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Large-acceptance-angle
gridded analyzers in an
axial magnetic field

ABSTRACT

Electrostatic retarding—potential gridded analyzers have been used to
measure the current and the axial emergy distributions of ions escaping along
magnetic field lines in the 2XIIB magnetic mirror fusion experiment at Lawrence
Livermore National Laboratory (LLNL). Three analyzers are discussed: a large
scanning analyzer with a movable entrance aperture that can measure ion or
electron losses from a different segment of the plasma diameter on each shoi,

a smaller analyzer that mounts in 5-cm~diam ports, and a multicollector anal-
yzer that can continuously measure losses from the entire plasma diameter.

The scanning and the 5-cm analyzers both operated successfully. The multicol-
lector analyzer was designed, but not built. Careful electromagnetic shielding
and grounding were necessary in order to reduce spurious signals. Accurate ion
current measurements require grids that transmit ion trajectories at angles of
23° from axis, entrance grids that attenuate the plasma flow and isolate it
from the analyzer grid potentials, several techniques to suppress secondary and
primary electrons, and consideration of the space-charge limits as well as
techniques to increase these limits. Accurate measurements of ion energy
require, in addition, confining large-angle ion orbits within the analyzer
(this requirement is relaxed on the Tandem Mirror Experiment (TMX), where the
end-loss ions are more collimated), limiting the sweep rate of the ion repeller
grid, and aligning the analyzer so that it is normal to the magnetic field
lines. The analyzers measure the axial emergy, which in these experiments is
much greater than the transverse energy. Several pitfalls and their cures arc

identified in the design, construction, and operation of these analyzers.
INTRODUCTION

Electrostatic gridded analyzers were used to measure the current and

energy distribution of unconfined ions in the 2XIIB magnetic-mirror plasma
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confinement experiment.1 As shown in Fig. 1, these unconfined ions escaped
along the magnetic field to the end walls; there, the analyzers measured the
ion current and/or the distribution of ion energies, Ion energies parallel to

the axial magnetic field were measured.

Gridded analyzer FIG. 1. Gridded analyzers measure

. the current and the energy distri-

™ bution of end-loss ions, those lost
from the 2XIIB magnetic-mirror-
confined hot plasma as well as those
from the streaming-plasma gun that
are transmitted through the hot
plasma. The ions flow along the
magnetic field that increases from
By = 7 kG at the hot plasma to

Hot plasma

C:::) Bp = 13 kG at the magnetic mirrors,
then decr:2ases to By = 2 kG at the
Streaming: analyzer.
plasma gun{s}

Measurements of plasma loss currents are made in order to determine
particle and energy containment of a hot plasma and for comparison with theo-
retical predictions of the unconfined ion current required for stabilization
of loss-cone instabilities.2 Measurements of the energy distribution of
unconfined ions yield information on the plasma potential, rate of ionization
of cold gas, and ion energy diffusion. [Note: these analyzers are now being
used on the Tandem Mirror Experiment (TMX),3 where they can determine the
plasma potential and the central-cell ion temperature in addition to the loss
current.]

Analyzers having several unique features were required to make such
measurements on the 2XIIB experiment:

° The acceptance angle required to collect and analyze the energy of
the ions at any angle within the loss cone exceeded 23°, (The loss cone is
the boundary between magnetically trapped and unconfined ions.) The large
acceptance angle is possible with these retarding~potential gridded analyzers
because an axial magnetic field confines the ions to orbits smaller than the
analyzer radius. The large acceptance angle contrasts with the low acceptance
angle required by magnetic-field-free gridded analyzers.4 The latter type of

design is satisfactory for the TMX where the acceptance angle need be only
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3.4°, 1In this report, we discuss the design of wide acceptance angle
analfzers, as well as how the design problems are eased with collimated ions.

. A large dynamic range is required to measure incident current
densities from 10-3 to 101 A/cm2 in a noisy environment within 100 ps after a
streaming-plasma gun has fired directly into the analyzer. The large dynamic
range is achieved by providing careful electromagnetic shielding and grounding,
by attenuating the incident plasma with low-transmission entrance grids, and,
when necessary, by increasing the ion space-charge-limited current by biasing
the collector negatively. The current is also increased from that achieved
with a single-hole entrance aperture,4’5 without increasing the current
density, by using a large entrance aperture (3 to 5 cmz) covered with a grid.

[} Secondary electrons are suppressed by the axial magnetic field and
by the arrangement of grids, as well as by conventional electron-suppressor
grids.

. Accurate measurements of the axial energy distribution of the ions
are achieved by ensuring that all ion trajecteries intercept the collector, by
minimizing the time of flight of the ions from the ion repeller grid to the
collecter with swept bias analyzers, by using double grids,6 and by minimizing
the mixing of axial and transverse energy.

This report is divided into three major sections followad by a short
critique of analyzer designs. 1In Sec. I, we describe the designs of three
analyzers: a large scanning analyzer with a movable entrance aperture that can
measure ion or electron losses from a different segment of the plasma diameter
on each shot, a smaller analyzer that mounts in 5-cm~diam ports, and a multi-
collector analyzer that can continuously measure losses from the entire plasma
diameter. Also, we discuss some general mechanical and electrical features.
In Sec. II, we discuss those details of the anmalyzer design that are necessary
for accurate measurements of ion current but that are not sufficient for
measuring energy. These dztails include grid transmission at angles up to
23° off axis, entrance-grid functions and designs, techniques for electrom
suppression, space-charge limits, electron current and energy measurements,
and the mapping of currents along magnetic field lines., In Sec. III, we
discuss additional design details that must be considered in order for the
analyzers to obtain accurate measurements of the ion energy distribution
function. These include the following: the confinement of large-angle ion

trajectories within the analyzer (as well as less stringent design criteria
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that are appropriate for collimated ions) methods for minimizing mixing of
axial and transverse energy, and a criterion for choosing a sweep rate for the
ion-repeller that does not limit resolution of ion energies. Section III
concludes with example measurements of ion energy distribution, taken with the

scanning analyzer. The 5-cm analyzer performed in a similar fashion.
I. ANALYZER DESCRIPTION

Two gridded analyzers were used on the 2XIIB magnetic mirror experiment
and a third was designed but not built. One of those used on 2XIIB, a scanning
analyzer (Fig. 2), was mounted inside the vacuum chamber. It used grids of up
to 25-cm open diameter and included a sliding l- by 5-cm entrance aperture to
allow currents to be measured at various plasma radii. The aperture moved
16 cm, scanning the minor diameter of the plasma from shot to shot. An outer
case and an entrarce grid at machine ground shielded the inner case at diagnos-
tics room ground. This scanning analyzer measured ion energy distributions up
to 3 keV, at which level it was limited by electrostatic forces on the grids.

The second analyzer, the 5-cm-diam analyzer (Fig. 3), was used on both
2XIIB and ™K. It was designed for installation outside the vacuum chamber in
the 5-cm-diam ports usually used for streaming-plasma guns. Although it was
primarily used for measuring the current density of the ions, it could aiso
determine ion energy distributions up to 0.6 keV in a 2-kG magnetic field in
2XIIB. Beyond 0.6 keV, large ion orbits can intercept the entrance tube or
miss the collector, as will be discussed in Sec. III.A. Such an energy limit
does not exist with the more collimated ions on TMX, if one accepts slightly
reduced energy resolution (Sec. III.B). Electromagnetic shielding, discussed
in Sec. I.B, was particularly important for this analyzer because it could be
installed between streaming-plasma guns that drew a curreat of typically 3 kA
with open circuit voltages of approximately 2 kV. Polyethylene insulation
around the analyzer separated it from adjacent plasma guns by providing a
several kilovolt isolation between grounds. Electrical connections through
the vacuum wall were made with vacuum~brazed coaxial connectors.

A third analyzer, which was designed but not built, uses a vertical array
of eight collectors behind a vertical entrance slit to simultaneously measure
the ion current and energy distributions at different plasma radii (Fig. 4).

This multicollector analyzer provides data simultaneously at eight radii, is

4
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F1G. 2. The scanning end-loss analyzer was mounted inside the 2XIIB vacuum
chamber and was enclosed by two separately grounded shields. An outer shield,
grounded to 2X1IB, supported an entrance grid and a movable entrance apertur.
for scanning the spatial profile of end losses. An inner shield, grounded at
the diagnostics room, enclosed ion- and electron-repeller grids, the secondary
electron suppressor grid, the collector, and the cables from the analyzer to
the diagnostics room. The grounds were connected at the analyzer with a low-
inductance resistor of about 100 £. The analyzer and inner shield were mechan-
ically isolated from the 2XIIB end flange with welded bellows (noi shown) to
protect the fragile grids and insulators from mechanical shock. Plasma was
incident from the right. Flat grids, indicated by dashed lines, are mounted

on rings that are normal to the axial magnetic field. fihe rings are supported
on ceramic standoff-insulators and are connected through vacuum feedthroughs

to bias power supplies. The apertures of different grids, including the double
grids, are not aligned, but are randomly oriented relative to each other.
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Machine end flange
Insulating washer
Insulating ring

Coaxial feedthrough {on-repeller grid
Efectrostatic shield -\ \ Collector ]

Electron-repeller
and secondary
suppressor grid
Entrance
grids

FIG. 3. The 5-cm analyzer was mounted in a 5-cm-diam port of the streaming-
plasma guns on both 2XIIB and TMX. The entrance tube and grid at machine
ground were electrically isolated from the rest of the analyzer, which was
enclosed by a grid and wacuum wall at diagnostic-room ground. An electrostatic
shield enclosed cable connectors and was connected to the conduit to the diag-
nostics room. The hermetically sealed coaxial connectors were vacuum brazed
into the vacuum wall. To withstand mechanical shock, the structure was
ruggedly built.
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FIG. 4. The multicollector analyzer was designed to measure ion currents or
energy distributions simultaneously at eight plasma radii. The sensitivity of
the analyzer could be changed by inserting a low-transmission grid connected to
a shaft through the vacuum wall. Grid supports were radiused to hold 10 kV
between grids, and a modular design allowed coavenient disassembly. The design
vas simplified as follows from the scanning analyzer: multiple collectors
replaced a movable entrance aperture, external mounting provided easier access
to the analyzer at the expense of slightly reduced energy resolution due to

the less uniform magnetic field, and rugged insulators and lightweight grid
supports withstand mechanical shock without requiring isolation bellows. An
electrostatic shield (not shown) would enclose the cables as with the 5-cm
analyzer. Unlike the cylindrical scanning and the 5-cm analyzers, the multi-
collector analyzer is rectangular. We show the end view in (a) and the sicde
view, exhibiting the multiple collectors, in (b). This analyzer has not been
built.
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simpler mechanically than the scanning analyzer with its movable aperture, and
is more easily disassembled for maintenance than the scanning analyzer. Being
mounted outside the vacuum wall like the S5-cm-diam analyzer, it is more acces-
sible for maintenance., This location entails some sacrifices in energy reso-

lution, as will be discussed in Sec. III.D.

A. MECHANTICAL DESIGN

The proper choice of grids is one of the more critical analyzer desigm
problems. The properties of grids used in the scamning analyzer are li- *ed in
Table 1. Similar grids are used in the 5-cm~diam analyzer. Achieving a wide
angular accepts. ce requires using grids that are thin, relative to the hole
diameters, as will be discussed in Sec. II.A. Since the hole diameters must
also be small, we selected nickel electroplated grids as thin as 5 pm.
Mounting these fragile grids on rings of an open diameter up to 25 cm requires
care to avoid wrinkles and to keep the grids taut. J. H. Williams developed
the technique of first attaching the grid te s larger frame with light springs
to hold it taut and flat, then laying it on the stainless-steel mounting ring
and spot welding every, or nearly every, grid wire to the ring.

These grids remained taut if handled carefully and not overheated.
Results of tests in an oven indicated that the electroplated nickel grids had
little elasticity. When heated to 50°C, the stainless-steel mount expanded
slightly more than the nickel grid; the grid stretched inelastically and did
not remain taut as it cooled. Similar grid heating could have occurred in the
analyzers in 2XIIB or TMX, where, to provide better pumping, all walls were
coated with titanium evaporated from hot wires. To prevent nearby hot-titanium
wires from overheating the grids, the housing (at diagnostics-room ground) of
the scanning analyzer was therefore water cooled. The S5-cm analyzer, mounted
outside the vacuum wall of 2XIIB or TMX, was sufficiently well shielded from
heat sources that it did not require water cooling. Similarly, the multicol-~
lectﬁ; analyzer would not be expected to require cooling.

/; To avoid distortion of electrostatic potential contours due to surface
gﬁﬁrges on insulators, all three analyzers are designed to hide the insulator
!/fron the charged particles being analyzed. All surfaces within line of sight

s .
- of the ions or electrons are metal.
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TABLE 1.

Grid characterietics for scanning analyzer.

See Fig. 2 for the definitions of rg and d.

Hole .
diameter, Maximum ion Grid Cutoff Grid
2r, densitg, nj thickness angle Transmission, T separation, d
Grid function (um) (em™) (um) (degreea} 0° 16° (cm)
Entrance st machire 268 not applicable 180 68 0.125 0.124 6.24
ground Gl
Entrance at diagnostics
ground B 7] 19 2,7 x 1012 100 40 0.023 0.018 0.32
G3 39 6.4 x 1011 5 83 0.60 0.55 1.03
Ion repeller 11 216 2.1 x 1010 5 89 0.75 0.74 0.32
12 216 2.1 x 1010 5 89 0.75 0.74 0.64
Electron repeller El 216 2.1 x 1010 5 89 0.75 0.74 0.50
Electron suppressor E2 216 2.1 x 1010 5 89 0.75 0.74 0.36




Deposits on grid surfaces can become charged to voltages different from
those applied, thereby distorting measurements of energy.a-s Since we cannot
bake these analyzers to remove surface deposits, we minimize them by handling
grids only with gloved hznds, and by degreasing the other analyzer parts. This
has been satisfactory at the several-hundred-eV energies encountered on 2XIIB
and TMX.

Yechanical shock waves transmitted along the vacuum vessel from 0.6~ms
risetime, pulsed magnet coils on 2XIIB were capable of breaking insulators used
to support grids. The scanning analyzer, of rather fragile design, was mechan-
ically isolated via a welded bellows (not shown in Fig, 2) and was supported
independently of the vacuum vessel. This support -vstem functioned well, but
was awkward to handle and install. The 5-cm analyzer, on thea other hanf,
incorporated a more rugged, yet lightweight, structure that could survive the
shock waves and was therefore mounted directly to the vacuum vessel. The
multicollector anaiyzer structure was also designed to withstand mechanical
shock.

The maximum voltage between grids is determined not so much by voltage
breakdown as by the allowablz bowing of grids from electrostatic forces. Grid
bias voltages are limited to 3 kV in the scanning analyzer, where 25-cm~-diam,
5-um~thick grids are separated by 0.6 cm. Higher bias voltages can be obtained
either by increasing the grid strength or by increasing the grid-to-grid separ-
ation tc decrease the electrostatic forces (subject to the other constraints to
be discussed in Secs. II and III). Both techniques, along with more careful
radiusing of grid holders, allow the 5-cm (and presumably the multicollector)

analyzer to hold voltages greater than 10 kV.

B. ELECTRICAL DESIGN

Careful shielding and grounding are essential to an amalyzer's having a
large dynamic range in a high-electromagnetic-noise environment. Electro-
magnetic noise in 2XIIB originated from switching of 3000-A streaming-plasma
guns, from sparkdown of multimegawatt neutral-beam injectors, and from
switching of 1-MA turn, 0.6-ms risetime electromagnets. The elec“vomagnets can
also cause large ground-Ioop currents. The collector and repeller grids of all

three analyzers described in this report were shielded ty being surrounded by a
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metal case that was closed to electromagnetic radiation at the entrance aper-
ture by multiple, grounded entrance grids (Figs. 2 through 4) and that formed
an ertension of the 50-m-long conduit that enclosed all the coaxial cables,
from the analyzer to the diagnostics room (Fig. 5). The coaxial cables carried

the collector current and connected ion~ and electron-repeller grids to the

Diagnostics-room

ground
Air | Vacuum ]

Conduit / 7
Power * 1[ / A fon-repeller
suppl
PRl Coaxial cable ' j'
ooy
Ao v Call, A
Scope tF— : po
T 0] i
q b
Power - \—p Efectron-repelter J :
Conduit —LG
R1
Diagnostics-room Machine ground
ground

£
Buildin; ground

FIG. 5. The collector, grids, and coaxial cable comnections to the scanning
analyzer were electromagnetically shielded by being enclosed in a conduit that
was a8 continuation of the analyzer case. (For simplicity, the electron sup-
preasor grid and cable were omitted from this figure.) The entrance aperture
opgning in the case was closed by an entrance grid. An additional entrance
grid and case at machine ground, that surrounded the analyzer, bypassed large
plasma currents to ground and minimized perturbation of the plasma by the dif-
ference between ground potentials that could exist during injection by the
streaming-plasma gun. Machine and diagnostics-room grounds were connested to
the analyzer by Rl = 100 {2, in addition to their independent and widely
separated connections to building ground. This provided a low-impedance path
for small signals, but limited ground-loop currents.
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power supplies, The conduit was hard grounded only in the diagnosti=s room
and was electrically isolated from the 2XIIB machine ground. To avoid drawing
large currents from the streaming-plasma guns to the diagnostics-room ground,
the case of the scanning analyzer was surrounded by another case and by an
entrance grid, both of which were connected to machine ground (Figs. 2 and 5).
The S-cm analyzer and the multicollector design similarly used a machine-
grounded grid and entrance tube to block most of the plasma current from
flowing through the diagnostics-room ground. Rather than relying on the two
widely separated inductive connections to building ground, diagnostics—room
ground and machine ground were usually connected at the analyzer by a resistor
(soft ground) of about 100 £ that was small enough to provide a low—impedance
current return for high-frequency plasma currents. On the other hand, the two
grounds could differ by tens of volts for a few microseconds when the
streaming-plasma guns were fired; then, 1005 was large enough to limit the
ground-loop current to tolerable levels.

Oscilloscope traces from 2XIIB runs using the scanning analyzer (Fig. 6)
show that the shielding reduced noise peaks to +0.01 V from the much greater
than 1-V ambient noise levels. Furthermore, the dynamic range between 100 us
when the signal comes out of saturation at a 1-V level, and 700 ps, when the
signal approaches noise level of 0.01 V, was at least 100.

The four modes of grid biasing used on these analyzers are shown in Figs.
7(a) through 7(d). Figures 7(a) and 7(b) show typical grid biases for measure-
ments of the ion current density at lower and higher space-charge limits,
respectively. Figures 7(c) and 7(d) show typical grid biases for measuring

electron current density at lower and higher space-charge limits, respectively.

4 100w FIG. 6. The ion-collector current
I from the scanning analyzer is dis-
played vs time at two sweep speeds
and vertical gains. Pulsed plasma
guns were fired into the analyzer
20 pus after the oscilloscope was
— triggered. The current came smoothly
out of saturation at 100 ps, then
T decayed to a level 100 times smaller
at 700 pus before being lost in noise.
The ion current density approaching
the entrance grid was obtained from
the traces by the conversion factor
4,0 A/(cm2 + V).
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FIG. 7. Grid potential distributions for 2XIIB analyzers are shown. Grids Gl
through G3 are grounded entrance grids: grid Gl is at 2XIIB machine ground;
grids G2 and G3 are at diagnostics-room ground. (a) The double ion~repeller
grids Il and I2 are grounded (solid line) to measure the total current density
of ions or biased (dotted line) to measure the current of ions above the bias
energy. The electron repeller El is typically biased to ~1 kV and the electron
suppressor E2 (if separated from El as in the solid line for the scanning anal-
yzer) is biased to ~20 V to suppress secondary electrons from the collector C.
The dashed line indicates the electron-suppressor/repeller bias for the 5-cm
analyzer. No differences in performance were observed between the negative-
grid biases shown by the dashed and solid lines. The collector is grounded
through a meter resistor. (b) The collector is biased to =1 kV to maintain
ions at high energy and hence to maintain a high space-charge-limited current
density after the electrons have been electrostatically separated. The ions
cannot now be energy analyzed without losing the higher current limit,

(¢) Electron energy distributions are measured by varying the electron repel-
ler bias (dotted line) while the ion-repeller bias is maintained high to repel
all but very enmergetic ions. Electron current measurements, without energy
analysis, use an electron-repeller bias of 5 to 20 V (solid line), sufficiently
negative to suppress secondary electrons from leaving the collector, but not
regative enough to reflect the primary electrons. (d) The collector is biased
positively to increase magnitude of the space-charge-~limited current density.
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Ton and electron energy distributions can be measured only at lower space-
charge limits. The ion-collection modes are discussed in greater detail in
Secs. I1.C and II.D, and electron collection is discussed further in Sec, II.E.
Amplifier overload from plasma-gun injection was observed when the input
voltage exceeded full scale on the oscilloscope by one to two orders of magni-
tude, but was well below the maximum allowed input voltage of the amplifiers.,
Most amplifiers recover from overload on a 1- to 10-ms time scale. Much
quicker recovery is available with high gain differential or comparator ampli-
fiers that carry a specification on overload recovery time of typically 1 to

10 us.
II. TON-CURRENT MEASUREMENTS

Accurate ion-current measurements with gridded analyzers require care in
several areas that are discussed in this section. These include grid trans-
mission and collection of ions at all angles out to the maximum angle desired
relative to the axis; design of the entrance grid to isolate the plasma from
the analyzer potentials and attenuate the plasma flow; suppression of electrons
originating from several sources; evaluation of the space-charge limits on the
current and discussion of techniques for increasing the limits; effect omn
design criteria necessitated by the collection of electrons rather than ionsj
and the mapping of the measured ion current density to any point along the

magnetic flux tube.
A. GRID TRANSMISSION AT IARGE ACCEPTANCE ANGLES

A large acceptance angle was required for 2XIIB analyzers in order to
measure all ioms that were not confined by the magnetic mirrors. We calcu-
lated the acceptance angle as follows:

Scattered ions are lost primarily because of small~angle collisions that
have left them near the periphery of the los= cone; however, the streaming
plasma is expected to fill the loss cone.2 The loss—cone angle is calculated

from conservation of energy

E+E"+q¢-E (1)

1

and the adiabatic invariant 1,
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u = El/B ’ (2)

where Ei and ﬁl are the ion energies, transverse and parallel to the axial
magnetic field, respectively, ¢ is the plasma potential (expec\sd to be a few
hundred volts), q is the ion charge, and B is the magnetic field strength.

The adiabatic invariant p is constant as long as the magnetic field is nearly
uniform over an ion orbit.7 The ion with the largest angle will be one that
has almost all transverse energy at the magnetic mirror (E =~ El = Bm)’ and
hence is barely transmitted. Then, the angle @ between the ion trajectory and

the magnetic field at the analyzer (Ba) is given by
1/2 1/2
8 = arctan (;l/ﬁl) 2 . arctan {Ba/[Bm -B - (q¢/u)]} / ’ (3)

where qm is the magnetic field at the mirror. For typical 2XIIB parameters
where Bm = 13 kG and B = 2 kG, we obtain 0 < 23°. 1f we assume that uncon-
fined ions at the hot plasma are isotropic, then in 2XIIB the average ion angle
at the analyzer was 16° from axial.

The angular acceptance requirement affects two aspects of analyzer design.
One aspect, the transmission of grids at large angles, is necessary for both
current and energy measurements; the other, the confinement of ions with large
perpendicular energy, is necessary only for energy measurements, and is discus-
sed in Sec, IIT.A. To maximize the angular acceptance for 2XIIB, we proceeded
as follows:

We chose flat, electroplated mesh grids rather than woven or knit grids.
In addition to having all the wires in one plane, electroplated grids have
slightly conical holes that provide a greater acceptance angle than would
cylindrical holes.

The net transmission of multiple grids is determined from the individual
grid transmissions. A broad angular distribution of ions transmitted through
a set of apertures separated transversely by much less than an ion gyroradius
will have lost all memory of the pattern of one grid before reaching the next
grid located axially many grid—aperture separations distant. Then the total
grid transmission is the product of the individual grid transmissions:

T, =T, * T

P =Tyt Ty e o T . %)

16~



To maintain the validity of Eq. (4) and to avoid preferentially transmitting
only part of the angular distribution due to the relative aligmment of grid
holes, subsequent grids have closer hole spacing than does the first entrance
grid, and are separated from adjacent grids by much more than the hole separ-
ation times the cotangent of the ion trajectory angle. (This condition was
met on 2XIIB, but is difficult to achieve with the highly collimated ions from
TMX.) The absence of Moiré fringes is a convenient criterion for selecting
pairs of grids to be used with a close spacing. The presence of fringes
indicates that the grid transmission will vary with the angle of incidence and
with grid alignment. The variation becomes greater as the size and contrast
of the fringes increase.

A figure of merit ¢ for the angular transmission, with an average angle of

16°, is given by
a(16°) = [TT(16°)/TT(0°)] ) (5)

Obviously, our goal is to maximize & to as near unity as possible. We achieve
o= 0.67 with the scanning analyzer [as can be calculated from data in Table 1
by means of Eqs. (4) and (5)] and @ = 0.82 with the S5-cm analyzer by choosing
grids that are thin compared to the aperture diameters. This requirement must
be balanced against other conflicting requirements to be discussed in Sec.
II.B. The transmission of individual grids was determined by measuring the
transmitted light to a photomultiplier tube., These measurements were made at
0° and 16° from normal to the grid. Table 1 shows results for the scanning
analyzer.

Ensuring that all ion trajectories end at the collector is trivial if only
the total ion current is to be measured. Then, it is only necessary that the
collector, grids, and entrance tube (if any) subtend larger solid angles from
the entrance aperture than do the ion trajectories. However, further consider-
ations are necessary if the ion energy distribution is to be measured, as is

discussed in Secs. III.A and III.B.
B. ENTRANCE~GRID DESIGN

The multiplie, grounded entrance grids accomplish several functions that
are essential to the correct performance of these gridded analyzers.
. They establish a ground potential that isolates the plasma outside

the analyzer from perturbation by biased repeller grids.6 This requires

=-17-



-

tenuating the plasma density so that the Debye length exceeds the m;sh size of
the grid.

[ They reduce the ion current density below the space-charge limit,
(as discussed in Sec. II.D).

. They attenuate the power density below the value at which the in-
terior grids would overheat and warp. However, the thick entrance grids that
absorb this power without warping or melting must maintain wide angle trans-
missicn.

. Finally, they withstand metal deposition from titanium gettering
without significantly altering their transmission.

In some cases, less than optimum performance must be accepted in one
function in order to achieve adequate performance in another.

The entrance grids at diagnostics~room ground, as well as the repeller
grids of the analyzers, must have hole radii that satisfy the criterion
Ty < XD. The Debye length )‘D is determined by the plasma density n_ and the

electron temperature Te to be
A (cm) = 700 [re (en)/n, (cm'3)]“2 . 6

In Table 1, we list the density allowable at any grid of the scanning
analyzer. To ensure that we do not exceed the density rating of any grid, we
use the following procedure. We begin by calculating the maximum density
(n, = 2.1 x 10'® eu™3) alloved by Eq. (6) for T, 220 eV at the last grid E2
before the collector. The allowed density at the preceding grid El is the
lesser of ne(El) = n_(E2)/T(E1) = 2.8 X 1010 cm3
Eq. (6) for ry = Ay (n, = 2.1 x 101 %%,
lesser of the calculated densities, we calculate that a density of n_ =
1.2 x 1013 ew3 .

result in exceeding the maximum density rating of any grid in the scanning

and n, as calculated from

In this manner, always taking the
at the first entrance grid Gl is the maximum that does not

analyzer. This ensures that the plasma does not shield grid potentials from
the ions, thereby allowing transmission of ions with axial energy below the
potential of the ion-repeller grid.

We can ensure that repeller grid potentials do not perturb the plasma
outside the analyzer by requiring that two grounded entrance grids have mesh
openings of less than one Debye llmgt:h.6 This is accomplished as discussed
above for m_< 1.2 % 1013 a3,
on the first entrance grid, because that grid serves primarily to reduce the

But we do not need to place this requirement

incident power and current density.
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Selecting an entrance grid requires compromises between two further
requirements: the grid must be thin relative to the hole size to allow for
wide angular transmission, but it must also be thick in order to absorb
thermal energy. The first two entrance grids in the scanning analyzer were
thick enough, 180 pm and 100 pm, respectively, to absorb 10 J/cm2 during a
10-ms—-duration plasma shot on 2XIIB without melting or warping. Together, they
attenuated the plasma by a factor of 320, to limit the temperature rise of the
S5-um-thick repeller grids to less than 15°c.

A possible pitfall in such large attenuations is that rather than a uni-
form decrease in ion density, one obtains isolated high-density beamlets that
locally violate the Debye length and space-charge limits (Sec. II.D) on density
and current density, respectively. The attenuation by subsequent grids could
then be a function of the alignment of grids relative to one another. We can
avoid these problems by choosing a first grid with holes separated by no more
than two electron gyroradii (Pg = meve/qBa = 80 um for 20-eV electrons
and B, = 2 kG) so that electron as well as ion beamlets merge between grids.
This condition is easily met on TMX, but could not quite be achieved on 2XIIB.
Small grid holes separated by large distances also eliminate electrostatic lens
effects that can change the angular distribution, distorting the relationship
between axial and transverse énergyé (Sec. III.D).

Electroplated erids such as those for the scanning analyzer described in
Table 1 come closest to satisfying these contradictory requirements for high
attenuation and high power absorption, yet wide angular transmission. The
transmission of electroplated grids can be reduced and the strength increased
by purchasing grids plated up to greater thicknesses on one side only. The
metal tends to close up the holes as it plates; the conical holes thus produced
reduce the angular transmission to a lesser degree than would cylindrical
holes.

The holes in the first entrance grid are large, 180 ym in diameter, so
that the deposition of up to 10 pym of titanium gettering will not change the

transmission by more than 10%.
C.  ELECTRON SUPPRESSION
Depending on where they originate, collected electrons can produce errors

in ion current measurements and distort ion energy distributions. Theae
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electrons include the primary electrons and also secondary electrons resulting
from electron, ion, or photon bombardment of grid supports, the collector side
of grids, or the collector itself. Note that with ion energies exceeding
100 eV, secondary electrons from ions must be considered as carefully as those
resu] ‘ng frox the impact of electrons om surfaces.8

Primary electrons must be prevented from reaching the collector. Primary
electrons can reach the collector if the electron~repeller grid is not biased
sufficiently negatively (Fig. 8), if the grid apertures are much larger than a
Debye length, or if the current density exceeds the Child-Langmuir space~
charge-limited current (Sec. TIT.D). Checking that primary electrons are
repelled is necessary as experimental conditions change.

Either a double electron-repeller grid (in the 5-cm analyzer, Fig. 3) or
a secondary electron suppressoi nlus a repeller grid (in the scanning analyzer,
Fig. 2) nas been used to provide a better shield between the collector and a
swept-ion rep:iler grid, No difference has been ohserved in the per formance of
these two designs. However, capacitive coupling was observed in the scanning
analyzer between a swept-ion repeller and the collector when they were
separated by a single grid. Using two electron-repeller (suppressor) grids

reduced the coupling to an imperceptible level.

=

g 7 (a)

s L FIG. 8. 1In these results from a

£ A‘15mAmm2 2XIIB run using the scanning

e analyzer, electron-repeller grid

2 v biases of -500 V and -600 ¥ were
S inadequate to stop primary electrons

- 2004 in (a) when a streaming-plasma gun

: fired at 500 pus. Increasing the
‘ i biases to -600 and ~700 V in (b)

z stopped electrons, eliminating the
HE (b anomalously low or negative ion-
=l t currents. Further increasing the
g [ 18maem®  electron repeller bias had no

g i v additional effect.

: L

Time following firing of plasma guns at 20 us
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The most important technique for minimizing the collection of secondary
electrons is to make the diameter of the collector less than the open diameters
of the electron~repeller and secondary-suppressor grids (Figs. 2 through 4).
This prevents secondary electrons from flowing from the negative grid supports
along the axial magnetic field to the collector. Secondary electrons from
other grounded or positive grids and supports are stopped by electron-repeller
suppressor grids immediately before the collector. An earlier analyzer with a
collector diameter greater than the grid diameters produced measurements
similar to those of Fig. 8(a) because secondary electron currents from grid
supports exceeded the ion current to the collector.

In this technique, referred to as magnetic insulation,9 a magnetic field
is strong enough, for a given transverse electric field, to bend electrons back
to the emitting surface without their reaching the collector. The minimum dis-
tance d = r, -1, required between the radii of the suppressor grid and the

collector, respectively, is given by9

172

|

where Ve is difference between the bias voltages of the electron repeller and

~
~1

d= [Zmeve/(q )

the collector, ard m, is the electron mass. This criterion is easily satisfied
on 2XIIB, but not on TMX; it is comservative in that its derivation assumes
that the total electric field E, rather than only one componenf, is perpendic-
ular to B.

We chose to locate the negative electron-repeller grids after the ion-
repeller grids (Figs. 2 through 4, 7) so that they would repel the secondary
electrons from other grids. Ions reflected by the ion-repeller potential
create secondary electrons off the downstream sides of preceding grids. These
secondary electrons reach the collector if they originate on the negative
electron-repeller grids, but are stopped by subsequent negative grids if they
originate on grounded or positively biased grids. Such secondaries reaching
the collector not only produce errors in the value for the total collected ion
current but also distort the ion energy distribution because the secondary
electron current is proportional to the ion current reflected by the repeller
grid. When mounted next to the collector, the electron-repeller grids also

suppress secondary electrons off the collector.
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Only secondary electrons created on or after the most negatively biased
grids, the electron-repeller/suppressor grids, can reach the collector.
Secondaries originating on the upstream side of the negative grids will be
repelled away from the collector, and ions or electrons cannot strike the
downstream side of these grids; however, secondaries created on the edges of
grid holes can be collected. We minimize these by choosing the elec“ron-
repeller/suppressor grids to be as thin and transparent as possible. Biasing
the second electron-repeller grid so that it is more negative than the first
can reduce the number of secondaries from the first electron-repeller grid that
reach the collector. We tried this grid bias arrangement with the scanning
analyzer, but could detect no difference from operation with the bias arrange-
ment shown in Fig. 7(a).

Photoelectrons reaching the collector from the grids remain a possible
source of error in ion current and energy measurements., Reflection of ultra-
violet light by the collector to the downstream side of the negative grids
produces secondary electrons that are collected. The reflection can be re-
duced by coating the collector with a low-reflectivity, low-Z material such as
carbon. If necersary, the reflectivity of the collector could be further re-~
duced by giving the ccllector a multiple deep "V" surface that would subject
the light to multiple reflections before it escaped. On 2XIIB analyzers, we
used both carbon-coated and matte-finish stainless-steel collectors. We
observed no differences attributable to photoelectrons.

In magnetic ‘ield-free analyzers, secondary emission from the collector
can be minimized by using a deep Faraday cup in which the entrance subtends a
small solid angle from the collection surface and emitting surfaces are
shielded from electric fields. This reduces the loss of secondary electrons.
However, because in the analyzers discussed here the axial magnetic field
confines the secondary electrons to the emission area, a deep collector cup
provides little advantage over a flat collector plate. Therefore, a flat col~-
lector preceded by (Fig. 3) or surrounded by (Fig. 2) a suppressor grid is used

in these analyzers.
D. SPACE-CHARGE LIMITS

Despite the large plasma attenuation by the entrance grids, the space-

charge-current limit of the 2XIIB analyzers was exceeded when streaming plasma
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was injected as gas at the nearest magnetic mirror rather than from a gun at

the opposite end of ZXIIB.10

Currents beyond the limit of the amalyzer
produced negative current spikes similar to those in Fig. 8(a). One solution
was to decrease the current density in the analyzer by introducing an addi-
tional 0.023 transmission entrance grid.

A second solution is to increase the limit of the current by space charge
that rises near the collector [curve (a) in Fig. 9]. Here, the positive space
charge of the ions, after t'2 e c:trons neutralizing the space charge have been
reflected, becomes large enough to reflect ions of energy E| < qu. This limit
can be in.ceased by biasing the collector negatively [curve (b) in Fig. 9].

The latter helps in two ways: the minimum kinetic energy of ions it increased
to the initial energy Ey plus the magnitude cf the bias potential qV rather
than decreasing to or below Eys and the space charge of the ions is lower by
(qv + E")ll2 because of the higher ion velocity at a fixed ion current. These

3/2

two effects give the V dependence of the Child-Langmuir space-charge—

limited current11 for deuterium ions.

FIiIG. 9. The ion current becomes
space-charge limited if the ion
space-charge potential Vy exceeds

the axial ion emergy E| [curve (a)].
The ion current limit is increased

by biasing the collector negatively
to collect ions at higher energy than
E) and to reduce Vy below any Ej of
interest [:urve (b)].

Potential {V)

Distance from collector (cm}

This problem is equivalent to that analyzed by Langmuir, except that we
consider ions decelerating rather than accelerating towards the collector. 1In
either case, the critical current occurs when the ion velocity approaches zero
at Vm; hence, the ions are barely trausmitted. Langmuir11 derives the
critical current, which for deuterium ioms is
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3/2
-8 qV + E"

j~ 3.85% 10 [1 v 0.0247 1%y + s")'“z] y  (8)

(z-z- .

where j is in A/cnz, qV is in eV, z is the grid separation in cm, (z - z-) is
the distance between thc minimum and maximum potential in cm, and T is the ion
temperature in eV. The initial average ion energy E" is in the range 100 to
400 eV. Increasing the collector bias V from 0 to 1000 V [curve (b) of Fig. 9]
increases the space-charge limit of the scanning or the 5-cm analyzers by a
factor of 6 to 36, or by more if the change in (z - zn) is included.

The circuit used for biasing the collector is shown in Fig. 10. Most of
the circuit design is necessitated by the lethal 50 J stored in C2. Passive
protection is provided by a bleed resistor R2, Active protection is provided
by the vacuum relay crowbar that discharges the capacitor through a wire-wound
resistor R3. To prevent a blown meter resistor from opening the capacitor
discharge path, the meter resistor R, vas placed at high voltage, then capac-
itively coupled to either an oscilloscope or a digital recorder. The coupling
capacitors Cl were chosen large enough to drive a 1-MQ load with a minimal
vgitage drop to the end of the pulse, and were chosen to have low inductance

for good frequency response.

1
g’g CM'H FIG. 10. The collector bias circuit
" is used to increase the space-charge-
Scope e B HI— limited current. {omponent values
it used were Ry = 108 Cl = 1-uFd (low
100K inductance), C2 = 100-pFd (electro-
lytic), and R2 and R3 are safety dis-
|jR3 ¢ Power charge resistors (R3 = 10 kg, 10 W,
Meter lyacuum R2 FTC2 301 supply and R2 = 1 MQ, 1 W).
relay \

The space~charge-limited ion current at the ion-repeller grid is slightly
larger than at the collector because electrons are still present to neutralize
space charge. The increased space-charge limit on the ion current is given by

the ratio of the ion density n, to the net charge density (ni - ne):
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i'’3 = ni/(ni -n) . (9)

We evaluate Eq. (9) for an ion~repeller grid bias equal to a typical plasma
potential of 200 V¥V, The average end-loss ion energy of 400 eV is the sum of

the plasma potential plus the axial temperature T, 200 eV. The incident elec~

tron flux satisfies je = ji (for a nonemitting end wall) and n, =mn;. Then,
. 2*_
for n, J/qV" and 1/2 nv), T",
17277 -1
g T m ~
i'/3 1 —_—— =~ 1.02 . (10)
¢ m.
p i

A change of three orders of magritude in any one of the assumptions would be
necessary to double the space-charge limit. This effect is small because,
although ions and electrons enter the analyzer with equal space charge and
current, the ions are vetarded and the electrons accelerated by the ion-
repeller grid. There:fore, the relative electron space charge near the ion-
repeller grid is swall. From this result, we conclude that ion or electron
energy distributions cannot be accurately measured at the high current den-

sities possible with the bias arrangements of Figs. 7(b) and 7(d).
E. ELECTRON-CURRENT MEASUREMENTS

Electron currents are measured with analyzers biased as in Figs. 7(c) and
7(d). The positive bias is high enough to repel most ions. Secoadary elec-
trons from the collector are suppressed by the slightly negative, adjacent
suppressor grid. The electron energy is measured by varying the bias on the
electron-repeller grid, as indicated by the dotted lines in Fig. 7(c). This
arrangement of biases also reduces the instrumental error ensuing from tne
collection of secondary electrons off grids because only electrons from the
electron-repeller grids can reach the collector. The alternate bias arrange-
ment, Fig. 7(d), increases the space-charge limit of the electron current, but
the analyzer then can neither analyze electron energy nor suppress secondary

electron current emitted from every grid.
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F. CURRENT MEASUREMENTS MAPPED TO PLASMA

The current density jp at the plasma is calculated from that at the
analyzer entrance grid ja’ assuming that the current density wmapping follows
that of the magnetic field,

jp = Ja Bp/Ba ’ (v

where Bp is the magnetic field at the plasma, and B_ = 0.5 B, in 2XIIB and TMX.
If the plasma pressure is comparable to the magnetic field pressure (high
beta), then appropriate reduc;:ions must be made in B_.

The current density at the entrance grid is determined from the collector
current I through a meter resistor, the grid transmissions Tp (16°) for the
average ion at 16° from normal in 2XIIB or TT(OO) in T™MX [see Eqs. (4) and (5)

and Table 1], and the entrance aperture area A
5, wen) =[1,(0/ A () 7,(16%) | a12)
a c a T -

The total grid transmission is measured optically as discussed in Sec. II.A.
End-loss current profiles in 2XIIB were measured by moving the entrance
aperture of the scanning analyzer between shots. In Fig. 11, the current is
mapped along magnetic field lines to the center of the plasma, where it is
compared with the radial density profile of the hot plasma.l2 The unconfined
plasma profile is seen to be similar to but slightly wider than the hot-plasma

profile.

FIG. 11. The end-loss current pro-
file in 2XIIB, shown by data points,
was measured across the minor diam-
eter of the plasma by moving the
entrance aperture between shots. The
abscissa includes the actual aperture
location at z = -330 cm and the aper-
ture position mapped along magnetic
field lines to the center of the hot
s -4 ) P 2 4 5 plasma at z = 0. For comparison,
Entrance aperture position (cm) the solid line shows the best-fit
) . \ X . | | Gaus.sun curve to the measured
15 -1 s ) 5 0 15 density profile of the hot plasma.

Aperture position mapped to hot plasma (cm)

Current density {(mA/cm?)
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III. ION ENERGY DISTRIBUTIONS

We have already discussed several causes of errors in measurements of the
ion energy distribution. These include the angular transmission of the grids,
secondary electrons from ions reflected by the ion-repeller grid, and space-
charge effects. Other causes of errors in measurements or their interpretation
that will be discussed here include: ion trajectories that miss the collec~
tor, the angular transmission of the ion-repeller grid, the fact that these
analyzers measure axial energy rather than axial momentum,4 the relationship
between axial and total energy, the alignment of grids normal to the magnetic
field, lens effects, the influence of double versus single grids,6 and ion-
repeller sweep rates.

Backscattering of ions by the collector also reduces the collector current
and distorts the measured ion energy distribution because increasing the bias
of the ion-repeller grid returns backscattered ions to the collector. But,
since backscattered ions have lost energy, they are reflected back to the col-
lector by ion-repeller biases too low to stop the primary ions, thereby dis-
torting the measured ion energy distribution. However, measurements presented

in Sec. III.E show that this is not a major influence.

A. LARGE-ANGLE ION TRAJECTORIES

As ions are retarded in order to determine their energy distribution, they
escape radially because the axial ion velocity approaches zero while the trans-—
verse velocity remains constant. Ion trajectories making large angles to the
axis wust be confined by the axial magnetic field in order to be analyzed. We
confine them by requiring that the radii of the collector ., the electron
repeller, and the ion-repeller grids all be larger than the radius T, of the

entrance aperture by one gyrodiameter (ZPi) of a maximum energy ion:
T, =T, v 20 . (13)

This requirement for measuring ion energy distributions is more stringent than
that for measuring only the current (Sec. II.A). The radii of the electron-

and ion-repeller grids are larger than that of the collector (Sec. II.C). The
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adiabatic ion having the largest possible orbit will be one that escapes over
the magnetic mirror with nearly zero axial energy; i.e., E = %_- iB . We

obtain the ion gyroradius at the analyzer:

1/2
m, v 1 2mi E

i = aB E BmB . (14)

Ions of energy up to E will be confined by the magnetic field at the analyzer
Ba to a Fadius of no more than To» By conservation of energy [Eq. (1)], the
ion-retarding grid can then analyze the ion energy parallel to the magnetic
field ind;pendently of the perpendicular energy. This will be discussed
further in Sec. IIL.D.

Grid diameters in the scanning analyzer (Fig. 2) and the multiple~
collector analyzer (Fig. 4) are increased by the requirement that Eq. (13) hold
for the corners of the entrance aperture in its extreme positions.

The energy resolution Aﬁl can also be limited by the angular acceptance of
the ion-retarding grid. An infinitesimally thin grid transmits ions up to 90°
from normal. As the grid thickness increases, the grid transmission goes to
zero at smaller angles, and ions require higher axial energy to be transmitted.
This puts an upper limit on the allowable grid thickness § compared with the
hole radius Tyt § = 2r (AE"/El)I/Z. This criterion was easily met for a
resolution AE"/El = 10" in 2XIIB and is even less of a problem for TMX, where
the transverse emergy of the ions is much less than the axial energy. This
angular acceptance requirement for the ion-repeller grid is much more stringent
than that for the entrance grid (Sec. II.B), but it is more easily met because
the ion-repeller grid is not required to attenuate the plasma and absorb
energy; hence, it can be z thin, high-transmission grid.

It is ironic that the axial magnetic field not only solves but also
creates the problem of a wide angular distribution of ions, for without a
magnetic field, ion trajectories from a distant source are well collimated if
both the analyzer aperture and the source subtend small solid angles relative
to each cther. This collimation is required by and available to magnetic-
field-free analyzers.4 However, with an axial magnetic field extending from
the source to the analyzer, the angle between an ion trajectory and the axis
can be as large as 90° if the ratio of the magnetic field strength at the
analyzer to that at the plasma is unity, or can approach 0° if the field
ratio approaches zero [Eq. (3)]. With a magnetic field ratio of order 1071
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or greater, it is necessary to capitalize on the magnetic field in order to
confine the orbits of uncollimated ions within the analyzer.

The axial magnetic field is essential to obtaining the wide angular
acceptance of these gridded analyzers; however, lowering the magnetic field at
the analyzer reduces this need and provides several other advantages:

° Insofar as ions and electrons follow magnetic field lines, the
conservation of magnetic flux then spreads the plasma over a larger area.

[] The current density ja at the analyzer is then reduced from that
at the plasma jp [Eq. (11)].

. The ion density and power density are similarly reduced, allowing
coarser grids to be used.

. The angular spread of the ions is also reduced [Eq. (3)}], allowing
thicker grids to be used.

] The spacing of grid holes can be increased without exceeding two
electron-gyroradii (Sec. II.B).

However, lowering the magnetic field at the analyzer provides two dis-
advantages: in order to contain ion orbits, either the radius of the analyzer
must scale as r « B;O's [Eq. (13)] or adequate ion energy resolution must be
ensured by collimating ion trajectories; and the diameter of the suppressor
grid must be sufficiently larger than the collector diameter to prevent the
collection of secondary electrons from the grid supports across the magnetic
field [Eq. (7)]. As we will discuss in the next section, ion trajectories are
well collimated on THX,3 where these advantages allow simpler analyzers to

function.
B. COLLIMATED ION TRAJECTORIES

Adequate energy resolution can be attained with smaller-diameter analyzers
than those required by Eqs. (13) and (14) if the ions are collimated to have
trajectories nearly parallel to the magnetic field. Collimation is either
achieved by means of apertures or, as in the case of the TMX, by reducing the
magnetic field from 20 kG at the mirror to 70 G at the analyzer. This reduces
the angle that adiabatic ions make with the axial magnetic field in TMX to a
maximum of 3.4° [Eq. (3)]; 2XTIB ions made a 23° angle.

The design of simple retarding analyzers to measure the energy distribu-

tion of collimated ions is discussed in the literature4 for magnetic-field-free
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analyzers. Since any substantial relaxation of the Egq. (13) criterion results
in ion orbits larger than the analyzer, we assume zero magnetic field to
provide straight ion trajectories in the following analysis.

The energy resolution of magnetic-field-free analyzers is limited because
some ion trajectories miss the collector. The electric field from the ion-
repeller grid is parallel to the magnetic field; hence, it retards the axial
velocity of the ions but the transverse velocity v, remains constant. We
define the critical time of flight t, from the entrance aperture to the
collector of radii T, and L) respectively, for which the collector barely

intercepts the ion:
t = (rc - ra)/v_l . (15
We define the axial energy uncertainty AFy to be

- qV (16)

r

By = Ey

where E" is the axial energy of an ion that barely misses the collector, and V
is the voltage of the ion-repeller grid. We calculate the energy uncertainty
by computing the axial time of flight from the entrance aperture to the
collector and equating that time to t.. As shown by the dotted limes of

Fig. 7(a), an ion enters from the right, maintaining uniform axial velocity
through the last entrance grid G3. It then decelerates to the first ion-
repeller grid Il, and travels at a uniform velocity.va = (ZA.E"/-i)I/2 the
distance Az to ion-repeller grid I2. From I2, it accelerates to the electron-
repeller grid El, coasts or decelerates to E2, then finally decelerates to the
collector. For AE << EH' the time of flight depends on AE only between the
double ion-repeller grids. We write the axial time of flight t, as the sum of
the time of flight through the ion-repeller grid, éti = AZ (mi/Z E")IIZ: plus

the time of flight through all the other regions t.; i.e., ty = AtI +t..

Equating t, to t, from Eq. (14) and solving for AE, we obtain
2
Az
AE = E.l r—_r—:;-? > 7
c a 1%c

vhere E, = 172 mivz. The energy uncertainty is minimized either by maximizing
r_ or by minimizing the transverse ion energy, the separation beween the

double ion-repeller grids, the diameter of the entrance aperture, or the total
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distance from the entrance to the collector to minimize t'. For an ion energy
of 400 eV in TMX, we obtain AE" << 1 eV, which is more than adequate accuracy.
Analyzers with high axial energy resolution can be designed from Egs. (13)
or (17). Equation (13) is generally valid and must be used to obtain high- .
energy resolution with uncollimated ions (as in 2XIIB) where Eq. (17) would be
invalid. With collimated ions (as in THMX), either equation is valid, but Eq.

(17) usually permits a smaller-diameter analyzer.
C. VOLTAGE SWEEP-RATE LIMITS

In addition to allowing the ion to miss the collector because of the
finite transverse velocity of the ions, the axial time of flight can also re-
duce the energy resolution in a second way. If the ion-repeller grid bias is
swept, the bias will have changed during the ion time of flight t1. from the
ion-repeller grid to the collector. The energy resolution AE; of an analyzer

repeller grid swept at a rate dv/dt is then given by
dv
AE" = thc it (18)

We compute the time of flight through double repeller grids separated by
0.3 cm to be 10-7 s for a resolution AE" = 10 eV. The total time of flight
of a deuterium ion from the first ion-repeller grid to the collector is
1.7x 1077 s in the scanning analyzer and 1.4 x 10~7 s in the 5-cm analyzer.
This allows ion-repeller sweep rates of dV/dt < 6 x 107 V/s and
dv/dt = 7 x 107 V/s, respectively, with 10-eV resolution at 400-eV axial ion
energy. Further increases in sweep speed or resolution are limited primarily
by the time of flight through the double grids because these grids must be
separated by several mesh diameters to minimize lens effect56 and to ensure
that no electric fields penetrate the grid. Single grids that allow potentials
to penetrate do not produce the sharp energy cutoff of double grids,6 but if
a very fast sweep is required, the net ion energy resolution could be higher
with & single grid because of the shorter time of flight. Small reductions in
time of flight are possible if we reduce the gaps between grids other than the

double ion-repeller grid.
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D. AXTIAL VERSUS TOTAL ENERGY

The relationship between axial and total energy at the loss-cone angle is
given by Eqs. (1) through (3). 1In a uniform axial magnetic field normal to the
grids and parallel to the retarding electric fields, the transverse energy is
constant. Then, from conservation of energy [Eq. (1)], we measure the axial
energy with these retarding potential analyzers. Other analyzers measure axial
momentum: Sinpson4 considers an analyzer with two limiting apertures, both
smaller than an ion or electron orbit. In that analyzer, only particles
making small angles to the axis plus those in certain angular bands are trans-
mitted, Si-pson4 also points out that, witrh a uniform magnetic field from
the source of ions to the analyzer, an axial energy measurement may tell
nothing about the total energy unless the angular distribution is also known.
Again, our case is different because the magnetic field at the analyzer is
reduced from that at the hot plasma, the result being conversion of most of
the transverse energy into axial energy [Eqs. (1) through (3)]. For example,
in 2XITB we obtain E,/E, < 0.18; and in TMX, E;/E; = 3.5 x 107>, Hence,
although only the axial energy is measured, the total energy can be inferred
with reasonable accuracy.

Lens effects can deflect ions from their trajectories, thereby mixing
axial and transverse energy as ions pass the grid wires. These effects have
been analyzed by Simpson4 and by Stephanakis and Bennett.6 Simpson derives

the relative error in measuring total energy as
AEy/Ey = T2/ (162%) (19)
(k] ¢ 4 _

where L) is the wesh opening and z is the distance between grids. For the
grid parameters listed in Table 1, where grids at different potentials have a
minimum gap of 1.0 cm, the maximum error is AE"/E" =2 x 10-5, which can be
neglected.

Axial and transverse energy will also be mixed if the ion-repeller grids
and adjacent grids are not everywhere normal to the magnetic field. Then, be-
cause the electric field has a component éransverse to the magnetic field, the
ion-repeller grids reduce the transverse as well as the axial enmergy. For
grids at an angle Y from normal to the magnetic fiald and ion trajectories at

an angle B to the magnetic field, we obtain at the ion trajectory extrema

-32~



AE"/E" =1~ cos® (v + 6)]/cos2 8 . (20)

For the analyzers described here, this error is also small. These analyzers
were built with grids parallel to within 1°. Furthermore, the scanning anal-~
yzer was installed in the center of solenocidal coils, at an axial position
where the direction of the magnetic field lines varied by Y < 0.5° from normal
over the 25-cm diameter of the grid. When mounted in a port normal to the
field line, the 5-cm analyzer is also small enough to satisfy y < 0.5°. The
maximum deviation of magnetic field lines from normal to grids is therefore
comparable to or less than 1.5% in both analyzers. Thus, for § = 23° in 2X11B,
the error is less than 2.2%; for § = 3.4° in TMX, the error is less than

0.7%.
E. EXAMPLES OF ANALYZER MEASUREMENTS

Some capabilities of the analyzers are demonstrated in the figures accom-
panying this report: ion energy measurements are shown in Figs. 12 through 14,
current measurements were shown on Figs. 6, 8, and 11.

The energy resolution of the scanning analyzer (Fig. 12) was measured with
radio-frequency (rf) ion source installed at the position of the streaming-
plasma gun (see Fig. 1). Two conclusions were drawn from these data. First,
the analyzer resolution was Aq,/ql < 0.022 at 1580 eV. Because this resolution
was adequate, we made no attempt to separate the instrumental resolution from
the width of the distribution produced by the rf ion source. Second, no vari-
ation in collector current was observed from 0 to 1500 eV, indicating that ion
backscattering from the collector was not significant. If ions were reflected,
we would expect them to emerge from the collector at less than 1580 eV. Those
that did not intercept the electron suppressor grids would be reflected back
to the collector by the ion repeller--until the bias of the ion repeller was
reduced below the energy of the reflected ions, at which time the collector
current would begin to decrease. Since no such decrease was seen, we conclude
that reflection of 1580-eV ions is less than the +5Z variation in the output
of the rf ion source. "

Energy distributions £(E;) of end-loss ions have been measured both by

changing the bias of the ion repeller from shot to shot (Fig. 13) and by
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FIG. 12, The energy resolution of
the scanning analyzer was measured
with an rf ion source to be

AE/E < 0.022. Backscattering of
1580-eV ions from the collector
would produce a smaller current at

0 V than at other bias voltages
below 1530 eV. Backscatter was less
than the +5% drift of the ion source.

FIG. 13, The ion energy distribu-
tion £(E,) was obtained by changing
a fixed 1on-repeller voltage of the
scanning analyzer from shot to shot
The shot-to-shot reproducibility of
about 15% limited the signal-to-~
noise ratio. The ion axial etfiergy E
was obtained from the ion-repeller
voltage Vi E = qV.

FIG. 14. The ion-repeller grid can
be repetitively swept during one
plasma pulse. In this example, taken
during a 2XIIB run with the scanning
analyzer, each sweep had a duration
of 60 us. The ion axial energy E was
obtained from the ion repeller volt-
age V, E = qV. Shown are (a) the
collector current vs time; (b) the
ion repeller voltage vs time; and

(c) the collector current vs ion-
repeller voltage. Note that in (c)
each subsequent sweep is displaced
downwards,



sweeping the bias rapidly once or more during a shot (Fig. 14). The energy
distributions are shown in integral form as measured; that is, we plot the

measured ion current
00

I(E) = q _E[ £(E) dE, ' (21)
versus E = qV rather than plotting the differential form £(E|) versus Ey.
The latter is best obtained numerically, using data-smoothing techniques if
necessary. The signal-to-noise ratio is limited to about 6 by shot-to-shot
reproducibility (Fig. 13). Considerably higher signal-to-noise ratios are
obtainable by sweeping in times short compared with the decay or growth times
of the plasmas. The sweep rate of the ion-repeller grid in Fig. 14 is
dv/dt = 13 x 106 V/s. This limits the ion energy resolution to 5 eV at a

100-eV ion energy, as discussed in Sec. III.C.
IV. DISCUSSIGN OF ANALYZER DESIGN

The several topics discussed in this report on the design, construction,
and operation of retarding-~field gridded analyzers are not independent but
must be considered as a set, A satisfactory design in general requires
repeated iterations because design parameters may have contradictory require-
ments, so that initial requirements must be modified.

Accurate current measurements can be mad2 as described in Sec. II.
Measuring the energy distribution of the ions requires the additional design
considerations described in Sec. III. 1In Sec. I, we discussed the designs o.
the scanning, 5-cm, and multicollector analyzers. The scanning analyzer pro-
vides the highest energy resolution because it is inserted into a uniform
magnetic field (Sec. III.D). It is also large enough to confine higher-
energy ion orbits. However, for a small loss of energy resolution, the 5-cm
and multicollector analyzers are more conveniently located, simpler to build,
easier to disassemble for maintenance or changes, mere rugged mechanically,
and designed to hold much higher voltage. The data presented demonstrate the
per formance of the scanning analyzer in measuring both ion-current and ion-
energy distributions in the high electromagnetic noise environment of the
2XIIB experiment. The performance of the 5-cm analyzer in either 2XIIB or

TMX was similar to that shown for the scanning analyzer.
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