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HIGH CURRENT DC ION BEAMS*

George G. Kelley
Oak Ridge National Laboratory
Oak Ridge, Tennessee

Summary

The beam systems which have been developed
for use in high energy injection experiments in
thermonuclear research are described. An at-
tempt is made to compare the quality of these
beams {not the relative merit of the injection
systems). Problems peculiar to the production
of intense dc beams are discussed.

Introduction

At the present time intense de ion beams
are used both in isotope separation and in exper-
iments leading to controlled thermonuclear power.
This paper will deal only with the latter appli-
cation. In one kind of experiment a plasma con-
taining very energetic ions is bullt up by
trapping previously accelerated particles in a
suitably shaped magnetic field. The major de-
vices of this kind are the OGRA's at the Kircha-
tov Institute in Moscow, the PHOENIX experiments
at the Culham Laborstory in England, the MMII
device at Fontenay-aux~-Roses, France, the ALICE
experiments at Lawrence Radiation Laboratory in
Livermore, California, and the DCX experiments
at the Oak Ridge National Laboratory in Oak
Ridge, Tennessee.ls? The injectors used in
these experiments will be described briefly, and
problems peculiar to the production and handling
of dc beams will be discussed.

The interaction between this work and the
development of preinjectors for high energy ac-
celerators has been considerably less than might
be expected at first thought. Several factors
have been responsible for the separation of
these two fields. In the first place, there has
been a different point of view. A preinjector
must be tailored to a device whose ion optical
properties have been carefully worked out. The
preinjector must produce the maximum possible
beam in a particular region of phase space. On
the other hand, the-thermonuclear devices have
requirements which depend primarily on a partic-
ular spatial limitation of the beam. ' Usually
all of the current entering the magnetic trap is
useful. In the second place, preinjectors work
with short pulses of current reducing the prob-
lems of heat dissipation but preventing the
buildup of an electron population to reduce the
dispersive force of space charge. The emittance
figure fouhnd using short beam pulses does not
apply when the beam remains on long enough to
become neutralized (several hundred Hs at typi-
cal pressures). Detailed measurements are diffi-
cult on intense dc beams. In view of the differ-
ence in both the nature of the problems to be
solved and in the methods used for evaluating
performance, the amount of interaction is under-
standable. Some very important problems, such
as column design, and the control of the shape

of the ion emission surface at the source, are
common to both fields, however.

Bvaluation of Performaence

The true emittance and brightness of a beam
depend only on random motions of the particles.
Wroe has shown that when the brightness is
measured properly directly after extraction, it
has the value expected from the temperature of
the ions in the source-~-much higher than would
be inferred from previous measurements.® Since
this quantity is invariant in a steady beam for
rays at small angles to the axis (so that the
axial and transverse motions are uncoupled) any
decrease in measured brightness must be due to
time dependent effects. These effects are likely
to be important, if at all only in space charge-
neutralized beams. Improvements in perrformance
must come then from improved beem optics.

In order to make a rough comparison of
the performance of the various systems to be
described in this paper, we shall use an ef-
fective brightness which is the ratio of current

density to the maximum possible angular spread
of the partiecles, normalized to & constant ac-

celerating voltage and constant mass. It is de-
fined as follows:
B = 720 AT (1)
V hp wa hy wa/I#
for ribbon beams and
B 900 AL (2)

vV 4z% 4,%/12

for beams of circular cross section where A is
the mass in ami, I is the current in mA, V is
the accelerating voltage .in MeV, hj and wi are
the height and width of a defining aperture, a
distance L from the exit aperture, which has a
height and width hpy and wa. For circular beams
dy and dp are the corresponding diameters.
Dimensions are in cm. This quantity differs
from the true brightness as defined by van Steen-
bergen* by the assumption that the rays at all
points of the exit aperture diverge at the
maximum angle defined by the presence of
another limiting aperture. The number grossly
underestimates the true brightness since there
is evidence that beams are in general much more
highly organized. The values obtained should
not be taken too seriously since they depend
sensitively on the convergence angle which is
not well known and which should really be a

*
Research sponsored by the U.S. Atomic Energy Commission under contract with Union Carbide Corporation.
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weighted average across the exit apertures.

Also they do not measure the relative merits

of the systems as injectors because other factors
are involved.

Crossed Field Extraction

General

The injectors used in the OGRA and ALICE
experiments obtain ions from the source plasma
by diffusion across a strong magnetic field. In
the source itself, an arc runs along magnetic
field lines from & heated filament. There are
apertures defining the electron stream to pro-
duce a ribbon of plasma which is located very
close to the exit aperture. The plasma demsity
in these crossed-field sources is insufficient
to prevent the passage of neutral gas in the
source through it, and the resulting gas effi-
ciency is rather low (approximately 20% or less).
Large pumps and long beam paths with differential
pumping are required to prevent.-excessive pres-
sure in the beam region.

The OGRA's
The injectors for the OGRA devices are

alike except for the addition of a neutralizing
cell and analyzing magnet in OGRA-II to provide
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a beam of neutral atomic hydrogen.S5;S,7 Figure
1 shows the essential features of these
injectors. . Some spreading of the beams is be-
lieved due to fluctuations arising from insta-
bilities in the ion source. This difficulty is
common to all of the ion sources used. It is
dealt with at some length by Artemenkov et al.,”
and by Kistemsker et al.® The Russian workers
state that by proper adjustment of the gas flow
to the source, the modulation of the beam can be
reduced to 15 to 20%.

The value of the effective brightness of
the OGRA-I beam was calculated using reported
values of 155 mA of molecular ions at 160 kV
through & 36 cm® aperture at a reported con-
vergence angle of 5°, It is

B - 120 % 155 x 2 _

b9 x 10°
0.16 x 36 x 7.9 x 10™%

The size of the limiting aperture has not been
reported.

ALICE

The crossed field sources at IRL are used
to produce neutral beams at considersbly lower
energy.®

A typical arrangement is shown in
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Fig. 1 - The OGRA Injectors. (a) OGRA-I. The beam is limited by a 6 x 6 cm aperture at the target,

which is actually the point of entry into the magnetic trap.
where the beam is smallest, is 4.5 x 10 cm.
The scales shown are approximate.

(b) OGRA-IL. The smallest aperture,
The maximum Hy current through this aperture is 26 ma.
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Fig. 2 ~ The ALICE Injector.

Figure 2. The source has an arc cross section
of 0.125 in x 0.3 in and an exit slit of

0.102 in x 3 in. A typical extraction gap is
0.06 in. More recent design uses an ion source
slit of 0.170 in x 2.5 in. This source produces
50 mA equivalent current of 20 keV H, through a
2.0 x 5.1 cm baffle ll-ﬁ- ft from the source.

The effective brightness calculated from this
information and the assumption that the beam
width remains constant is

720 x Th
0.02 x 2 x 5.1 x 2 x 5.1/360%

B =

3.3 x 10°

Extraction in Axial Magnetic Fields

General

The PHOENIX experiments at Culham and the
DCX's at Oak Ridge use a beam derived from ions
from a duoplasmatron source.'® This type of
source has the advantage of considerably greater
gas efficiency because of the high density and
high degree of ionization of its plasma, but it
is at some disadvantage at low extraction
voltages because it is adapted only to the pro-
duction of axisymmetric beams. The crossed
field sources produce ribbon beams whose total
output can be increased by increasing the length
of the extraction slit. There is a fundamental
limitation, however, with axisymmetric beams.
The current density in a beam due to space
charge limitation of the current at the surface
of the plasma is given by

s.b4 x 1078 va/z
al/z ,2

(3)

Jj =

where j is the current density in amperes/cmg,

V is the extraction voltage, A is the mass number
in amu, and z is the spacing between electrodes
in em. This formula applies in the case of a
beam of infinite cross section or in Pierce
geometry.ll It is a good approximation in gen-
eral if the beam diameter is comparable to the
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length of the extraction gap. The ions are as-
sumed to be emitted at zero velocity. The total
current then in a beam is

- /
I=ﬂrgj=5.)+)+xlosﬂvsa ()-l-)

z2/r2

The denominator is seen to be a factor depending
on the geometry of the extraction gap. If the
gap is much smaller than the diameter of the
beam, the extraction field is very nonuniform
with respect to radius and the beam is badly dis-
torted. Thus for a given degree of distortion,
the total current depends only on V3/2, 1In
other words the perveance is fixed. A ribbon
beam suffers this same restriction across its
width, but its area can be much greater. The
above formula can be used to predict the maximum
current of ions from the source that can be
handled at a given extraction voltage without
beam loss to the extractor. A correction must
be made for the presence of the extractor hole,
however. It has been found empirically that the
formula

-8 3/2
I = s.ll-Ll-X 10 x V (5)

Al/z (z + r)3/c®

predicts the maximum current usually to better
then 5%.12 The graph shown in Figure b is
simply & plot of the predicted curremt for a
beam in which the extraction gap length is equel
to the diameter of the extraction aperture.
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Fig. 3 - Maximum Current Expected from an Axial
Field Source without Gridded Apertures.
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Somewhat more current. than indicated can be ob-
tained, but the quality of the beam deteriorates
rapidly with increased current. Grids at the
source aperture and the extraction electrode can
eliminate this restriction, but heat dissipation
problems make their use difficult at low ex-
traction voltage and impossible above about 20
KV, The source gas efficiency is impaired by
the use of grids because of recombination of the
source plasma on the grid structure.

When a duoplasmatron is operated at high
gas efficlency, the plasma density at the source
anode aperture is about 10'* ions/cm® and the
ions have an outward directed velocity of
greater than 10 eV. The result is a plasma
flow equivalent to a current demnsity of up to
100 A/em®. At the seame time, the extraction
current density is determined by space charge
(Equations 1 and 2), and in most cases, is less
than sbout 3 A/em®. The plasma then must expend
as it leaves the aperture until it has formed
itself into a configuration in which the current
is space-charge limited at all points on its
surface. In order to prevent ion emission from
the sides of the resulting bubble, a cup is pro-
vided to expose only the expanded front surface
of the plasma to the extraction field. The
control of the shape of this surface probably
is the biggest problem in beam technology. The
amount of expansion allowed and the strength of
the extraction field which is most desirable,
depends on the relative importance of the initial
diameter of the beam and the effect of space
charge forces in it. When the beam is acceler-
ated to very high energy as rapidly as possible,
it usually is best to use the maximm possible
electric field consistent with high voltage
technology and the smallest possible initial
beam diameter. At low energies a larger initial
beam may produce a greater intensity at a dis-
tance from the source.

For values of perveance up to about
2 x 10-*° A/V572, corresponding to & current
of 100 mA at 80 kV, electrostatic focusing
by means of a unipotential lens can be used.
Higher perveance beams require the use of mag-
netic lenses. The dependence of the focal

BEAM STOP
8 ¢m dia
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length on mass in these lenses permits separa-
tion of mass species by apertures. In all cases
when it is desired to obtain a beam of the
highest possible current demsity, the lens
should be as close to the source as possible.
Both the PHOENIX injectors and the DCX injectors
use solenoidal magnetic lenses. In every case
the ion source is in the stray field of this
lens, and special attention must be paid to the
field which exists at the plasma emission sur-
face. Compensating coils are required to
optimize performance. This subject will be dis-
cussed in more detail below.

Fluctuations in the current from these
sources usually can be held below 10% peak to
peak by proper adjustment of gas flow and mag-
netic field.

PHOENIX

The PHOENIX-II injector’® has a beam path
shown in Figure 4. It can pass 50 mA of Hg'
at 40 keV through a 4.6 cm diesmeter aperture
300 cm from the source exit. The convergence
angle is 0.02 radians. When the source is ad-
justed to produce an Hit beam, 200 mA at 56 &V
can be passed through the system. In actual use
the Hz' beam is neutralized in a vapor cell to
produce 20 keV H, particles. The H2+ beam and
the Hit beam require 200 mA and 800 mA respec-
tively of total power supply drain, and source
arc currents of 10 A and 24 A respectively. The
effective brightness for the molecular ion beam
is

000 x 50 x 2
.0k x 4.62 x 8°/1852

B = = 5.7 x 107

The Oak Ridge Beams

The beam path for the DCX-1.5, DCX-3, and
INTEREM experiments at Oak Ridge is shown in
Figure 5.%° The beam at 240 cm corresponds to
an effective brightness of

CALORIMETER

BEAM STOP
4.6 cm dia

185 cm {

Fig. 4 - The PHOENIX Injector.
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900 x 66 x 2
0.0k x 3.82 x 3.82/1842

= 4.8 x 10°

for molecular ions at 40 keV. These ions are
dissociated in a magnesium vapor cell to produce
a beam of 20 keV neutral hydrogen.

Other experiments at Oak Ridge (DCX-2) use
hydrogen ion beams at 600 keV.*® The power sup-
ply for accelerating these beams has taps at
150 kV, 300 kV, and 450 kV. The first 150 kV
is supplied directly to the extraction gap. The
gap spacing is about 8 mm. Acceleration is done
as quickly as possible and the beam enters a
solenoidal magnetic lens directly below the
colum. Figure 6 shows the arrangement. This
system has produced a beam of 350 mA total hydro-
gen ion current and has produced 100 mA of Hp
ions through the duct shown. It has been in
operation since 1960.

Problems of Power Dissipation

Ion sources for the production of continu-
ous currents of large fractions of 1 ampere re=-
quire source arc currents of many amperes. As an

SOURCE

EXTRACTING L
ELECTRODES )

FOCUSSING
MAGNET

3.8-cm
APERTURE

147 ¢m
.8-cm
APERTURE ~.
RETRACTABLE 240 cm
TARGET.

ANALYZED
BEAM

Fig. 5 - Injectors Simulating the INTEREM and
DCX-3 Geometries. 140 mf and 82 mA of LO keV
H2+ ions are delivered to the targets at 117 cm
and 240 cm respectively.
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example, 40 A of arc current were needed in a
particular rather efficient duoplasmatron to
produce 1 A of proton output. Cooling of the
source then is a major problem, particularly in
the axial field case, since most of the power is
produced on an extremely small area at the emis-
sion aperture of the anode. The original duo-
plasmatron of von Ardenne could not be operated
continuously at arc currents of greater than
about 5 A. The power was dissipated oun s
tungsten insert and the heat was conducted from
this insert to an iron anode. At Oak Ridge we
found that most of the temperature drop was
across the joint between the insert and the main
body of the anode. In fact, it turned out that
ferromagnetic material was not needed in the
anode*” and that solid copper could withstand
at least 50 A of arc-~the improved heat con-
ductivity more than offsetting the differences
in melting temperature. Improved cooling was
needed also in the intermediate electrode.
Sources of this type are described elsewhere.
Dissipation of the energy of the beam itself
also presents a problem. DPower densities can
easily be pushed beyond the capabilities of the
best available heat transfer techniques. The
greatest power density can be handled by the
4echnique shown in Figure 7.%® The beam
terminates on copper tubes in which are swaged
spiral ribbons of inconel, Centrifugal force

EPOXY SKIRTS

2en* 0.2 RADIANS, 2= 118in.

- L3 2=100in., d=5in.

z2=32in., d=2in.

MAGNETI!CALLY SHIELDED DUCT

0, d=1in,

Fig. 6 - The DCX-2 Injector. The maximum beam
through the duct is 100 mi of Ho' ions at 600 keV.

PAC 1967



34 IEEE TRANSACTIONS ON NUCLEAR SCIENCE, JUNE 1967

causes the water to flow in & thin film on
the inner surface of the tubes at very high
velocity. When the target is placed so that the
beam strikes the tubes at a grazing angle, power
densities of more than 6 kW/cm® can be sustained.
In spite of the very large amount of power
carried by these dc beams, in many cases the
loss to the accelerating electrodes is so small
that they require no deliberate cooling. The
electrodes usually are of stainless steel.

Problems of Voltage Breakdown

In all of the systems used for producing in-
tense dc beams, there are both electric and
magnetic fields within the vacuum system. Many
of the problems of voltage standoff are caused
by the presence of the magnetic field. In the
crossed field sources, electrons formed in the
extraction gap follow a trochoidal path in the
fields and are intensified by cascading. These
electrons cause damage to the source supports
unless some means are provided to get rid of
them, The axisymmetric sources can have problems
to0, but of a different kind. Unless great care
is taken in deslgn, there will be electrostatic
potential wells for electrons constrained to
follow magnetic lines of force. In such a
situation the electrons drift around the axis of
symmetry, under the influence of the forces due
to the crossed fields. A cascading process
occurs until there is sufficient plasma to cause
breakdown. Figure 8 shows a design in which
electron trapping regions are avoided.'® The
prototype of the source itself is due to the
Sukumi group under Demirkhanov.2° This group

has done other excellent work with dc beams.?

It is especially suited to the production of
large currents (hundreds of ma) of molecular
ions. This source and accelerator are used with
the system of Figure 5.

VELOEED LENETI OO BITE TCOMEL SIIRAL STRID I BLECE

Fig., 7 - Target used for High Intensity DC Beams.

Voltage cleanup time is reduced by designing
the electrodes to have a minimum amount of sur-
face at a high electric field. It also seems to
help to avoid situations where particle flight
paths coincide with electric field lines. In
other words, plain parallel surfaces, coaxial
cylinders, and concentric spheres should be
avoided. When the surface ares is small, we
have found that many materials, among them cop-
per, stainless steel, nickel, and platinum, but
not aluminum, will withstand at least 2 MV/em
at voltages up to 80 kV after cleanup. At higher
total voltage, the CERN %roup has found titanium
to be particularly good.**

The terminal equipment for the production of
high current dc beams is considerably larger than
that required for beams of low average power.

In some cases voltages are supplied through long
transmission cables. As a result, transient
currents during a discharge can be much greater
and may have more serious effect. These problems
and some solutions are described elsewhere.’

It is interesting and perhaps surprising that
damage to source and -electrodes is not a serious
problem in most cases. In the Oak Ridge work
breakdowns are detected electronically, but
power is removed through standard commercial
quick-acting disconnects, or in the case of the
600 kV (14) supply, by means of vacuum switches
in the primary. Damage is done only when there
is an abnormal flood of backstreaming electrons
such as produced by a vacuum failure or in the
absence of an electron suppressor, to be dis-
cussed below.

Space Charge Neutralization

If the positive ion beam is allowed to be
a trap for electrons, or in other words, if the
electrons formed in the beam and by secondary
emission from a target are kept out of regions
where they can be pulled from the beam by elec-
tric fields, the beam charge will be neutral-
ized.®s22 "The degree of neutralization will
depend on how effectively the electrons are con-
tained. It is easy to calculate the time required

o OM-093 sa-sactn
N
riLament supeLr el

o-304

SOURCE WATNET SUPPLY
038

FLaEmT:

Fig. 8 - Beam Accelerating System in which Elec-
tron Trapping Regions have been avoided.
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for this neutralization process assuming that
electrons come from collisions with the back-
ground gas. It is simply the beam density
divided by the rate of electron production per
unit volume, or

nb
< (6)

T o= g . = n v,
noivbbn'b 0% "b

where np is the beam particle demsity, ng is the
background density, o; 1s the ionization cross
section of the background gas, and vy is the
beam velocity. This time constant is about

240 us for a 100 kV proton beam passing through
hydrogen at a pressure of 2 x 10°% torr. It
depends only very weakly on energy, being about
340 us at 20 keV.

Electrons are lost most readily in the ac-
celerating gaps. This loss is avoided auto-
maetically by the use of a solenoidal maegnetic
lens for focusing. It also can be avoided by
deaccelerating the ion beam before it enters
the field free region. The accel-decel arrange-
ment also is used in the OGRA and ALICE crossed-
field sources, but in this case only electrons
formed in the vicinity of the extraction gap are
affected. The transverse magnetic field pre=-
-vents migration of electrons from the drift
space into the vicinity of the source.

The effect of neutraligzation is shown in
Figure 9.2° These beams both are 50 mA at 60 keV
of total hydrogen ion current. They have been

() (v)

Fig. 9 - A 50 mA 60 keV Hp™ Beam; (a) without
Space Charge Neutralization, (b) with Space
Charge Neutralization.
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focused by a unipotential lens operated at a
negative voltage with respect to the beam drift
chamber so that electrons are confined to the
beam drift region. In the picture on the left,
electrons are being drained from the beam by a
positive target bias. The beam on the right is
space-charge neutralized.

When there is a beam cross~over, the neu-
tralization fails to allow the ions to follow
straight flight paths for reasons not completely
understood. Figure 10 is a photograph made at
Oak Ridge of a helium ion beam focused by a
solencidal magnetic lens in the region of a
cross-over and beyond. The radial. current dis-
tribution in this beam was studied by means of
a differential calorimeter probe. We found that
beyond the cross-over, most of the beam current
was flowing in a hollow cone having a divergence
angle about twice the convergence angle of the
incoming beam. There was also an intense com-
ponent in the form of a collimated rod on axis.
We believe that the central rod is caused by the
trapping of ions in the potential well of a
virtual cathode formed by the electrons oscil-
lating radially in the symmetrical space charge
field. A 15 V potential difference can trap
30 keV ions which would otherwise be diverging
at an angle of less than l%". This phenomenon
is particularly unfortunate since, if the ions
formed the kind of cross-over expected from
geometrical optics, the current density of a
beam could be increased by collimeting it just
beyond the cross-over.

Fig. 10 - Behavior of an Intense Beam beyond a
Cross-Over. The beam is composed of helium ions
at 30 keV.
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Control of the Emission Surface

The exceptionally high value of effective
brightness for the Livermore crossed-field source
may be due to the fact that the ion emission
surface is controlled by the electron beam in
the source and the parallel magnetic field, and
is flat. The axisymmetric sources do not permit
a direct control of the plasme emission surface.
The problem was reviewed by Gebovich.®* Later
Gabovich et al. allowed a considerable expansion
of the source plasma before extraction.®® Books
et al.22 found that the resulting plasma surface
had a central convex bulge, and that this bulge
could be eliminated by making the walls of the
expansion chamber conical.®® Waen a strong
magnetic field is present, however, the situa-
tion again is difficult. Experiments made using
a small auxiliary coil around the expansion
chanber to control the magnetic field at its
surface ylelded greatest beam intensity when the
coil was adjusted to produce zero field at the

surface. Another smaller optimum was found when
180
160
CELL AT 470°C
140 I
1O 20-kev EQUIVALENT,
CURRENT
120
&
£ CELL COOL l
~
T 100
- TOTAL BEAM 220 mA
g +
b Hy 40-keV
o 80 |— CURRENT |
2
w
o
a
2
(%]

. |

/AR
= | s

PROBE POSITION (cm)

Fig. 11 ~ Radial Current Distribution in a Beam
with Parameters adjusted to Maximize Current
through a 4.2 cm Diameter Aperture.

the sense of the auxiliary coll was reversed at
a value which produced a parallel magnetic field
at the surface. In the null field case the
symmetry of the extracted beam is disturbed
easily by the effect of smell assymmetries in
the coils or by small stray magnetic fields.

Evidence of difficulties at the plasma sur-
face is found in the fact that in axisymmetric
systems whenever the current is maximized through
an aperture, the current density is sharply
peaked on axis. Figure 1l shows an example of
this effect. These scans were made using the
differential calorimeter probe shown in Figure
12.%7 New equipment recently designed will
meke it possible to study the angular distribu-
tion of the beam rays as well as the intensity
distribution. It will be possible then to tell
whether the fault is nonuniform emission at the
plasma surface, variations in the radius of
curvature of the plasma surface, or a combination
of both.

Conclusion

The performence of some ion beam systems
used in thermonuclear research has been described.
In all cases average current densities obtained
normalized to constant convergence angle have
been less by more than two orders of magnitude
than should be obtainable with perfect optics.

400
—
360
TOTAL HP THROUGH CELL
320 —
L~
/
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280 7 ADJUSTED FOR |
MAXIMUM CURRENT
FOR THIS RADIUS
240 —
/
[
£
g 200 HO 20-keV EQUIVALENT CURRENT |
2 |
60 / TOTAL Hg' THROUGH CELL
jasre’

7l —

~

120

2 t
Hp 40—keV CURRENT

“ 1
// TOTAL BEAM 220 mA
A
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0 0.5 1.0 15 20 2.5 3.0 35
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Fig. 12 - Total Current as a Function of Radius
for the Current Distribution in Fig. 11.
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Y4-in-THICK WATER-~
COOLED TARGET
TOP PLATE
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BOTTOM PLATE

DIRECTION
=~ oF scaN

Fig. 13 - Differential Calorimetric Probe used
for Obtaining Results shown in Fig. 1l.

This effect can be seen by substituting kT/V

for. (A1 + dp)2/L®, the square of the convergence
angle, into the formula for effective brightness.
Here kT is the ion temperature in eV at the
emission surface, which is prabably less than

1 eV. The conclusion is alsc born out by the
experiments of Wroe and others.®:®® Fluctuations
in the ion current emitted from the source affect
intensity since they prevent the beam from being
space~charge neutralized at all times, but in
most cases the shape of the plasme emission
surface and spatial nonuniformity are probably
more important factors.

The presence of electron trapping regions
when there is a magnetic field in an accelerating
column has a marked effect on the voltage holding
capability of the column. These regions can be
eliminated by careful design.

The MMIT injector has not been discussed
since it produces an inward-directed flow of
ions from an annular source. It does not pro-
duce an ion beam.
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