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Recently, we presented a new approach for a compact radio-frequency (RF) accelerator structure and
demonstrated the functionality of the individual components: acceleration units and focusing ele-
ments. In this paper, we combine these units to form a working accelerator structure: a matching
section between the ion source extraction grids and the RF-acceleration unit and electrostatic focusing
quadrupoles between successive acceleration units. The matching section consists of six electrostatic
quadrupoles (ESQs) fabricated using 3D-printing techniques. The matching section enables us to
capture more beam current and to match the beam envelope to conditions for stable transport in an
acceleration lattice. We present data from an integrated accelerator consisting of the source, match-
ing section, and an ESQ doublet sandwiched between two RF-acceleration units. Published by AIP
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I. INTRODUCTION

In 2017, we presented a new approach to enable compact
RF particle accelerators for the generation of high intensity
ion beams.!? Using fabrication techniques used in the com-
puter industry, the dimensions of the focusing and acceleration
electrodes are reduced to the mm-scale, much smaller than
conventional particle accelerators. The concept was motivated
by research from the 1970s and 1980s on the acceleration
of many parallel beams for heavy ion-driven inertial fusion
energy. This earlier work showed that for these unusually high
beam current requirements (hundreds of amperes to kiloam-
peres), the considerable space charge could be feasibly man-
aged by accelerating many closely spaced lower current beams
more economically than a small number of beams in separate
accelerator structures.>*

Focusing and acceleration fields are limited by elec-
trical breakdown, and for a quadrupole focusing element,
a maximum operating field on the electrode will produce
a stronger focusing gradient in a smaller diameter chan-
nel. Maschke®* showed that as the multiple-beam electro-
static focusing electrodes and apertures are scaled to smaller
dimensions, the average current density scales favorably and
increases until alignment tolerances and vacuum pressure in
the dense structure lead to excessive emittance growth and
beam loss. Building on Maschke’s work, experiments by
Urbanus et al., with a prototype multiple-beam RF accel-
erator, demonstrated® the concept for a beam-beam separa-
tion of 1.3 cm. Similarly, others were motivated to address
high-space charge with closely packed quadrupole focusing
arrays in a common induction accelerator for heavy ion iner-
tial fusion energy® using electrostatic and magnetic focusing
quadrupoles.
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Recent developments of micro-electromechanical sys-
tems (MEMS) have demonstrated impressive fabrication
tolerances at very low cost, presenting a path forward to mm-
scale, densely packed beams with electrostatic focusing and
RF acceleration. Our first results with mm-scale structures are
described in Refs. 1 and 2.

Scaling to a large number of densely packed beams may
lead to various applications, such as mass analysis for ion
implantation (few mA and up to 300 keV ion energy).” At
higher current per beam, with each beam approaching the
focusing limits set by space charge repulsion and beam load-
ing in the RF system, the compact accelerator may meet the
extreme beam requirements for ion beam heating of plasmas
for fusion energy applications.®

In this paper, we address the challenge of the trans-
verse matching of many round beams from the ion source to
the alternating-gradient focusing channels of the accelerator.
We then carry out an integrated test of a working accelera-
tor structure, including the matching section between the ion
source extraction grids, RF-acceleration sections, and elec-
trostatic focusing quadrupoles between adjacent acceleration
units.

Il. MATCHING SECTION DESIGN

Beams injected from ion sources are usually cylindrically
symmetric in profile and may be slightly converging or diverg-
ing depending on the ion optics in the injector and the beam
properties such as emittance and space charge. For injection
into accelerators with alternating-gradient quadrupole focus-
ing systems, the matched beam conditions midway between
quadrupoles are generally a cylindrically symmetric spatial
profile (x-y space), but the beam is often converging in one
plane and diverging in the other. This may be seen from the

Published by AIP Publishing.
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solutions to the rms envelope equation for an alternating gradi-
ent quadrupole focusing lattice.®'° To minimize particle loss
and emittance growth, a special matching section of several
quadrupoles is often used to transform the beam envelope from
the round conditions at the exit of the injector to matched beam
conditions in the accelerator lattice.

The transverse envelope equations describe the rms beam
size as a function of the propagation direction subject to the
applied electrostatic focusing fields from the quadrupoles,
the effective defocusing due to the beam emittance, and
the defocusing self-field of the ion beam. In the absence
of field imperfections (non-quadrupole moments in the x—y
plane), the system has four-fold symmetry and the horizon-
tal and vertical equations are coupled via the space charge
term,

" +62+ 2K )
@ =ra a a+b
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€ 2K
b =—kb+ —+ —. 2
kbt 5+ —— (2)

The derivatives are with respect to the beam propagation
axis (z), and a and b are the horizontal and vertical 2-rms
envelope coordinates of the beam envelope. The quadrupole
focusing strength, 4-rms un-normalized emittance, and dimen-
sionless perveance of the beam are denoted by «, €, and K,
respectively. For non-relativistic particles, the dimensionless
perveance is

- (3)
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where A, is the linear charge density of the ion beam, V is the
quadrupole potential, R is the radius from the aperture cen-
ter to the electrode, and V} is the beam voltage. The beam
envelope is simulated via numerical integration of the enve-
lope equations, initialized by the beam parameters (a;, a/,
bi, and b)) at the exit of the injector. These parameters were
measured by imaging the beam profile at two axial locations
downstream of the injector (without the matching section).
A minimum of four quadrupoles is needed to solve for the
quadrupole focusing strengths to match the beam envelope to
the periodic focusing solution of the downstream elements,
a(z) = a(z + L), where L is the lattice period of the quadrupole
focusing lattice in the accelerator and similarly for alf, b;,
and b;. For these first experiments with the matching sec-
tion, we chose solutions to establish a simpler, converging
beam at the entrance to the accelerator. Figure 1 shows a solu-
tion which transforms the axi-symmetric diverging beam at
the exit of the injector to a converging beam downstream of
the matching section with a similar beam radius. To achieve
this, we have used a FDDFFD solution instead of an alter-
nating gradient pattern between focusing (F) and defocus-
ing (D) in a given plane between successive quadrupoles
(FDFD. . ).

The input beam parameters are shown in Table I, and the
quadrupole voltages are all less than 600 V to be established in
a bipolar manner. The relevant source quantities are based in
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FIG. 1. An example RMS envelope solution for a single beam. The assumed
initial conditions of the beam are based on an average measurement of the
beam envelope at the exit of the injector. The quadrupole voltages are chosen
to establish a converging beam condition at the entrance of the accelerator
section immediately downstream of the six-quadrupole matching section.
The horizontal lines indicate the length and positions of the quadrupole
apertures.

TABLE I. Beam parameters and quadrupole voltages for the simulation in
Fig. 1.

a; (mm) 0.5 Vi(V) 552
a; (rad) 0.028 Vi, (V) -500
€ (mm) 6.3x 107 V3 (V) -512
Eion (keV) 8.0 V4 (V) 359
Mass (amu) 40 Vs (V) 352

Ve (V) -136

part on measurements and plasma source simulations. Beam
profile measurements at two drift distances determined the
beam divergence angle. IGUN simulations!' modeled the pos-
itive ion extraction from the plasma and the resulting emittance
of the single beams exiting the multi-aperture grid structure.
The beam current values are close to those in the experiment,
measured directly downstream of the ion source. The solution
is for an 8 keV Ar" ion beam (I =7 uA, € = 0.63 um). How-
ever, the quadrupole voltage solution is insensitive to the ion
mass species and can transport a variety of ion species with-
out extensive retuning. An envelope solution that establishes
matched conditions at the beginning of an accelerator section
is shown in Fig. 2.

lll. QUADRUPOLE FABRICATION AND
EXPERIMENTAL SETUP

The principal components of the mechanical assembly
are the electrodes which when electrically biased define the
quadrupole field pattern and the support frames which support
the electrodes and maintain overall alignment. The electrodes
are electroless nickel-coated on a monomer resin substrate.'?
The substrates were manufactured with a rapid prototype,
3D-printing process, leading to the high precision (25 um)
needed to maintain the electrode shapes and spacings for
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FIG. 2. Matched beam solution for a more compact structure, with 1-mm
diameter apertures.

good alignment and field quality with low component cost.
The electrode components are held in polyether ether ketone
(PEEK) plastic support frames. Since this is a multiple-beam
structure, each polarity electrode for a quadrupole array is sup-
ported by connecting ribs to enable close spacing, as shown in
Fig. 3.

One set of electrodes overlays the opposing polarity elec-
trodes, and they fully overlap in z forming a quadrupole
of length 2 mm with gaps of 0.5 mm between successive
quadrupoles. Electrical continuity to the electrodes is via
soldered connections to a vapor-deposited gold coating on
the PEEK supports, which in turn contacts the nickel-coated
quadrupole electrodes. The nickel coating process slightly
warped the quadrupole electrode parts (1 mm across the
40-mm?). However, when held at the perimeter by the more
rigid PEEK holders, the electrodes were restored to the desired
coplanar orientation. A coordinate measuring survey of the
assembly showed beam-center spacing (pitch between beams:
5.0 mm) errors and electrode diameter errors well within the
25 um tolerance specifications. The computer aided design

FIG. 3. The CAD model shows the cylindrical electrodes (red and green)
supported by thin ribs. Each electrode part holds all the electrodes for one
polarity of the nine-beam array and is held in place by an outer plastic holder
(brown). The ribs provide mechanical support and electrical connection to the
DC power supplies. The centers of beamline axes are separated by 5 mm in
the rectangular array.
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FIG. 4. The CAD model of the quadrupole assembly is shown in an exploded
view for clarity. The quadrupole electrodes (highlighted in red and green) are
supported within the larger plastic (PEEK) holders. The holders are in turn
held in alignment by stainless steel rods mounted to a base plate.

of the model of the assembly is shown in Fig. 4, illustrating that
a3 x 3 transverse array of quadrupoles is comprised of a pair of
electrode parts where one part (green) will be biased to, e.g., +V
for the horizontally oriented electrodes and the vertically ori-
ented electrodes (red) are biased to —V. Thus, the voltages that
establish a particular matching solution are common to all nine
beams.

The assembled matching section is shown in Fig. 5. Note
that there is considerable radial space available within this
footprint to build a quadrupole array with many more beams,

FIG. 5. The photograph of the final assembly shows the most downstream
matching quadrupole (inset) within the outer support structure. The beams
are represented schematically by the yellow ellipses. In the main photo, the
matching section is at the bottom of the assembly, and only the plastic sup-
ports are visible. The RF accelerator section, fabricated from laser-cut, 10-cm
diameter printed-circuit boards is aligned via the common alignment rods at
gaps between the elements that are set to match the RF frequency and ion
velocity.
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which would transmit a higher overall beam current, depending
quadratically on the array size.

In the previous work,! we demonstrated the acceleration
of ion beams through four acceleration gaps and quadrupole
focusing through a pair of electrostatic quadrupoles.” In this
work, we began by installing only the matching section down-
stream of the injector. The filament-driven RF Ar* source
with a 3 X 3 array of extraction electrodes injected ions
to the matching section.!® The exiting beam was diagnosed
with an Al,O3 scintillator and image-intensified CCD cam-
era. Following these observations, the RF accelerator sec-
tion was added downstream of the matching section, with
four acceleration gaps and two quadrupoles. The quadrupole
and RF acceleration electrodes are fabricated from laser-cut,
copper-clad PC-boards. The radius of the quadrupole and
RF electrode apertures is 1 mm, half the matching section
aperture.

IV. RESULTS AND DISCUSSION

Each quadrupole was first energized separately, and the
expected elliptical beam pattern was observed in accordance
with the quadrupole polarity setting. Figure 6 shows an exam-
ple for the first matching quadrupole energized where the
focusing/defocusing effect is clearly visible despite some
background light in the image. When all the quadrupoles are
energized, the beams are tightly focused as can be seen in
the right image of Fig. 6 (the variation in amplitude for each
beamlet is due to background correction and does not represent
beam current variation).

The ion source was pulsed for 1.5 ms, generating a nearly
constant current during the pulse. Figure 7 shows that the
transmitted beam current was approximately 2x greater with
the matching section energized. When the matching section
is energized, the total current is equal to that in the previous
work without a matching section! where the beams traversed
fewer wafers than in this experiment. There, the round beams
were injected directly into the acceleration wafers without any
focusing quadrupoles. The equality between our previous work
and this experiment is fortuitous—clearly it is not expected
to hold for many more acceleration stages in the absence of
transverse focusing with well-controlled envelope parameters.
The results here show the transport of the beams without loss
through the accelerator and the simultaneous control of the
envelope parameters to match conditions needed for stable
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FIG. 6. Left: Normalized scintillator beam image for
only the first matching quadrupole energized show-
ing the typical focusing/defocusing effects of a
quadrupoles. Right: Normalized scintillator image when
all quadrupoles are energized showing tightly focused
beams. Beamlet-to-beamlet variations and noise in the
image are due to background light variation and do not
represent beam fluctuations.

transverse focusing and control (less beam loss) over many
more lattice periods.

We demonstrated the operation of the integrated assem-
bly, including RF acceleration and quadrupole focusing in the
acceleration section as shown in Fig. 8. The RF acceleration
electrodes were driven from a common RF amplifier. The spac-
ing between successive acceleration gaps was set to S4/2, as
is common in RF accelerators, where 8 = v/c and 4 = c/f,
the RF wavelength. Thus particles near the peak of the accel-
eration waveform are subject to the same acceleration field at
each gap.

The retarding potential of the decelerating grid was varied
within the range 8 < V, < 14 kV, and the injected ion energy
was E; = 11 keV. Since the RF frequency was 15 MHz, the
relatively long beam pulses span many RF oscillations. Con-
sequently, ions out of phase with the peak accelerating part
of the RF waveform received less acceleration or were decel-
erated, and a continuum of ion energies is produced between
E; — 6F and E; + SE. Argon ion energies up to 13 keV were
detected through the four acceleration gaps for 1.5 ms dura-
tion pulses, as shown in Fig. 9. Extrapolating to many more
acceleration gaps, the slower ions would be further out of
phase and eventually lost, and the higher energy ions would
be preferentially transported and accelerated.

Some voltage-breakdown in the matching section was
observed. Contributing factors are secondary-electrons from
ions striking the electrodes and nearby insulators. This will be
remedied by tuning the envelope solution. Also, the matching
section has a rather closed geometry, and we will add side-
vents with higher pumping conductance to achieve a lower
pressure within the matching section.

0.0 05 1.0 15
t(ms)

FIG. 7. The beam current detected by the Faraday cup downstream of the
accelerator section shows approximately 2x more current with the match-
ing section on (blue) vs off (red). Three ion pulses are shown for each
case.
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FIG. 8. Schematic of the experiment. An argon plasma is generated in the multi-cusp ion source which floats at 11 kV. Ions are extracted through an aligned
3 x 3 hole plate assembly (grids) to ground potential and injected into the matching quadrupoles. For the first measurements, the ion beam distribution was
characterized by a scintillator after the matching section. In subsequent measurements with an integrated system, the accelerator section (four RF acceleration
gaps and two quadrupoles) was added as shown. A Faraday cup detected the transmitted ion current.

1.0 g

0.8

0.6

0.4+

fraction

0.2+

0.0

11
Grid (kV)

10 12 13 14

FIG. 9. The retarding grid scan shows the fraction of transmitted current as a
function of the retarding grid potential. The results show acceleration >2 keV
above the injection energy of 11 keV indicating a RF acceleration voltage of
>0.5 kV/gap.

V. CONCLUSION AND OUTLOOK

We have fabricated a compact, multiple-beam quadrupole
matching system to transform the round beams exiting a
multiple-beam ion-source to the parameters required for high
transmission of ions in an alternating gradient focusing sys-
tem of an RF accelerator. The electrode structure substrates
are 3D-printed monomer resins with nickel coating to define
the quadrupole electrostatic fields, and parallel beams have a
center-to-center spacing of 5 mm. The electrode lengths are
2 mm with a 0.5 mm gap between successive quadrupoles in
the z direction.

Scintillator measurements of the beam exiting the struc-
ture show the expected quadrupole focusing effect. When
all the quadrupoles are energized, the focused intensity is
increased and the beam diameter is reduced. Faraday cup
measurements also show that the transmitted current is more

than doubled by the matching section. Experiments with
the matching section coupled to the compact RF accelerator
structure with four acceleration gaps (including two focus-
ing quadrupoles between acceleration stages) showed Ar* ion
acceleration (6V > 2 keV) from the additive acceleration from
the four gaps.

The experience gained here point to improvements to the
matching section design. Avoiding the warping caused by the
nickel coating of the monomer electrode substrate may be
accomplished by fabricating the part wholly out of metal in
a 3D-printing process. Also, ports or vents on the side of the
matching section will lower the local pressure in the path of
the beam near the ion source, improving the voltage holdoff.

We are presently exploring methods for generating sev-
eral kV of acceleration per acceleration gap with compact RF
power sources. This is important to enable a compact accel-
erator (<1 m long) structure capable of generating 300 keV
ions.

Higher average current and beam-power can be gener-
ated by introducing a bunching section'* after the ion source
and matching section to more efficiently capture (=50%) the
injected beam to the stable phase part of the RF acceleration
waveform.

Scaling to many more parallel beams and higher cur-
rent per beam will enable the development of this accel-
erator technology for high beam power applications. The
fabrication and assembly costs scale favorably with these
performance metrics. For example, for the 5-mm pitch
between focusing channels tested here, there is ample space
to increase the number of parallel beams to ~160 on each
100-mm diameter wafer, while maintaining a low cost per
wafer. Each beam could have a peak current of 120 uA, con-
sistent with established current densities from plasma-based
ion sources (ca. 15 mA/cm?). A total beam current of >9 mA
can be produced in a compact structure, for a total beam power
in the kilowatt range.
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