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MEQALAC:

R.M. Mobley, J.J. Brodowski, G.M. Gammel, J.T. Keane, A.W. Maschke and R.T. Sanders

BROOKHAVEN NATIONAL LABORATQRY
Upton, Long Island, New York 11973

8eginning in 1977, the Department of Energy funded
projects at several laboratories under the label Heavy
Ion Fusion. The impetus was due to the realization that
the energy of relativistic heavy ion beams in storage
rings can be coupled to small thermonuclear pellets with
power densities unavailable by any other
MeANS . trcrvy

Since the extant technology is largely that of
sroton acceIErators. one obvious development needed far
Heavy Ion Fusion is low beta (that is, low veloc1ty, 8 =
v/c) accelerators. Once one has accelerated a Ut
beam, for example, of sufficient intensity and
brightness, to velocities o° a medium energy proton
beam, other aspects of the -=celerator design are
identical to high energy p. ston machine design.

The currents required from the low beta accelerator
ara~100 milliampares, wheras typical heavy ion machines
for nuclear research are limited to several
microamperes. The development of the MEQALAC at
8rookhaven has overcome this limit.

MEQALAC is an acronym for a .wultiple~beam
alectrostatic-quadrupole array linear accelerator. The
orinciple of operation is very simple. It makes use of
the fact that electrostatic quadrupoles focus more
affactively at low velocities than conventional magnetic
quadrupoles. Moreover, the "pole-tip® field of an
elecirostatic quadrupoie is limited by field emission of
alectrons, and is not a function of the size of the
quadrupola. Conventional magnetic quadrupoles, on the
other hand, require increasingly high current densities
if one attempts to scale to smaller size.

In designing an rf drift-tube linear accelerator,
it is necessary ta make shorter and shorter drift tubes
15 the velocity of the particlae decreases, assuming the
frequency is kept fixed. However, as the drift tube
gets sharter, the hole in it must also decrease or the
drift tube would cease to act as a shiald to keep the
sarticles from being deaccalerated when the field
reverses.

3y using electrostatic guadrupoles, the bore sizes
can 2e mada arders of magnitude smaller than for
magnetic guads. Fyrthermore, they require no jower and
can 2e produced for very little cost.

The beam intensity that can be accelerated in a
single beam diminishes as the velocity is decreased.
The total MEQALAC current, however, is the sum of a
targe nunber of independent low current electro-
statically focused channels. [t is feasible ta con-
struct electrostatic-quadrupole arrays that contain
thousands of separate channels.

The same physical principles that make the MEQALAC
attractive also apply to ion source design. For years,
«@ry hign current ion sources have deen made with arrays
of very sinall apertures. The MEQALAC is ideally suited
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to take the beam directly from a multiple-aperture ion
source and accelerate it with rf directly from the
extraction voltage (10 to 50 kv, typically). In some
cases it may be possible to actually run the extractors
with rf and maintain the entire source body at ground
potential.

The first model (the M1 MEQALAC) was a
demonstration that multiple beamlets could be
accelerated with common drift tubes and focused within
individual channels without beam-beam interference. The
second madel (M2), oresently under construction, is
designed as a 750 keV H™ machine operating at 200 MHz as
a prototype injector fer proton linacs.

MEQALAC Theory

A.W. Maschke5,6.7 has derived the principal
MEQALAC equations in detail which is beyond the scope of
this paper. We resproduce here a sketch of the deri-
vation and the principal parameters and formulae.

A linac has a current limit due to the space-charge
repulsion of particles in the hall (or small cylinder)
of charge constituting a bunch.
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Figure 1. Schematic of beam envelope with emittance

matched to quad channel acceptance. 8,(s)
is the betatron allipse parameter. In a
Wdiderde structure, there is an rf accelerat-
ing gap between each quad set, with the gap
distance 3%/2,

Consider a uniform sphere of N particles of charge
ze in the channel illustrated by Fig. 1. An ijon of
atomic weight A (mass = Am,) and charge ze 2xperiencas
a linear force in the quadrupole of:

v oz
A

m

Am, X = + ez
o Z
in which s the proton_mass and E' is the alectric
field grad®ent in volts/m¢, The series of guadrupole
"kicks" can be represented by an average linear restor-
ing force £'X, and moreover, the space cnarge force can
be regarded as diminishing this force in 3 linear way:

Any X = -z E' {1-k) X
learly, k < 1, or the sphere is unstable. More

glaborate theory and numerical simulation beth indicate
that charge can be added ta the point where k- 0.5.
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gquation (2) describes a simple harmonic
oscillator with the solution:

X s xo sin wt

X = uk, cos wt (3)
o~ ez B (1-k)

= . Amp

The maximum values of X and X are directly related
to the channel acceptance. The normalized transverse
emitiance eyr is defined by:

’(;X ;px) = eyt Ampc = (XX') 3y Ampc (4)
in wnich
T
T R
Jne tnen obtains for X = ot
32 82 cmax(l'k)
L / A ' (8)
m_¢*
p
. i = = B!
wnare we suostituted S ax 3 T

«ith the two further steps: 1) writing Coulomb's
aw for the space charge field implicit in Eq. (2) and
} calculating the instantaneous current peak as the
Snere equator passses at velocity-3c, one obtains:

Uy g

L {2\ /3 13
Co LS M T s s
Hdae (1-&)1/3 \ Oy , 2 NT  Cmax 7Y (5)

whersg « is the aielactric constant.

E“a( is not simply the pole tip field, but is the
wi“dverage field sxperiencad by a particle under-
strong focussing., Hence it is related to the
etars X3, k4 and - cefinad in Fig. 1, and also
carameter .o, the pnase advance per cell,
7ust oe <7/2 JIr particles at the edge of the bunch
se overfocussed. Analyzing this relationship, one
iegs tre startling resuit:
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' frequency.

That is, the maximum current does not depend on the
bore radius. [nserting typical values for the param-
eters k = 0.5, k3 = 0.125, kg = 0.4, wo = 1.5, and
n = 0.7G7 we get

imaxT = 1.1x105 % (57)3 Amperes (8)

From the foregoing, ane does not yet know how to
design a MEQALAC. Clearly, the pale tip fields must
increase to squeeze the same current through a small
bore. Further, we have no guide for the optimum
frequency and average accelerating field required to
maintain longitudinal stability. We also need to show
that the pole tip voltages are a small fraction of the
particle energy or the focussing becomes very non-
linear. These relationships are derived in Ref. 5.

A similar procedure for the current limit due to
longitudinal considerations gives

i = 4.73x10° kgl

maxL E/f (9)

where £ is the average accelerating field and f is the
Equating Egs. (7) and (9) lead to the
maximum brigntness condition:

- 2
f
2 ® i/fez s a f3 % (10)
snent 8

That is, a super-bright beam is obtained by
starting with the lowest practical velocity and using
the highest possible frequency. These requirements are
only compatible with the smallest practical bore size.

We finish this overview of MEQALAC theory by stating
the optimized results in terms of injection voltage Y
and quadrupole pole tip field EQm =2 Vo/rg in mks uJnits
per beamlet:

g 432 ;172

lmax = 1.7x10 *AITZ—'
i =0.133 imax (rf duty ractor)
- y3/2 5172
=z = ] -6 ¥ Z 98]
syr = 1x10 c allZ (11)
Q
. 9= 2.23 V/EQm, kq = 0,113 v .
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Tne M1 MEQALAC

The first MEQALAC was designed, built, and tested
in three months in 1979. It accelerated nine beamlets
of %e*l from 17 ke¥ to 73 keV. The bore diameters
ware 3/16 inch. Ffigure 2 shows the linac structure,
and Figure 3 shows the assembled machine.

The Xenun

e 3. The assempled M1 MEQALAC.
saurce is Tocated in the smail screen
losure, and associated power supplies are in
The structure is mounted in six
inen Varian vacuum pipe.

Fig
icn
anc

the a1l rack.

ur
3

Tabpie 1 lists other parameters.
0d 2m, measured from the axtraction slits of the ion
irce, inciudes 2 auncher 2nd drift iength section
cre the first accelerating gap.

The averall length

Tabla 1. M1 Parameters
Inergy (xev) 17 in, 73 out
32 {em) 1.2 in, 3.9 out
Acecal. voltage 3.5 kV/qap, 4 MHz, 15° anase
angle
Suncher voltage 1.3-1.3 kY, 3 MHz, 2 gaps
Juaa voltages =2.2 &V
carrant limit 3.3 0A

Surrent for
500 .sec puise.

Jtneary)

} 3 heams, avg.
“gasuraa currant

The output current was 2.8 mA, 85% of the
calculated space-charge limit.

Rf power was provided by a 700 watt amplifier
operating at 4 MHz. The resonator was essentially a
tuned LC tank circuit, where the drift tube gap capacity
provided the C, and the L was provided by a three turn
cail of 9 inch diameter mounted outside the vacuum
system.

A feedback system was provided to maintain the
needed gap voltage under beam loading. Sirce the beam
was pulsed (by puising the ion source arc current), the
rf was pulsed and modulated to adjust to beam turn-on
and turn-off conditions. The unloaded Q of the
resonator was 680, and noload power was 300 watts.
Since the beam power was 150 watts, the machine
operated at 33% beam loading.

The M2 MEQALAC

The M2 is designed to accelerate 25 mA of H™ to
750 keV. This machine is a prototype injector for the
BNL 200 MeV linac, which operates at 200 MHz. The high
frequency implies smaller beamiets (3 mm bore diameters)
and higher current density, the interesting.direction
for development of MEQALAC machines. The M2 has four
beams in a 2x2 array featuring fiat pole tip design and
a much closer beam spacing than in the Ml. The quadru-
pole arrays are illustrated in Figure 4.

Stainless

Figure 4.
steel poie tios are welded to nnoto-etched s.s.
plates, ana mounted on a boron aitride insulator.
Alignment of the poles is then orecise with
raespact 0 the skewer nholes shown.

Parts for M2 guad assembly.

The various parts of the 42 ire undergoing
development at this writing. The sdurce? is 3
magnetron using surface sroduction of H _from a cesiated
molybdenum cathode. It provides 15 mA H™ from each of
4 holes of -2 mm diameter with 2 axtractor gaos of 15 kY
and 25 kY. The 30 k¥ teams then will be transported in
2x2 quad arrays of 13 mm Lcejl length, ta a 3:/2
puncher and drift section sefore capture in zhe First of
jccelerator, wnicn will acceierate the beams from 340 %3
124 <ev. A second rf saction will aczelerata from 124
eV %o 750 xeV.
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The rf sections feature a unique resonator
designl0 illustrated in Figure 5. The small bore
sizes allow small rf gaps (1 mm and 5 mm) and large gap
capacity, which in turn allows a large reduction in the
resonator size for a given frequency, in analogy with
ridged wave guide structures.

In our case, the resonators are ~53" wide, and the
fangths of tne 124 kV and 750 kV sections are about 8"
ana 12" respectively. The total length of the M2,
including ion source, low energy transport and matching
sactions, will be about 1 meter.

Tigure 3. Rf asonator for 200 MMz, The side
conductor is ~emoved, -showing the center post.
The widths of the drift tubes increase as the
tength increases, to maintain canstant capacity
Jer unit iength. The unloaded Q is ~ 1000.

Jiscussion

Zurrant limits for linacs have been studied far
ars. Too often, the formulation of the space-charge
zm is applied to a2 pre-existing accelerator design.
ajor conclusicns nere are that small bores, and low
r3y injection are desirabnie. This solves several
isc.es 'istad in tne ibstract for this paper and points
i3 ir23s needing davelopment:

2
-

EEERES

i

2n

Sracision faprication of millimetar and sub-
niilimeter guad arrays, including micro-
2olisning and material seiection.

Sy

2. Matching of high brightness ion sources to
the high current densities attainable.

3. Design of rf systems for large current
arrays.
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