Multichannel interferometry using high-order rotating diffraction gratings
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We report the successful construction and operation of a far-infrared (337 pm) interferometer
based on a multiple-order diffraction grating wheel. On reflection from the wheel circumference,
the incident laser beam is diffracted into a number (~12) of approximately equal intensity
high-order beams. Since the Doppler offset of the beams is proportional to the diffraction order,
information encoded by the spatially distinct beams is multiplexed in the frequency domain.
This allows simultaneous multichannel phase shift information to be obtained using only a single

detector.

1. INTRODUCTION

The phase shift suffered by a probing far-infrared laser
beam on passage through a plasma is a measure of the
plasma electron density integrated along the line-of-sight.
Interferometric measurements of the phase shift for beams
at a number of viewing angles and impact parameters al-
low, in principle, the density profile to be recovered ap-
proximately using tomographic techniques.? Having in
mind application of such techniques to the H-1 helical-axis
stellarator under construction at the Australian National
University (ANU), two new types of multichannel density
interferometer based on scanning and multibeam rotating
diffraction gratings have been recently proposed.>™

The first type of interferometer makes use of a multi-
sectored biazed disc grating. Upon wheel rotation, the
beam incident on the circumferential edge is diffracted se-
quentially through a range of discrete angles determined by
the grating constant of the illuminated sector. Because of
this multiplexing in time, many spatial channels can be
obtained using a single laser beam and detector. An inter-
ferometer based on this principle has been recently success-
fully installed on the TORTUS tokamak at the University
of Sydney.® Time resolution for the scanning interferom-
eter is, however, necessarily limited by the maximum at-
tainable wheel speed.

In this article we report the successful construction
and operation of a multiorder dual-polarization rotating
grating interferometer. The beam incident on the circum-
ference in this case is diffracted simultaneously into a range
of orders determined by the grating profile design. The
mth-order angle of diffraction 6,, for a plane electromag-
netic wave (1y=27/kq, wy=ck;) incident at angle 6, on an
infinite plane grating having groove spacing d=2n/K is
given by

kg sin 8,,=kg sin 6;+mK. (1)

Upon wheel rotation, and for reflection in the plane of the
wheel, the radiation is Doppler shifted in angular fre-
quency by

Q,,=mKRo, (2)

where R is the wheel radius and o is the wheel angular
frequency. If the grating groove profile can be tailored to

generate a fan array of N sufficiently closely spaced probe
beams {8,,;m=m,,m,,....,my}, each of the resulting distinct
plasma spatial channels will be tagged by Q,,. This restores
the continuous time resolution, for, under conditions spec-
ified later, all the probe beams can be mixed in a single
detector and the phase information ¢,,(¢) carried by the
mth-order beam retrieved unambiguously.

In Sec. II, we compare measured and computed reflec-
tion profiles for a particular groove geometry. This is fol-
lowed by a description of the Michelson-type interferom-
eter arrangement in Sec. III. Because of its dual
polarization capability, the instrument can be used as a
polarimeter for the measurement of birefringent and opti-
cally active media. In Sec. IV we briefly discuss optical
mixing detection and demodulation of the interferogram
and report successful imaging measurements of a birefrin-
gent quartz target using 12 distinct beams.

Il. REFLECTED BEAM PROFILES

As detailed in Ref. 5 the groove profile for the multi-
order grating is constructed of N flat “subfacets,” with
adjacent subfacets incrementally inclined to reflect specu-
larly into the next highest order. The typical groove profile
shape is shown as an inset to Fig. 2. The power distribution
among the reflected propagating orders, is estimated by
solving the idealized problem of plane wave diffraction
from a perfectly conducting plane grating using the mode-
matching method of Yasuura.”®

We examine the reflection from a sector having six
grooves of width d=6 mm cut on the circumference of a
test grating wheel of radius 150 mm and thickness 20 mm.
The grooves are illuminated by a 10 mW hydrogen cyanide
(HCN) laser source (Ag=337 um) focused onto the wheel
at an incidence angle 9;= —45°. The grooves are designed
to diffract the beam into a fan array of beams clustered
about the grating normal.

Measured diffracted beam profiles at z=0.4 m for the
H polarization (E perpendicular to the grooves) are pre-
sented in Fig. 1. As noted in Ref. 5, there can be significant
(~50%) variation in the distribution of power into the
reflected orders depending on the position of the groove
surface relative to the incident beam. This may be due to
the small size of the illuminated region (spot diameter at
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intensity 1/e~5.2 mm) compared with the groove width,
Near-field effects may also be important since the measure-
ment distance is not significantly greater than the Fresnel
length Lp~d?/Ay~100 mm, We examine the conse-
quences of this modulation in Sec. IV. The experimental
profiles are the average of six power measurements taken at
angles equispaced over the full angle subtended by the 6
mm groove at the wheel center. The profile has been nor-
malized so that the sum of the energies in the measured
orders is unity. The sets of vertical bars superimposed on
the measured profiles in Fig. 1 show the computed relative
power distribution among the diffracted orders for 6;
= —45°. Details of the computation, which take no ac-
count of the wheel curvature, are given in Ref. 5. The 12
most intense beams occupy a fan of angle 40° about the
grating normal. There is reasonable agreement between the
simple plane wave simulations and experiment. The results
of more extensive Gaussian beam simulations will be pre-
sented elsewhere.

ll. THE INTERFEROMETER

A schematic diagram of the interferometer is shown in
Fig. 2. The 45° diagonal polarizer (DP) splits the horizon-
tally polarized incident laser beam into diagonally polar-
ized probe and local oscillator beams. The expanded probe
beam is focused by lens L3 (f=260 mm) onto the cylin-
drical diffraction grating. The position and focal length of
L3 are chosen to compensate the negative curvature of the
grating surface® so that the beams diffracted into the dis-
crete orders are approximately collimated and spatially
separated. The cylindrical lens (CL) compensates for the
asymmetric reflection properties of the grating.

The cylindrical mirror (CM) returns the probe beams
along their incident path so that they execute a double pass
of the grating. It is calculated that approximately 109% of
the power in each of the return beams is diffracted back
along the incident beam path and collected by L3. The
double pass conveniently recombines the probe beams in a
single beam that is easily collected and focused onto the
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FIG. 1. Measured (solid line) and calculated (shaded) power distribu-
tion among the diffracted orders for H polarization illumination of the
d=6 mm grating surface at —45° angle of incidence.
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FIG. 2. Schematic scale drawing of the dual polarization, multiorder
interferometer. Key: BS—beam splitter, CG—rotating cylindrical diffrac-
tion grating, CL—cylindrical lens, CM—cylindrical mirror, D1, D2—
Schottky diode detectors, DP—45° polarizer, L1 and L2—f=10 em
lenses, L3—f =26 c¢m lens, M—plane mirror, SM—f= — 140 cm spher-
ical mirror, VP—uvertical polarizer. The inset shows the groove shape at
the position of beam incidence.

detector. Furthermore, the dual pass of the rotating grating
doubles the Doppler shift of the beams. In principle, this
increases the information bandwidth available to the dis-
crete carriers to =% f, where f,=Rw/d is the frequency of
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FIG. 3. Part of the interferogram recorded for the horizontally polarized
probe beam (detector D2) showing three periods at the groove frequency
Jfo and (b) the corresponding power spectrum for the complete ~4 ms
burst of fringes. The associated diffraction orders are labeled on the figure,
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FIG. 4. Multibeam imaging of a 4.5 cm wide birefringent quartz target.

grooves past the incident beam (typically f,~40 kHz for
wheel rotation speeds of 100 Hz).

The total return power is sampled by a beam splitter
and directed to the vertical polarizer (VP) where it is
resolved into its horizontal and vertical components and
combined with the local oscillator beam. Finally, the or-
thogonal probe and local oscillator beams are caused to
interfere using a half-wave plate prior to detection using
Schottky corner-cube mixers D1 (for the vertically polar-
ized probe beam) and D2 (for the horizontally polarized
beam). The power cross talk between the two probe polar-
izations is measured to be less than 2%.

IV. PHASE IMAGING

The interferometer can be used to sense the relative
phase shift between the orthogonally polarized probe
beams caused by insertion of a birefringent quartz target.
Note that this polarimetric phase measurement is insensi-
tive to noise due to vibrations.

Figure 3(a) shows a portion of the fringe burst re-
corded by detector D2 and Fig. 3(b) its associated power
spectrum. The signals are bandpass filtered between 10 and
160 kHz prior to digitization at 200 kHz rate. Since there
is no significant power above 100 kHz, aliasing due to
undersampling is not a problem. We note the existence of
pronounced spectral peaks corresponding to mixing of the
diffracted orders m; =8 to my=19 with the unshifted local

oscillator beam. The width of the spectral peaks is deter-
mined solely by the ~4 ms duration of the fringe burst
while their separation is found to satisfy Eq. (2) to better
than one part in 10*. In passing, we note that the alignment
of the return optics is optimized by monitoring the real-
time power spectrum of the interferogram using a transient
power spectrum analyzer.

The observed modulation of the reflected intensity
with presentation of the grooves noted in Sec. 11, is evident
in the power spectrum predominantly as sidebands residing
at xf, from the carrier. Because of the double grating
pass, this modulation fortunately does not cause interfer-
ence with adjacent carriers. The sidebands apparent in Fig.
3, though of relatively low power, nevertheless reduce the
practically available information bandwidth.

Using the signal from D1 as a frequency reference for
that from D2, a digital complex demodulation technique9
has been used for extraction of the relative phase between
the orthogonal probe beams. The rectangular quartz target
is 4.5 cm wide and is translated, on a shot-to-shot basis,
across the curved surface of the return mirror. The quartz
surface is unpolished, resulting in significant insertion loss
(~50% for a double pass) and an attendant degradation
of the extracted phase signal to noise. Nevertheless, as seen
in Fig. 4, a clear phase image of the moving target can be
obtained from the digitized interferograms. Within the
JSo~1.5 kHz bandwidth for these experiments, the phase
noise increases from about 3° for the strongest channels to
~10° for the extreme orders. The use of a higher power
source should allow improvements in phase noise by at
least an order of magnitude.
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