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Wavefront analysis of laser beam shaped by
birefringent lenses shaping system
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In order to improve the energy efficiency of high power laser system of ICF and use the optical energy
sufficiently, converting Gaussian laser beam into uniform beam is important. Meanwhile, the wavefront
of the laser beam in the system is also significant because it affects the imaging quality at image surface
and the transfer of image in multilevel magnification laser system. Starting from the Jones matrix of
spheric lenses, the intensity transmittance distribution of birefringent lenses beam shaping system has
been analyzed by transmission matrix. The wavefronts of different polarized states after transmission
through beam shaping system are discussed. The effecting factors, such as the distances between lenses,
the lens’ mechanical deviation from optical axis of system, have been considered. The uniform laser beam
can be obtained. In the ninth beamline of ‘SG II’ device, the static beam filling factor of near field can be
improved from 66% to 80% by using the birefringent lens shaping system.
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Uniform intensity distribution of beam is necessary for
high power laser facility used for inertial confinement
fusion (ICF). As for high power laser or amplifier, non-
linear effects, such as B integral, would induce the dam-
age of laser material easily as a result of nonuniform
distribution of the incident beam. Also, the high energy
efficiency cannot be achieved because of low fill factor
of beam. In order to improve the whole efficiency of
high power laser system and make the best of energy,
converting Gaussian beam into uniform distribution is
important. In addition, the wavefront of the laser beam,
which affects the quality and transfer of image, is also
crucial to multilevel amplified high power laser system.
So reducing the wavefront aberration as small as possible
is a significant work in high power laser system.

Spatial beam shaping controls and converts distri-
bution of optical field effectively in spatial. Now,
there have been developed various spatial beam shap-
ing technologies[1−9], such as beam reshaping using
holographic filter[1], binary rectangular phase gratings
applied to spatial shaping of Gaussian beam[2], diffrac-
tive phase elements for beam shaping[3], etc.. Generally
speaking, the methods above have different advantages
as well as disadvantages such as low energy efficiency,
breakage threshold, concurrence of intensity modulation,
and phase aberration etc., so as not to be used in high
power laser system.

We adopt the new spatial beam shaping system used at
front end of Lawrence Livermore National Laboratory[10].
Two pairs of birefringent lenses made of quartz crystal
and two polarizers are utilized in system to achieve spa-
tial beam shaping conveniently. Starting from the Jones
matrix of spheric lenses in this paper, the intensity trans-
mitting distribution of birefringent lenses shaping system
has been analyzed in detail. The wavefronts of different
polarized states of the laser beam after transmission
through the shaping system are discussed. The effecting
factors, such as the distances between lenses, the lens

mechanical deviation from optical axis of system, have
also been considered.

Through the experiment, the spatial uniform distribu-
tion of the laser beam can be obtained. When it is used
in the ninth beamline of Shenguang II (SG II) device, the
static beam filling factor of near field can be improved
from 66% to 80%.

Spatial beam shaping system consists of two pairs of
birefringent lenses and two polarizers, as shown in Fig.
1[10]. Two pairs of plano-convex-plano-concave lenses are
labeled by L1, L2, L3, L4 respectively, the crystal direc-
tion of principal axis and the vibrating direction of beam
passing through the polarizer are orthogonal to optical
axis of system. L1 and L4 are the two same plano-convex
lenses, whose centers are to be half-wave plates, while
the edges of effective apertures to be quarter-wave plates.
Meanwhile, both lenses are arrayed symmetrically. Sim-
ilarly, L2 and L3 are the two same plano-concave lenses,
whose centers are to be quarter-wave plates, while the
edges of effective apertures to be half-wave plates. Also,
both lenses are arrayed symmetrically. The principal
axises of lenses labeled by L1 and L4 are fixed in the x
direction, while the principal axes of lenses labeled by

Fig. 1. Configuration of spatial beam shaping system.
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L2 and L3 are parallel to each other and can be rotated
to different angles as a whole.

The incident beam is expanded and collimated, and
then polarized by polarizer 1. Because the two birefrin-
gent plano-concave lenses can be rotated, so different po-
sitions of beam have different states of polarization af-
ter transmitting through the four lenses. Then the laser

beam with different polarization states was polarized by
polarizer 2. The spatial distribution of the laser beam
was changed.

Suppose the angles between principal axes of lenses L2,
L3 and x axis are θ, as shown in Fig. 1, the Jones ma-
trices of transmissivity for single plano-convex lens or
plano-concave lens Mi (i = 1, 2, 3, 4)[11] is given by

Mi =
(

cos [δi(r)] + i sin [δi(r)] cos(2θi) i sin [δi(r)] sin(2θi)
i sin [δi(r)] sin(2θi) cos [δi(r)] − i sin [δi(r)] cos(2θi)

)
, (1)

where r is the radial length from any point in beam aper-
ture to system axis, 2δi(r) is the phase delay for ordinary
ray and extraordinary ray,

2δi(r) =
2πΔn

λ
di(r), (2)

Δn = no − ne is the difference of refractive indices be-
tween ordinary ray and extraordinary ray, λ is the inci-
dent wavelength and di(r) is the thickness of crystal at
r. Geometrically, one can deduce

di(r) = di0 − ρi

∣∣∣∣∣∣1 −
√

1 −
(

r

ρi

)2
∣∣∣∣∣∣ , (3)

where ρi is radius of curvature for lens, as for convex lens,
ρ > 0, concave lens, ρ < 0; di0 is center thickness of lens.
So, the Jones matrix of beam shaping system is given by

M = M5 · M4 · M3 · M2 · M1 (4)

where the Jones matrix of the polarizer is

M5 =
(

1 0
0 0

)
,

the Jones vector of incident beam after being polarized
by polarizer 1 can be written as

Ein =
(

Ex(r)
0

)
, (5)

the Jones vector of output beam is given by

Eout = M · Ein. (6)

Hence the intensity transmissivity of the system can be
written as

T (r) = Iout/Iin. (7)

The centers of lenses L1 and L4 are considered to be
half-wave plates, while the edges of effective apertures
passed by quarter-wave plates, so we have{

d0 = (2m − 1)λ/(2Δn)
dr0 = d0 − λ/(4Δn) , (8)

geometrically

Δn · (d0 − dr0) = Δn · (ρ −
√

ρ2 − r2
0) = λ/4,

i.e. ρ can be written as

ρ = 2Δnr2
0/λ + λ/(8Δn), (9)

similarly, the radii of curvature for lenses L2 and L3 are
given by

ρ′ = −ρ = −2Δnr2
0/λ − λ/(8Δn). (10)

The normalized intensity of incident fundamental
transverse mode beam can be written as I(r) =
exp

(−2r2/ω2
)
, where ω is the spot radius. In order to

obtain maximal energy efficiency and power, the needed
flat top spot radius r0 meets

ω =
√

2 · r0. (11)

The wavelength λ is 1053 nm, the incident beam aper-
ture is 16 mm and the needed flat top aperture is above
10 mm. By Eq. (11), the flat top beam with the aper-
ture diameter is about 11.3 mm, which meets the demand
for project. As for quartz crystal, Δn = 0.008747, the
needed radii of curvature for lenses L1 and L4 ρ = 530.36
mm, center thickness is 3.07 mm at m = 26 in Eq. (8)
with the consideration of fabricating demands, similarly,
center thickness of plano-concave lens is 3.04 mm at
m = 51.

From Eqs. (4)−(7), the beam’s intensity distribution
(see Fig. 2) after being passed by shaping system are
simulated numerically by rotating the angle of principal
axis for lenses L2 and L3 relative to x axis.

From Fig. 2, it can be seen that the ideal flat top beam
(dashed line) is obtained at θ = 23◦, where θ is the ro-
tated angle of principal axis for lenses L2 and L3 relative
to x axis. The fill factor of beam can reach 94.5%.

By the theory mentioned above, we adopt 1053-nm
fiber laser as continuous light source, the experiment
setup is shown in Fig. 3.

In the experiment, uniform output beam is obtained
at θ = 31◦, compared with theoretic angle θ = 23◦ (see
Fig. 4). The larger experimental angle may be caused
by less incident beam aperture compared with 16 mm.

Fig. 2. Spatial distribution of normalized output light inten-
sity of the shaped Gaussian beam with different θ.
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Fig. 3. Experiment setup.

Fig. 4. One (two) dimension(s) distribution of output light intensity after the spatial filter.

Then, we analyze the wavefront of shaped laser beam
using the assistant optical design software ZEMAX[12]

developed by Focus Company of USA. Detailedly, differ-
ent rays are traced to find out their phases delay after
passing by the system.

For the first plano-convex lens, the incident rays are
extraordinary rays (e rays). For the second and third
plano-concave lenses, because of the same rotated angles
of principal axises, the incident rays can be the combina-
tion of ordinary rays (o rays) and ordinary rays as well
as extraordinary rays and extraordinary rays. When the
rays arrive at the last plano-convex lens, ordinary rays
and extraordinary rays exist in crystal simultaneously. In
this way, there are four wavefronts of different combined
polarization states in system, i.e. e+e+e+e, e+e+e+o,
e+o+o+e, e+o+o+o.

The effect factors on the wavefront of shaped laser
beam are discussed in the following. As can be seen
in Fig. 5, if the plano-convex and plano-concave lenses
are agglutinated with no space between each other, the
system can be viewed as two flat plate, which has little
influence on the wavefront of the laser beam. But me-
chanically, it is difficult to achieve. And it was found
that the space between plano-convex and plano-concave
lenses has great influence on the wavefront of the shaped
laser beam. The space between plano-convex and plano-
concave lenses in one pair is the same as the other. The
space between the two pairs of lenses is fixed. The space
between plano-convex and plano-concave lenses in one
pair is altered. Then, the marginal ray of meridional
plane by ZEMAX is traced, and the changes of phases
delay for the four combined polarization states e+e+e+e,
e+e+e+o, e+o+o+e, e+o+o+o can be achieved by al-
tering the space between lenses in one pair, as shown in
Fig. 6.

Compared with the optical path of the ray passing
through optical axis of system, the most optical path
difference (OPD) values of different combined polar-
ization states wavefronts are negative with the space
between plano-convex and plano-concave lenses in one
pair changed from 1 to 6 mm. They are all converging
wavefronts, whose aberrations become larger with in-

creasing the space. Only the OPD value of the combined
polarization state e+e+e+o is positive, the wavefront
is divergent, and the aberration of wavefront becomes
smaller with increasing the space.

Tracing the rays of combined polarization states
e+e+e+e or e+e+e+o, we see that the polarized di-
rection of ordinary rays in output beam are vertical to x
axis.

When the output laser beam arrives at polarizer 2,
the ordinary rays cannot pass it because the optical axis
of polarization 2 follows x axis, i.e. the wavefronts of
combined polarization states e+e+e+o and e+o+o+o
make no contribution to the ultimate wavefront. So, we
only consider the other two combined polarization states
e+e+e+e and e+o+o+e. Furthermore, we can obtain
the weight factors of energy for the wavefronts e+e+e+e
and e+o+o+e, as is 1 : 0.03 by polarization analysis in

Fig. 5. Effect on output beam’s wavefronts by spaces between
lenses.

Fig. 6. Changes of phase delay for different polarization
states.
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ZEMAX under the condition of no antireflective coating.
Then the space between plano-convex and plano-

concave lenses in one pair is fixed closely, such as 1 mm,
while altering the space L between the two plano-concave
lenses, it can be seen that the altered space makes little
difference to wavefront aberration.

As shown in Fig. 7, suppose the center axes of colli-
mated beam is reference optical axis, we discuss the effect
on wavefront by lens’ deviation to optical axis of system
in the x direction. It is obvious that output wavefront
deviation will deteriorate as a result of lens’ deviation,
and the focus will shift in the x direction. Generally,
beam deviation angle is often used to define the deviat-
ing degree to optical axis of system. If h is the deviating
distance of the focus to optical axis of system, f is the
focal length, and θ is the beam deviation angle, then we
have tan θ = h

f . Suppose one lens deviates to optical axis
of system while other lenses have no deviations. The
beam deviation angle will alter with the lens’ deviating
distance δ to optical axis of system, as shown in Fig. 8.
From Fig. 8 we can see that the beam deviates upwards
relative to optical axis of system with plano-convex lens’
deviating in positive direction of x axis, and the beam
deviation angle alters 10 μrad when plano-convex lens’
deviating distance changes every 0.01 mm, contrarily,
an opposite situation happens to plano-concave lens. In
addition, the focal lengths of output wavefronts keep
unchangeable when the deviating distances δ of lenses
become larger. So, there are more needs in mechanism for
this beam shaping system. The space between lenses in

Fig. 7. Effect on output wavefront by lens deviation to opti-
cal axis of system.

Fig. 8. Beam deviation angle alters with lens’ deviating
distance to optical axis of system.

Fig. 9. Transmitted wavefront.

one pair of system and the deviating distance to opti-
cal axis of system in x direction for different lenses have
great effect on aberrations of different wavefronts, con-
trarily, the rotated angle of plano-concave lens has no
effect on aberrations of wavefronts.

Through the theoretical analysis above, the shaping
system was designed compactly. The distance between
plano-convex and plano-concave lenses is fixed at 1 mm
and the distance between two plano-concave lenses at 20
mm. After being measured by collimating device, the
change of beam deviation angle is 9′′. The P-V value
of wavefront aberration is 0.080λ after testing the trans-
mitted wavefront by ZYGO interferometer, as shown in
Fig. 9.

In conclusion, in order to improve the energy efficiency
of ICF high power laser system and use the optical energy
sufficiently, converting Gaussian laser beam into uniform
beam is important. The output wavefront of system is
also significant, it affects the imaging quality at image
surface and the transfer of image at multilevel magnifi-
cation laser system. Starting from the Jones matrix of
spheric lenses, the intensity transmittance distribution of
birefringent beam shaping system has been analyzed in
detail. The wavefronts of different polarized states after
passing by the system are discussed, the effecting factors
on the output wavefronts have been considered. We ob-
tained the uniform beam by using this birefringent lenses
beam shaping system. When used in the ninth beamline
of ‘SG II’ device, the static beam filling factor of near
field can be improved from 66% to 80%. Furthermore,
this system has more practical value in project because of
its convenient design, close configuration, and low expen-
diture. But it also has more needs in mechanical fixing
of lens.
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