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A fast camera system is being prepared for the TEXTOR tokamak for the investigation of
magnetohydrodynamics (MHD) instabilities. The camera will consist of a scintillator screen for
conversion of x rays into visible light, a fiberoptic cable for transport of the visible images out of
the Textor magnetic field, an electrostatic image converter for amplification and demagnification of
the images, and a fast charge-coupled device (CCD) camera for capturing and storing the image
data. The purpose of our camera is two-dimensional imaging of magnetic islands and the structure
of MHD instabilities. In order to increase the signal intensity and simultaneously reduce statistical
noise, we maximize the diameter of the scintillator screen to 100 mm. For good time response, we
use fast scintillators and phosphors, and plan to employ a 1 MHz framing CCD camera. MHD
events having an amplitude larger than 1% can be observed with a time resolution of 100 kHz and
a spatial resolution of 3 cm. In the future, the camera will be used on the Large Helical Device in
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I. INTRODUCTION: ADVANTAGES OF FAST
TANGENTIAL IMAGING

X-ray imaging diagnostics for the investigation of mag-
netohydrodynamics (MHD) instabilities are widely used on
all major tokamaks. They usually consist of a row of silicon
diodes that look at the plasma in a poloidal cross section
perpendicular to the magnetic field.! These one-dimensional
(1D) arrays actually provide two-dimensional (2D) informa-
tion, because tokamak plasmas tend to rotate. As in the well-
known medical CAT scans, the rotation of a MHD instability
in front of a 1D detector array permits to perform 2D recon-
structions, and one determines in this way, for example, the
toroidal and poloidal wavelengths of tearing modes and re-
constructs their magnetic islands.>*> However, since conven-
tional x-ray imaging is not truly two-dimensional, there are
major shortcomings to this approach:

(1) For fast phenomena, e.g., for instabilities occurring on a
time scale shorter than the rotation period, one does not
obtain two-dimensional information. For example the
sawtooth crash® is today, after 24 years of intensive re-
search, still not fully understood.’

(2) Traditional x-ray imaging also does not provide 2D in-
formation for phenomena, which do not participate in the
plasma rotation. Such phenomena include magnetic is-
lands created by external coils or error fields, certain
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stationary MHD instabilities known as locked modes,6
and multifaceted asymmetric radiation from the edge
(MARFEs).

(3) Conventional x-ray imaging has one more serious short-
coming it is insensitive to plasma perturbations with
short poloidal wave length. X-ray signals are propor-
tional to the integral over the x-ray emissivity along a
line of sight, and the insensitivity to short poloidal wave-
lengths is a direct consequence of this fact. We try to
illustrate this in Fig. 1: For the low-m MHD mode in
subfigure (a), a perpendicular view with respect to the
magnetic field gives satisfactory results, i.e., the ratio
Al/I, where [ is the line integrated signal and A/ the
perturbation caused by the MHD instability, has roughly

(b)

FIG. 1. The effects of line integration in 1D imaging. The m=2 MHD
mode (a) shows up prominently on the chord-integrated signals. The ampli-
tude of a m=25 mode (b) is strongly suppressed, because the contributions
from the many maxima and minima cancel out.
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the same size as the ratio Ae/e for the local x-ray emis-
sivity €. On the other hand, for the high m mode in
subfigure (b), the contributions by the many maxima and
minima tend to cancel during line integration, and
Al/I«A€le. This cancellation can be avoided with a tan-
gential view (i.e., a view, where the lines of sight cut
through the paper plane), because sight lines tend in this
case to follow the (predominantly toroidal) magnetic
field lines, and because plasma parameters remain con-
stant on a field line during MHD instabilities. A simula-
tion of 2D tangential imaging® has shown that MHD
modes with very high poloidal wave number m, for ex-
ample m =20 or 30, can still be resolved with good ac-
curacy.

It has been attempted to overcome these difficulties by
installing several linear arrays in a poloidal plane. However,
installation of even ten linear arrays’—although unquestion-
ably a large improvement—does not seem to permit analysis
of the very small poloidal wave lengths. In our work on the
TEXTOR tokamak facility in Julich, we try to undertake the
next logical step and construct a truly two-dimensional, fast,
tangential soft x-ray camera (TSXC).

In Sec. IT we present a mechanical layout of the TSXC.
In Sec. III we estimate the statistical x-ray photon noise. In
Sec. IV we discuss the transport of the visible image out of
the magnetic field, and, finally, give a status report of the
TSXC project in Sec. V.

Il. MECHANICAL LAYOUT OF THE TANGENTIAL
SOFT X-RAY CAMERA ON TEXTOR

The design of the TEXTOR TSXC has been inspired by
the first two-dimensional soft x-ray camera, which was built
by Fonck'® for measuring the bean-shaped magnetic flux sur-
faces of the Princeton Beta Experiment (PBX). A modified
version of this camera was later used on PBX-M to diagnose
hard x-ray emission from suprathermal electrons during
lower hybrid current drive.'! The camera is a pinhole cam-
era. The x-ray image is converted into a visible image by a
scintillator screen. The visible image is transported out of the
magnetic field by a fiberoptic bundle, demagnified, ampli-
fied, and recorded by a fast charge-coupled device (CCD)
camera. The challenge has been to increase the framing
speed from 300 Hz (PBX) to 300 kHz (TEXTOR), in order
to make the concept suitable for MHD instability studies.

Subfigure (a) of Fig. 2 shows the mechanical layout of
the camera on TEXTOR. The pinhole of the camera is lo-
cated at a major radius R of 2.854 m at a height of 0.216 m
above the horizontal midplane of the tokamak. Basically the
camera can see most of the plasma cross section, however,
there is presently interference with the TEXTOR inner liner
for minor radii larger than 0.30 m. This will be corrected at
a later time by enlarging the viewing hole in the inner liner at
that port location. The circular pinhole is interchangeable
from 1 to 5 mm diameter. A thin beryllium absorber foil,
close to the pinhole, shields out visible and UV light. The
foil consists of a 0.5 wm thin Be foil with a 0.1 um layer of
LiF. The latter closes a beryllium transmission window be-
low the 112 eV Be K-edge. The fiberoptic faceplate'> which
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FIG. 2. Schematic layout of the tangential soft x-ray camera on TEXTOR.

carries the scintillator, serves also as a vacuum interface. It is
sealed by a viton O ring

Subfigure (b) shows the optical setup of the TSXC. X-
ray photons impinge on the scintillator layer on the left.
Medical image converters generally use CsI(7'1) as scintil-
lator. However, since Csl is hygroscopic and requires sensi-
tive handling, we will use initially the much cheaper and
simpler-to-handle P47 phosphor. Both have very fast decay
times <2 us. The scintillator is deposited on a 120 mm diam
glass faceplate.'® The fibers have a diameter of 15 um and
the numerical aperture is 1.0. The face plate is connected to
a coherent fiberoptic bundle,'* which transports the image
out of the TEXTOR magnetic field. The 100 mm bundle is
2.0 m long and consists of 75 mm metacrylate fibers. The
fiberoptic bundle is connected on the other end to a first-
generation image converter, which amplifies the image and
provides a 4:1 demagnification. The Hamamatsu model
#4440U-MOD tube possesses the largest (100 mm diam),
commercially available input window. It has a P47 phosphor
screen of 25 mm diameter deposited on a fiberoptic output
window.

Two data acquisition systems are under discussion for
the TSXC. Both consist of a fast image intensifier and a
CCD camera. The CCD camera, which we ultimately pro-
pose for this application, has on-chip data storage.'* The
principle is shown in Fig. 3. The chip consists of 180X 180
superpixels, of which four are shown. The light is detected
by a photodiode, which—for detection efficiency—covers a
large part (34%) of the surface area of a superpixel. Charges
produced in the photodiode are routed via gate 2 and 3 to the
memory area or via gate 1 to a dump. The movement of
charge from one memory pixel to the next can be accom-
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FIG. 3. Principle of the PSI fast-framing CCD camera with on-chip memory
storage.

plished in the time period of 1 us. In this way 32 frames can
be acquired at a rate of 1 MHz. When the memory is full, the
chip is read out at a slow rate. The camera can be pre- and
posttriggered. The PSI camera is expensive and has not been
purchased yet. In order to test the TSXC concept, we use a
normal ICCD (Hamamatsu model No. C4077-02). It has a
high speed MCP shutter (100 ns—14 ms) and obtains one
frame every 16 ms. The data are recorded by a LeRoy model
No. 6810 ADC driven by a TV clock generator (CPS 312).

lll. X-RAY PHOTON STATISTICS

The x-ray signal intensity in a 2D tangential pinhole
camera with a circular pinhole is smaller than the intensity in
a conventional 1D diode array, where in general a slot aper-
ture is employed. Therefore, one must estimate the x-ray
intensity accurately and make sure that statistical x-ray noise
is sufficiently small. For a realistic calculation, we consider
plasma continuum radiation, i.e., bremsstrahlung and recom-
bination radiation, described by the formula'®

APy
dhv

} 3.0x 10"

1
VT, /keV

cms

XWT,,2)Z

nf hv
o 10 e | 7 i, )

where P is the radiated power, hv the photoenergy, T, the
electron temperature, Z.¢ the average plasma ion charge, and
n, the electron density. The factor vy describes the enhance-
ment of the radiation over bremsstrahlung due to free-bound
(recombination) radiation. It is assumed to be caused pre-
dominantly by highly ionized carbon. The exact amount of
recombination radiation depends on the charge state distribu-
tion of the carbon, which varies with plasma conditions and
depends on carbon particle transport. Since we need only a
crude estimate, we use an approximate formula

Y(T,)=1.0429.0 exp{— (2.75— L1[ T, /keV] "%},

With the help of these equations, the photon emissivity €, is
calculated as a function of minor radius r,
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FIG. 4. Computed x-ray intensity on a pixel of area 5X 5 mm? on the scin-
tillator screen vs major radius R for the TSXC on TEXTOR. For the simu-
lation, trapezoidal density and electron temperature profiles (dashed curve)
were used.
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Here, E . is the low energy cutoff of the Be foil and £ the
exponential integral of order 1. The x-ray photon brightness,
bph, in the midplane of the tokamak, becomes

bph(Rtg) = J Ephds

Ry+a
:LO em(R—Ro)(1RT—RZ)2RdR,

g
where R is the major radius of the tokamak, and R, is the
tangency major radius of the sight line. Since we are con-
cerned only with intensity estimates, we use simple trapezoi-
dal profiles for both the plasma electron temperature and
density (see Fig. 4). The number of x-ray photons dN, that
impinge on a pixel of area A ;= =a? ; from a small plasma vol-
ume element dV in clear view of the pixel, i.e., on its sight
line, is given by

dNy,= €(r)dV AQ/(4 )
=e(r)dV A, l(4mD?)
= e(r)(ﬂ'/4)af ds A l(47D?).

Here, AQ) is the spatial angle, under which the pixel appears
from dV, D is the distance between the pixel and the emit-
ting volume dV, and ds a length element along the sight line.
From geometrical considerations, the projected diameter a,
of the pinhole (diameter a,) can be expressed in the form
a.=a,(D—d)/d~a,D/d, where d is the distance between
the pixel and the pinhole (i.e., approximately the distance
pinhole scintillator screen). The total number of photons N, ph
that hit the pixel is hence
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Npw=bparay/(16d%).

For convenience we choose a,=a,. Now we maximize the
intensity, keeping the full width at half maximum spatial
resolution in the plasma L, fixed,

L,=a,(D/d)=const.

For small cameras the quantity D remains nearly constant,
and hence also the ratio a, /d. By increasing d, we can open
up the pinhole aperture a, proportionally, and the intensity
increases as the area of the pinhole. In other words, the larger
the camera dimensions the larger the x-ray intensity. We
look consequently for devices with the largest possible scin-
tillator screen. The Hamamatsu tube has the largest, com-
mercially available input window. In Fig. 4, we show the
calculated x-ray intensity for the TEXTOR TSXC in the
horizontal midplane. For the computations we assumed a
pinhole aperture a, of 5 mm diameter; this corresponds to a
resolution of 3.5 cm in the plasma. The x-ray cutoff E,, was
1 keV, the central plasma density n,,=4.0X10" cm™3,
T,o=2keV, and Z.4=2. As shown in Fig. 4, the number of
x-ray photons from the plasma core, which hit a 5X 5 mm?
““pixel,”” is approximately 4x10° s™!. As a consequence,
the x-ray statistical noise will be 0.5% if one measures with
a sampling rate of 100 kHz.

IV. IMAGE TRANSPORT OUT OF THE MAGNETIC
FIELD

The x-ray intensity for the TSXC camera is only mar-
ginally sufficient. We have to make sure that extra noise is
not generated further down in the data acquisition chain. A
critical condition is that every x-ray photon produces at least
one photoelectron in the Hamamatsu image converter tube.
A crude estimate shows that this condition is not quite ful-
filled for our camera: The efficiency of x-ray to light conver-
sion in P47, the scintillator that we intend to use for first
operation, is approximately 6.3%, i.e., a 1.5 keV x-ray pho-
ton produces approximately 33 scintillation photons at a
wavelength of 4100 A. Only half of these photons are di-
rected towards the face plate and only 75% are accepted by it
because of the packing fraction and the cladding. There is
only negligible light loss in the fiberoptic cable, but there
occurs a loss at every interface, i.e., at the transition from the
faceplate to the fiberoptic cable and at the transition from the
fiberoptic cable to the image intensifier. At the first interface
the intensity is reduced by 15% because of the packing frac-
tion, and by a factor of 5 because the numerical aperture of
the plastic fibers is only 0.5, compared to 1.0 of the face
plate. Another 25% is lost at the second interface. The quan-
tum efficiency of the photo cathode of the tube at 4100 A is
10%. Summing up, every 1.5 keV x-ray photon produces
only 0.16 photoelectrons in the image converter tube, and it
is likely, that the transport of the image out of the magnetic
field increases the photon noise by a factor of 2.5. The esti-
mate is obviously crude. However, it is not easy to improve
it. The luminous efficiency of phosphors interacting with
1-3 keV x-ray photons is not very well known. We use
values extrapolated from 10 keV electron impact data. The
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scintillator screen has a thin Al reflection layer that increases
the light output. We did not take this effect into account,
because there are other processes that decrease the output,
for instance scattering, reflection, or absorption of the scin-
tillation light by the scintillator grains. These complex phe-
nomena are hard to model exactly.

V. STATUS OF THE TSXC PROJECT ON TEXTOR

At the moment the fast tangential soft x-ray camera is
being assembled at the Institute for Plasma Physics at Julich.
The mechanical design is complete, and the camera compo-
nents are manufactured in the workshops at the Forschung-
szentrum. The scintillator flange and the fiberoptic bundle
have been ordered. The image converter tube and ICCD have
been purchased and have been tested in Japan and in Julich.
The camera is scheduled for laboratory tests, and will then be
moved and connected to TEXTOR. Operation on TEXTOR
will begin after the summer machine opening in September
1998.
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