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Abstract: Measurements on the rf properties of a modified Inter-
digital-H-resonator equipped with a multichannel, low-f} acceleration
structure (MEQALAC) are compared with model calculations. The
standard description of such a capacitively loaded resonator by a
lumped-circuit model is improved by a more extended model. In this
model the resonator is treated as a series of inductively coupled cir-
cuits containing the components of the separate resonator cells. This
way, the local properties of the resonator are taken into account, so
that the functional dependence of the voltage distribution over the rf
gaps on the resonator geometry can be found. The results are reason-
ably consistent with measurements.

Introduction

An approach to the production of intense ion beams in the sub-
Ampere current range is the Multiple Electrostatic Quadrupole Array
Linear ACcelerator, MEQALAC, which was proposed by Maschke.!
In this device the ions are accelerated in a sequence of rf gaps and ra-
dially focused by electrostatic quadrupoles. Thus, the rf power cou-
pled into the resonator is completely used for acceleration, giving the
MEQALAC an intrinsically high acceleration efficiency. An additional
advantage is that the longitudinal and the transverse field can be inde-
pendently optimized. Via the special arrangement of the quadrupole
elements it is possible to stack many beams within a small area. This
way, the total accelerated current can be increased via an increase of
the number of beams.

The MEQALAC project at the FOM-Institute in Amsterdam consist
of two stages. In our proof-of-principle experiment, called 'Stage T',
a maximum He™-ion current of 2.2 mA per channel was accelerated
from 40 keV to 116 keV through four parallel channels in a cylindri-
cal resonator cavity.2 A follow-up experiment, called 'Stage II', is
presently under construction. We will accelerate four N*-ion beams
to 1 MeV in a new cavity with rectangular cross section and ex-
changeable side plates, which enables to vary the resonator induc-
tance, and thus the resonance frequency. This opens the possibility to
vary the exit energy.

The set-up counsists of a bucket-type ion source at 40 kV, a four-
grid extraction system, a radial matching section, a Low Energy
Beam Transport (LEBT) section including a buncher, and an acceler-
ating section. The latter utilizes a modified Interdigital-H-resonator
which is excited in the TE;;; mode. When this ground mode is ex-
cited, the rf current flows over the support boxes and the circumfer-
ence of the cavity as indicated in fig. 1. The rf magnetic field flows
around the support boxes. These boxes face each other in the form of
two 'meander'-like structures, forming the accelerating gaps. Because
the magnetic field must have space to turn around, the end plates
closing the resonator are located at some distance from the support
boxes.

The circuit model

An elementary model is discussed in detail by Thomae et al. We
present a more detailed model in which the resonator is treated as a
series of N cells with label n, see fig. 2. Each cell contains one rf
gap. In terms of circuit elements it consists of a single capacitance C,
two inductances L, and two resistances R . The cells representing the
first (n=1) and the last (n=N) cell in the accelerating structure contain
only a single inductance and a single resistance .

The procedure for the determination of the rf properties can be out-
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Fig. 1. Cross-sectional view of the MEQALAC resonator: (a) - cyllin-
drical Stage-I resonator, (b) - rectangular Stage-II resonator including
shorting plates (4), (c) - details of the meander structure. The ions are
accelerated in a meander-like gap structure (1). The f magnetic field,
B, flows around the support boxes (2) onto which the meanders are
mounted. The path of the corresponding radial current through celln,
L, is indicated (3). Electrostatic quadrupole lenses are mounted inside
the hollow ‘fingers' of the meander structure.

lined as follows. First, C, L, and R are straightforwardly calcu-
lated, and the mutual inductances are estimated from the resonator
geometry. These values are inserted into the Kirchhoff equati.ons.
Assuming harmonic oscillation we end up with 2N linear equations,
where the 2N coefficients determine the amplitude and phase of the rf
current and voltage in each cell. The equations are solved for a guess
value of the resonance frequency, after which the total rf voltage (ie.
the sum of the individual gap voltages) can be computed. This proce-
dure is repeated for varying frequency until the total rf voltage has its
maximum value; resonance is then, by definition, attained.
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Fig. 2. The circuit model representing the MEQALAC resonator.

The cell capacitance, C,, is given by

A A
= —gn "ty
Co=eo (245D, M
Agn and A, are the vertical and horizontal surfaces in the meander
structure, respectively, forming the capacitances; d;, and s are the
distances in between, see fig. 1. The cell resistance is given by

S
R, = POHo (oo 1)
N7 11,

with p denoting the specific resistance, w the angular frequency, |,
the permeability of vacuum, S, the length of the radial current path,
and 1, its width, see fig. 1. The resistance enhancement factor, due to
the surface roughness for machined surfaces, has the value r=24

The existing formulas of the cell inductances are only rough ap-
proximations and their regime of validity is limited.> Therefore we
use the expression

A <l >
Lo = (Ho g5l (37 0% @
n

in which A is the cross section and I, the length, c, is a fit parameter,
<l,> is the average cell length, and € is a constant. The first term be-
tween brackets gives the inductance of a long solenoid, the second
term introduces the dependence of the length. For ¢=1 and £€=0.25
we obtain good agreement with the 1,-dependence observed in induc-
tance measurements on two 'free standing' current loops with 1=1.7
cm and 1=7.1 cm, respectively, and A=0.2 m?2 (which corresponds to
the second and last but one cell of Stage II). Eq. (3) was checked for
'free standing' current loops, i.e., for loops far away from any
metallic environment. However, the current loops in our model are
part of a metallic resonator, which leads to the much more homoge-
neous magnetic field which has been measured for Stage I and Stage
II. This is expected to cause a strong decrease of the inductance.
Consequently, ¢, is expected to have a value much smaller than one.
Indeed, in adjusting ¢ such that the measured resonance frequency
coincides with the experimental value, we find that ¢;= 0.061 for
Stage I and 0.052 for Stage II, assuming €=0.25. The small dif-
ference between these values is due to the different geometry.
The cells are coupled via the mutual inductances M,

Mpn = kum VEq Ly C
where the coupling factor between cell n and cell m is defined as
k;m=0,/0,, with the magnetic flux through the cell in question de-
noted as ¢. The coupling factor must obey the dependences k=1
for n=m, k<1 for n#m. Further, k. should decrease with in-
creasing free area XA between the cells in question, thus

N m N
knm= { %An'z Ay 12An )

where the last sum is the total free area in the accelerating structure.
The voltages U¢, U and Uy over the corresponding circuit ele-
ments C, L and R, in cell n are governed by the equations
du
C
ndr = In )
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Uy = g‘, M o %
L™ & 'nm dt

Ug =R, I ®
with =1 for n=1 and n=N, and a=2 for 1<n<N. The voltages are
coupled via the Kirchhoff equation

Uc + U + Uy =U, cos wt, )
where U cosot is the externally induced voltage in cell n. If we try
the general solution

I, =p, cos wt +q, sin @t 10
for the current in eqs. (6)-(8), and select the coefficients of the terms

containing a sine and a cosine, respectively, we end up with the
equations

N
21[(Mnmm2Cn -08,,0) P } - R, Cpq, =0, (11.)
m=
N 2,
3 [My®7Co - 0B0) 4y 1 - ORCopp =0CUy  (11.0)
m=
8., denotes the delta function (8, =0 for n#m and &, =1 for n=m).

For a network of N cells, 2N linear equations similar to eqs. (11) are
obtained. They contain 2N unknown variables, namely all p, and q,,.

The voltage Uc in gap n is obtained by substituting eq. (10) into
eq. (6) and integrating over time,

Uer= U, sin (ot + ), (12)
C n n
b 240 2
U, =« XPy Fdp (12.a)
wC,
= gl‘- (12.b)
n

denoting the maximum gap voltage and the phase, respectively. The
total voltage in the resonator is the sum over all gap voltages and has
its maximum value at resonance, where w=w,. If y has the same
value in each cell, the maximum voltage in all rf gaps is reached at the
same time, namely when wt+y =7n/2. Then the stored energy in the
resonator is given by

N CcuUz?  Nolpq?

E= ¥ <—24-1s = (13
o1 2 =1 QwC,) )
and the total loss power in the resonator is given by
N N 2:q.2
P= Y <oR]2>= Y oaR, o (14)
n=1 n=1

Now the parallel resonator resistance R_ and the quality factor Q can
be easily calculated. The first is relatcdp to the efficiency with which
the of power coupled into the resonator is converted into accelerating
voltage. It is defined as

N
Rp=(X U, 2 /P (15)

The quality factor Q is a measure for the voltage elevation at reso-
nance and defined as

Q=2 . (16)

Comparison with measurements

The dimensions of the cylindrical Stage-I and the rectangular
Stage-1I resonator are summarized in table 1. The smaller resonance
frequency of the latter as compared to Stage I leads to its increased
dimensions.

Taking the fit parameter c; in eq. (3) equal to 0.061 and 0.052 for
Stage I and Stage 11, respectively, we find values for R ) and Q which
are roughtly a factor of two too large, whereas the calcufated value for
R, /Q is quite close to the experimental value: 9.9 kQ instead of 9.2
kfl/for Stage I, and 15.7 k€ instead of 15.8 k(2 for Stage II, respec-
tively, see table 2.
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‘T'he voltage distribution across the rf gaps, as obtained by pertur-
bation measurements, is shown in fig. 3, together with the calculated

distribution. Agreement between measurements and calculations is
reasonable.
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Fig. 3. Measured (m) and calculated (c¢) voltage distribution across
the rf gaps for both the Stage-I resonator and the Stage-II resonator,
normalized to their maximum value.

Table 1. Dimensions of the Stage-I and the Stage-II resonator.
Stage I Stage 11

Resonance frequency /21 40 25 MHz

Resonator diameter dp 40 - cm
Resonator height hg - 100 om
Resonator width WR - 50 cm
Resonator length g 70 170 om
Accelerating structure length Ig 45 140  cm
Accelerating structure width wg 7 9 cm
Number of rf gaps N 20 30 -

Table 2. Rf properties of both the Stage-I resonator, as measured (a)
and calculated (b), and the Stage-1I resonator, as measured (c) and
calculated with the model (d).

a b c d

®,/271 40.0 400 182 182 MHz
Rp 165 379 250 41.8 MQ
Q 1800 3820 1580 2670 -
Rp/Q 92 99 158 15.7 kQ

For Stage II we remark that the measured resonance frequency is
18.2 MHz rather than the planned 25 MHz; adjustment to the latter
value is achieved with shorting plates, which also decrease the gap
voltage at the resonator entrance due to a higher transmission. Model
calculations with this voltage ramp are presently carried out.

Discussions and conc¢lusions

The model yields values for R and Q, which are roughly a factor
of two too large, whereas the ratio R /Q is predicted reasonably well.
In a somewhat heuristic approximation, Thomae et al.% propose to
account for this effect by the local inhomogeneity of the magnetic
field at the accelerating structure ends and corresponding power
losses there. In view of the fact that R_ and Q are strongly depressed
by power losses due to locally increased current densities, whereas
R /Q only depends on the resonator geometry, we conclude from this
that there are no intrinsically wrong assumptions in the models.

The main advantage of the extended model is that it allows to pre-
dict, besides the overall resonator properties, also the voltage and
phase distribution over the rf gaps. The calculated voltage distribution
is reasonably consistent with measurements. The phase distribution
(which cannot be obtained by means of perturbation measurements) is
flat within 1 % for both resonators.
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Concerning the actual voltage distributions, we note that there is a
striking difference between Stage I and Stage II: in Stage I the distri-
bution is nearly flat (apart from the first and the last cell of the struc-
ture, which are connected to the 'grounded’ resonator body), whereas
in Stage II there is a pronounced decrease of the gap voltage at the
exit part of the structure, cf. fig. 3. We attribute this observation to
the much more homogeneous distribution of gap capacitances in
Stage I, which is shown in fig. 4 together with the distribution for
Stage II. The latter falls off sharply with increasing rf gap width d; in
the first part of the accelerator, the increasing cell length B,A/2 causes
the increase of the cell capacitance in the second part; note that the in-
crease of B, A/2 is much more pronounced than in Stage I due to the
higher exit energy (1 MeV rather than 120 keV). The last if gap has a
higher capacitance because of its reduction of the gap width d,.
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Fig. 4. Distribution of the gap capacitances along the Stage-I and the
Stage-II structure.

Returning to our model calculations, we conclude that they provide
a reasonably powerful tool to predict the resonator properties. How-
ever, the model requires knowledge of the resonance frequency in
order to adjust ¢ in eq. (3). These parameters must be obtained from
rf measurements (e. g. on a scale model).
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