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Scintillator based energetic ion loss diagnostic for the National Spherical Torus
Experiment

D. S. Darrow
Princeton Plasma Physics Laboratory

Abstract

A scintillator based energetic ion loss detector has been built and installed on the
National Spherical Torus Experiment' (NSTX) to measure the loss of neutral beam ions.
The detector is able to resolve the pitch angle and gyroradius of the lost energetic ions. It
has a wide acceptance range in pitch angle and energy, and is able to resolve the full,
one-half, and one-third energy components of the 80 keV D neutral beams up to the
maximum toroidal magnetic field of NSTX. Multiple Faraday cups have been embedded
behind the scintillator to allow easy absolute calibration of the diagnostic and to measure
the energetic ion loss to several ranges of pitch angle with good time resolution. Several
small, vacuum compatible lamps allow simple calibration of the scintillator position
within the field of view of the diagnostic’s video camera.

1. Introduction

Magnetically confined fusion plasmas are often heated by energetic ions, be they neutral
beam ions, ion cyclotron heated tail ions, or deuterium-tritium (DT) fusion produced
alpha particles. For efficient plasma heating, good confinement of the energetic ions is
required. Conversely, a large loss rate of energetic ions can cause localized heating of
the plasma facing wall components, possibly causing damage or pollution of the plasma.
In addition, details of any loss often reveal aspects of the physical processes that induced
the loss. For all these reasons, it is desirable to measure the loss rate of energetic ions
from these plasmas and understand the processes that produce fast ion loss in the eventual
hope of mitigating or eliminating those losses.

Energetic ion losses can be measured by a number of means, including Faraday cups®™,
surface barrier diode detectors’ '9, track detectorsm, exposure samples1 1'14, infrared
imaging'’, and scintillators'®**, and calorimeter probes®. Scintillator detectors have the
advantage that they can provide the pitch angles and energies of the lost ions as a
function of time during a discharge. Knowing these quantities, and the magnetic
structure of the discharge, it is possible to reconstruct the loss orbits, which aids
significantly in understanding the mechanisms of loss. Consequently, a scintillator
detector was chosen for installation in NSTX, and has been designated ‘sFLIP’ for
‘scintillator Fast Lost lon Probe.” (The prefix ‘s’ distinguishes this instrument from
‘1FLIP,’ the ‘interim Fast Lost Ion Probe’ that used Faraday cups to detect fast ion loss
and which was installed for the initial neutral beam operation in NSTX in 2000.)



A scintillator detector relies upon the geometry of the plasma’s magnetic field, aperture
positions, and scintillator location to disperse the lost energetic ions in energy and pitch
angle. Fast ions striking the scintillator plate produce a pattern of light indicating the
distribution of ions lost at the detector position. In this work, the pitch angle of a particle
is defined as y=arcos(v/v where v| is the component of the particle’s velocity along the
local magnetic field. The gyroradius is taken to be p=mv/qB, which is effectively a
measure of the particle’s energy. Figure 1 depicts the principle of operation of a
scintillator detector. Detectors of this sort have also been used on the TFTR' '16, CHS'
¥ W-7AS%, LHD*' , JET-2M*%, JET* and ASDEX-U?* experiments. Because of the
geometry of detection, the size of the detector must be about a fast ion gyroradius. For
the typical 80 keV deuterium neutral beam ions near the outer midplane of NSTX, that
gyroradius is about 30 cm. Scintillator detectors in some of the experiments listed above
have had the scintillation light coupled directly to a video camera by a single lens. Since
an image-preserving quartz fiber optic bundle was available, it was decided to carry the
scintillator image to the camera through the bundle, allowing the video camera to be at a
greater distance (up to 8 m) from the magnetic fields, electrical noise, and radiation
produced by NSTX. That arrangement is shown schematically in Figure 2.

2. Design Goals and Constraints

The design goals of this detector were to: (1) detect co-going fast ion loss over as wide a
range of pitch angles as possible; (2) distinguish between the loss of ions at the full (80
keV), one-half (40 keV), and one-third (27 keV) beam energy at the same pitch angle and
at the highest NSTX design toroidal field strength of 0.6 T; and (3) resolve pitch angle to
+/- 3 degrees. In addition, the design needed to include means for simple calibration of
the absolute flux of fast ions to the detector and of the position of the scintillator in the
videocamera field of view.

Constraints for this detector were that it not be placed on the midplane, due to conflict
with the lines of sight of other NSTX diagnostics, that it be dismountable for manned
vessel entry through the port where it is located, and that it maintain the scintillator
temperature below 200 C for neutral beam and plasma heat loads lasting up to 5 s, the
maximum neutral beam pulse length in NSTX. This temperature limit was chosen as it is
the limit above which the luminosity of the chosen scintillator (P46, YAG:Ce) begins to
diminish with increasing temperature. It was also desired to be able to change the
scintillator plate in the probe with only in-vessel access and without complete removal of
the probe from the vessel. Similarly, it was desired to be able to replace the aperture
assembly without removal of the probe from the vessel.

3. Description
A photograph of the principal components of the probe is shown in Figure 3, and Figure

4 is a photograph of the probe assembly. Figure 5 shows the probe assembly mounted
inside the NSTX vacuum vessel.



The probe consists of a large, thick rectangular copper frame that is brazed onto a thick
copper supporting foot. The structure of the probe was built largely from copper to
insure good conduction of plasma-deposited heat away from the scintillator, in order to
keep the scintillator material at a temperature insuring constant luminous response. A
large stainless steel supporting strap was welded to the inside of the NSTX vacuum
vessel to support the probe foot, with four 25 mm diameter bolts to press the foot against
the vessel wall for the best possible thermal transfer to the vessel. Allowance was also
made for attachment of water cooling tubes to the exterior of the vacuum vessel directly
outside the position of the foot, in order to provide further ability to keep the scintillator
cool. However, the period of initial operation of the probe demonstrated that, even with
no cooling, the scintillator temperatures were never reaching anywhere beyond a few
degrees above room temperature. Consequently, the external cooling tubes were never
installed. Because of the large size of the copper frame, its high conductivity material,
and its proximity to the plasma, engineering calculations were performed to ensure that it
would not be damaged by eddy current forces during possible plasma disruptions or other
sudden changes in magnetic fields near the probe. The design was determined to be fully
adequate for the worst case scenarios modeled. Indeed, the in-vessel structure has
endured nearly four years and 15,000 plasma pulses without apparent mechanical or
thermal damage.

The copper frame of the probe is inclined by 11.25° from vertical to match the shape of
the high harmonic fast wave antennas and associated limiters in NSTX. This inclination
is visible in Fig. 3. The front aperture of the probe has a height of 12.0 mm and width of
2.0 mm, and is 138.4 mm from the center of the scintillator plate. The rear aperture of
the probe has a height of 103.2 mm and a width of 2.0 mm, and is located 76.8 mm from
the center of the scintillator plate. The line through the centers of the apertures is parallel
to the surface of the scintillator plate, but is displaced 14.0 mm toward the vacuum
window from the coated plate surface. The apertures are centered along the 20 cm wide
side of the scintillator plate. After installation, the front aperture center location was
measured with a mechanical measuring arm inside the NSTX vacuum vessel and was
found to lie at a major radius of 1.603 m and a vertical position of 0.1422 m below the
machine’s equatorial plane.

The lost ions are detected by way of the luminosity they create when they strike the
scintillator plate, and the resulting luminous pattern is recorded by a video camera.
Because the plasma itself can be a bright source of light, the probe structure includes a
conical light shield, blackened on the inside to eliminate reflections. This shield excludes
plasma light from entering the probe structure. The end of the conical shield opposite the
scintillator fits snugly into the vacuum side of a 117 mm diameter Conflat fused silica
vacuum window. The aperture pair that admits the fast ions to the probe is arranged in
such a way that there is no direct line of sight through the apertures to the scintillator
plate, thus preventing light entering from outside the probe from reaching the scintillator
plate and being mistakenly interpreted as fast ion loss.

4. Calibration and Result Interpretation



The luminescent pattern on the scintillator is determined by the aperture dimensions, their
position relative to the scintillator plate, and the local magnetic field direction and
strength. Interpretation of the images from the camera requires knowledge of the location
of the edges of the scintillator within the camera field of view. This location calibration
is accomplished with several miniature incandescent light bulbs mounted inside the
copper frame of the probe such that they illuminate the corners of the scintillator and the
image of the lamp light diffusely scattered by the scintillator coating can be recorded on
the video camera. This is very similar to the calibration method previously used in the
CHS scintillator probe', and the bulbs used are of the same kind. Discretization of the
image owing to the fact that the fiber optic bundle is only 50 x 50 fibers introduces only a
small uncertainty in the position calibration. There are some broken fibers in the bundle,
but the number of broken fibers is small enough that it does not place any significant
restriction on the interpretation of images from the probe. In the work reported here, a
Xybion ISG-250-R-3 CCD video camera with an image intensifier in front of the CCD
sensor was used. This camera produced NTSC video output with 60 fields per second.
The light from the fiber optic bundle was proximity coupled to the 1 inch format
intensifier by placing the end of the bundle in direct contact with the input face of the
intensifier. A digital frame grabber was used to capture the sequence of camera images
over the course of each plasma.

For quantitative interpretation of the camera images, grids of pitch angle and gyroradius
centroid are computed for each case of interest using the grid calculation program
(NL_DETSIM, a.k.a. NLSDETSIM)" used for the TFTR Lost Alpha diagnostic and the
CHS and LHD fast ion loss probes. This program applies the dimensions and relative
locations of the apertures, scintillator plate, and local magnetic field to launch and follow
ion orbits inside the probe, tallying, by gyroradius and pitch angle, where they strike the
scintillator plane. For stellarators such as CHS, LHD, or W7-AS where the magnetic
field is essentially fully determined by magnetic field coil currents, and for conventional
tokamaks where the dominant magnetic field is that created by the toroidal field coils
(TFTR and JFT-2M), the magnetic field direction varies only a little from one plasma
condition to another. In such cases, the gyroradius and pitch angle interpretation grids
may have little or no perceptible variation between different plasma conditions. In the
spherical tokamak plasmas in NSTX, however, the poloidal magnetic field can equal or
exceed the toroidal field strength at the probe location. Consequently, the local field line
direction at the probe can vary from entirely horizontal at the beginning of the discharge
when the toroidal field is on but the plasma current is zero, to as much as 50° inclined
from horizontal when the plasma current is at its maximum value. Consequently, an
entire library of pitch angle and gyroradius interpretation grids is needed for the sFLIP
diagnostic. The appropriate grid to use for any given loss image is determined by
calculating the magnetic field direction at the probe location from the magnetic
equilibrium (computed by the EFIT code®®), and choosing the grid for that field line angle
from the library of grids.

Absolute calibration of the flux of fast ions in a scintillator probe can be performed by
measurement of the phosphor’s luminous response to energetic ions from an accelerator
and measurement of the camera’s intensity signal for an extended luminous source at the



phosphor’s emission wavelength, placed at the scintillator location. In practice, though,
the several steps required to transfer the responses can result in significant uncertainties
in the calibration obtained. For the NSTX probe, an alternate absolute calibration
technique has been adopted. The fast ion current coming to the metalized strips coated on
the scintillator substrate is measured. The strip shapes are shown in Figure 6 and the
segments can also be seen on the scintillator substrate shown in Figure 3. The scintillator
substrate plate is 15.0 x 20.0 cm and the apertures lie at the edge of the plate where the
tapered strips converge. The shape of the strips correspond to 10° wide bins in pitch
angle for a model 1 MA plasma equilibrium in NSTX. For plasma magnetic equilibria
that differ from that used as the design basis, the strips will deviate from covering those
exact bins in pitch angle, but the total current received by all strips can be used as an
absolute calibration for the total intensity in the camera image, thus allowing a complete
calibration of the image. The phosphor substrate plate is a bonded mica flake sheet
approximately 1 mm thick. The Faraday cup strips were metalized with ~1 micron thick
vapor deposited aluminum. There is a I mm wide uncoated gap between strips. While
most of the plate is over coated with a powdered scintillator layer (P46, YAG:Ce), the
circular lands along the right edge of the plate, as viewed in Fig. 6, are left uncoated so
that good electrical contact can be maintained to the Faraday cup strips with the spring
loaded contact pins shown in Figure 3.

The method of absolute calibration using Faraday cups was first utilized in the scintillator
probes in CHS'" and W7-AS?. It relies on the assumption that the charge deposited by
fast ions that strike the scintillator will take the nearby low-resistance return path
provided by the metallized strips under the phosphor powder coating, rather than
diffusing through the insulating phosphor powder or substrate layers. The metalized
strips, essentially Faraday cups, are connected electrically to current-to-voltage amplifiers
in an instrument rack outside the vacuum vessel. These amplifiers hold their inputs at a
virtual ground potential, equal to the vacuum vessel potential. The fast ions striking the
scintillator surface can, in principle, generate secondary electrons. However, any such
secondary electrons generated will have only a few eV of energy. The volume inside the
metallic probe assembly is an equipotential, so there are no electric fields to accelerate
any secondary electrons produced. Since the magnetic field strength in the interior of the
probe is ~0.2 T for typical NSTX conditions, a secondary electron with an energy of 10
eV will have a gyroradius of only ~0.05 mm, There will therefore be no significant
spatial displacement of any secondary electrons generated, and they should simply orbit
in the magnetic field back to within a gyroradius of the point where they were born,
causing no significant deviation in the Faraday cup currents.

5. Initial Results

Figure 7 shows a scintillator image from NSTX shot 111192 (I,=800 kA and B1=0.3 T)
at 253 ms. This image is overlaid with a grid in pitch angle and gyroradius centroid for
interpretation. Note the two luminous spots registered toward the right edge of the
image. These result from neutral beam ion loss at two different pitch angles. In this



discharge, the neutral beam was injected at an energy of 91.5 keV, and the magnetic field
at the probe position was 0.301 T, giving a gyroradius of 20.0 cm for the full energy
deuterium beam ions. This is in good agreement with the observed gyroradius for both
spots as both lie virtually centered on the 20 cm grid line. The localization of the
luminous spots confirms that they are due to fast ions striking the scintillator and not
plasma light leaking into the probe enclosure, which would provide more diffuse
illumination. Additional confirmation that no plasma light is being seen by the CCD
camera is provided during ohmically heated plasmas in NSTX. During these shots, there
is plasma produced light all throughout the vacuum chamber, but no population of fast
ions. In such discharges, no light is seen in the camera image. Each of the luminous
regions seen in Fig. 7 is visibly subdivided into multiple small circular spots. These are
the individual optical fibers that transmit the image to the camera. This discretization
introduced by the individual fibers broadens slightly the instrumental response function
arising from the aperture dimensions but still allows essentially all of the useful
information in the image to be extracted.
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Figure 1: Principle of operation of a scintillator type fast ion loss detector. The pinhole
and slit behind it, in the side of the detector, with the intrinsic magnetic field of the
plasma, constrain fast ions of certain gyroradii and pitch angle to strike the scintillator at
certain positions, acting as a magnetic spectrometer. The pattern of luminosity produced
by the distribution of fast ions incident upon the scintillator is then imaged by an optical
system and videocamera to record the time variation of the loss.
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Figure 2: Sketch of optical train of the diagnostic, including scintillator plate, focusing
lens, image preserving fiber optic bundle, and CCD video camera. Image sequences from
the CCD camera are captured digitally for storage, review, and analysis.



Figure 3: Exploded view of the sFLIP in-vessel components, showing (left to right) the
conical light shield, copper frame, aperture block, Faraday cup spring contact assembly,
and the scintillator plate. A 30 cm ruler is show below the scintillator plate for scale.
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Figure 4: Photograph of the sFLIP assembly



Figure 5: Photograph of the sFLIP inside the NSTX vacuum vessel.
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Figure 6: Drawing of the Faraday cup strip pattern on the phosphor substrate. The plate
s 15.0 x 20.0 cm and the apertures lie at the edge of the plate where the tapered strips
converge The strips are numbered 1 to 10 running from top to bottom in this image,
extending from lowest to highest pitch angles, correspondingly.



Pitch Angle

Figure 7: Fast ion loss image from NSTX shot 111192 at 253 ms. The image is overlaid
with a grid in pitch angle and gyroradius centroid for interpretation. Note the two
luminous spots registered toward the right edge of the image. These arise from neutral
beam ions being lost at two different pitch angles and then striking the scintillator.
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