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VARIABLE ENERGY CONSTANT CURRENT ACCELERATOR STRUCTURE

BACKGROUND OF THE INVENTION

The invention described herein arose in the
course of, or under, Contract No. DE-AC03-76SF00098 between
the United States Department of Energy and the University of
California.

Variable beam energy at constant current is re-
quired for various applications such as, for example, neu-
tral injection in fusion reactors, where the beam energy
should be reduced during the start-up phase; and ion implan-
tation in semiconductors, where control of the depth of the
implantation or penetration through masking layers over the
area to be implanted may be important.

| Although beam accelerator transport systems are
well known in the prior art, some of these systems suffer
from internal breakdown problems and provide only fixed
output levels which are clearly unsuited for many applica¥
tions. Attempts to vary output energy invariably result in

severe variations in output current.
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Furthermore, for high current applications. e.q.,
to maintain a 200 milliampere current for an H- beam channel
at an energy level of from, for example, 1 to 2 MeV, it
wouldrbe necessary to space conventional electrodes close
together which could, in turn, cause sparking between elec-
trodes at such high voltages.

The use of transverse field focusing of a high
power ion beam, e.g. 400—800 keV, in the form of a ribbon or
sheet beam has been previously discussed in a publication
entitled "A Transverse-Field-Focusing (TFF) Accelerator for
Intense Ribbon Beams", by Anderson et al, published in the
IEEE Transactions on Nuclear Physics, Vol. NS-30, No. 4, in
August, 1983 at pp 3215-3217; and in a paper entitled "Over-
view and Status of the Transverse-Field Focusing (TFF) Accel-
erator", presented at the 1985 Particle Accelerator Confer-
ence in Vancouver, B.C., Canada in May, 1985, and published
by the Lawrence Berkeley Laboratories as LBL-19593. A TFF
Accelerator is described in these publications in which a
transverse electric field is set up between pairs of curved
deflecting plates. Charged particles passing between the
plates are both deflected and strongly focused by the field.
Average-straight-line motion (if desired) is obtainable by
having the successive pairs of plates curve in alternating
directions‘with corresponding reversal of the field. Accel-
eration is achieved by adjusting the mean voltage on each

succeeding pair of plates.
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However, there remains a need for a variable ener-
gy, constant current accelerator structure for a pencil-like
ion beam which structure would be capable of reliable,
conservative operation and free from internal voltage break-

down, and which may be used to produce a high power ion

beamn.

SUMMARY OF THE INVENTION

It is, therefore, an object of this invention to
provide a variable energy, constant current ion beam accel-
erator structure using one or more modular beam accelerating
units which maintain the focus of the beam at constant
current while accelerating the beamn.

It is another object of this invention to provide
a variable energy, constant current ion beam accelerator
structure comprising an ion source capable of providing the
desired ions, a pre-accelerator for establishing an initial
energy level, a matching/pumping module having means
for focusing and means for maintaining the beam current, and
at least one main accelerator module for continuing beam
focus, with means capable of variably imparting acceleration
to the beam so that a constant beam output current is main-
tained independent of the variable output energy.

It is yet another object of this invention to
provide a variable energy, constant current ion beam accel-

erator structure comprising an ion source capable of
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providing the desired ions, a pre—ac;elerator for estab-
lishing an initial energy‘lével; a matching/pﬁmpiné moduie
having means for focusing and means for maintaining the beam
current, and at leaét one main accelératbr modulé'fbr con-
tinuing beam focus, with electrostatic quadrupole electrode
means capable of variably imparting acceleration to the beam
so that a constant beam output current is maintained inde-
pendent of the variable output energy.

It is still another object of this invention to
provide a variable energy, constant current ion beam accel-
erator structure comprising an ion source capable of provid-
ing the desired ions, a pre-accelerator for establishing an
initial energy level, a matching/pumping module having
means for focusing means for maintaining the beam current,
and at least one main accelerator module for continuing bean
focus, with electrostatic ring electrode means capable
of variably imparting acceleration to the beam so that a
constant beam output current is maintained independent of
the variable output energy.

These and other objects of the invention will be
apparent from the following description and accompanying

drawings.

BRIEF DESCRIPTION  -OF THE DRAWINGS

Figure 1 is a vertical cross-section view of a

preferred embodiment of the variable energy accelerator of
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the invention constructed using electrostatic quadrupole
fbcusing and accelerating electrodes. .

Figure 2 is a vertical cross-section view of a
portion of the structurershown in Figure 1.

Figure 3 is a top view of the structure of Figure
1 taken along lines 3-3 showing the spatial and voltage
relationship of the first set of quadrupole electrodes in
the matching/pumping module to one another and the shape of
the beam under the influence of the electrostatic fields
generated by the quadrupole electrodes at that point along
the beam path.

Figure 4 is a top view of the structure of Figure
1 taken along lines 4-4 showing the spatial and voltage
relationship of the second set of gquadrupole electrodes in
the matching/pumping module to one another and the shape of
the beam under the influence of the electrostatic fields
generated by the quadrupole electrodes at that point along
the beam path.

Figure 5 is a top view of the structure of Figure
1 taken along lines 5-5 showing the spatial and voltage
relationship of the third set of quadrupole electrodes in
the matching/pumping module to one another and the shape of
the beam under the influence of the electrostatic fields
generated by the quadrupole electrodes at that point along
the beam path. |

Figure 6 is a top view of the structure of Figure
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1 taken along lines 6-6 showing the spatial and voltage
relationship of the first set of quadrupole electrodes in
the accelerator module to one another and the shape qf

the beam under the influence of the electrostatic fields
generated by the quadrupole electrodes at that point along
the beam path.

Figure 7 is a top view of the structure of Figure
1 taken along lines 7-7 showing the spatial and voltage
relationship of the second set of quadrupole electrodes in
the accelerator module to one another and the shape of the
beam under the influence of the electrostatic fields gener-
ated by the quadrupole electrodes at that point along the
beam path.

Figure 8 is a graph illustrating the X and Y axes
of the beam path when the quadrupole electrodes in each
module are maintained at voltages which do not accelerate
the beam but merely maintain focus.

Figure 9 is a graph illustrating the X and Y axes
of the beam path when the quadrupole electrodes in each
module are maintained at a higher voltage than the corres-
ponding electrodes in a preceding module for an 800 keV beam
using seven accelerating modules in addition to the
matching/pumping module.

Figure 10 is a graph illustrating the X and Y axes
of the beam path when the quadrupole electrodes in eéch

module are maintained at a higher voltage than the
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cprresponding electrodes in a preceding module for a 200 keV
beam usiné one accelerating module in addition to the
matching/pumping module.

Figﬁre 11 is a vertical cross-section view of a
another embodiment of the variable energy accelerator of
the invention constructed using electrostatic ring
focusing and accelerating electrodes.

Figure 12 is a vertical cross-section view of a

portion of the structure shown in Figure 11.

DETAILED DESCRIPTION OF THE INVENTION

A preferred embodiment of the variable energy
constant current ion beam accelerator structure of the in-
vention is generally indicated at 2 in Figure 1. Accelera-
tor structure 2 comprises a vacuum-tight cylindrical housing
6, consisting of a series of concentric cylinders sealed to
one another, and to which is secured an ion source 10.
Within housing 6, and coaxially aligned with ion source 10,
are a pre-accelerator module 20, a matching/pumping module
30, and one or more accelerator units or modules 60.

Ion source 10 is not shown in detail since such
are known in the prior art and described, for example, in
publications such as Leung et al, "Optimization of H Pro-
duction in a Magnetically Filtered Multicusp Source", Rev.
Sci. Instrum. 56, 364 (1985); Uramoto et al, “Volume Pro-
duced H~, D~ Ion Source for Proton Accelerator and Thermo-

Nuclear Fusion Research by Sheet Plasma (I)", IPPJ-760,



Jan. 1986 and (II), IPPJ-789, Aug. 1986; and Leung et al,
"Self-extraction Negative Ion Source", Rev. Sci. Instrum.,
53, 803 (1982). Although these references deal specifically
with the production of H™ and D  ions, it will be understood
that the invention is not limited to the use of any parti-
cular type of ion. Thus, any ion source which serves to
produce a beam of ions, including anions and cations, may be
used for ion source 10 with voltages reversed as required.

Pre-accelerator module 20, which serves as a
Pierce gun type structure, takes the circular cylindrical
ion beam produced by ion source 10 and accelerates it, for
example, to 100 keV, without changing the circular shape of
the beam. Pre-accelerator module 20 is also shown and
described in more detail in other publications such as, for
example, an Anderson et al paper entitled "Accelerator and
Transport Systems for High-Current Negative-Ion Beams",
presented at the AEA Technical Committee Meeting on Negative
Ion Beam Heating at Culman Laboratory on July 15-17, 1987
and published by Lawrence Berkeley Laboratory, Berkeley, Ca,
as LBL-23748.

Matching/pumping or transport/pumping module or
structure 30, as shown in Figures 1 and 2, takes this ac-
celerated beam and focuses it. The focusing is done by
changing the shape of the beam from a circular cylinder to
an elliptical cylinder of alternating shape. Since the

shape of the beam is important to understand in the
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operation of this embodiment of the invention, it will be
further explained. Defining the axis along which the beam
travels as z, the beam, as it enters module 30, is cylindri-
cal along the z axis. A cross section of the beam in the x-
y plane in pre-accelerator 20 will, therefore define a
circle. This cross-section shape, however, is changed to
that of an ellipse at certain points along the z axis by
matching/pumping structure 30.

This change in the cross-section of the ion beam
is achieved, in the embodiment illustrated in Figures 1 and
2, by the use of three electrostatic quadrupole (ESQ) focus-
ing electrode units. Each ESQ focusing electrode structure
is composed of two plate electrodes disposed in the x-y
plane, each having a hole in the center to allow the beam to
pass through, and each having two cylindrical projections
depending therefrom toward the cylindrical projection de-
pending from the other electrode and disposed parallel to
the beam on diametrically opposite sides or positions with
respect to the beam path. The two plate electrodes are
spaced apart from one another along the z axis of the beam a
distance which permits the respective cylindrical projec-
tions on the electrode plates to be disposed in interdigited
fashion at 90° positions around the beam axis.

Thus, the ESQ structure is achieved by placing the
two plate electrodes facing face-to-face, one rotated 90

degrees with respect to the other. The effect of this
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structure, as seen in Figures 3-5, is a quadrupole about the
ion beam, which entails four cylindrical electrodes situated
in 90 degree intervals with fespect to the z axis and equi-
distant from the z axis. Since the electrodes which oppose
each other in the quadrupole are attached to the same plate
electrode, they will comprise a set of electrodes at the
same potential. If the two sets of cylindrical electrodes
are at different potentials, the circular beam will become
disfigured, having more affinity toward one set of elec-
trodes than the other.

It should be noted that the more attracting poten-
tial is not termed more positive or more negative since this
will be a function of the charge on the ions in the beam.
Thus, for example, if the beam comprises negatively charged
particles, the more attracting potential will be the more
positive potential and the beam will be attracted or deflec-
ted (expanded) toward the set of electrodes having the more
positive potential and repelled (compressed) by the set of
electrodes having the less positive potential.

This disfiguration caused, respectively, by the
attracting and repelling electrodes of the quadrupole, will
change the cross-section of the ion beam to the shape of an
ellipse (in the x-y plane). The matching/pumping structure,
as seen in Figures 1 and 2, has three of these quadrupoles.
A focusing effect is achieved when the axis along which the

ellipse is elongated alternates between the x-axis and the
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y-axis with each consecutive quadrupole. This can be clear-
ly seen in Figures 3-5, which respectively represent the
three quadrupole electrode structures in the matching/
pumping module.

The graph of Figure 10, and the voltages listed in
Table I below, illustrate the structure of the invention for
a 200 keV beam using only one acceleration module, in addi-
tion to the matching/pumping module, in which the beam is
accelerated, by increasing the mean potential on each suc-
ceeding pair of opposing electrodes in the respective quad-
rupoles, while still maintaining a suitable alternating
orientation of potential differences within each quadrupole,
i.e., causing an acceleration of the beam and an increase in
its energy, while maintaining alternating elliptical elonga-
tions so the beam is focused and the current of the beam can
remain constant.

Thus, Table I below lists the respective voltages
on the five pairs of opposing cylindrical electrodes in the
three quadrupoles of the matching/pumping module and in the
two quadrupoles of the single accelerating module of the

beam depicted in the graph of Figure 10.
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Table I
Voltage w.r.t. Voltage w.r.t. Focusing
Module Electrodes Source (kV) Ground (kV) Voltage
Matching/ la 100 -100 =20
Pumping 1b 80 =120
1c 79 -121 =21
14 100 -100
le 77 -123 -23
1f 100 -100
2 2a 127 =73 -23
2b 150 =50
2cC 186 -14 -14
2d 200 0]

Referring now particularly to Figures 1-3, as well
as the above Table I, a first electrode plate 32 may, in the
illustrated embodiment, be maintained at a positive poten-
tial of 100 kV (with respect to the source). Cylindrical
electrodes 34a and 34b (electrodes la in Table I) depend
from electrode plate 32 parallel to the z-axis beam path and
form the two opposing electrodes of the first quadrupole
maintained at 100 kV. Electrodes 34a and 34b are depicted
in Figure 3 as having cross-sections along the x-axis.

Spaced and electrically insulated from first elec-
trode plate 32 is a second electrode plate 36, which, in the
illustrated embodiment, is shown to be at a potential of 80
keV. Cylindrical electrodes 38a and 38b (electrodes 1lb in
Table I) depend from electrode plate 36 parallel to the z-
axis beam path and in a direction toward first electrode

plate 32 to form the other two opposing electrodes of the
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first quadrupole which then are maintained at 80 kV and

‘'which, as shown in Figure 3, have their cross-sections

disposed along the y-axis. As best seen in Figures 1 and 2,
the spacing betWeen first electrode 32 and second electrode
36 and the respective lengths of the cylindrical electrodes
34a, 34b, 38a, and 38b are chosen to provide for the paral-
lel spacing of the cylindrical electrodes and overlap along
the z axis to provide the interdigited quadrupole structure
illustrated in Figure 3. As also seen in Figure 3, the
effect on the negatively charged ion beam of the respective
charges on electrodes 34a, 34b, 38a, and 38b results in the
elliptical shape of the beam cross-section shown in Figure
3, i.e., elongation of the beam along the x axis.

Another electrode plate 37 also provides support
for a set of cylindrical electrodes 40a and 40b (electrodes
lc in Table I) which form two of the opposing electrodes of
the second quadrupole set as seen in Figures 1-2, and 4.
Electrodes 40a and 40b are maintained at a potential of 79
kv.

A fourth electrode plate 42 is also provided in
matching/pumping module 30 having a set of cylindrical elec-
trodes 44a and 44b (electrodes 1d in Table I) depending
therefrom in the direction of second electrode plate 36 to
form, together with cylindrical electrodes 40a and 40b, the
second quadrupole electrode set, as illustrated in Figure 4,

in similar interdigited fashion to that described for the
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first quadrupole. In the illustrated embodiment, electrode
plate 42 is also maintained at 100 kv, i.e., the same poten-
tial as first electrode plate 32. As shown in Figure 4, the
shape of the beam is thus transfigured to an ellipse at a
90° orientation to the configuration shown in Figure 3 by
the change in potential of the cylindrical electrodes 40a,
40b, 44a, and 44b of the second quadrupole with respect to
the potential on electrodes 34a, 34b, 38a, and 38b in the
first quadrupole electrode structure, i.e., elongation along
the y axis.

A fifth electrode plate 46 in matching/pumping
module 30 provides cylindrical electrodes 48a and 48b (elec-
trodes le in Table I) forming two of the opposing electrodes
for the third quadrupole set. Cylindrical electrodes 48a
and 48b are diSposed similarly to the previously described
cylindrical electrodes with respect to the beam axis. 1In
the illustrated embodiment, and in Table I, electrode plate
46 and cylindrical electrodes 48a and 48b are maintained at
a potential of 77 kvV.

The sixth and final electrode plate 50 in
matching/pumping module 30 is, in the illustrated embodi-
ment, maintained at a potential of 100 kV, i.e., the same
potential as first electrode plate 32 and fourth electrode
plate 42. Depending from electrode plate 50, in the direc-
tion of fourth electrode plate 42, are cylindrical elec-

trodes 52a and 52b (electrodes 1f in Table I) which are
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interdigited with cylindrical electrodes 48a and 48b to form
the third quadrupole electrode set, as shownrin Figure 5, in
similar fashion to the two previous quadrupole electrode
sets just described. The effect of this thifd quadrupole is
simply to change the axis of elongation once again, as seen
by the beam shape cross-section in Figure 5. The purpose of
these alternating elongations, termed "matching", is to
phase the alternating beam in such a way that the ESQ accel-
erator can act effectively on the beam (Note that although
the shape of the beam has been altered and correctly phased,
the energy of the beam is kept approximately constant at 100
keV while in this module).

Electrode plates 32, 36, 37, 42, and 46, and the
cylindrical electrodes depending therefrom which comprise
matching/pumping module 30, are secured by a metal support
cylinder 31 which, in turn, is mounted to a metal electrode
plate 50 which extends to housing 6 to which it is insu-
latively secured. Electrode plate 42 is directly secured to
cylinder 31 and thus is maintained at the same potential as
electrode plate 50. First electrode plate 32 is directly
secured to a tapered portion 33 of cylinder 31 and is,
therefore, also maintained at the same potential. Electrode
plates 36 and 46, which are maintained at a different poten-
tial, are secured to cylinder 31 through insulator rings 56
which are mounted to respective flanges on cylinder 31 and

electrode plates 36 and 46.
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Vacuum pump means (not shown) may be provided at
one or both ends of cylihdrical housing means 6 to evacuate
from the structure non-ionized gases entering from ion
source 10 with the ionizéd beam. Matching/pumping module 30
is designed to aid in separating such non-ionized gases from
the ion beam by the open transparent design (gas transpar-
ency) of the electrode support structures which allow the
non-ionized gases to expand away from the beam and the
electrodes, as shown in Figures 1 and 2. Openings (not
shown) in the sides of metal support cylinder 31 permit the
gas atoms to leave the vicinity of the beam and to enter the
larger volume of housing 6 to thereby approach the target
vacuum of 10”2 Torr or less.

In accordance with the invention, the evacuated
and matched beam then enters accelerator unit or module 60.
In Figure 1, seven such modules are illustrated, but there
is no specific limit to the number of modules which can be
used, except possibly for constraints on the total voltage
to which the beam may be accelerated based on insulation
limitations.

Fach accelerator module 60 consists of two ESQ
structures comprising cylindrical electrodes such as prev-
iously described with respect to the matching/pumping module
30. Thus, referring to Figures 2 and 6-7, and again to
Table II, electrode plate 62 has a pair of cylindrical

electrodes 62a and 62b (electrodes 2a in Table I) depending
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therefrom parallel to and spaced from the beam axis. The
cylindrical electrodes 62a and 62b extend in a direction
toward the second electrode plate 64 in module 60 from which
cylindrical electrodes 64a and 64b (electrodes 2b in Table
I) depend parallel to and spaced from the beam axis in a
direction toward electrode plate 62 so that electrodes 62a
and 62b are interdigited with electrodes 64a and 64b to
provide a first electrostatic quadrupole (ESQ) electrode
focusing and accelerating lens structure 63 as shown in
Figure 6.

A third electrode plate 66 is similarly provided
with a pair of cylindrical electrodes 66a and 66b (elec-
trodes 2c¢ in Table I) depending therefrom parallel to and
spaced from the beam axis and extending in a direction
toward a fourth electrode plate 68 in module 60 from which
cylindrical electrodes 68a and 68b (electrodes 2d in Table
I) depend parallel to and spaced from the beam axis in a
direction back toward electrode plate 66 so that electrodes
68a and 68b are interdigited with electrodes 66a and 66b to
provide a second electrostatic quadrupole (ESQ) electrode
focusing and accelerating lens structure 67 of accelerating
module 60 as shown in Figure 7.

The four electrode plates are electrically sepa-
rated from one another respectively by insulating washers
70, 72, and 76 which, like insulators 56, may comprise any

suitable insulating material such as a ceramic, an epoxy
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material, or Torlon, and which also provide mechanical sup-
port for electrode plates 62-66. Electrode plate 68 extends
out to the wall of cylindrical housing 6 to which it is
insulatively mounted. Independent electrical connection to
each electrode plate is made through connection means (not
shown) which permits each electrode to be maintained at a
separate voltage to provide the desired acceleration of the
beam without loss of current as will be described below.

Thus, the ESQ structure of the invention with an
electrically independent support structure for each pair of
electrodes in each gquadrupole allows independent control of
focusing and acceleration voltages. This is a key to the
constant-current variable voltage (CCVV) accelerator of the
invention, in operation, in modularity, and to flexibility
in terms of overall length. The acceleration channel may be
lengthened to match the length of the graded insulating
column, as in Figure 1. This, in turn, reduces internal
gradients and the solid angle accessible for voltage
breakdown mechanisms. The ESQ focusing forces also help to
avoid breakdown by sweeping out most undesired particles
transversely.

Referring to the graph of Figure 8, operation of
the accelerator structure of the invention with a series of
seven accelerator modules 60 is illustrated in a simple non-
accelerating mode which merely maintains focus of the beam

by alternating the charge on the opposing quadrupole
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electrodes. Thus, if the charge on cylindrical electrodes
62a and 62b alongrﬁhe x-axis in first ESQ structure 63 of
each module is 92 and the charge on cylindrical electrodes
64a and 64b aloné the y-axis in first ESQ structure 63 of
each module is 108, and the opposite occurs in second ESQ
structure 67 of each module, that is, cylindrical electrodes
66a and 66b along the x-axis are at 108 and cylindrical
electrodes 68a and 68b along the y-axis are at 92 in the
second ESQ structure of each module, then the shape of the
beam will be periodic (repeating) with each module as shown
in Figure 8.

The solid line in the graph of Figure 8 represents
the distance of the beam from the z-axis in the x direction
and the dotted line represents the distance of the beam from
the z-axis in the y direction. Each maximum in the x direc-
tion and minimum in the y direction represents the center
(along the 2z axis) of first ESQ electrode structure 63 in
each module. The minimum in the x direction and the maximum
in the y direction represents the center (along the z axis)
of each second ESQ electrode structure 67 in each accelerat-
ing module 60. Since each set of two ESQ structures (63 and
67) represents a module, and since the beam shape is identi-
cal and repeating with every two ESQ structures, the beamn,
in this case, is periodic with every module, illustrating
the matched phasing of the beam discussed earlier.

This example is merely the most simple situation
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using the accelerator. Since one pair of opposing elec-
trodes in each quadrupole electrode structure is at 92 kV
and the other pair of opposing electrodes is at 108 kV, the
average energy of the beam would be 100 keV, which is the
same as its initial energy upon entering the accelerator
unit.

The graph of Figure 9 illustrates a more typical
situation in which the beam is accelerated, by increasing
the mean potential on each succeeding pair of opposing
electrodes in the respective quadrupoles, while still main-
taining a suitable alternating orientation of potential
difference within each quadrupole, causing an acceleration
of the beam and an increase in its energy, while maintaining
alternating elliptical elongations so the beam is focused
and the current of the beam can remain constant.

By way of example, the profile shown in Figure 9
is that needed to accelerate an H- beam to an energy of 800
keV. For such a desired output, Table II below lists the
respective voltages on the four pairs of opposing cylindri-
cal electrodes in the two quadrupoles comprising each accel-
erating module where seven such modules are employed as
depicted in Figure 1 and shown in the graphs of Figures 8
and 9. The voltages on the electrodes of the three quadrupoles
comprising matching/pumping module 30 are also shown in
Table II.

The representative voltages applied to the
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respective electrodes listed in Table II may be supplied to
the electrodes via a plurality of variable péwerAsupplies
70, by way of example only, as shown in Figure 1. Alter-
natively, a single power supply with individual variable
resistors might also be used to provide independent power to
each electrode pair. The connection to each of the elec-
trodes from power supplies 70 is not shown to simplify the
drawing.

For each module the opposing cylindrical electrode
pairs are noted in Table II as a, b, ¢, and d. It will be
understood that the first two electrode pairs correspond,
respectively, to cylindrical electrode pairs 62a, 62b and
64a, 64b (gquadrupole 63) while the second two electrode
pairs correspond, respectively to 66a, 66b and 68a, 68b
(quadrupole 67) previously described. The source voltages
listed for the seven accelerating modules are the voltages,
in kilovolts, with respect to the source, i.e., the beam
voltage as it enters the first accelerating module from the
matching/pumping module, which, in this case is 100 kV. The
focusing voltage listed represents the difference in the
voltages of the opposing pairs of electrodes in each quadru-
pole electrode structure, resulting in the ellipsoidal shape

of the beam in each quadrupole.
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Table II
Voltage w.xr.t. Voltage w.r.t. Focusing
Module Electrode Source (kV) Ground (kV) Voltage
Matching/ la 100 -700 -20
Pumping 1b 80 =720
1lc 80 =720 20
14 100 =700
le 79 =721 21
1f 100 -700
2 2a 128 -672 22
2b 150 -650
2c 178 -622 22
24 200 -600
3 3a 227 =573 23
3b 250 -550
3c 275 -525 25
34 300 -500
4 4a 325 -475 25
4b 350 =450
4c 374 -426 26
4d 400 -400
5 S5a 421 =379 29
5b 450 -350
5c 469 -331 31
54 500 =300
6 6a 519 -281 31
6b 550 -250
6cC 571 -229 29
6d 600 =200
7 7a 618 -182 32
7b 650 -150
7¢C 666 -134 34
74 700 =100
8 8a 719 -81 31
8b 750 -50
8c 784 -16 16
8d 800 o)



10

15

20

- 23 =
While Table II shows the voltages used on each
quadrupole electrode for accelerating the beam using seven
acceleration modules to accelerate the beam up to an energy
level of 800 keV, as opposed to the single acceleration
module used in Table I to accelerate the beam to 200 kev, it
will be understood that the modular structure of the inven-
tion with separate electrical attachment or connection to
each quadrupole electrode permits variations in beam output
energy to be accomplished either by varying the number of
accelerating modules used or by varying the potential ap-
plied to the electrodes to thereby vary the amount of accel-
eration provided by each module. Table III below illus-
trates three cases where the same number of modules (seven
in addition to the transport/matching module) are used but
the exit energy from each module is varied by changing the
quadrupole electrode voltages rather than changing the num-
ber of modules. 1In the first instance, the beam energy is
raised by approximately 100 keV per module, while in the
second case the energy level is raised by approximately 50
keV per module. 1In the third case shown in Table III, the
beam energy is mantained constant over all seven accelera-

tion modules.



Table III

Beam Current Fixed at 200 mA of H™
Beam Energy Variable Between 100keV and 800 keV

Module Transport/ 2 3 4 5 6 7 Exit
I.D. Matching Module
Module Exit 100 200 300 400 500 600 700 800
Energy (kV)
Quad 18 20 22 24 27 30 15
kilovolts
Module Exit 100 150 200 250 300 350 400 450
Energy (kV)
Quad 18 19 20 21 22 24 12
kilovolts
Module Exit 100 ' 100 100 100 100 100 100 100
Energy (kV)
Quad 18 18 18 18 18 » - 18 9
kilovolts

The module voltages are given as kilovolts relative to the source.
The guad voltages are kilovolts between the electrodes.

~24-
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Thus, the key aspect to the invention, as shown in
Figufes 9 and 10, and in Tables I-III, is that the
accelerator structure can be used to generate constant cur-
rent ion beams at variable output voltages. Either the
voltage profiles on the quadrupole electrodes can be changed
or the number of accelerator modules utilized can be varied
(or both may be changed) to vary the output energy of the
beam to that desired for the particular application, e.qg.,
for ion implantation in semiconductors using various energy
levels. Furthermore, the upper level of the beam energy is
limited only by the voltages at which the system is operated
and the voltage source.

Turning now to Figures 11 and 12, another embodi-
ment of the invention is illustrated wherein the quadrupole
electrode structure utilized in both the matching/pumping
module and the accelerator modules of the previous embodi-
ment are replaced with an electrostatic ring electrode
structure termed an electrostatic ring (ESR) focused vari-
able energy accelerator. The same ion source 10 and pre-
accelerator module or Pierce gun 20 may be used in this
embodiment as well.

The function of the ESR type accelerator is simi-
lar to that of the preferred embodiment using ESQ; the
difference is that instead of using quadrupole electrodes to
focus the beam, ring electrodes are used. Because each

electrode is a ring, the electrostatic field around the beam
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at each ring electrode is homogeneous with respect to the z-
axis. As a result, the beam has a circular cross section in
the x-y plane.

The way that the ring electrode structure achieves
its focusing effect is through alternating increased and
decreased ring potentials. For example, in Figure 11, when
a beam at an energy of -100 keV enters structure 80
(analogous to matching/pumping structure 30 of the ESQ-type
accelerator and hereinafter referred to as transport module
80) from pre-accelerator module 20, a first ring electrode
82 in transport module 80 may be operated at a potential of
-100 keV. A second ring electrode 84 in transport module 80
is maintained at a potential of -120 keV, a third ring 86 at
a potential of -100 keV, a fourth ring 88 at a potential of
-176 keV, and a last ring electrode 90 at a potential of -
100 keV. Electrode rings 82, 86, and 90, respectively, are
attached to cylinder 81. Rings 84 and 88 are insulatively
secured to cylinder 81. This structure provides for rings
82, 86, and 90 to each have the same potential, whereas 84
and 88 can be at potentials different from the aforemen-
tioned rings and independent of each other. This technique
achieves focusing by causing the cross-sectional circular
region to increase and decrease in size between rings. As
with the ESQ embodiment, transport module 80 focuses the
beam, but does not change the energy from 100 keV.

The beam then passes into accelerator unit or
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module 100, where it is accelerated in a way analogous to
ESQ accelerator 60. An important note, refefring again to
Figures 11 and 12, is that each module in the ESR accelera-
tor structure contains four rings 102, 104, 106, and 108'
respectively. Rings 102 and 104 are separated by insulator
112. Similarly, rings 104 and 106 are separated by insula-
tor 114, and rings 106 and 108 are separated by insulator
116. The acceleration which would take place in the speci-
fic embodiment in Figure 12 also maintains the increasing
and decreasing in radius of the cross sectional circle of
the charged particle beam as the potential on the ring
electrodes typically change from -138 keV at ring electrode
102 to -50 keV at ring 104 to -88 keV at ring 106 to 0 at
ring 108. This slight decrease and large increase, repeated
by another slight decrease and large increase in potential
allows for the beam to be focused through an increase and
decrease in cross sectional radius, as well as allowing the
beam to be accelerated, or increased in energy since there
is an overall trend of increasing potential. The end effect
of this is the same as the effect using ESQ: the beam can be
accelerated (according to the potential of the rings) while
maintaining a constant current.

Thus, the invention provides an improved charged
particle beam accelerator wherein constant current may be
maintained in the ion beam while varying the output energy

of the ion beam using modular or stackable accelerating
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electrode units. While specific embodiments of the variable
enerqgy constanf current acceierator structure of the inven-
tion have been illustrated and‘described for carrying out
the formation and -operation of the accelerator structure in
accordancerwith this invention, modifications and changes of
the apparatus, parameters, materials, etc. will become ap-
parent to those skilled in the art, and it is intended to
cover in the appended claims all such modifications and

changes which come within the scope of the invention.
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VARIABLE ENERGY CONSTANT CURRENT ACCELERATOR STRUCTURE

ABSTRACT OF THE DISCIOSURE

A variable energy, constant current ion beam acc-
elerator structure is disclosed comprising an ion source
capable of providing the desired ions, a pre-accelerator for
establishing an initial energy level, a matching/pumping
module having means for focusing means for maintaining the
beam current, and at least one main accelerator module for
continuing beam focus, with means capable of variably im-
parting acceleration to the beam so that a constant beam
output current is maintained independent of the variable
output energy. In a preferred embodiment, quadrupole elec-
trodes are provided in both the matching/pumping module and
the one or more accelerator modules, and are formed using
four opposing cylinder electrodes which extend parallel to
the beam axis and are spaced around the beam at 90° inter-
vals with opposing electrodes maintained at the same poten-
tial.

Adjacent cylinder electrodes of the quadrupole
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structure are maintained at different potentials to thereby
reshape the cross section of the charged particle beam to an
ellipse in cross section at the mid point along each qﬁadru-
pole electrode unit in the accelerator modules. The beam is
maintained in focus by alternating the major axis of the
ellipse along the x and y axis respectively at adjacent
quadrupoles.
In another embodiment, electrostatic ring elec-

trodes may be utilized instead of the quadrupole electrodes.



