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OPTICAL IMAGING DIAGNOSTICS
FOR FUSION PLASMAS

S. L. ALLEN, Lawrence Livermore National Laboratory, Livermore, CA 94550
ABSTRACT

Imaging diagnostics are used for spatially - -and temporally —resolved quantitative
measurements of plasma properties such as the ionization particle source, particle and
energy loss, and impurity radiation in magnetically confined fusion plasmas. Diagnos-
tics equipped with multi-element solid-state detectors (often with image intensifiers) are
well suited to the environment of large fusion machines with high magnetic fields and
x-ray and nentron fluxes. We have used both conventional (16 ms/frame) and high-
speed viden cameras to measure neutral deuterium H, (6563 A) emissions from fusion
plasmas. Continuous high-speed measurements are made with video cameras operating
at 0.1-0.5 ms/frame; gated cameras provide snapshots of 10-100 ps during each 16-mns
video frame. Digital data acquisition and absolute intensity calibrations of the cameras
enable detailed quantitative source measurements; these are extremely important in
determining he particle balance of the plasma. In a linear confinement device, radial
transport <an be determined from the total particle balance. In a toroidal confinement
devics, the details of particle recycling can be determined. Optical imaging in other
regions of the spectrum are also important, particularly for the divertor region of large
tokamaks. Absolutely calibrated infrared cameras have been used to image the temper-
ature changes in the walls and thereby determine the heat flux. Absolutely calibrated
imaging ultraviolet spectrometers measure impurity concentrations; both spatial and
spectral imaging instruments are employed. Representative data from each of these
diagnostic systems will be presented.

INTRODUCTION

Complex plienomena in inagnetically confined fusion plasmas require time-resolved
measurements at many locations. Early diagnostics used multiple discrete channels
or shot-by-shot spatial scanning to obtain one-dimensional spatial profiles. Advances
in solid-state imaging detectors have made it possible to obtain time-resoclved two-
dimensional images of the plasma. Sophisticated electronic readout systems have been
developed for these cameras so that extremely high time resolution (2000 to 12000
frames/s) is possible. Image intensifiers can be coupled to the imaging detectors to
increase their sensitivity; gating the intensifier enables snapshots of 10~100 us to be ob-
tained. Image converters also can be coupled to the cameras so that they are sensitive
at ultraviolet and x-ray wavelengths. Detailed analysis of these data has been made
possible by the development of complicated image-processing techniques.

These caineras are extremely useful for qualitative measurements of plasma proper-
ties, but they also can be used to obtain detailed, quantitative results. We discuss here
the use of quantitative video measurements on two types of mnagnetic fusion devices. The
first application is on a linear magnetic confinement device—the tandem mirror machine
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Figure 1: Magnetic field profile for TMX-U. Locatcd af each end wall are diagnostics
to measure the particle balance.

[1] (TMX-U)—at Lawrence Livermore National Laboratery, Livermore, California. In
this application, the video data are used to obtain a two-dimensional measurement of
the ionization in the plasma and to thereby determine the particle source for compari-
son with the measured particle losses. The emphasis here will be on the details of the
diagnostic measurements; further details can be found in Ref. [5]. The second applica-
tion is on a toroidal confinement device--the DIII-D tokamak |2]- -at General Atomics,
San Diego, California. In this experimment, video data are used to study the neutral
particle transport in the edge of the plasma and to measure the heat loads on the walls
of the vessel. Further details of these measurements can be found in Ref. [6]. In each
application, the video data are only one part of a large set of integrated diagnostic

measurements. The relevant physics and associated diagnostic instruments are briefly
described for each application.

PARTICLE SOURCE MEASUREMENTS WITH VIDEO DATA

Quantitative particle source measurements have been carried out with video data
on the TMX-U experiment. A detailed explanation of the operation of this machine
is outside the scope of the present discussion and is presented elsewhere {3,4]. For
reference, a schematic of the magnetic field profile is shown in Fig. 1. Briefly, TMX-U
uses a combination of electron-cyclotron resonance heating (ECRH) in the end cells
and neutral-beam injection in both the end c:lls and the central cell. The plasma is
circular in the middle of the central cell, with a diameter of 25 cm, and is elliptical
at the locations of the magnetic field peaks (i.e., magnetic flux is conserved). The
overall length of the machine is about 20 m, as shown in Fig. 1. Plasma confinement
is achieved by a combination of the magnetic field and the plasma potential. Plasma
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Figure 2: Particle sources and losses in a tandem mirror plasma. Most particle losses
are measured by electrical currents. The ionization source is measured by a fast video
camera, allowing us to estimate the (ambipolar) radial transport that does not have an
associated electrical current,

fueling is accomplished by gas puffing in the central-cell region (labeled gas box in the
Fig. 1).

For the present discussion, it is important to note that the linear plasma column
in TMX~U has a core electron density in the 10'> cm~ range, measured by microwave
interferometers, and a core clectron temperature of about 100 eV, measured by Thomson
scattering. The length of the each plasma pulse is 100 ms, limited by the duration of
the heating systems. The plasma is mostly hydrogen or deuterium, as the measured
impurity densities are low. The major goals of this device are to confine particles
and energy so that efficient fusion reactions can occur; we will focus here on particle
confinement. Because of the inherently open-field gecinetry of the tandem mirror, most
plasma losses can be measured directly by means of electrical currents. The particle
sources and losses are shown schematically in Fig. 2. Specifically, the particle losses are
divided into axial and radial losses:

1. Ions that are lost axially out the ends of the machine are denoted by Ij. This ion
current is measured by a set of Faraday cup collectors equipped with —3-kV grids
to repel electrons. A special end-loss ion spectrometer (ELIS} also measures the
ion current as a function of mass and energy on the axis of the machine.

[~

. Ions that are lost radially out of the machine can be accompanied by an arial
electron loss current denoted by IV*. This is called a nonambipolar radial loss and
the net axial electron loss current is measured by a set of segmented plates at each
end of the machine.



3. lons that are lost radially out of the machine aiso can be accompanied by an
equal radial eletron loss current. This so-called ambipolar radial loss 1* does not
produce a net clectrical current.

The ambipolar radial ion loss I* could be measured by a series of gridded analyzers
(to sweep out electrons) placed to measure radial lcsses, However, this would require a
large number of detectors placed very close to the plasma. A second approach is to use
the particle balance equation to determine the ambipalar loss 14:

ag =ls- INA A, (1)
where q dN/dt is the buildup of particles in the plasima and lg is the plasma source.
(Particle flows in this equation are denoted by particle currents.) The term q dN/dt is
measured by microwave interferometers placed at several Jocations in the machine. By
measuring lg, we can determine the term [* in the plasma. Becaunse the source Ig is
the result of gas puffing and has a complicated, three-dimeunsional spatial dependence,
its measurement is ideally suited to video techniques. Tn addition, vidco cameras are
mch easier to align than discrete detectors, which is particularly important in the
complicated geometry of TMX-U.

Camera Measurements of the Ionization Source

The term Is is obtained from absolutely calibrated two-dimensional canera mea-
surements. Figure 3 shows a cross section of TMX-U and the locations of the cameras:
one camera (end view) views the plasina parallel to the plasma column from the end of
the machine; the other camera (side view) views the plasma from the side of the plasma
column near the gas box. The end-view camera capitalizes on the linear geometry of
the TMX-U device: the view automatically integrates the emission along the plasma
column so that the total emission as a function of radius is obtained. In practice, this
integration could be limited by the depth of field of the optical system, so it was veri-
fied experimentally that the depth of field was greater than the length of the machine.
The side-view camera measures the details of the axial distribution of the emission near
the gas box, maiuly for detailed comparisons with computer models of neutral particle
transport. The camera system and digitizer are identical to those used for the toka-
mak experiments, so they will be described in detail in the next section concerned with
rneasurements on the DIII-D tokamak.

All end-view measurements were made with a Spin Physics SP-2000 camera sys-
tem [7]. The camera is a solid-state sensor with 240 by 192 pixels, and the resulting
spatial resolution is about 1.0 cm. An integral tape drive and digitizer system acquires
the data. The ultimate (full-frame) rate of the camera is 2000 frames/s; partial frames
can be acquired six times faster. For most data on TMX-U, 1-ms time resolution was
used during the 100-ms plasma shot. The camera head is mounted on the end of TMX-U
and is subjected to magnetic fields (hundreds of gauss), x-ray bursts, and electrical noise
from all of the heating systems. For most operation, no major interference is measured.
The fast tape drive is located 100 ft from the camera head, behind a shield wall. A fiber
optic link connects the camera unit with a Hewlett-Packard 9920 microcomputer in the
control room. The microcomputer automatically rewinds the tape, digitizes each of the
(100) frames desired, and stores the data between shots. (Note that data compaction is
very important in this application because the camera acquires the equivalent of 5-10
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Figure 3: Locations of video cameras on TMX-U. The end-view camera automatically
obtains the axial integral of the emission.

MBytes of data on tape for each shot; the computer stores only about 0.5 MByte.) The
data are finally sent to the main data computer for comparison with the other particle
loss terms. The camera is triggered several seconds before the shot so the tape drive
can come to full speed about 1 s before the shot. A calibrated timing-triggering system
is used to synchronize the camera with the plasma shot so that the time of each camera
frame is known accurately for comparison with other diagnostics.

The actual deiermination of Ig is based on a measurement of the visible emission
from the Balmer-alpha (H,~6561 A) line of atomic neutral hydrogen (or deuterium) in
the plasma. Detailed atomic physics calculations [8] have been made to determine the
branching ratio, R, between the ionization and excitaiion of the neutral atom. For T,
greater than about 20 eV, and n. in the 10> cm™2 range, R is relatively insensitive
to T, and is equal to about 11 ionizations/photon. These are the relevant parameters
for the core of the TMX-U plasma. At the plasma edge, where the electron density
and temperature are lower, R is sensitive to the electron temperature. In addition,
molecular hydrogen is present in this region and contributes to the ionization. A Monte
Carlo computer code of neutral transport, called DEGAS [9], equipped with atomic
physics models indicates that R can be as large as 25-30 at the plasma edge. Therefore,
the most reliable measurements of Is are in the plasma core, defined to be r < 10 cm.

The optical system of the camera is equipped with an interference filter having a 30-
A bandpass centered at 6561 A. Therefore, the camera is effectively a “two-dimensional
spectrometer,” measuring only the H, emissions from the plasma. The bandpass of the
filter is chosen narrow enough so that other impurity lines are not measured, but wide
enough to match the collimation of the optical system so that the interference filter does
not cause a spatially dependent response (i.e., incoming rays are nearly parallel to the
filter). A sample of several frames of H, video data are shown in Fig. 4.
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Figure 4: Several frames of data from the end-view camera.

The camera system was calibrated using techniques traceable to the Nationa' Bu-
reau of Standards (NBS) [10]. The exact oplical system used in the experiment was
used to view an NBS-calibrated tungsten ribbon lamp {the brightness as a function of
wavelength is specified by NBS). Estimated uncertainties in this calibration are about
10-15%. The camera system was also checked carefully for linearity. As expected, it
was found to be linear up to a certain signal level, followed by a compression in the
response to expand the dynamic range. Pixel-to-pixel uniformity was also checked and
found to be small enough that corrections were not necessary.

An example of the comparison of Ig with the other terms in the particle balance
is shown in Fig. 5. For these data, the core H, emission has been integrated and
multiplied by the alomic physics factor R to obtain Ig as a function of time. The other
curve shows all of the terms in Eq. 1 (each is the total current for the core plasmar <
10 cm) except for I4, i.e., the difference between the iwo curves is I*. {Note that the
plasma conditions for this special test are that I is the largest loss.) The agreement
between the I curve from the video data and the other terms shows that I* is small for
these conditions. The Is measurements were checked under various plasma conditions,
and for most cases, [* was small. However, conditions with large [* were discovered.
In addition, the two-dimensional video measurements allowed us to check the particle
balance as a function of radius. In general, we found that I* increased at the plasma
edge. (Additional details can be found in Ref. 5.) These video measurements were the
first systematic determination of ambipolar transport in a tandem mirror. In addition,
they enabled detailed studies of neutral transport, fueling efficiency, and gross plasma
stability (i.e., plasma motion). The comparisons of the data with the DEGAS neutral
transport computer code are particularly important but are outside the scope of the
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Figure 5: A comparison of the measurement of Is with the other terms in the particle

balance. For this shot, s equals I, signifying that the residual ambipolar iransport T4
1s small.

present discussion. However, this code is even more important for tokamak studies;
therefore, we will discuss the edge plasma measurements on the DIII-D tokamak and
briefly compare these data with DEGAS.

CAMERA MEASUREMENTS ON THE DIII-D TOKAMAK

The DJII-D tokamak is a toroidal mnagnetic confinement device with a noncircular

B cross section. The core of the plasma has closed flux surfaces. Outside this region are

open field lines that intersect the plasma wall; this region is called a magnetic divertor.

i The coré“pla.sma has an electron temperature of several keV, and the electron density

ranges between 10'® and 10! cm™3. The edge plasma is similar to the core of the tandem

mirror plasma, in that the T, is >~ 50 eV and n, is ~ 10'® cm~3. The DIII-D plasma
cross section is shown in Fig. 6 with the diagnostic system used to measure the edge
plasma.

. Because of the 4-s duration of the DIII-D plasma pulse, conventional video data
rates (16 ms/frame) are often adequate, so CCD cameras such as the SONY-XC38 are
used, again equipped with H, interference filters. These cameras are mounted inside
the magnetic field coils of the tokamak and experience large, changing magnetic fields
(several hundred gauss) and electrical noise. Under most conditions, the camera image
is not affected. However, under some plosma conditions, there are large fluxes of high-

: energy x rays (tens of keV) and neutrons. These cause the image field to be filled with

I white spots, presumably because of direct interaction of the x ray or neutron flux with

the CCD. In some cases of extreme neutron flux, slight permanent damage to the CCD

has been observed. The optical systems are carefully adjusted to keep the cameras
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Figure 7: A single frame of video data from the H, camera on Dill-D; the two bands
are the strike points of the plasina on the wall

in the linear range and to keep the signal levels below the threshold of the camera’s
automatic gain control. The intensity calibration technique is similar to that discussed
in the previous section.

Because of the large amount of data acquired during the 4-s plasma shot, the data
are acquired by two systems: a commercial-grade editing tape recorder, and a custom
video-digitizing system. The videotape storage ailows detailed analysis of each frame
by digitizing the data after the shot. However, as shown by the sample video frame in
Fig. 7, the data are quite toroidally symmetric.

A custom electronics system [11] was developed to take a radial cut of each video field
(a horizontal line in the middle of Fig. 7) in real time. Only the radial slice 1s digitized
by a CAMAC module, with 312 points/slice (a radial resolution of about 1 cm). An
HP Series 300 microcomputer then acquires, stores, and processes the data from the
CAMAC crate. The computer can stack these video slices so that the time history of
the H, emission in the divertor region can be studied; an example is presented in Fig. 8.
Note the very dark period starting at about 1.9 s. This marked drop in the H, emission
occurs soon aiter the neutral beams are turned on to heat the plasma. The stored
energy of the plasma increases, and the energy confinement time also increases. The
new confinement mode is usually called H-mode, for high confinernent. The large bursts
of emission after this period are called edge-localized modes, or ELMs; the radial profile
of n, and T, change dramatically during this time. We also have used a camera with a
gated image intensifier (XYBION) to study these rapid bursts. With this camera, the
whole image does not saturate on very bright bursts; instead, only the part of tne image
that is bright has a nonlinear response. This camera is ideally suited to our DIII-D
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Figure 8: The result of real-time data compression and processing. The H, emission is
shown as a function of radius (horizontal} and iime (verticalj.

application, where the image has very bright and dark regions. A detailed analysis of H-
made behavior and ELMs is outside the scope of the present discussion and is discussed
in Ref. [12].

As discussed, the modeling of the H, emission in the divertor regior. is very important
because most of the plasma ionization source originates there. In the divertor region of
DIII-D, the electron temperature is low (~ 10 eV), and the H, emission is particularly
sensitive to T.. Therefore, we used the DEGAS code to model the H, emission directly.
The diagnostics shown in Fig. 6 measure the plasma parameters required for DEGAS.
Specifically,

1. An array of Langmuir precbes mounted on the divertor plates measure n, and T.
in the divertor region. A movable Langmuir probe at the midplane measures the
n. and T, edge profiles.

2. An infrared camera at a location that is similar to the H, camera measures the
heat flux to the divertor plates. This camera is absolutely calibrated by viewing

thermocouples mounted in the walls. The camera measures a quantity propor-



3. Several ionization gauges measure the neutral pressure as a function of position.

An edge plasma model is used to connect these data at various positions. The DEGAS
code then calculates the neutral density as a function of position, and finally calcu-
lates the neutral pressure profile and the actual H, camera image. The DEGAS code
can be run in a full three-dimensional mode, but we have used a two-dimensional sim-
plification because of toroidal symmetry. DEGAS contains the full geometry of the
machine. including wall composition and shape, and has both an atomic physics and
wall-interaction package (e.g.. wall reflection). The code requires approximately 1 hr of
calculations on a Cray supercomputer. The DEGAS code allows for a full correction of
the H, emission (i.e., the factor R as discussed for tandem mirror plasmas) as a function
of pasition.

Comparison of the DEGAS output with the experimentally measured H, emission
has shown agreement to within a factor of two. The code can also calculate the neu-
tral pressure as a function of position, and similar agrcement has been obtained. Most
importantly, the study has shown that a large amount of the neutrals “recycle” in the
divertor region. That is. only about 10% of the particle flux in the divertor region
actually supplies ionization to the core plasma. Present work is concentrated on ob-
taining better video data, particularly detailed measurements in the divertor region. A
camera equipped with special viewing optics (i.e., a “periscope”) has been mounted at
the same height as the “X-point” of the magnetic field in Fig. 6. This camera has a
tangential view of the plasma and therefore should allow us to measure the divertor
region in detail. These measurements are important for detailed measurements of the
neutral transport and for comparisons with DEGAS.

SUMMARY

Optical imaging techniques are valuable in magnetic fusion devices. We have pre-
sented only two examples dealing with quantitative measurements: particle confinement
studies in a linear tandem mirror machine, and neutral particle transport in the divertor
region of a tokamak. These measurements have capitalized on the high time resolution
(2000 to 12000 frames/s) and high spatial resolution (several hundred pixels in each
dimension) of solid-state cameras. In addition, these cainera systems are relatively in-
sensitive to the magnetic fields, electrical noise, x rays, and neutrons encountered on a
magnetic fusion device. Digital data-handling techniques, particularly data compaction,
make it possible to process these data and compare them with other diagnostic systems.

Many other optical imaging devices are used on magnetic fusion devices, such as
x-ray imaging cameras [13] and imaging visible spectrometers. In addition, ultraviolet
spectrometers that image in space [14], wavelength [15], or both [16] have been used.
Future magnetic fusion devices will be bigger and more complicated, with a large pre-
mium on diagnostic access, time resolution, and detailed data acquisition. In short,
optical imaging techniques will become even more hmportant in future devices.
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