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Abstract . The structure of a conventional scatter plate interferometer is
modified by a polarization technique, and a new type of phase shifting scatter
plate interferometer is presented . It has both the merits of a conventional scatter
plate interferometer and the phase shifting interferometric technique . The
working of this interferometer is demonstrated .

1. Introduction
In digital phase shifting interferometry [1-4], the phase difference between the

two interfering beams is varied in some known manner, and the measurements are
made of the intensity distribution across the pupil corresponding to three or more
different phase shifts. If the values of these external phase shifts are known, then it is
possible to calculate the initial phase difference between the interfering beams .

In a two-path interferometer, such as a Twyman-Green interferometer, it is very
easy to use a piezoelectic transducer (PZT) as a phase shifter . But in a scatter plate
interferometer [5-7], it is very difficult to use a PZT as a phase shifter due to its
common path configuration . In order to solve this problem, Huang et al . [4] located a
very small quarter wave plate just before the centre of the test mirror and made the
reference beam pass through the quarter wave plate twice ; then the phase difference
between the test beam and the reference beam may be varied according to the
polarization angle of the incident beam . However, there are some disadvantages in
Huang's apparatus, such as :

(i) It is difficult to get that quarter wave plate with a special specification, e.g .,
0.05 mm thickness and 5 x 5 mm 2 area.

(ii) It is also difficult to hold it without blocking off part of the test beam .
(iii) The quarter wave plate can not be brought to a full effect, because the beam

passing through it is not a parallel beam .

In this paper, in contrast to Huang's technique, a polarizer with a small hole is
located before the test mirror . And a half wave plate and a quarter wave plate are
added before the projection lens . This modification has several advantages . First, the
polarizer can extract the linearly polarized light lying in the plane of transmission
from any incident beam independent of the beam vergence . Second, a large polarizer
is easy to hold without blocking off part of the test beam . Furthermore, if the
azimuth angle of every polarization element is arranged properly, then the phase
shifting interferometric technique can be applied to the scatter plate interferometer .
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2. Principle
The schematic diagram of a new type of phase shifting scatter plate inter-

ferometer is shown in figure 1 . If the polarization components H, Q, PL, and AN are
removed, then it is a conventional scatter plate interferometer [6, 7] . The linearly
polarized light passes through a half wave plate H and a quarter wave plate Q, then
goes into the scatter plate interferometer . The polarizer PL is adjusted such that the
small hole be just before the centre of the test mirror M . Therefore, the test beam
passes through PL twice . The analyser AN is put before the observation plane OP to
extract the necessary polarizing components to interfere . Hence, the phase map of
the test mirror can be derived from the interferograms .

For convenience, the + z axis is chosen along the propagation direction and the
y-axis along the vertical direction . Let the incident light be linearly polarized along
the horizontal direction, then its Jones vector [8] can be written as

Ein=(
o)

.

	

(1)

If 0, is the angle between the x axis and the fast axis of the half wave plate H, and 0 q is
the angle between the x axis and the fast axis of the quarter wave plate Q, then the
Jones matrices [8] of H and Q can be written as

cos 20h

	

sin 20h
H(Oh)= -i (sin 201, - cos 20h

	

(2)

and

0

	

1- i cos 20 q

	

- i sin 20q
Q( q

)=V2
2

	

-i sin 20q 1 + i cos 20q

	

(3)

respectively . Let the angle between the x axis and the transmission axis of the
polarizer PL be 0P, then since the test beam passes PL twice, hence the Jones matrix
of PL can be written as

PL(Op)=R(-Op) (0
0) (0 0) R(O

p)

Cos2 0P

	

sin OP Cos OP
sin OP Cos OP

	

sin2 0P

H a
I

	

I
I

	

I

(4)

Figure 1 . Schematic diagram of a phase shifting scatter plate interferometer . H: half wave
plate. Q: quarter wave plate . M: mirror . MO: microscopic objective . PH : pinhole .
PJ: projection lens . HM: half mirror . SP : scatter plate . PL: polarizes . M: mirror to be
tested. IL: imaging lens. AN: analyser . OP: observation plane .
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where
cos B p sin 0pR(Bp)

_ _ sin B p cos B p

is the rotation matrix . Similarly, since the transmission axis of the analyser AN is
along the horizontal axis, hence the Jones matrix of AN is

AN(0)=(
0

0 .

	

(5)

Therefore, the Jones vector of the test beam in the observation plane is

E t=a exp [ia(x, y)] AN(0)PL(0p)Q(0q)H(0h)E;., (6)

where a is the amplitude of the test beam relative to the reference beam and a(x, y) is
the phase difference of the test beam relative to the reference beam . For convenience,
the amplitude of the reference beam is normalized to 1 .

By inserting the matrices written in equations (2)-(5) into equation (6), E, can be
written as

where

A = afi(Oh,Oq,Or),

	

(8)

fl(0h, 0q) 0p)=2 cos 0p [cos 2 (0p -20h)

+cos22(oP- 20q + 20h)]
1,2,

	

(9)

and

T,=tan-1
CoC(o0p620 920h) +2

	

(10)
(OP

	

h)

Similarly, the Jones vector of the reference beam in the observation plane is given by

E, = AN(0)Q(Oq)H(Oh)E,n

[

B exp (- i P r)]
0

	

'

where

B=f2(0h, 0q),

	

(12)

f2(Oh, 0q)= 22
[cos 2 (20 q -20h)+cos2 (20h)] 112 ,

	

(13)

and

tan-1
COs (20q - 20h)

	

7t

cos(20h)

	

2

Scatter plate interferometer
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E
C

A exp [i(a-W,)]1
t=

	

0

	

, (7)
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Therefore, the intensity distribution of the interferogram is obtained as following

I= J E, + Er 1
2

=A2+B 2 + 2AB cos (a+ A T),

	

(15)

where

AV' ='P,.- P t *

	

( 16)

From equations (10), (14), and (16) it can be seen that AP represents the external
phase shift corresponding to the variations of the azimuth angles of the polarization
components . The method of selecting the appropriate angles to obtain the initial
phase a will be described in the following .

2.1 . Selection of the azimuth angles
From equation (9), it is clear that the amplitude of the test beam afl depends on

OP . In order to have a non-zero f l , O p should satisfy the following condition,

O P :ANn+2,

	

(17)

where N is an integer . Furthermore, by comparing equation (9) and equation (13), it
is noticed that, under the condition

Bp = 20q = constant,

	

(18)

the amplitudes of the test beam and the reference beam have the same functional
form of Oh . This makes the evaluation of the initial phases easier . However, by
comparing equation (10) and equation (14), it is seen that if Op equals Nit, there will
be no external phase shift . Hence, Op should be chosen such that it satisfies both
equation (17) and the following equation simultaneously,

Op :A Nit .

	

(19)

Under the conditions written in equations (17)-(19), equation (15) and equation
(16) can be rewritten as

I= 10(0,)[1 +y cos (a+AIF)],

	

(20)

and

APP=tan-1 cos
(OP-20h)

-tan 1	
cos (20h)

	

(21)
[ cos (20h)

	

Cos (OP -20h)

where

I
[Cos' (20h)+COS2 (0P-20h)

x (1 +a2 cos2 Oo(Oh) =	
2

	

p),

	

(22)

and

_ 2a cos Op
y -

		

(23)
1+a2 cos2op

From equation (20), it is seen that y represents the contrast of the interference
fringes. Equation (21) shows that if Op is set to be a constant, then J W is a function of
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Figure 2 . Variations of the external phase shift dIF as a function of °h, as O,=40° .
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Figure 3 . The polarization states of the light through every polarization element under the
conditions corresponding to dot 1 to dot 4 in figure 2 .

Bb with a period of 90°: -45°S0h,<45° is chosen for convenience . Furthermore,
equation (21) also shows that when eh equals 45°, q , z -45° and -45°, d Y equalsq
90°, 0°, - 90° and -180°, respectively. For easier calculation and operation, 9p= 40°
is chosen. Then the corresponding 9h are 45°, 10°, - 25° and - 35°, respectively . The
relation between AT' and Oh calculated for this O, is shown in figure 2 . And the four
points marked from 1 to 4 correspond to the angle Oh at 45°,10°, - 25° and - 35° . For
clarity, the polarization states of the light through every polarization element under
the conditions corresponding dot 1 to dot 4 are shown in figure 3 .

2.2. Evaluation of the initial phases
As described in the previous paragraph, the conditions corresponding to dot 1 to

dot 4 in figure 2 are chosen such that the d W at these points equals 90°, 0°, - 90° and
-180°, respectively . Then the corresponding interferograms can be calculated by
using equation (20) . They are written as following :

h =s1 2 0P (1 + a2 cos2 9P) (1 - y sin a),

	

(24)

9

	

(25)I2=cos2 2 (1 +a2 cos2BP)(1+ycosa),

dot El. H Q PL AN
Y

1 CL~x

2
YT' YT, Y

_

3
YT' Y Y'

4
>

x
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13=
sinZ B

2 p (1+a2 cos2 0P)(1+y sin a),

	

(26)

I4 =sin2
(

P) (1 +a2 cos 2 Bp) (1-y cos a) .

	

(27)

Finally, combining equations (24)-(27), the initial phase is given by

a=tan-

	

2(13 -I1 )/sin2 0.

0

	

0

	

(28)

[12/cos 2 C 2 )]-114/sinZ C 2 )]

2.3 . An additional phase error
Because of the introduction of the polarizer located before the test surface, it

introduces an additional optical path and there will be an additional phase error in a .
The interferograms obtained with this method indicate the gross wavefront errors .
The additional phase error should be eliminated . If the thickness and the refraction
index of the polarizer are t and n, then the additional phase error can be written as

d=X I
2t(n-l)+tCl-n)

(p)2+t(n 4n3 4)(r

	

]'

=A1+A2+A3+ . . .,

	

(29)

where p is the distance between a point and the centre on the test surface, and r is the
paraxial radius of curvature of the test surface . The first term A 1 in equation (29) is a
constant, it adds a constant to the phase of each point on the test surface . It changes
the level of the phase of reference plane, but the shape of the overall phase
distribution is unchanged. Hence it can be neglected in evaluating the initial phase .
The second term A 2 has the same effect on the result as the defocus of the scatter plate
[9] . It can be eliminated experimentally by defocusing the scatter plate by an amount
of t[(1-(1/n)] away from the test mirror . Therefore, the factor that affects the
accuracy of the phase map a is the third term A 3 . However, this error can be
calculated for each position p from known polarizer parameters t and n and the
paraxial radius r of curvature of the test mirror . Thus, the original phase map of the
test mirror can be obtained .

3. Experiments and-results
To show the feasibility of this phase shifting scatter plate interferometer, a

spherical mirror off/5 and focal length 250 mm is tested . The diameter of the small
hole on the polarizer is 3 mm . The thickness of the polarizer is 3 .2 mm, and the
refraction index 1 .515. And the experimental conditions are BP = 20q = 40°, 0h =45 °,
10°, -25° and -35° , respectively. To set the azimuth angle accurately, high
precision holders manufactured by Japan Sigma Koki Ltd are used to mount the
polarization elements . (E-58M-30 and E-58M-50 are used to mount the waveplate
and the polarizer, respectively) . And the scatter plate is defocused nearly 1 . 1 mm
away from the test mirror to eliminate the influence of A2 . Then, four interfero-
grams, being under the condition that the scatter plate is slightly off-axis, are shown
in figure 4. They correspond to A'Y=(a) 90° , (b) 0° , (c) -90° and (d) 180°,
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(a)

Scatter plate interferometer 957

(b) (c) (d)

Figure 4 . Interferograms of an f15 spherical mirror with 250 mm focal length when the
scatter plate is slightly off-axis and A P equals (a) 90°, (b) 0°, (c) -90° and (d) -180° ,
respectively. (The black cross is the reticle on the image plane) .

2n

1

Figure 5 . The phase map of the test mirror,

respectively. The phase shifting effects are clear from these interferograms . These
interferograms are taken by a CCD camera, recorded in a frame memory, then sent
to a computer. Using equation (28), the initial phase a is obtained . The phase error
d3 at each point is calculated and subtracted from a to obtain the original phase . The
final result is plotted in figure 5 . In this plotting, the characteristics [10] of
continuous phase distribution is applied and the 3-D software `ENERGRAPHIC' is
used .

4 . Discussion
Because of the introduction of a polarization element located before the test

surface, there is thus an addition phase error in Huang's technique and ours . Also,
the quality requirements of polarization elements, such as the flatness of surfaces and
the parallelism between two surfaces, are very restrictive . In Huang's technique, the
additional phase error comes from only the first term in equation (29), and can be
eliminated more easily. However, the main disadvantage of Huang's technique is
that it is difficult both to get and to hold a quarter wave plate because of its
specification. In addition, because the wave plate is located near the focus of the
converging light, the light reflected from the front surface of it will reduce the fringe
contrast. And the fringes near the central part of the test surface can hardly be
observed .

On the other hand, the measurable range of our technique is limited by the
dimension of the high-quality polarizer . Also, there are some curvatures among the
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Figure 6. The interferogram of the same mirror tested by a conventional scatter plate
interferometer .

fringes near the central part of the interferograms . This is induced by the small hole
on the polarizer. However, the dimension of this part is small and the f-number is
large. Hence, this part can be easily tested by any conventional interferometer . The
interferograms here are analysed under the assumption that there is no shape error
near the central part of the test surface .

In order to identify the result shown in figure 5, the same mirror is tested by a
conventional scatter plate interferometer and an interferogram is obtained as shown
in figure 6 . It is obvious that this interferogram shows phase characteristics similar
to that in figure 5 .

5 . Conclusion
To overcome the difficulty of using a commonly used phase shifter PZT, a new

type of phase shifting scatter plate interferometer using a polarization technique is
presented. A spherical mirror of f15 and focal length 250 mm has been tested to
demonstrate the operation of the interferometer . It has both the merits of a
conventional scatter plate interferometer and the phase shifting interferometric
technique, such as high stability against the air turbulence, high measurement
accuracy, rapid measurement and good results even with low contrast fringes . . . . etc .
Hence it is suitable for testing a concave mirror . Furthermore, other similar common
path interferometers, such as a zone plate interferometer, can be modified with the
same way .
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