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A high spatial resolution two-color �CO2, �=10.6 �m, He–Ne, �=633 nm� interferometer for
density profile measurements in the TJ-II stellarator is under development and installation, based in
the currently operational single channel two-color heterodyne interferometer. To achieve the
objectives of 32 channels, with 4–5 mm lateral separation between plasma chords, careful design
and calibration of the interferometric waveforms for both the measurement and vibration
compensation wavelengths are undertaken. The first step has been to set up in our laboratories an
expanded-beam heterodyne/homodyne interferometer to evaluate the quality of both interferometric
wavefronts, a reported source of poor vibration compensation and thus low resolution in the density
profile measurements. This novel interferometric setup has allowed us to calibrate the spatial
resolution in the profile measurements resulting in �2 mm lateral resolution in the reconstruction of
the interferometric wavefront. © 2008 American Institute of Physics. �DOI: 10.1063/1.2973326�

I. INTRODUCTION

Laser two-color heterodyne interferometric systems are a
proven diagnostic to measure electron density in fusion
plasmas,1 and are now operational in several tokamaks2 and
stellarators.3 Some of these systems incorporate several mea-
surement channels over different plasma views to recover the
temporal evolution of the density profile during discharges.4

In the past years we have witnessed an increasing interest in
the development of interferometric density profile measure-
ment systems with high spatial resolution for short scale-
length ��1–5 mm� density fluctuation studies.5 To achieve
such a high spatial resolution, far infrared �FIR� wavelengths
are no longer valid6 and different solutions have been pro-
posed including those based on frequency doubled diode
pumped lasers5 and yttrium aluminum garnet/CO2 systems.7

Nevertheless, in all the cases, mechanical vibration compen-
sation appears as the main issue in order to obtain such high
spatial resolutions, as the residual mechanical noise �uncom-
pensated vibration� degrades the measurements.5,7 Poor
wavefront quality, especially for the smaller wavelength, has
been identified as a major source of such error,7 and a sys-
tematic study of the influence of the quality of the interfero-
metric wavefront is thus crucial to achieve the abovemen-
tioned spatial resolutions. Besides this, the evaluation of the
ultimate spatial resolution in the profile reconstruction in the
1 mm scale is difficult.

We are currently involved in the design and installation
of a high spatial resolution two-color �CO2, �=10.6 �m,
He–Ne, �=633 nm� interferometer for density profile mea-

surements in the TJ-II Stellarator,8 based on the currently
operational single channel two-color heterodyne interfer-
ometer.3 To achieve the objectives of 32 channels, 4–5 mm
lateral resolution, careful design and calibration of the inter-
ferometric waveforms for both the measurement and vibra-
tion compensation wavelengths have to be undertaken. For
this reason, a novel expanded-beam heterodyne/homodyne
interferometer has been designed to set up a methodology for
complete evaluation of the quality of both interferometric
wavefronts in high spatial resolution two-color systems and
to evaluate the actual spatial resolution of such systems. This
optical scheme has allowed us to calibrate the temporal and
spatial evolution of a heterodyne interferometric wavefront
versus a standard homodyne interferometer, and helped us to
evaluate the different optical and electronic components to
be incorporated in the final diagnostic for the stellarator TJ-
II. We also evaluated the optical and electrical cross-talk be-
tween adjacent channels, as this has also been reported to be
a major source of error in these diagnostics.9 In the present
work we focus on the results obtained with such scheme on
heterodyne interferometric profile reconstruction and its cali-
bration against the reference homodyne wavefront and the
evaluation of the spatial resolution obtained for the hetero-
dyne system.

II. EXPANDED-BEAM HETERODYNE/HOMODYNE
INTERFEROMETER FOR INTERFEROMETRIC
WAVEFRONT CALIBRATION

Figure 1 shows the optical layout of the expanded-beam
heterodyne/homodyne interferometer for interferometric
wavefront calibration based on a heterodyne/homodyne sys-
tem used by our group for precise calibration of the hetero-
dyne phase measurement �10−3 of a fringe� against the ho-
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modyne interferometer for the single channel plasma density
diagnostic of the stellarator TJ-II.10 The motivation for this
optical scheme is the inherent difficulty to evaluate the het-
erodyne interferometric wavefront quality and the actual spa-
tial resolution of the profile reconstruction. In these diagnos-
tics the phase is measured independently for each point
�detector� and the spatial profile reconstructed point to point,
and the influence of optical elements as the modulators
and mirrors in the wavefront are no easily identified. In front
of this, standard homodyne interferometry allows a direct
and continuous measurement of the interferometric wave-
front through the evaluation of the light intensity phase pat-
tern and the evaluation of the quality of the interferences in
terms of visibility. In this framework, this expanded-beam
heterodyne/homodyne interferometer will allow us to evalu-
ate the quality and spatial resolution in the measurement and
reconstruction of the heterodyne phase front using the homo-
dyne as a reference.

The system shown in Fig. 1, installed in the laboratories
of the group, consists of two interferometers, a heterodyne
Mach–Zehnder and a homodyne Michelson which share the
same measurement arm �common measurement arm in Fig.
1� for interferometric phasefront comparison. The length of
this common arm is controlled by a piezoelectric transducer
�PZT� �Fig. 1� to study the evolution of the wavefronts under
a known stimulus. This system works as follows. The output
of a 5 mW He–Ne laser �633 nm�, used as a light source,
enters an acousto-optic modulator. The incoming light beam
is then split into the zeroth and first orders, acting as a beam-
splitter that introduces a frequency shift between both beams
for the heterodyne system. Both orders are then expanded
with a telescopic system to a 10 mm diameter beams that
enter the Michelson scheme �reference arm: BS2, M10, BS2;
measurement arm: BS2, PZT, BS2� and the Mach–Zehnder
scheme �measurement arm: M6, BS2, PZT, BS1; reference
arm: M8, M9, BS1�. Detection of the homodyne interfero-
metric waveform is carried out with a charge coupled device

�CCD� camera �6.4 mm sensor width, 768�494 pixels�,
while a 35 elements photodide array �1 mm center separa-
tion� is used for the heterodyne signal. As the size of the
CCD detector is 6.4 mm, we have restricted our study to
such wavefront dimensions. The idea is to avoid any extra
optical elements �i.e., a beam expander� that could modify
the wavefront besides the stimulus and changes introduced in
the common path of the interferometer. We have restricted
our study to the He–Ne wavelength as the wavefront quality
of the smaller wavelength in CO2 /He–Ne plasma density
diagnostics is the major source of poor vibration compensa-
tion in high spatial resolution interferometric measurements.7

III. INTERFEROMETRIC HETERODYNE WAVEFRONT
CHARACTERIZATION USING A HETERODYNE/
HOMODYNE INTERFEROMETER

Figure 2 shows a typical homodyne interferometric pat-
tern for the expanded-beam interferometer �CCD detector�.
The shown interferometric pattern corresponds to a “flat”
phase profile as all the points in the wavefront are in the
same fringe and the phase difference between all of them
�path-length difference� is less than a wavelength. Note in
Fig. 2 the line drawn in the projection of the heterodyne
detector �photodiode array� in the CCD camera �Fig. 1�. The
phase profile along this line will be used as the reference.

In this situation we introduce a stimulus to the PZT in
order to change the pathlength of the common arm of the
interferometric system. In this case both wavefronts are to
suffer the same longitudinal variation in pathlength differ-
ence while the spatial profiles are to remain invariant. In Fig.
3 we show the stimulus and the recovered temporal evolution
for the phase obtained in three channels �out of seven� for the
heterodyne detector �1 mm spatial separation�.

In Fig. 4 we show the heterodyne interferometric profile
reconstructed from the signals obtained from the different
detectors �Fig. 3� at two different instants of the stimulus,
and the reference homodyne wavefront as recovered by the
CCD camera �red trace�. The blue trace shows the hetero-
dyne wavefront at the beginning of the stimulus �beginning
of the ramp� as recovered from the different detectors, and

FIG. 1. �Color online� Layout of the expanded-beam heterodyne/homodyne
interferometer for interferometric wavefront calibration. Note the common
measurement arm �see text for details�.

FIG. 2. Homodyne interferometric pattern as recovered with the CCD cam-
era. Horizontal line: projection of the photodiode array for the heterodyne
system.
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the green trace is the heteroyne phasefront at the end of the
stimulus �top of the ramp, see top trace of Fig. 3�. In Fig. 4
we can see that the spatial profile remains invariant during
the stimulus �blue and green traces� as the PZT introduces a
displacement perpendicular to the propagation direction of
the beam.

These results show in first place that we are able to per-
turb the common reference arm for the heterodyne/
homodyne interferometer and recover the temporal and spa-
tial distribution for the phase for both. It is also shown that
the spatial profile obtained for the heterodyne and homodyne
interferometer follow the same pattern as the only variations

FIG. 3. �Color online� Temporal evolution of the heterodyne interferometric signals under a stimulus. Top trace PZT bias signal. Lower traces: channels 1–3.
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in the spatial and longitudinal pathlength are introduced in
the common arm �see Fig. 1�. In the following paragraph this
heterodyne/homodyne interferometer is used to evaluate the
spatial resolution in the spatial profile reconstruction for the
heterodyne interferometer.

IV. CALIBRATION OF THE SPATIAL RESOLUTION IN
THE RECONSTRUCTION OF THE INTERFEROMETRIC
HETERODYNE WAVEFRONT USING THE
HETERODYNE/HOMODYNE INTERFEROMETER

The optical setup described has been used also to cali-
brate directly the spatial resolution in the reconstruction of
interferometric heterodyne wavefronts from the different dis-
crete phase measurements obtained from each photodiode
�Fig. 3� using the continuous intensity pattern profile from
the homodyne system and taking advantage of the common

measurement arm. This direct method described below al-
lows a better estimation of the resolution than the indirect
methods �for example, the use of Teflon sheets, Ref. 6� as
both profiles are directly compared and no influence of dif-
fraction is present.

For this purpose, we study a phase profile with more
than one fringe phase difference along the interferometric
wavefront introducing a slight misalignment in the common
measurement arm of the heterodyne/homodyne interferom-
eter. This is shown in Fig. 5 where the homodyne interfero-
metric output acquired by the CCD camera presents two
fringes in the spatial profile. In Fig. 6 we show the reference
phasefront �the phase along the horizontal line in Fig. 5, red
line� compared to the reconstructed heterodyne interferomet-
ric profile �black line�. Note also in this figure the discrete
phase measurements obtained from each of the array detec-
tors with 1 mm center separation �dots� used to obtain the
heterodyne phasefront. As we can see in Fig. 6 there is a

FIG. 4. �Color� Interferometric wavefronts recovered. Blue trace: hetero-
dyne wavefront at the beginning of the stimulus. Green trace: heterodyne
wavefront at the end of the stimulus. Red trace: reference homodyne wave-
front from Fig. 2 �horizontal line�.

FIG. 5. �Color online� Homodyne interferometric pattern as recovered with
the CCD camera for a several fringes spatial profile. Horizontal line: pro-
jection of the photodiode array for the heterodyne system. Vertical lines:
area under study in Fig. 6.

FIG. 6. �Color� Calibration of the heterodyne interfero-
metric wavefront. Red trace: homodyne reference inter-
ferometric profile �Fig. 5 between vertical lines�. Black
trace: heterodyne wavefront recovered. Dots: phase
measurement for each photodiode array element �1 mm
center separation�.
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good match between the phase profiles recovered by both
systems demonstrating a spatial resolution in the reconstruc-
tion of the heterodyne spatial profile better than 2 mm.

These studies to validate the measurements and algo-
rithm for the reconstruction of the heterodyne interferometric
profile through comparison with the homodyne profile and
the subsequent spatial resolution validation can be extended
introducing more complex phase objects in the common
measurement arm due to the versatility of this optical setup.
Our next objectives include the study of the influence of
different divergence angles, windows and other optical com-
ponents to be included in the final diagnostic for the stellar-
ator TJ-II. In this sense it is important to note that the already
measured spatial resolution in the reconstruction of the pro-
file in the 2 mm level meets the desired range for the stellar-
ator TJ-II diagnostic objectives.
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