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Wavefront Gradient Deviation Evaluation Methods

SONG Shu-mei
(Changchun Institute of Optics . Fine Mechanics and Physics s Chinese Academy of Sciences s Changchun 130033, China)

Abstract: In order to evaluate wavefront of imaging systems, the wavefront gradient deviation evaluation
methods were proposed, which could directly indicate imaging performance. The wavefront gradient
deviation is defined as the deviation of image spot and image energy center, and the relative wavefront
gradient deviation is the ratio of wavefront gradient deviation to Airy disk radius. The wavefront gradient
deviation and relative gradient deviation can be evaluated by image size, image concentration and image
energy distribution. Based on dozens of practical wavefront testing results, the evaluations of image
concentration and image energy distribution are usually stable enough for different test resolutions. The
difference of evaluation results is usually less than 10 % for every double or half resolution. An aspherical
wavefront and a spherical wavefront with dramatically ripple amount were analyzed to illustrate the
relationship of wavefront gradient deviation and wavefront spacial distribution. Relied on the wavefront
gradient deviation distribution on exit pupil and wavefront gradient distribution on image plane, it is
convenient to operate for optical manufacture and assembling. The wavefront gradient deviation
evaluations can be used as the wavefront specifications for quality control.
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The most popular evaluation methods, Peak-to-Valley
(PV) and Root Mean Square ( RMS), have been

Wavefront evaluation'" is of significant importance recorded in ISO 10110%*, PV and RMS are sensitive

0 Introduction

to optical design, manufacture and system assembling. to wavefront magnitudc, however, thcy can't represent
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spacial distribution information of wavefront. In order
to represent the spacial distribution information, Power
Spectral Density (PSD)™* can be used, which has been
playing a very important role in National Ignition
Facility (NIF)""* since 1990s. It indicates the cosine-
shape components of different spacial frequency
composing a wavefront or a slice of the wavefront. PSD
is also recorded in ISO, however, ISO only gives the
definition of a wavefront slice. The PSD curve could be
totally different when the data of several pixels on the
marginal wavefront are changed. PSD is not widely
used in imaging system. Besides ISO, Peak-to-Valley
Robust (PVr)H*, proposed by ZYGO Corp. ,

used in MetroPro version 8. 3.1, it is a combination of

has been

PV and rms but is more stable than PV. Wavefront
gradient”""" is another evaluation method that can
indicate wavefront spatial distribution. On the other
hand, it is also an indication of image performance.
However, wavefront gradient is reverse proportional to
wavefront dimension, it is not convenient to be used as
the specification standard for wavefront evaluation.

In order to indicate image performance more
precisely for imaging systems, the evaluation methods

On the

the relative

of wavefront gradient deviation is proposed.
basis of wavefront gradient deviation,
wavefront gradient deviation is proposed so that the
wavefront evaluation can be independent on wavefront

dimension.

1 Wavefront gradient deviation

1.1 Definition of wavefront gradient deviation
Assuming there is a converging wavefront of
Zernike coma at a normalize circular exit pupil, shown
in Fig. 1. The wavefront can be described as
W=3ea2" e y+3ey'—2+y
1.0

(@Y

1.0 0.5 0

Fig. 1 Wavefront distribution of Zernike coma

According to geometric optical theory, the ray
emerging from point (x,y) at the exit pupil is different
The
deviation angle is the wavefront gradient, oW /9x and
oW /ay, The
wavefront gradient distribution on image plane is
coincident with the But it is
different from Point Spread Function (PSF) for it

from the one emerging from a perfect wavefront.
in x and y direction, respectively.
image distribution.
ignores diffraction. When the diameter of exit pupil is

D= 100 mm, the wavefront gradient distribution on

image plane is shown in Fig. 2.
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Fig.2 Wavefront gradient distributions on image plane
of Zernike coma

In the case of uniform intensity, the angular center
of the image energy locates at the mean value of
wavefront gradient (dW/ox,0W/9y). shown as the

cross in Fig. 2.

W1 oW
ox n  i—10x;

W _ 1 oW (2
oy n = 9y,

the location of
the weight of

If the intensity is not uniform,
image energy center is relative to

intensity m

2 (S 2 S

oW %
aiy[) :|/Z)I}’l,

When using image energy center as the evaluation

1

=3

i=1

(3

standard, the imaging performance of the wavefront
can be evaluated by wavefront gradient deviation,

defined as the difference between each image position

and the energy center
(ﬂf@y 1

oW aW
(JDi\/ oy oy

he Correspondmg distribution of wavefront
gradlent deviation on exit pupil is shown in Fig. 3. The
coordinates are identical to wavefront distribution in

Fig. 1.
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Fig. 3 Wavefront gradient deviation distributions on exit
pupil of Zernike coma
1. 2 Preprocess for wavefront gradient deviation
evaluation
Wavefront gradient deviation is the deviation of
wavefront gradient from the mean value. It is not
necessary to process wavefront piston and tilt because
they are automatically removed when calculating the
gradient and the deviation of gradient, respectively.
Power, defined by MetroPro of Zygo Corp. , can
be sometimes removed before wavefront evaluating
when defocus can be introduced. Fig. 4 is the
distribution of the 9th Zernike wavefront (the 3rd
spherical aberration ) and its wavefront gradient
distribution on imaging plane for D= 100 mm. For
tightening image, some defocus is introduced, shown in
Fig. 5.
different. The best amount of the introduced defocus

Note the scales in Fig. 4 and Fig. 5 are

depends on the wavefront evaluation method, which

will be described in Section 2 . Similarly , the approaches
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(b) Wavefront gradient on imaging plane
Fig. 4 Distribution of the 9th Zernike wavefront and its

wavefront gradient distribution on imaging plane
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(b) Wavefront gradient on imaging plane
Fig. 5 Distribution of the 9th Zernike wavefront with the
best defocus amount introduced and its wavefront
gradient distribution on imaging plane
of removing other aberrations are also dependent on
evaluation method.
1.3 Evaluations of wavefront gradient deviation
In order to indicate imaging performance,
wavefront gradient deviation can be evaluated by the
following methods.
1.3.1

Image size is the range of all image points on the

Image size

image plane. It can be evaluated by the maximum of
gradient deviation
GD,..=max(GD) (5)
All the image points can be included in a circle
which is centered at (aW/ox, oW/9y) and has the
radius of GD,
1.3.2

Image concentration is the denseness of image

max ¢

Image concentration

points. It can be evaluated by the mean value or root

mean square of wavefront gradient deviation. In the
case of uniform intensity
Gb= 1.,
o (6)
N S,
IRMSGD = ZGD,
In the case of nonuniform intensity,
GD = [Z (m; GD1>:|/Z;7”,
. _ )

RMSGD = \/[ZWZ . GD; )]/Erni
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1.3.3
When drawing a circle of its center at (dW/ox,
oW /3y ), the

presented by a curve, of which the abscissa is the

Image energy distribution

image energy distribution can be
circular radius and the ordinate is the percentage of
image points included in the circle. The two points (0,
0) and (GD,,,,100) are always passed through by the
curve. The wavefront gradient distribution on imaging
plane in Fig. 2 can be transformed into the image
energy distribution curve in Fig. 6. The image radius
corresponding to any concerned energy threshold can be
found in the curve. For example GDy,,, is the radius

corresponding to 84 % of the image energy.
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& 40t
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0.1 0.08 0.06  0.04 0.02 0
Radius/(wave-mm)
Fig. 6 Image energy distribution curve of Zernike coma
The physical significance of image energy

distribution curve is similar to encircled energy curve.
But the encircled energy curve is based on diffractive
theory. It is the transformation from PSF. The image
energy distribution curve could be more precise for the
evaluation standard at the energy center. However,
the image energy curve would be imprecise, especially
when the wavefront is of diffractive quality.
1.4 Disadvantage of wavefront gradient deviation
Wavefront gradient deviation is sensitive to most
wavefront distributions. However, it is insensitive to
some steep changes such as a step function over the
in Fig. 7. The
wavefront error usually appears during the manufacture

with

wavefront, shown step function

of aspherical components large asphericity

gradient  and the assembling  of stitching

. , .
2020 1¢ doesn’ t cause much influence on

subapertures
imaging performance and can’t be availably evaluated
by wavefront gradient deviation evaluations especially
by image concentration evaluations. But it can be
specified by RMS. The wavefront gradient evaluations
can be associated with other specifications such as RMS

if it is necessary to avoid step function errors.

Fig. 7 Step function error over the wavefront

2 Relative wavefront gradient deviation

According to diffractive theory, a perfect uniform
converging wavefront forms an Airy disk. The angular
radius of central spot is

0,=1.222/D €))
where A is wavelength and D is wavefront diameter.
deviation is also inverse

The wavefront gradient

proportional to wavefront dimension. In order to
evaluate wavefront gradient deviation independent on
wavefront dimension, the relative gradient deviation is
defined as

GD, =GD/6, 9

No matter the wavefront dimension and focal
length, the ratio of image spot to Airy disk will be a
constant as long as the wavefront maintains the same
distribution and magnitude. Similar to the evaluations
of wavefront gradient deviation, the evaluations of
relative gradient deviation are defined as

GD,..s. =GD,... /0,

J(}DU :@/60

1 RMSGD, =RMSGD/4,

GDyy 4 = GDygyy /0,

The amount of introduced defocus in Fig. 5 is
The RMS of the
wavefront in Fig. 4 and Fig. 5 increases from 0. 4472
to 0. 6971, while RMSGD, decreases from 7. 67 to
6. 38.

According to Eq.

(10)

actually for minimum RMSGD, .

(4) and Eq.

deviation is

(9), relative
gradient proportional  to
wavefront magnitude. When the RMS of 4th to 36th

Zernike wavefront is normalized to 1A with no power

wavefront

removed, the distribution of relative wavefront gradient

deviation evaluations is shown in Fig. 8. The
wavefront appears in power/ spherical aberration,
astigmatism and coma/ tilt in turn periodically. The

evaluations of relative gradient deviation periodically
increase because of the higher spacial frequency of

wavefront distribution.
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Fig. 8 Distribution of relative wavefront gradient deviation
evaluations of 4th to 36th Zernike wavefront

3 Experiments and analysis

Fig. 9 and Fig.
spherical wavefront

10 are the distributions of a
and an aspherical wavefront,

respectively.  The spherical wavefront is much
smoother with less manufacture footprints than the
When

magnitudes to the same RMS results, the image energy

aspherical ~ wavefront. scaling  wavefront
distribution curve of the spherical wavefront is steeper
and the wavefront gradient deviation evaluations are
smaller, as shown in Table 1. This represents fewer
ripples  ( mid-spatial-frequency errors )"**/ in the
wavefront.

When using a test instrument such as a digital
interferometer with higher resolution, the wavefront

can be detected in more details. The wavefront gradient

+0.03345
wave
—0.05658
PV 0.090 wave
RMS 0.013 wave
Power —0.024 wave
Size x 551.6 mm
Size y 551.6 mm
100 (a) Wavefront
N\
80

60 A
40 \

Energy in circle/%

AN

3.5 2.5 5 0.5

L.
Radius/6,

(b) Image energy distribution
Fig. 9 Wavefront distribution and image energy distribution

of wavefront No. 1

+0.05313
wave
I* 0.06610
wave
RMS 0.017 wave
Power 0.952 wave
Size x 40.4 mm
Size y 40.4 mm
(a) Wavefront
100 I
80 A

Energy in circle/%

6 4
Radius/0,
(b) Image energy distribution

Fig. 10 Wavefront distribution and image energy

distribution of wavefront No. 2

Table 1 Evaluations of No. 1 and No. 2 wavefront
Item No. 1 No. 2
PV/A 0.090 0.119
RMS/A 0.013 0.017
GDunaxg, 3.87 10.3
RMS(GD,) 0. 790 1.27
GDM%% 1. 06 1.70
GDpag, / RMS 298 605
RMS(GD,, /RMS  60. 8 74.7
GDsuiyy, / RMS 81.5 100

deviation evaluations will give different results. If the
wavefront is smooth enough so that the influence of the
instrument resolution can be ignored, the evaluations of
relative gradient deviation will be independent on test

resolution.

They depend only on the wavefront

magnitude and spacial distribution. Based on the
statistics of dozens of wavefront testing results of
optical components and systems, for the smooth
wavefront like flat and spherical wavefront in Fig. 9,
the differences of image concentration evaluations and
energy distribution evaluations, such as
RMSGD, and GDy,y, » are usually less than 2% for

every double or

image

half resolution differences. The
differences are usually less than 10% for the wavefront
with lots of ripples like aspherical wavefront in Fig. 10.
They are stable enough to be used as the wavefront

specifications. However, the stability of GD,,,, is not

1211002- 5
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satisfying. The evaluation differences caused by test
resolution can be more than 50%. It is recommended to
use image concentration evaluations and image energy
distribution evaluations for wavefront quality control.
Because of the identical coordinates to wavefront
distribution,  the wavefront gradient deviation
distribution on exit pupil gives clear instruction to
optical manufacture. As shown in Fig. 3, the color bar
indicates different process to be carried on. If the red
zones on the optical surface are polished properly, the
image distribution will be tightened towards the image
energy center so as to improve the gradient deviation
Relied on the
distribution on imaging plane

25241 the Computer-Aided Alignment

evaluations. wavefront  gradient

without wavefront
reconstruction

(CAA)

assembling,

technology can be applied on system

especially for the period when the

wavefront is beyond the measurement range of

image
will be

necessary for every alignment in order to interpret the
[25]

interferometric test instruments. Several

distributions of different defocus amounts
image distribution correctly The specifications of
wavefront gradient deviation especially relative gradient

deviation are convenient for the opticians to operate.

4 Conclusion

The wavefront gradient deviation is closely related
to the performance of imaging systems. The relative
wavefront gradient deviation is independent on the
The
evaluations and image energy distribution evaluations
The

gradient deviation distribution on exit pupil and the

wavefront  dimension. image concentration

are usually stable for different test resolutions.

wavefront gradient distribution on imaging plane give
clear instruction for optical manufacture and system
assembling. It is suitable to use gradient deviation
evaluations as the wavefront specifications during the
process and in the final inspection.
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