Compact £ paraliel B type end-loss ion mass-resciving energy analyzer
Yousuke Nakashima, Minory Yokoyama,® Yoshio mai,” Kiyoshi Yatsu, and

Syoichi Miyoshi

Plasma Research Center, University of Tsukuba, Tsukuba, Ibaraki 305, Japar

(Received 7 February 1989; accepted for publication 21 April 1989)

A compact E paraliel B (F || B) type end-loss ion mass-resolving energy analyzer was fabricated
and tested. In the analyzer, a smali-angle defiection magnet and a preaccelerator/decelerator
of end-loss ions are adopted in order to reduce the size and to expand an energy range with a

sufficient energy resclution. Orbit calculations in the £

|# fields inciuding the influence of

fringe fields were made by a Monte Carlo code in which the effects of finite radius and angie of
the incident ions are taken into consideration. Preliminary measurements on the GAMMA 10
tandem mirror were successfully performed and it was confirmed that the analyzer has

capabilities for the spectrometer of end-foss ions.

fons escaping from the mirror-confined plasma along
the magnetic field line have significant information, such as
plasma potential and ion temperature. The absolute mea-
surement of their fluxes makes it possible to study the prop-
erties of azial particle confinement. A conventional multi-
gridded end-loss analyzer (ELA)' has been used for the
measarement of ions escaping from the end region of tandem
mirrors. The ELA has high sensitivity and can measure the
energy distribution of end-loss ions by scanning the retard-
ing voliage applied on the ELA’s grid. However, during dis-
charges with strong plugging, the ELA is occasionally af-
fected by high-energy electrons which make it difficult to
detect a small amount of end-loss ions due to the limitation
of electron-retarding voltage.

Recently, an £ parallel B (E || B} type end-loss icn spec-
trometer (ELIS) was constructed and applied to the TMX-
U tandem mirror in Lawrence Livermore Nationsi Labora-
tory.>* This type of analyzer, which has been developed fora
mass-resolving neutral particle energy analyzer,* effective-
Iy separates the electron and ions. The ELIS is also capable
of making a detailed analysis of the energy distribution with
fast time resolution. However, the ELIS usually occupies a
large space because it uses a large 180" bending magnet and 2
massive magnetic shield. Therefore, it 1s difficuit to set sever-
al ELIS’s in an array for the simultaneous measurement of
the spatial profile.

In this letter, we describe a compact E || B type end-loss
ion mass-resolving energy analyzer in which a bending mag-
net with a small deflection angle is used. After the calibra-
tion experiments,® the analyzer was installed at the end cell
of the GAMMA 10 tandem mirror.”® Preliminary measure-
ments were made in order to evaiuate the capabilities of the
analyzer.

The fabricated analyzer has the following features. To
reduce the size of the analyzer, a 45° deflection magnet is
used in contrast with the conventional 180° magnet of the
ELIS. An accelerator/decelerator is provided at the en-
trance of the analyzer. The preacceleration method has been
applied to the charge-exchange neutral particle analyzer in
JAERL® In the measurement of lower energy ions ( < 500
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eV}, the accelerator is used for the analysis with a higher
E B field ir order to obtain a wide energy coverage. The
decelerator is used for the measurement at a higher energy
range ( > 1000eV) in order to analyze ions with higher ener-
gy resolution by reducing the £ ||B field. The above mecha-
nisms enable us 1o analyze the end-loss ions with the energy
range 100-2000 eV in a sufficient energy resolution, The
analyzer also has a capacity for the mass resolution between
hydrogen and helium.

Figure 1 shows a schematic view of the compact E || B
analyzer and an illustration of the ion detector plate. The
end-loss ions passing through the entrance aperture (2 mm
in diameter) are analyzed with parallel magnetic and elec-
tric fields. The entrance aperture also serves as an elecirode
for the accelerator/decelerator on which a few hundred volts
is usually applied. Both magnetic and electric fields are per-
pendicular to the plane of the figure. The shaded arez repre-
sents the cross section of the pole picce of the 45° deflection
magnet for energy analysis. The gap width of the magnet is
12 mm. A couple of electrostatic deflection plates which pro-
vide an electric field parallel to the magnetic field are in-
stalied at the exit of the deflection magnet. The distance
between upper and lower pliates is designed to be 3 cm from
the orbit calculation. A 60 nxm X 80 num copper-coated ep-
oxy plate is used as an ion detector array. Two sets of detec-
tor arrays are shaped on the plate. Each array consists of ten
channels of ion collectors for proton and helium ion, respec-
tively. A Faraday cup is located just behind the magnet in
order to calibrate the relative sensitivity of each ion detector
channel. A vacuum chamber and an entrance aperture are
made of mild steel for magnetic shielding against the leakage
field from the mirror coils.

In the above-mentioned analyzing scheme, first-order
focusing of analyzing ions is not obtained due to the use of
the 45° deflection magnet. Therefore, it is necessary to calcu-
late the precise orbit of the ions deflected magnetically and
electrostatically in the analyzer. We calculated the electric
and magnetic fields including the fringe field by the finite
element method. The orbit of the ion was calculated with the
Runge-Kutta~-Gill method by using the above results. Fig-
ure (b} shows the plots of spots where the incident beams
hit on the detector plate with energy 0.4-1.5 keV, which are
obtained from the orbit calculation in 2 typical £|[2 field
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FIG. 1. (2) Schematic view of the compact /| B type end-loss ion analyzer
and (b} iltustration of the detector plate designed by using the result of the
arbit calculation. Each dot represents the particle hit on the detector plate
with energy 0.4-1.5 keV.

(B =0.6kG, £E=7200 V/cm). In this calculation, a pencil
beam is assumed to be injected to the entrance aperture and
both the accelerator and the decelerator are not used. Strips
on the detector plate represent the channels of ion collectors.
The layout of the collector channe! becomes somewhat com-
plicated compared with that of conventional £ || B analyzers.
In the case of analyzers using 2 180° bending magnet, the
computation of the ion orbit becomes simple by canting the
detecior plate.® In our design, on the other hand, such an
advantage cannot be expected. The detector plate 1s placed
parallel to the exit face of the defiection plates in order to
simplify the numerical calculation of the orbit.

The energy resolution of each channel was estimated
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FIG. 2. Resuli of Monte Carlo simulation of energy resolution in the hydro-
gen channels (number of particles scored in cach channel vs energy ). The
effects of finite radius and angle of the incident 1ons and fringe fields in
electric and magnetic fields are taken into consideration.
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FIG. 3. Sample of the energy spectrum of end-loss ions (ion current vs ener-
gy vs time} measured at a weakly plugging mode on GAMMA 10

with a Monte Cario simulation in which the effects of the
finite radius and angle of the incident ions are taken into
consideration. The number of Monte Carlo particles scored
in the hydrogen channels is plotted as a function of energy in
Fig. 2. FWHM values of 70 and 150 eV are obtained at the
fower energy channel (Ch.10) and the higher one {(Ch.1},
respectively. These values are satisfactory for examining the
capabilities of the analyzer.

After calibration experiments with H™ and He™ beams,
the analyzer was instalied at the west end cell of GAMMA
10. The signals of the end-loss ions detected by each channel
are transferred to the CAMAC system through the isclation
amplifers. Figure 3 shows 2 sampie of the energy spectrum
of end-loss ions as a function of time. After start-up of the
heating pulses of neutral beam injection (NBI), electron cy-
clotron heating (ECH), and ion cyclotron range of freguen-
cy {(ICRF), the peak value of the energy distribution of end-
loss ions was observed {o increase indicating the increase of
the plasma potential. In this discharge, the plug ECH is ap-
plied to the east plug/barrier cell in order to obtain a suffi-
ciently good signal-to-noise ratic.

In summary, a compact E | B type end-loss ion mass-
resolving energy analyzer was designed and fabricated suc-
cessfully by using a small-angle deflection magnet. The ap-
plication to the GAMMA 10 tandem mirror showed us that
the analyzer has capabilities for the end-loss ion spectrom-
eter. Thus, the compaciness of this analyzer will make it
possible to measure the spatial profile of end-loss ions in one
shot by using several sets of the analyzer.
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