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Multichannel phase-shifted interferometer
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A new real-time interferometer based on diffraction phenomena is discussed. It consists of a point-diffraction in-
terferometer fabricated on a transmission grating. The real-time data-analysis capability is achieved by simulta-
neously introducing a phase shift (piston) on the three separate channels of diffracted interferograms. Mathemati-
cal analysis and preliminarv observational results are included.

A real-time interferometric system is introduced that
is simple to use and has the capability of a high data-
processing rate with comparable measurement ac-
curacies. This new interferometer eliminates the need
for electro-optical devices, auxilliary waveplates, po-
larizers, or rotating elements, which are used in most
other real-time interferometric systems.'- 6 The basic
operational principle of this new interferometric tech-
nique involves (1) self-referencing the test wave front
to a diffracted spherical reference wave front and (2)
using a transmissive diffraction grating to generate
phase-shifted interferograms simultaneously for in-
stantaneous heterodyne measurement and analysis.

There are many ways of transforming the conven-
tional (stationary) interferometers into real-time (dy-
namic) interferometers. One of the methods is phase-
shifting interferometry.78 In general, the intensity
distribution of an interference pattern can be written
at each detector point as

I(x, y) = Ia + Ib cos['(x, Y) + a], (1)

where there are basically three unknowns, the average
intensity 'a, the modulation intensity I4, and the
wave-front phase t(x, y). 6 is an arbitrary constant
phase difference between the object and reference wave
fronts. The simplest solution for Idx, y) can be ob-
tained by using three phase steps starting at 6 = 7r/4
with increments of ir/2:

IA(XY) = Ia + lb COS[W(X,Y) + Tr/4],

IB(x, y) = Ia + lb cost4(x, y) + 37/41,

Ic(x, y) = Ia + lb cosk[(x, y) + 5w/4].

The final expression for X(x, y) is then written as

0(X y) = tan-' |IC[(x Y) - I (X, Y)]

t(X, y) = tp(X, y)tg(X, y), (4)

where the amplitude transmittance of an ordinary PDI
is written as
tp(xy) = tb + (1 - tb)

x cyjt|C(X - xo)2 + (y - yo)21j1/ (5)

which represents a partially transmitting plane of am-
plitude transmittance tb, with a totally transparent
circular pinhole of diameter d, shifted from the origin
by (xo, yo). The amplitude transmittance of the dif-
fraction grating is written as

tg(x, y) = 1/2[1 + ,3 cos 2r4(x - xg1, (6)

where an amplitude cosinusoidal transmissive grating
of diffraction efficiency, /2/4, and a spatial frequency
of t are assumed. xg represents the relative position of
the center of the pinhole in the PDL within one period
of grating. The relative pinhole position is the critical
source of the simultaneous phase shift in the resultant
interferograms, which is shown below. The grating
needs to have a proper value of spatial frequency in
order to achieve separated pupils of different diffracted
orders, i.e.,

t > 1/(2XF) or dg < 2XF, (7)

where X is the operational wavelength, dg = 1/t is
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The new interferometer operates based on a principle
similar to that of the phase-shifting method. The phase
shifting is obtained by introducing a transmissive
grating to the substrate of a point-diffraction interfer-
ometer (PDI),9 "10 as illustrated in Fig. 1.

A similar Fourier method1 is used to find the resul-
tant intensity distributions at the image plane. The
amplitude-transmittance function for the new inter-
ferometer can be expressed mathematically as

-1
U.

Fig. 1. Optical schematic of the new multichannel phase-
shifted interferometer with magnified view of the relative
pinhole position within a period of substrate grating.
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the grating period, and F is the aperture ratio of the
focused object beam.

The complex amplitude of the object wave front is
written as

Uo(x' y) = cyl (x2 + Y2)lI2IexpfiZr W(x Y)j

(8)

where D is the diameter of the object wave front at L1
and W(x, y) is the optical path difference of the test
wave front.

Assuming unit magnification and neglecting an un-
important quadratic propagation phase factor across
the image, the resultant complex amplitude in the image
plane is given by

Ui(X,y) A tb CY] (x2 +;2)1 exp[i4(x,y)]

+ 1 t cyl l[(x-S)2 + y2]1/2l+-2/c1xDJ
X exp[iq(x, y)] exp(-i2wrxg)

| 1P / -11 J[(x + S)2 + y211/21
T- LI b '1 Uy 

D I

X exp[iq(x, y)] exp(i2wrxg)
+ (1 - tb )4[l + / cos2wt(xo - xg)]
X exp[-i27r(xox + yoy)/Af], (9)

where

O(x,y) = (27r/X)W(x,y).

The first three terms represent object beams: the un-
diffracted (zeroth), plus-first, and minus-first orders.
Notice that the zeroth-order term is exactly the same
as the one encountered in the conventional PDI, and the
pupils of first-order terms are translated by s = Aft
across the perpendicular direction of the grating with
an additional phase (piston) term of

AO, = +27rwxg. (10)

I2(0) = dI2-

Again, the simplest solution for k(x, y) is obtained when
the phase shift AO = 27rtxg = 7r/2 and can be written
as
O(x, y) = tan- 1

(12)

Preliminary laboratory observations of the instan-
taneously phase-shifted interferograms were achieved.
First an ordinary PDI was proximately contacted with
a phase grating, and sets of three interferograms with
variable phase shift were demonstrated by continuously
translating the grating with respect to the fixed PDI
pinhole position. Later, many PDI's were fabricated
on the holographically made grating on a Kodak 649F
plate. Many pinholes can be fabricated by using small
microballoons as maskings. The balloons are spread
over the grating plate and a thin layer (a few hundred
angstroms thick) of aluminum coating is overcoated;
then the microballoons are removed by an air jet, thus
leaving pinholes in the coating. Figure 2 shows the
typical results of the fabricated pinholes and their
corresponding three phase-shifted interferograms. In
this example, the grating has 20-Mm line spacing, and
the diameter of the pinholes is 5 Am. The beam ratio
of the test beam is F/20.

Figure 2(a) demonstrates that the pinhole located at
xg = dg/4 produces three interferograms with a relative
phase shift of 900. The results shown in Figs. 2(b) and
2(c) are not useful for the purpose of phase-shifted in-
terferometry but clearly illustrate and prove the prin-
ciples of this new interferometer. If xg = 0, then Ak =
0, that is, the three interferograms are identical [Fig.
2(b)]. If xg = dg/2, then Ak = ir; then + first-order

The last term represents the global spherical reference
wave front with associated magnitude and tilt terms,
which interfere with the three object beams simulta-
neously to produce the three interferograms with con-
stant phase shift in tandem (a is a constant from the
convolution operation).

The final expressions for the intensity distributions
of the interferograms are rewritten as

I-(X, Y) = JI -) + 12(- COSI0j(X, Y) - 2irxg],

Io(x, y) = IlJ() + I2(0) cos[O(x, y)],

I+(x, y) = I() + I2(+) cos[(x, y) + 2wrxg], (11)

where

, = I( = -,
I2(-) = I2+ = I2,

and

5I0() = I, + 1 - 02 tb2,
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Fig. 2. Microscopic photographs of pinholes and corre-
sponding interferograms for F/20 object beams. The diam-
eter of the pinholes is 5 gm, and the grating spacing is 20 gm.
(a) Xg = dg/4 (AO = r/2). (b) Xg = 0 (AO = 0). (c) Xg =

dg/2 (AO = ir).
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interferograms are identical but conjugate to zeroth-
order fringe [Fig. 2(c)].

The basic analysis and experimental verification of
the principles of a new multichannel diffraction inter-
ferometer have been presented. The interferometer is
based on the diffraction properties of a grating and a
pinhole. The parallel nature of the phase shifting can
speed up the data-processing rate faster than other
types of interferometers for use in systems that require
a high frame rate of pulsed sources by introducing three
parallel detector channels. The simplicity in the design
and operation is evident: Various optical or electro-
optical phase-shifting components are eliminated that
are required in most other types of real-time interfer-
ometers. This can be a great advantage, especially for
use in other wavelengths of interest, because of the
problems of availability, complexity, and the high cost
of proper optical and electro-optical materials. How-
ever, this interferometer has rather low efficiency in the
use of the power in the object beam similar to the oTdi-
nary PDI and is limited to a slower beam ratio. Also,
more-elaborate detector calibration is required because
of the multichannel aspect. In other words, this new
interferometer greatly simplifies the optic portion of the
heterodyne interferometry by imposing tolerable bur-

dens on the detector and electronics as a common-path
self-referencing interferometer for simple, compact,
stable, and higher-speed operation for both continuous-
and pulsed-mode operations.
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