (b) shaped by the CPP in Fig. 5.
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4. Application of the diffraction method in a sys-
tem

A typical final optics assembly of a high power laser fa-
cility is shown in Fig. 7. The schematic has been simplified
on the basis of a real system as follows: 1) a normal thin lens
replaces the wedged lens that has another function of spec-
tral dispersion; 2) there are three frequencies of light in the
final part of the laser system, and only one wavelength is pre-
sented for design. All these simplifications are appropriate to
emphasize the effects of the layout and quality of optics. The
input beam shown in Fig. 7 is not ideal as it comes from the
upstream chain of the laser system. The beam is modulated
by the window component when passing through it. The light
continues to go through CPP, lens, two other optics behind the
lens, and finally arrives at the target. These components can
definitely cause aberrations of the beam and affect the qual-
ity of the far-field spot. Here are the procedures of using the
optical diffraction method to design CPP for this system.

The parameters of this system are nearly the same as those
in Section 3, except for the phase modulations caused by real
optics. Based on the principle of the design method, this sys-
tem will be separated into two parts: part one is for the optical
path after the lens (including the lens) and similar to the sys-

tem in Section 3; part two is for the window and the input
beam with phase distortion.

window CPP .
grating

target

| DS
ens

Fig. 7. Simplified schematic of the final part of a high power laser facility.

4.1. Step 1 for part one

This step for part one is to calculate the near-field phase
distribution just before the lens. The calculating process is
shown in Fig. 8, just another phase modulation added in the
optical path compared to Fig. 2. Two of the phase modulations
are marked as PM 1 and PM 2 in the figure. The distances L;
between the lens and PM 1 and L, between PM 1 and PM
2 are 300 mm and 100 mm, respectively. PM 1 and PM 2 are
transmitted wavefronts coming from measurements on the real
optics, as shown in Fig. 9. These two optics have a flat surface
figure in general, with some small defects of the fringes.

form FF
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Fig. 8. (color online) Schematic of the diffraction method with two modulations to calculate the phase distribution.
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Fig. 9. (color online) (a) Wavefront distribution of PM 1; (b) wavefront distribution of PM 2.
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This part of the calculation is for the near-field phase in-
formation just before the lens, which is also the result of CPP
in the case of Section 3. But in the system of Fig. 7, there are
other conditions to consider. The result of the phase distribu-
tion obtained in this step is denoted as near-field phase 1, just
for the next step to calculate.

4.2. Step 2 for part two

Part two is to calculate the effects of the window com-
ponent and the distorted input beam. Two phase modulations
are denoted by PM 3 and PM 4, as presented in Fig. 10. This
step is to conduct a simple operation on near-field phase 1, as
illustrated in Fig. 11. The section surrounded by huge brack-
ets is the phase distribution which contains effects of the input
beam distortion PM 3, modulation caused by window PM 4,
and diffractive propagation in free space. The result of CPP
is the difference between these two phase distributions. The
length of free space or the distance between the window and
the CPP in the system is 1000 mm.
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Fig. 10. (color online) (a) PM 3: phase distortion of the input beam; (b)
PM 4: wavefront distribution of the window.

The final result of CPP is shown in Fig. 12(a) and the fo-
cal spot shaped by CPP is shown in Fig. 12(b). The RMS value
of the top area and the energy concentration of the focal spot in
Fig. 12(b) are 12.9% and 85.2%, respectively, which explains
the good performance of the designed CPP.

+|+

near-field

phase 1 PM 3 PM 4 space CPP

Fig. 11. (color online) Calculation of the near-field phase distributions.

—2 -1 0 1 2
z/mm

Fig. 12. (color online) (a) Distribution of the calculated CPP; (b) the
focal spot shaped by the CPP.

5. Conclusion

An optical diffraction method is proposed to design CPP
based on the standard G-S algorithm. The transformation of
near-field and far-field of light is completed by Fresnel diffrac-
tive propagation and inverse propagation. Multiple iterations
are also necessary to optimize the phase result just as in the
G-S method. The difference between them is that the diffrac-
tion method can take diffraction effects of propagation and the
layout of optics in the system into consideration. The results
in Section 3 show the feature and the validity of the diffrac-
tion method by designing a CPP for a system with a cosi-
noidal phase modulation. Then good shaping performance is
obtained by using the diffraction method in a more compli-
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cated system. The continuous phase plate designed by this

method can improve the influence of the phase modulation on

the shaping performance, especially when these modulations

are in the position after the lens. The method helps to get a

more flexible phase plate and improves uniformity of the laser

irradiation on the target. The method is not only for designing

CPP for beam shaping, but also for other situations that require

a phase retrieval algorithm.
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