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Beam density fluctuation diagnostic

W.W. Heidbrink®
GA Technologies Inc., San Diego, California 92138

(Received 25 March 1988, accepted for publication 15 May 1988)

The conceptual design of a neutral particle analyzer that is optimized for spatially resolved
fluctuation measurements is described. Estimates indicate that a pair of these analyzers could
detect fluctuations in beam-ion density associated with high £ instabilities in the DHI-D

tokamak.

INTRODUCTION

Charge-exchange diagnostics have generally focused on
measurements of the energy distribution of escaping neu-
trals. Spectral measurements have proven invaluable during
ion wave heating where, a priori, the ion distribution is com-
pletely unknown. During neutral beam heating, the supra-
thermal distribution is usually determined primarily by the
beam orientation and injection voltage, so the role of spectral
measurements, generally, is to detect deviations from classi-
cal behavior. Many detailed comparisons between experi-
ment and theory have been performed and rough agreement
with classical theory has generally been obtained.! The un-
certainties in modeling the charge-exchange spectrum are
sufficiently large, however, that discrepancies as large as a
factor of 2 are considered compatible with theory. Only dur-
ing severe losses of beam ions, as during the fishbone insta-
bility in PDX, 2 have clear deviations from classical behavior
been identified in the slowing-down spectrum.

Under some conditions, impulsive transpori of beam
ions at MHD bursts is evidenced by a sudden increase in
neutral flux.>~ Many plasma instabilities are virtually con-
tinuous, however, so any beam-ion transport associated with
these instabilities cannot readily be identified from the time
evolution of the flux. How can steady transport that does not
strongly distort the spectrum be identified? One approach is
to study quantitatively the beam density profile using active
charge exchange. Another approach, considered here, is to
measure directly fluctuations in beam density 7, in a local-
ized volume of the plasma. Although knowledge of 7, alone
does not suffice to calculate transport, the dependence of 7,
on plasma conditions could yield important insights into
beam-ion behavior.

Section I discusses, conceptually, the design of a neutral
particle detector that is optimized for spatially resolved flux
measurements. Section IT discusses the use of a pair of these
detectors on DIII-D. Spatial Iocalization of the #, measure-
ment is obtained by studying the coherence of a pair of detec-
tors that have intersecting sightlines in the plasma. The tech-
nique has poorer wavelength resolution than conventional
electron density fluctuation measurements. Its merit is that
beam density fluctuations differ from electron density fluc-
tuatjons for many instabilities.

I. NEUTRAL FLUX DETECTOR

The design of the flux detector is based on the miniana-
lyzer used in studies of the fishbone instability>® but with
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further modifications to enhance temporal resolution at the
expense of energy resolution. The instrument consists of a
collimator, a stripping foil, electrostatic deflection plates,
and a channel electron multiplier (CEM) housed inside a
soft iron shield (Fig. 1). The principal considerations in the
design of the detector are the spatial resolution and the signal
level.

Spatial resolution is obtained primarily by collimation
of the incident neutrals. Realistic geometries for DIII-D are
discussed in the next section but, for an initial estimate, the
spatial resolution Ax is roughly

Ax=rAg, (D)

where A@( €1) is the angular acceptance of the collimator
in the plane of interest and # is the distance between the
detector and the emitting plasma volume. The simplest form
of collimation is obtained using fixed baffies separated by a
distance d. Unfortunately, the collimation provided by baf-
fles of area A is roughly Ag ~+/A4 /d so, for good collimation
such that the cross-sectional area {Ax)? of the viewed vol-
ume is nearly as small as the area of the detector, the distance
between the entrance aperture and the detector must be in-

" conveniently large (d~r). These considerations dictate the

use of a collimating element with narrow collimation but
large effective area.

The goal of the design is to maximize the detected signal
® without sacrificing spatial resolution in the plasma. The
signal from a volume ¥V is

D =SV (4, /470 M 50, ()
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FIG. 1. Sketch of a neutral flux detector.
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where § is the neutral emissivity from the volume, 4, is the
area of the detector, 5, is the transmission of the collimator,
77, is the fraction of incident neutrals transmitted and ionized
by the foil, 7, is the fraction of incident neutrals within the
energy range selected by the electrostatic plates, and 7, is
the efficiency of detection of the CEM. Equation (2) as-
sumes isotropic neutral emission from the plasma which is,
of course, an invalid assumption; nevertheless, Eq. (2) is
helpful in identifying factors that enhance the signal P.
Physics requirements (Sec. II} dictate that the volume Vbe
as small as possible. To maximize the signal and minimize
the volume at fixed collimation, the distance r between the
plasma volume and the instrument should be as small as
possible. This dictates that the instrument be compact and
well shielded so that it can be mounted close to the tokamak
vacuum vessel. To maximize the signal without significantly
degrading the spatial resolution, the area of the detector
should be of roughly the same linear dimension as the viewed
velume, i.e., 4, = F?/>. The transmission of the collimator
7. shouid be as large as possible, the stripping foil should
ionize a large fraction of incoming neutrals (7,=50%),°
and the detector shouid collect all incident ions (5, =~1).
Specification of the energy resclution (which determines
75 ) is more subtle. From the standpoint of temporal resolu-
tion, it is desirable to collect neutrals of all energies (5, - 1).
However, beam ions of 2l energies may not respond identi-
cally to instabilities, so some energy discrimination is desir-
able,

These considerations give rise to the design sketched in
Fig. 1. The collimator is fabricated from leaded glass using
the technology developed for fiber optics and microchannel
plates. Physically, the piate must be sufficiently thick that
incident 80-keV neutrals cannot burrow through the walls
but must travel down the channels. The range of a 100-keV
proton in lead is less than 1 gm so, in praciice, the plate can
be any convenient thickness (e.g., I mm). Good collimation
is desirable so 100:1 channels are employed. Use of an amor-
phous material eliminates channeling, which otherwise
could limit the effective collimation. The diameter of the
collimator is I cm. The collimator is placed before the strip-
ping foil because neutrals are easier to collimate than ions
(no stray field effecis ). The ratio of channel area to total area
is approximately 7, =0.6.

The stripping foil is a thin layer of carbon supported on a
90% transparent nickel mesh. To minimize energy loss and
straggling, the foil should be thin but it need not be as thin as
in previous work®® since the energy resolution of the instru-
ment is already relatively poor. A foil 1 cm in diameter and
10 ug/cm? ( ~400 A) thick is practical.

The energy resolution afforded by the electrostatic
plates is very coarse. The primary role of the plates is to
deflect the ions so that x rays that penetrate the collimator
and foil cannot reach the detector without first reflecting off
the (blackened) walls. Only a 35° bend is employed so that a
large energy band is simultaneously collected. Because of the
relatively large separation between plates, the bias voltage is
rather large [ V., = Eln(b/a}/Z=T78keV for E/Z = 50
keV ] but the diclectric strength of the vacuum is adequate to
avoid breakdown.

2009 Rev. Sci. Instrum,, Vol. 58, No. 9, September 1888

The ions are detected by a CEM with 1-cm-diam active
area. The detector is operated in the current mode.

The whole assembly is housed in a thick (e.g., 1 in.),
compact { ~9 X 9X9 in.), soft iron shield.

il. APPLICATION IN Dili-D

A single detector integrates the flux emitted anywhere
along its sightline. To cbtain spatial resolution, a pair of de-
tectors with intersecting sightlines are employed (Fig. 2).
The intersection volume is arranged to lie within the path of
one of the heating beams, which provides a local source of
neutrals in the plasma. (Otherwise, the signal is dominated
by the high neutral density region at the plasma edge.) The
intersection volume is situated in the outer part of the plasma
to minimize the effect of neutral attenuation on the doping
beam and the exiting neutrals, and because the predicted
amplitude of pressure-driven modes peaks in this region.
The arrangement of diagnostic ports on DIII-D suggests
several possible configurations for the measurement; in per-
haps the best configuration, detectors are placed in adjacent
ports in the horizontal midplane (Fig. 2). This configura-
tion has the advantage of placing the detectors close to the
plasma volume and of viewing neutrals near the angle of
beam injection, both of which tend to enhance the signal
level. The configuration is also conducive to radial variation
of the intersection volume. kts disadvantage is that the sight-
lines do not intersect at right angles, so the length of the
viewing volume is increased by a factor of 4 over the mini-

\NEUTRAL BEAM INJECTOR

........ chcot

NEUTRAL
DETECTORS

¢

MNEUTRAL BEAM

" 1™\ INTERSECTION VOLUME

{DETECTOR

{ SIGHTUNE VACUUM

VACUUM VESSEL OUTER WALL

FiG. 2. Plan view of DII-D showing the layout of a beam density fluctu-
ation diagnostic.
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mum possible value. Two other possible configurations also
merit consideration. The detectors could be separated by
two field coils in the horizontal midpiane, which gives sub-
stantially better spatial resolution since the sightlines inter-
sect at right angles. A difficulty with this configuration is
that one detector views circulating particles while the other
views trapped particles. Conceivably, these two classes of
beam ions might respond differently to an instability. A third
possible configuration is a vertically viewing detector
crossed with a horizontal detector. Because of the elongation
of the DIII-D vacuum vessel, the improvement in spatial
resolution associated with a crossed viewing geometry is par-
tially offset by the larger path length » [compare BEg. (1)} s0
that the spatial resolution is only improved by a factor of 2.
Relative to detectors in the midplane, a disadvantage of this
configuration is that the detector is twice as far from the
intersection volume so the signal is reduced a factor of 4. The
reduction is even greater at higher densities (7, 24X 10"
cm™*), where attenuation of the escaping neuntrals becomes
important.

Fluctuations in beam density in a localized volume are
obtained through cross-spectral analysis of the two signals.”
Fiuctuations from the interseciion volume resuit in fluctu-
ations in signal that are coherent and in phase; instabilities
from other regions of the plasma are assumed to make negli-
gible contributions to the coherency spectrum due to phase
mixing. Actually, of course, coherent oscillations in signal
can be produced by instabilities with long wavelengths; in
fact, large coherent oscillations were observed with two sep-
arated neutral particle detectors during the fishbone insta-
bility in PDX.? Experimentally, the contribution of fluctu-
ations outside of the intersection volume can be assessed
through two techniques. One test is to turn off the heating
beam used as a local source of neutrals. If the features in the
spectrum persist, they are probably due to a long-wave-
length edge instability. Edge osciliations may also exhibit a
phase lag, which could be identified by deviations from (" in
the phase spectrum. A second test is to tilt the sightline of
one of the analyzers away from the horizontal midplane: the
coherency should decrease with increasing distance. This
technigue could also help establish the scale length of detect-
ed fluctuations.

A rough estimate indicates that the signal level is suffi-
cient for measurements at 1 MHz. In the outer region of the
plasma (before appreciable attenuation through ionization)
the neutral density in 2 heating beam is #,=~10°cm ™. Ina
moderate-density L-mode plasma at full power (10 MW),
the density of beam ions above E; /2 is #n, ~N,7./ v,
~5X 10" ecm™3, where N, is the injection rate, 7, is the
slowing-down time, and v, is the plasma volume. The emis-
stvity of 40-80-keV neutrals from the intersection volume is

S =ngn,{ov) ~2X 10" cm s ! The emission is aniso- -

tropic in pitch angle and some emitted neutrals reionize. As-
sume that the detectors are oriented to view a heavily popu-
lated pitch angle (as in Fig. 2) and that reionization is small
(ie., i, S7X 10" cm™?). For the configuration illustrated
in Fig. 2 with the detectors described in Sec. I, the intersec-
tion volume is approximately 1.5 1.5X7 em. Using Eg.
{2), the expected signal is & ~ 10° cps. This large signal level
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imphies that high-frequency (1 MHz) measurements of 1%
fluctuation are not limited by counting statistics for reasona-
bie time records (e.g., 10 ms). Since the neutral density #n,
depends on the attenuation of the injected beam along the
whole beam trajectory, it is expected to fluctuate weakly in
response to instabilities with wavelengths A €a (ais the plas-
ma minor radius). Thus fluctuations in signal are due pri-
marily to fluctuations in beam density 7,,.

Although the temporal resolution of the #, measure-
ment is good, the ability to resolve small-scale structure is
poor when compared to conventional wave-scattering tech-
nigues such as CO, or microwave scattering. In one sense,
the spatial resolution of a CO, laser scattering experiment is
rather poor since the scattered light is typically collected
from a very large volume. But since the scattered waves are
constrained by the Manley-Rowe relations, A, — &,

= -+ k;, the wavelength of the detected fluctuations is

known accurately. In contrast, when collecting particles
emitted from a volume, phase mixing tends to obscure fine-
scale fluctuations so that the wavelength resolution is ap-
proximately the length of the volume.

Ballooning modes are thought by many to be responsi-
bie for the beta limit in tokamaks.* These modes have small
radial wavelengths and are purely growing in ideal MHD.
The high # modes tend to be destabilized first, although low-
er n modes usually have similar stability properties. Another
class of instabilities postulated to affect transport in toka-
maks are the various drift instabilities.® A typica! frequency
for these modes is the diamagnetic drift frequency and a
typical perpendicular wavelength is the (thermal) ion gyro-
radius.

Although the frequency response of the neutral flux de-
tectors is sufficient to detect high » ballooning modes and
drift waves, the spatial resolution is not. On the other hand,
modes with a ballooninglike structure with n2 < 10 have been
observed at high beta on several tokamaks.'® Furthermore,
in studies of the nonlinear saturation of ballooning modes, !
longer wavelength harmonics have the greatest effect on
transport. The effect of these or similar modes on beam den-
sity fluctuations could be detected with the proposed diag-
nostic.

The plasma maintains guasineutrality for all low-fre-
guency modes. Naively, this suggests that measurements of
f1, are equivalent to electron density fluctuation (#,) mea-
surements. Because of the Jarge banana width of hot ions,
however, the beam ions respond differently to instabilities
than electrons. Charge neutrality is preserved by fluctu-
ations in the “third” species, the thermal ions. Besides their
gyroradius, there is another important difference between
beam ions and electrons. In most plasmas, the gradient in
beam density is much steeper than the electron density gra-
dient, which also tends to make 2, /n, 3 #,/n,. Recent theo-
retical studies'? have found that the unique dynamics of a
hot species modifies the behavior of several well-known in-
stabilities.

In conclusion, detection of steady-state transport of
beam ions using conventional charge-exchange technigues is
difficult. Neutral detectors optimized for high count rates
can detect fluctuations in beam density associated with low a
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( = 10), ballooninglike instabilities. The information avail-
able from these measurements complements conventional
electron fluctuation measurements.
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