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The Pancharatnam phase: New applications
in stellar interferometry
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The Pancharatnam phase has been regarded for many
years as a phenomenon of purely academic interest;
however, recent work has shown that it has many
practical applications including its use in a long-base
stellar interferometer to permit measurements of faint

stars.

The Pancharatnam phase

In what has become a seminal paper, Pancharatnam’

was able to show that if a beam of light was taken
from one polanzation state, without introducing any
phase changes, through two other polarization states and
back to its original state, it could exhibit a phase shift.
He also showed that the magnitude of this phase shift
(the Pancharatnam phase) was equal to half the solid
angle subtended at the center of the Poincaré sphere by
the circuit traversed by the point representing the state
of polarization of the beam.

The Poincaré sphere

The Poincaré sphere is a convenient way of representing
the state of polarization of a beam of light which also
makes it very easy to visualize the effects of retarders®>.

As shown 1n Figure 1, right-circular and left-circular
polarized states are represented by the North and South
poles of the sphere, while linearly polarized states lie
on the equator, with the plane of polarization rotating
by 180° for a change in longitude of 360°. The effect
of passage through a birefringent plate with a retardation
0, whose fast axis is at an angle 8 with the vertical,
1 represented by a rotation of the sphere by an angle
0 about a diameter running through a point on the
equator at a longitude 20.

A system that can be used to demonstrate the Pancha-
ratnam phase with a linearly polarized beam consists
of a A/2 plate mounted between two A/4 plates'. The
two A/4 plates have their optic axes fixed at an azimuth
of 45° while the A/2 plate can be rotated by known
amounts. In this arrangement (known as a QHQ phase-
shifter), rotation of the A/2 plate through an angle 0
transports the input vertically polarized state represented
by the point A, around the loop A SA,NA, on the Poincaré
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sphere, and shifts the phase of the vertically polarized
output beam by 20.

Achromatic phase-shifting

Because the Pancharatnam phase is a geometric one,
and, therefore, a topological phenomenon, it is, in prin-
ciple, achromatic. Even with a simple QHQ phase-shifter,
the variation of the phase shift with the wavelength is
quite small over a wide range of wavelengths®. With
such a phase-shifter in one arm of an interferometer,
the total phase difference between the beams is

Pow = (2T/4) d + &, (1)

where d is the optical path difference and ¢ is the
Pancharatnam phase. Accordingly, the effect of varying
the Pancharatnam phase 1s also to move the interference
fringes across the field of view. However, unlike the
dynamic phase introduced by a change in the optical
path, which depends on the wavelength, the Pancharatnam
phase is the same for all wavelengths. The effect of a
change in the Pancharatnam phase of 2ms, where m is
an integer, is therefore to move the fringes formed at
all wavelengths by an integral number of fringe spacings,
so that the interference pattern formed with white light
returns to its original configuration. As shown in Figure 2,
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Figure 1. The Poincaré sphere: effect of a QHQ phase shifter on
the state of polarization of a beam of light.
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the intensity at any point in the interference pattern
varies between its maximum and minimum values, but
the position of the fringe envelope in the field of view
remains unchanged®.

If, then, four measurements are made of the intensity
in the fringe pattern corresponding to additional phase
differences of 0°, 90°, 180° and 270°, the visibility of
the interference fringes can be calculated using the
relation

_ 2[(10 o [l 3{))2 + (19{1 ~ ]2?0)2] V2
Iu + [90 + 14+ 12?0
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, (2)

180

which, normally, is valid only for monochromatic light.

.he Pancharatnam phase has been regarded for many
years as a phenomenon of purely academic interest;
however, the fact that it is intrinsically achromatic has
led to the development of new techniques in surface
profiling’ and interference microscopy®; a recent appli-
cation is in stellar interferometry where it makes possible
measurements on faint stars.

Stellar interferometry

Since the dimensions of a star are very small compared
with its distance from the earth, it follows, from the
van Cittert—Zernike theorem, that the complex degree
of coherence between the light vibrations from the star
reaching two points on the earth’s surface is given by
the normalized Fourier transform of the intensity distri-
bution over the stellar disc. The angular diameter of
the star can, therefore, be obtained from a series of
measurements of the complex degree of coherence at

ar— B T_._

0

Intensity
B -
I
|
=
I}
3
)

W E— —

Distance (x)

Figure 2. Effect of changes in the Pancharatnam phiase on the intensity
in the interference pattern formed with white hight (a), ¢ =0% (b),
¢ = 180",
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pairs of points separated by different distances. This
can be done by observations of the visibility of the
fringes in an interferometer which samples the wave
field from the star at two such points.

In Michelson’s stellar interferometer’, as shown sche-
matically in Figure 3, four mirrors M|, M,, M,, M, were
mounted on a 6 m long support on the 2.5 m (100 inch)
telescope at Mt Wilson. The light from the star received
by the two murrors M,, M, whose spacing could be
varied, was reflected by the fixed mirrors M,, M,, to
the main telescope mirror, which brought the two beams
to a focus at O.

In this arrangement, when the two images of the star
are superimposed, and the two optical paths are equalized,
the visibility of the interference fringes is

V=lugl, (3)

where u., is the complex degree of coherence of the
wave fields at M, and M,. When M, M, are close
together, V i1s nearly- equal to unity, but as D, the
separation of M, and M., 1s increased, V decreases until,
eventually, the fringes vanish.

It we assume the stellar dis¢ t0 be a uniform circular
source with an angular diameter 2«, the visibility of
the fringes is, from eq. (3)

V=27 (u)/u, (4)

where u =2raD/A. The fringe visibility then varies with
the separation of the mirrors, as shown in Figure 4,
dropping to zero when

D=122/2a. (5)
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Figure 3. Michelson’s stellar interferometer.
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Measurements with Michelson’s stellar interferometer
present serious difficulties because of two very stringent
requirements that must be met to be sure that the
observed disappearance of the fringes is actually due to
the finite diameter of the star. One is that the optical
path difference between the two beams must be small
compared to the coherence length of the light. The other
is that the optical path difference must be stable to a
fraction of a wavelength. The latter condition 1s very
difficult to satisfy with longer baselines, since atmos-
pheric turbulence produces rapid random changes in the

two optical paths.

Long-baseline stellar interferometers

With the development of modern detection, control and
data-handling techniques it became possible to overcome
the difficulties encountered with Michelson’s stellar
interferometer'®, and instruments designed to make
measurements over baselines up to 640 m, have been
constructed.

In the Sydney University Stellar Interferometer
(SUSD!!, two siderostats at the ends of a North—South
baseline direct light from the star, via two beam-reducing
telescopes and an optical path-length compensator, to a
beam combiner. Error signals from two quadrant detectors
in each channel, viewing the image of the star, are used
to control the siderostats and two piezoelectric-actuated
tilting mirrors to keep these images exactly on the axis.
Interference therefore takes place between two pairs of
nominally parallel wave fronts leaving the beam splitter.

Two photon counting detectors measure the total flux
in a narrow spectral band in the two complementary
interference patterns. The signals from the two detec-
tors are then proportional to (1 +1lz,Icose) and
(1 -1puy,lcos @), where ¢, the phase difference between
the beams, varies randomly with time because of changes
in the lengths of the optical paths through the atmosphere.
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Figure 4. Variation with the length of the baseline, for a uniform
circular source, of the visibility of the fringes in Michelson’s stellar
interferometer.,
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If the variations in the lengths of the optical paths are
large enough that ¢ has a uniform circular distribution,
the average value of cos’¢ =1/2; the average of the
square of the difference between the two signals is then
2lp,I* or, in other words, twice the square of the
visibility.

To ensure that the optical path difference is small
compared to the coherence length of the radiation,
photon-counting array detectors (PCADs) are used to
observe the channeled spectrum produced by the com-
bined beams. The spacing of the fringes then gives a
direct indication of the optical path difference. Data
from the PCADs are accumulated in a switchable
memory, which allows one data set to be processed to
obtain a control signal while the next is being stored'’.

Achromatic phase-shifting for stellar
interferometry

A drawback of this technique is that it assumes that
the visibility of the fringes is constant over the range
of optical path differences introduced by the random
variations in the lengths of the optical paths. To satisty
this condition, the spectral bandwidth has to be limited
by a narrow-band filter, resulting in a serious loss of
light. This problem can be overcome by holding the
optical path difference at a value close to zero and
using a phase shifter operating on the Pancharatnam
phase to introduce phase shifts of +90° that are almost
independent of the wavelength".

Unfortunately, it is not possible to use QHQ phase
shifter in a stellar interferometer, since measurements
have to be made within a time interval that is much
shorter than the period of the atmospheric fluctuations,
to avoid errors due to variations in the optical paths
caused by atmospheric turbulence. However, very rapid
achromatic phase shifts can be obtained with a switchable
phase-shifter in which the 4/2 plate is replaced by two
ferroelectric liquid crystal cells'®.

As shown in Figure 5, the two linearly polarized
beams incident on the beam combiner (BC) in SUCI
are brought into orthogonal states of polarization by the
half-wave retarders H, and H,, so that differential
measurements on the two outputs can be used to eliminate
scintillation noise. It 1s, therefore, possible to use a
switchable phase-shifter incorporating two FLC devices
in each of the two outputs, with a minimum of modi-
fications to the system.

However, a problem which arises in using such a
switchable phase shifter with two orthogonally polarized
beams in each channel is that the two beams experience
phase shifts of +20 and - 20, respectively, when the
axis of the FLC device switches through an angle 6.
With normal FLC devices, in which the optic axis
switches through an angle of 45°C this would result in
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Figure 5. Oplcal system of a stellar iterferometer using switchable
phase-shifters operating on the Pancharatnam phase.

phase shifts of + 180°, which are not useful. A solution
would be to use an FLC material with a switching angle
of 22.5° but such a material was not available. Fortu-
nately, it has been shown that it is posstble to use
materials with other switching angles, provided they
differ significantly different from 435° (ref. 15).

If, then, we consider one of the output channels (say,
the left-hand one), the intensities at the photo detectors
D, and D,, when a phase shift of 40 is introduced
between the two beams, are

I(d,40)=1 {1+ V, cos(2nd/A) + (¢, + 40)] (6)

1(d,40)=1I,[1 =V cos(2nd/A) — (¢, + 40)] (7)

where /, is the intensity that would be obtained in the
absence of interference, d iIs the optical path difference
between the two interfering beams, V, is the visibility
of the interference fringes and ¢, is the phase difference
introduced by reflection at BC.

The visibility V, of the interference fringes can then
be calculated from three sets of intensity measurements
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with phase shifts of 0, +40 and — 40, using the formula

[(:.-I)g( 49__1 49)2_1_(2, _] ‘40)2]1!2

V —_—
‘ 20[0——{+49—1_46 - &)

where c=cos48 and s=sin40. With two FLC devices

with a switching angle of 60°, yielding phase shifts of
1, 240° and —240°, eq. (8) becomes

Vd [3( 240 1—24{))2 + (Q'IE} o ]'zdu_ _24”)2]1/2 . 9)
]ll + ]24(} + 1— 240

Since 1independent outputs can be obtained from the two
channels, and such FLC materials typically have switch-
ing times less than 40 us, the output from one channel
can be used to locate and track the zero-order fringe
with white light. The use of a fast fringe-tracking system
should improve the accuracy of measurements by holding
the optical path difference close to zero, while the use
of an achromatic phase-shifter should permit the use of
a wide spectral bandwidth for measurements, making
possible measurements on fainter stars.
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