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A 20-channel far-infrared imaging interferometer system has been used to obtain single-shot
density profiles in the UCLA Microtor tokamak. This system differs from conventional
multichannel interferometers in that the phase distribution produced by the plasma is imaged
onto a single, monolithic, integrated microbolometer linear detector array and provides
significantly more channels than previous far-infrared interferometers. The system has been
demonstrated to provide diffraction-limited phase images of dielectric targets.

INTRODUCTION

There is currently considerable need for accurate measure-
ments of the electron density profile in magnetically con-
fined plasmas with both high spatial and temporal resolution
as the profile is directly related to both equilibrium and sta-
bility. The most commonly employed technique is optical
interferometry whereby the electron density is determined
indirectly from a measurement of the plasma dielectric con-
stant.’ In the simplest case of a cold, unmagnetized plasma
the dielectric constant is given by

er)=1-,(N/o*=1~n,(r)/n,, (1)
where n, (r) is the electron density, o is the probing frequen-
cy, a)j;. = dmn,(rje’/m., and n, is the so-called critical den-
sity where © = w,,. Both Mach—Zehnder- and Michelson-
type interferometers have been used to measure the phase
shift (relative to a vacuum reference path) of an electromag-
netic probe beam passing through the plasma and from this
the electron density can be inferred.

The choice of operating wavelength for fusion plasma
interferometers is governed by a number of factors.’? First,
one wishes to operate at as short a wavelength as possible to
ameliorate the effects of refraction (angular deflection of the
probe beam due to density inhomogeneities) and diffraction
(which detrmines the minimum spot size and, hence, the spa-
tial resolution, as well as measurement errors due to phase
averaging over the beam cross section). However, there are
additional reasons for operating at as long a wavelength as
possible. These include the reduction of errors due to ma-
chine induced vibrations which can change the path length
on the time scale of the density measurement as well as fringe
counting errors when the total phase shift is small. The
above criteria result in a choice of optimum probe wave-
length in the far infrared (FIR) with 4,~100-200 zm for
tokamak and mirror fusion devices.

As will be demonstrated in detail in Sec. I, the require-
ment for spatially resolved density profiles dictates the need
for measurements along a large number of chords through
the plasma or, in other words, multichannel interferometers.
Conventional interferometers employ discrete beams to
probe the plasma; because of this such multichannel systems
possess a limited number of channels. Basically, the number
of channels is limited to ~5-10 by the expense and complex-
ity of the optical system, as well as by the size, fragility, and
cost of detectors (which are typically quasioptical GaAs
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Schottky diode mixers®>). Examples of far-infrared multi-
channel interferometer systems using discrete beams include
nine channels planned for the Lawrence Livermore National
Laboratory MFTF-B tandem mirror,’ ten planned for the
Princeton TFTR tokamak,® eight operating on the French
TFR tokamak,’ eight planned on the JET tokamak'®"", five
installed on the Oak Ridge ISX-B tokamak,'? six planned for
the University of Texas TEXT tokamak,'* and nine operat-
ing on the German TEXTOR tokamak.*

An approach which surmounts the above mentioned
difficulties is phase imaging of the plasma onto a single, inte-
grated monolithic detector array using the system shown
schematically in Fig. 1. In addition to reducing the cost and
complexity of the optical system, the detector arrays provide
increased reliability over discrete whisker—contacted
Schottky diode mixers. The advantages associated with this
approach have been demonstrated by Hugenholtz and Med-
dens'® in a pilot experiment in which they imaged the density
profile of a high density resistive arc plasma using a CO,
laser beam and a 16-element PbSnTe detector array. How-
ever, as discussed above, the optimum wavelength choice is
in the far infrared. Nevertheless, prior to the recent develop-
ment of sensitive, monolithic integrated microbolometer de-
tector arrays'®'® which provide diffraction-limited perfor-
mance in the FIR, it was not possible to construct such an
imaging system. In the present work we described the first
phase imaging measurements using a 36-element linear de-
tector array with 20 of the elements actually employed for
the tokamak studies. Because of the small size (minor diame-
ter ~20 cm) and relatively low plasma current (~60 kA) in
the UCLA Microtor tokamak an operating wavelength of
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FiG. 1. Schematic of the phase imaging system.
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800 um was chosen for the pilot experiment described here.
This wavelength choice is not limited by the detectors as they
are extremely broadband (dc to the infrared) and arrays have
been shown to provide high resolution imaging at wave-
lengths as short as 119 um. To gain confidence in the plasma
imaging measurements, the system resolution has also been
verified using various dielectric test objects.

The organization of the paper is as follows: Section I
contains a discussion of the accuracy of Abel inversion pro-
cedures when only a finite number of chorda! measurements
are available. In addition, details of diffraction-limited imag-
ing are presented together with information concerning the
appropriate sampling criteria. The experimental arrange-
ment is described in Sec. I1. Results of the system calibration
using dielectric test objects are contained in Sec. III. Finally,
the use of the system to obtain single-shot time resolved to-
kamak density profiles is presented in Sec. IV.

{. THEORETICAL CONSIDERATIONS

Several considerations are important in multichannel
phase imaging systems such as the plasma interferometer
described in the present work. First, the spacing between
detectors should be small enough that resolution is limited
by diffraction in the optics. There should also be enough
channels to reconstruct densities from line-averaged mea-
surements. This calculation is done by an Abel inversion
procedure, and the accuracy depends critically on the
asumptions made, the number of channels, and the accuracy
of the data.

For our imaging system, the maximum detector spac-
ing for diffraction-limited resolution is simply stated. Be-
cause the phase is measured, the appropriate spacings are
those for electric field detection. The maximum spacing s is
then given by'®

s=f*%,/n, (2)

where f* is the effective f number of the polyethylene objec-
tive lens (see Fig. 1), A, is the wavelength in the quartz sub-
strate, and n is the refractive index of the quartz substrate
lens. Note that the effective f number is found by projecting
the smallest aperture in the entire optical system onto the
actual objective fens. In our measurements, s = 300 um,
f* =154, = 400um, and n = 2, and this sampling crite-
rion is satisfied.

Since we are interested in obtaining plasma density pro-
files with high resolution, it is necessary to understand the
resolution limits of the imaging system. As will be discussed
in Sec. I11, these were determined experimentally by imaging
dielectric test objects with sharp edges which poses a much
more severe test than anything contemplated in the plasma
measurement. To aid in understanding these results it is ap-
propriate to consider here the predicted image for such a test
object. First note that the image formed by an optical system
is a band limited reproduction of the object. Applying the
Whittaker-Shannon sampling theorem®® to this system
yields the resuit that a band limited function can be recov-
ered provided that the function is sampled at regular inter-
vals separated by a distasnce 1/2f,, where f. is the spatial

cutoff frequency. The reconstruction algorithm given by this
theorem is

gx) = 3 g(n/2f)sincl2f, (x— /26, (3)

where g(n/2f.) are sampled data values.

We also consider how the number of channels affects
the accuracy of the Abel inversion procedure used to obtain
the plasma density profile from chord-averaged measure-
ments. In practice, one measures the phase shift ¢ (y) which is
related to the electron density by an integral equation

fL n,(1)d 1. (4)

-L

w
¢(y)—/ln

If one assumes a particular functional form for the density
profile then the required number of chordal measurements
can be small. For instance, if a parabolic profile is assumed,
then one requires only three points. In general, the plasma
will not have this shape and will not necessarily be centered
in the vacuum vessel. In the coming generation of shaped
tokamak plasmas, the density profiles will be deliberately
produced with more complicated shapes. More information
can be gained if we can reduce the number of assumptions
about the density profile. In order to do this a larger number
of samples must be obtained.

To illustrate the dependence of the Abel inversion on
the number of data points we use the following procedure:
Functions which could be analytically inverted were used to
represent possible density profiles. If we make the assump-
tion that the profile is axisymmetric (Jater we will relax this
assumption when treating actual data), then the density dis-
tribution 7, (r) is related to the measured phase shifts by

An, Rd¢(y) dy
T S dy o - A"

A computer program was used to trace rays through the
plasma distribution (the ray tracing routine is based on Ref.
21} and simultaneously calculate the total phase shift using
Eq. (1). The resuiting phase distribution was Abel inverted
using the method of Barr.?? This method, which has been in
use for some time, was chosen because it contains a consis-
tent method for applying a least-squares smoothing of ex-
perimental data, and it contains only simple assumptions: {1)
the density profile is axisymmetric, and (2) the slope of the
profile on axis is zero. Figure 2 shows the inverted data (*) for
20, 10, and 5 data points on one side of the plasma compared
with the analytically inverted function (solid line); the func-
tion in this case is the Gaussian

n, (r) = exp( — 4°/a%). (6)
The increasing error (with decreasing number of data points)
is related to the inaccuracies produced in numerically evalu-
ating integrals with a limited number of steps. The integral
which is evaluated {and which is included in Barr’s method)
is that of Eq. (2). Figure 3 shows the same information as Fig.
2 except that the function chosen is

n, (r) =1+ 107 —23r% 4 125, (7)
which represents a hollow density profile. In this case, five

points are inadequate to recover the density profile. This is
because the density profile is represented by a polynomial

[4

(5)

n,(r) =
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FIiG. 2. Numerically inverted data (*) compared to analytically inverted data

(solid line) for the function n, (r) = exp{ — 4°/a*) using (a} 20, (b) 10, and (c}
5 points,

whose order is higher than the number of sampled data
points.

1i. DESCRIPTION OF THE APPARATUS

The interferometer configuration used to measure the
plasma line density profile in the UCLA Microtor tokamak
is shown in Fig. 4. The optics are configured as a hetero-
dyned Mach-Zehnder interferometer. The reference arm is
Doppler shifted 85 kHz in frequency by a rotating grating.”*
The source is a Thomson-CS¥F carcinotron (O-type back-
ward wave oscillator)** operating at 800 um. The probe
beam is expanded in one dimension by a pair of cylindrical
lenses resulting in efficient transmission through the toka-
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F1G. 3. Numerically inverted data {*) compared to analytically inverted data
{solid line) for the function n,{r) = 1 4+ 10r* — 23* + 12/° using (a) 20, (b)
10, and (c) 5 points.

mak vacuum port and illumination of the entire plasma cross
section, The diameter of the plasma vessel is 22.4 cm and the
tokamak ports are roughly rectangular (21 cm fong by 3 cm
wide) allowing an unobstructed view across the plasma. An-
ther pair of cylindrical lenses located outside the plasma ves-
sel (and following the probe beam exit window) reshapes the
probe beam to match the reference beam profile. A combina-
tion of a concave cylindrica)l lens and a convex aspheric ob-
jective lens forms a line image at the detector array.

The total efficiency of the optical system is approxi-
mately 22% which compares favorably with a maximum
efficiency of 50% for a Mach-Zehnder interferometer. Ta-
ble I lists the components of the interferometer which contri-
bute significant power loss. The most significant loss is

FIR phase imaging 83

Downloaded 04 Apr 2006 to 131.215.240.9. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



CYLINDRICAL LENS
BEAM REDUCER

MICROBOLOMETER
DETECTOR ARRAY
4

ROTATING
‘ GRATING
~ =/
= Ll

CARCINOTRON
REFERENCE BEAM

DETECTOR

CYLINDRICAL LENS
BEAM EXPANDER

F16. 4. Tokamak imaging system.

caused by absorption in the lens material. Al} lenses are con-
structed of high-density polyethylene; we have estimated the
absorption loss to be 0.3 dB/cm (by comparing the power
levels measured by a Scientech model 362 calorimeter with
the FIR beam blocked and unblocked by a polyethylene slab
of known thickness) which compares favorably to values giv-
en in the literature.?* The loss in the cylindrical lenses in-
cludes both the absorption loss as well as a 4% reflection loss
at each surface. The loss at the rotating grating is again due
to absorption loss in the focusing lens; replacing the grating
with a plane mirror does not significantly change the trans-
mitted power. The tokamak windows are 1.2-cm-thick poly-
ethylene. Power loss due to the finite size of the tokamak
ports is avoided by using cylindrical lenses to form a beam
waist at the center of the plasma. Typical output power from
the carcinotron is 10 mW; for the given system efficiency and
20 detectors, approximately 100 uW reaches each detector
on an average.

The imaging array is a monolithic integrated circuit
specially developed for plasma diagnostics.'®!” Figure 5
shows the design consisting of a line of bow-tie antennas with
bismuth microbolometer detectors on a fused-quartz sub-
strate. The spacing between the antennas is 310 zm, which
corresponds to three-quarters of the wavelength in quartz.
The bolometers rest on a 2-um-thick polyimide film that

TABLE I. Optical components contributing to power losses of over 5%. To-
tal power loss = 7.8 mW, total power input = 10.0 mW, total effi-
ciency = 22%.

Optical Elements Power loss (mW)
(1) Four cylindrical lenses 4.2
(2) Rotating grating 0.4
(3) Tokamak ports 0.5
{4) Last beam splitter 2.7

84 Rev. Scl. Instrum., Vol. 56, No. 1, Jan
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FIG. S. Imaging array antenna design for a wavelength of 800 zm.

reduces the thermal conductance to the substrate. At the
modulation frequency of 85 kHz, the bolometers are limited
by Johnson noise and have an electrical noise equivalent
power (NEP) of 6 10~ !' W/Hz'/? (Ref. 27). The entire ar-
ray consists of 36 antennas and bolometers and mounts in a
standard integrated-circuit package. The far-infrared beam
is coupled through the substrate by a fused-quartz lens (Fig.
6). This substrate lens eliminates surface-wave losses and
takes advantage of the fact that antennas on a substrate are
more sensitive to radiation that comes through the substrate
than to radiation impinging directly from the air.

Since the detectors are separated by 310 um on the sub-
strate, to obtain one sample per centimeter over the 20-cm
plasma diameter we require a magnification of 33. For this
optical system, the substrate lens produces a magnification
of four and the two cylindrical lenses {focal lengths of 12.7
and 38.1 cm) yield a magnification of three. The remaining
magnification is provided by the aspheric objective lens. The
array is placed at the calculated image plane for an object
plane located at the plasma center which is 1.17 m in front of
the first cylindrical lens. It has been noted that imaging the
plasma in this manner will compensate for errors in the
phase shift due to refraction.?® The two lenses before the
plasma affect the image only in that they will determine how
the amplitude of the probe beam is distributed over the ob-
ject plane.

Image
e
Antenna
. Array
—
Subst
Len: rote Substrate
|
e Obecive
Plane

FIG. 6. Optical arrangement for imaging onto the detector array. Note that
the array substrate is between the array and the objective lens.
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The output of the detector array is processed by the
electronics shown schematically in Fig. 7. The signal from
each detector is amplified by separate amplifiers with 90-dB
gain and 2.5-dB noise figure and an operating bandwidth
between 20 kHz and 1.7 MHz. The interferometer signal is
filtered with a bandwidth of 30 kHz about an 85-kHz center
frequency. A digital phase comparator of conventional de-
sign®® compares the phase of the signal from each detector
with the phase of the reference signal sensed by a quasiopti-
cal GaAs Schottky diode mixer of either the biconical®* or
corner-cube design.>® The output of the phase comparator is
a voltage which is proportional to the phase shift. This signal
is sent to a LeCroy model 2264 waveform digitizer. The digi-
tizers are typically run in the eight-channel mode with 8§
kbytes of memory per channel at a 100-kHz sample rate. An
LSI 11/23 computer is used to automatically acquire the
data and for data processing after each shot.

lil. HOLOGRAPHIC IMAGING OF DIELECTRIC
PHASE OBJECTS

We would like to demonstrate the ability of the imaging
system to reconstruct known phase distributions. In this sec-
tion we will show the resuits of imaging two different types of
dielectric phase objects: (1) a cylindrical lens with a spatial
frequency much less than the optical cutoff frequency, and
(2) a dielectric bar which produces spatial frequencies above
the optical cutoff frequency.

Figure 8 shows the phase image of a cylindrical lens
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FiG. 8. Image of a cylindrical lens compared to the theoretically predicted
phase distribution.
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compared with the theoretically predicted phase distribu-
tion. The lens is planoconvex, is made of polyethylene, and
has a front surface curvature of 24 cm. This phase distribu-
tion is used to represent an object with spatial frequencies
much less than the sampling frequency; typical plasma pro-
files will have a similar phase distribution. Since the image is
not diffraction limited, we can calculate the expected phase
distribution by using geometric optics to calculate the phase
change of rays passing through the lens.

Imaging an object with sharp edges tests the resolution
limit of the system. In Fig. 9(a) we show the measured phase
image of a polyethylene bar of width 2.5 cm and thickness
0.81 mm—this produces a phase shift of 1.027. The drawn
line has been calculated from the measured data using the
interpolation formula, Eq. (3). Using the optical cutoff fre-
quency f, calculated in Sec. I, we can calculate the phase
distribution by first Fourier-transforming the spatial pulse
function into the frequency domain, filtering out all frequen-
cy components above f_, and then transforming back to the
spatial domain. This results in a phase distribution

¢ (x) = (2/m)*po{Sil27f, (x + a) ]
~Sil2af. (x —a) 1}, (8)
where Si is the sine integral,*® @, is the pulse height, and 2a is
the width of the bar. This function is shown in Fig. 9(b) and

can be compared with the interpolated phase data; there is
good agreement between the two.
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Fi1G. 9. Comparison of (a) theoretically predicted phase image of a dielectric
bar, and (b) actual recorded image of a bar located on the optic axis.

FIR phase imaging 85

Downloaded 04 Apr 2006 to 131.215.240.9. Redistribution subject to AIP license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



bf2m

2w

b/2m

&2

b/2m

“0.0 4.0 8.0 120 16.0 20.0
ANTENNA NUMBER

FiG. 10. Image of a Teflon bar (2.5 cm X 0.81-mm thick) recorded by the
detector array at positions (ajx = — 6cm, (bjx = — 2cm, (c)x = 2cm, (d)
x =6cm, and (¢) x = 10 cm,

Using the bar target we can easily test the optical system
to correlate object plane spatial position with antenna num-
ber and also test the magnification of the system. Figure 10
shows the image of the bar target as it is moved across the
object plane. The bar target was moved 4 cm between views;
this shifts the position of the image by two detectors confirm-
ing the designed magnification of the system. We can also
test for serious aberration effects by looking for a change in
resolution as a function of object position in the direction
transverse to the optic axis. While diffraction limits the im-
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F1G. 11. A typical Microtor discharge. Shown are (a) total plasma current,
(b) central line density, and ultraviolet emission monitored by detectors, {c) 6
cm inside the vessel center, and (d) 6 cm outside the vessel center.

age bandwidth, aberrations can produce distortions of the
system response within the passband. Note that the bar im-
age shows minimal distortion as it is moved across the object
plane and, more importantly, appears at the expected spatial
position with the predicted maximum phase value.

IV. TOKAMAK RESULTS

The system described above was used to obtain density
profiles in the UCLA Microtor tokamak. This device has a
minor radius of 11.2 cm, a major radius of 40 cm, a toroidal
magnetic field of 20 kG, total plasma current of 60 KA, and
central densities which are typically 5 10" cm 2. The dis-
charges can have durations of up to 100 ms. This tokamak is
characterized by the traces shown in Fig. 11 which show the
total plasma current, central line density, and ultraviolet
emission (monitored by detectors located 6 cm either side of
the vessel center) for a typical discharge. The gas feed was
intentionally shut off at r = 80 ms which causes the pro-
nounced drop in density at that time. The line density profile
for the same shot during the first 60 ms is shown in Fig. 12.

For the purpose of this article, we would like to ilius-
trate the importance of having many channels; discussion of
physics resuits is deferred to a later publication. Detailed

o

LINE DENSITY (107 cm~2)

o

RADIAL POSITION {em)

FIG. 12. Measured time development of the line density profile in the UCLA
Microtor tokamak.

FIR Bh_ase imaging o ) .. BB
license or copyright, see http://rsi.aip.org/rsi/copyright.jsp



5.0 T T T T L T T T 5'0 T T T T T T T T T
40 = 4.0 L -
3.0 - E 30+ B
20 | - 2.0 F -
L 4 L .
1.0+ 4 1.0 R o oo 50 4
- AAAAAAAAAAAA B fo) OOOOOOO o5 4
0.0 Lad & i L ' ) L QAQ A 0.0 Lo . L ) MR L 50 |
5.0 T T T T T T T T T 5-0 T T T T T T T S S |
4.0 + J 4.0 -
L i - J
3.0+ 4 3.0 + .
I i cQoo0
20 .
20+ - o o o )
AAAD d L [e}
I ans® “Tan IN 10 00°° °o
w0} A . f: o 050
Froad ab A
O‘OLAFL#I ] 1 t S S P 0.0 0L L L ! L L I W
;
g
& S
'E 5.0 LN M E— T T T T 2 5.0 ! T T ! T T T T
° - . = - J
<
° 40 - 1 = a0t 4
- | > |
= ) = o O o] )
30+ Ao 1z} 30} o 000 4
T aabalan 1 z o0 o
) i A ¥ o I o © o )
S 20+ a® s . a 20} 4
W " o . fe) 000
Q L o A i - | ]
w A a <
Z 1.0 % - o E 3 10+ O N
2 ° 4 3 A ]
[=] -
] 0.0 I L L i | | L b g 0.0 Lo—L A L ! i L 1 Lo
[«
p=)
[%2)
5 5.0 T T T T T - T T T 5.0 T T T T T T T T
= I i i °? o 1
O 0
4.0 + A N 4 40+ o o 4
- s LD o o - - o o 4
O
- A ! r —
3.0 o ﬂ 3.0 o o SN
r oo A -] - o o
20+ 4 20 - B
Iy o A k [e}
- A A 10k 4
1.0 { o
r A E r 4
0.0 Ln—t L L I S 1 L. 0.0 04 L L 1 1 L 1 L !
5.0 T T T -1 T T T - T 5.0 T T T T 1 T T - T
I N 7 i ooo 7
L O i 4.0 o ~
4.0 A, A a 5O fo) o
- Jay . - o o o] o H
Y
30} A 4 3.0} o © o]
JaY
L ab &, L o i
L J 20
2.0 A o j
L A a4 L
10+ . 10 © ,
A ™~ -
0.0 Lot PR ) I L 1 ! . 0.0 —0—L 1 L L ORI S i 1
-100  -6.0 -2.0 20 6.0 10,0 -100  -60 -2.0 20 6.0 10.0
RADIAL POSITION {cm) RADIAL POSITION (em)
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by S ms. Fig. 13 using an Abel inversion routine based on Ref. 31.
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F1G. 15. Radial density profiles calculated from the line density profiles in
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illustrate the advantages of an increased sampling rate.

analysis of the profile shown in Fig. 12 illustrates the advan-
tage of having many channels. Figure 13 shows the line den-
sity profiles at times separated by 5 ms; the first profile oc-
curs 2 ms into the discharge. Figure 14 shows the Abel
inversion of the profiles shown in Fig. 13. The inversion rou-
tine is based on the analysis developed by Yatsutomo et al.*!
which allows for asymmetric profiles by assuming the den-
sity profile is given by

n, (X,U) =g(y)”o(”)’ (9)
where g{y) is a weighting function in the direction transverse
to the probe beam and n, (r) is a symmetric function. The
symmetric part is obtained from the symmetric part of the
line density profile using Barr’s inversion method. Note that
near the beginning of the shot the density profile is distinctly
hollow. This profile rapidly evolves (~ 3 ms) into a roughly
parabolic shape whose center moves outward as the plasma
evolves until it is located 2 cm outside of the vessel center 40
ms into the shot. These results can be compared with the
inversions using only nine data points which are shown in
Fig. 15. In most cases there is a significant difference, par-
ticularly in the earliest profile. Note also the error in the
location of the peak density at later times.

We have successfully implemented a 20-channel FIR
imaging interferometer using an integrated monolithic de-
tector array to obtain tokamak density profiles. The spatial
resolution of the system has been demonstrated as well as the
advantage of having a large number of channels. This system
can be readily adapted to larger tokamaks by changing the
magnification of the imaging optics.
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