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Abstract

A 4-rod-like Radio Frequency Quadrupole for the new
CERN lead-ion injector will be built at the Laboratori
Nazionali di Legnaro, Italy [1].

By means of 3D simulations with MAFIA codes [2] and
measurements on a cold model, an asymmetry was found
in the gap between the end plate and electrodes, yielding
a non-zero longitudinal component E, on the axis of the
RFQ and therefore a potential barrier in the gap.

In this paper an explanation is given for this fact and
possible solutions are proposed for end cell tuning, which
allow to eliminate the undesirable E, component and also
to obtain good inter-electrode voltage distribution along
the structure. Results of MAFIA calculations and cold
model measurements are shown.

1 INTRODUCTION

We considered the structure shown in Fig. 1, representing
a part (4 supports instead of 14) of the Lead-Ion RFQ as
modelled by MAFIA codes; the end plates are not shown
for the sake of clearness. It is a 4-tod structure, similar
to the ones developed in Frankfurt [3] but having double
symmetric supports and “vane-like” shaped rods.

By means of the MAFIA codes, it was found that the
voltages at the end of the electrodes are not balanced with
respect to the external tank; actually, at their end, one
pair is near the full potential V,, oscillating at RF, while
the other pair remains near the ground potential.

This doesn’t affect the quadrupolar symmetry inside
the accelerating channel, but determines on the axis a po-
tential difference V./2 between the end of the electrodes
and the end plates. As a consequence, a longitudinal com-
ponent E, of the electric field arises, and such region be-
haves like a RF gap that may accelerate the particles pass-
ing throughout it.

2 ANALYSIS OF THE PHENOMENON

We evaluated the B field distribution for the above struc-
ture. In Fig. 2 the longitudinal section at the vertical sym-
metry plane is shown; Fig. 3 displays two transverse sec-
tions: through a support and in the center of a cell.

We can see that middle cells are filled with magnetic
field, whose lines are closing around the supports and the
electrodes, while there is almost no field in the end cells.
This absence, confirmed by measurements on cold models,
is not peculiar of our “double support” structure, although
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Fig. 1: MAFIA plot of the CERN Lead-Ion 4-rod RFQ
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Fig. 2: MAFIA plot of B field (longitudinal section)
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Fig. 3: MAFIA plots of B field (transverse sections)

it depends on the geometry used and in our case happens
to be more evident than in other RFQ’s.

In order to understand this phenomenon, we investigate
the behaviour of our RFQ by considering the electrical
properties of a chain of five coupled oscillators: from the
RF point of view, it consists of coupled resonant cells, all
equal to each other except the ending ones, that have half
length and are terminated with a metallic plate, separated
by a gap from the end of the electrodes.

When the middle cell is excited (by a feeder loop) it res-
onates at a certain wo = 1/4/LoCy, where L and Cy are its
equivalent inductance and capacitance. The adjacent cells
have the same Ly and Cy and are strongly coupled, while
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Fig. 4: MAFIA plot of E field (detail)

the end cells have half the inductance (Lenq) and a lower
capacitance (Ceng is half of Cg plus the small capacitance
between the end plate and electrodes). Their resonant fre-
quency is therefore much higher and the consequence is
that there is no B field (or just a small one) and no in-
duced currents (or small ones) in the ending regions, due
to the absence of a time-varying magnetic flux.

Another complementary effect is that the inter-
electrode voltage V. drops in the middle of the structure
(see Fig. 9-left), also due to the difference in the end cells
behaviour.

In Fig. 4 it is shown a detail of E field in a longitudinal
section through a pair of electrodes; we can see that the
potential symmetry condition (+V./2 on one pair of elec-
trodes and —V,/2 on the other one, relatively to the end
plate) is not fulfilled at the end of the electrodes.

This is also illustrated by Fig. 7-left, where a detail of
E field in the gap is shown (in a transverse section near end
plate): on the axis, MAFIA codes evaluated a longitudinal
component E, which integrated along the gap leads to a
voltage V. /2.

To explain this phenomenon, let us consider the sem-
plified equivalent lumped circuit of an end cell shown in
Fig. 5-left, where four rods are presented, for simplicity,
as a two-wire line. As seen before, there are almost nor
B field nor currents in the ending regions, so that we can
evaluate potentials Vag and Vg of the points A and B with
respect to point 0 (ground) as:

Vao = Vacr + Vorc + Voo = 0 (1)
Veo = Ve + Ve + Vorc + Voo & Ve (2)

‘While beam dynamics calculations were carried on in
order to analyse the effect of this asymmetry on the heavy
ion beam [4], we concentrated on finding an end cell con-
figuration achieving the condition:

Vao = —3Ve

2 Vo = +3Ve

3)
To reach such goal on our RFQ, different versions of

end cell tuning were simulated using MAFIA codes and
the best one was then tested on a cold model.

3 POSSIBLE SOLUTIONS

In order to cope with the above effects, which are due to
the difference between middle and end cells, we need to

tune the latter, so to have there a proper electromagnetic
field. Thus, the E, component arising in the gap between
end plate and electrodes disappears.

Our approach follows from the one proposed by Pirkl
(5], attempting to include the equivalent terminating re-
actance elements at the end of the electrodes relatively to
end plate. We analyse his proposal from the point of view
of end cells tuning, i.e. of electromagnetic fields in the end
cells.

C
Fig. 5: Equivalent lumped circuits

As a first attempt, we can try to connect “hot” ends of
electrodes (B) to the external tank by means of conductive
strips, i.e. we add an inductance Laqq (Fig. 5-right). The
choice of L,qq is limited by two conditions:

e To reach a balance between the cells, the resonant
frequency of the end cell should be equal to the middle

cell one:
(Lend + Ladd)Cend = w(;z (4)

As in our case the end cell length is half of the middle
one, for symmetry reasons we have Leng = %LO and
Cena = 3Co; thus, to fulfill (4), it must be:

(5)

¢ In order to fulfill (3), the voltage drop on L,qq should
be equal (in module) to the one on Lenq. As the same
current passes through both inductances, it means:

(6)

It is not possible to satisfy both conditions (3) and (4)
changing only the inductance of the last cell, in fact we
obtained (5) and (6) which are incompatible. Therefore
one has to act simultaneously on both inductance and ca-
pacitance, adding L,qq at the “hot” electrodes and Caqq
at the “cold” ones. Inductance can be further increased
by changing the shape of the last support; capacitance by
a vane-connecting ring or adding some plates between the
end of the “cold” electrodes {(A) and the end plate, i.e. a
capacitance Cygd.

3
Laaa = 3Lo

— _ 1
Ladd - Lend - §L0

By MAFIA simulations, many different combinations
of strips, plates and rings were tested on the cold model
geometry. Modifying their dimension and position, each
version allowed to obtain a good longitudinal V, distribu-
tion (flatness within +1%) and to reduce 4 < 15 times the
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Fig. 7: MAFIA plot of E field in the gap (detail)

E, component in the gap. In principle, there are no limi-
tations to reach an ideal tuning.

The solution shown in Fig. 6 (two strips and two plates)
gave quite good results: Fig. 7 shows E field in a transverse
section near end plate for the initial configuration (left) and
for the modified geometry (right); notice E, = 0 on the
axis. The smaller squares define the “interesting” region
for beam dynamics.

4 MEASUREMENTS

To check proof of principle we used the geometry of Fig. 6,
but it should be noted that in practice it is necessary to
change the shape of the last stems, in order to increase
L.q4q; in fact, as the end plate is very close to the elec-
trodes, it is not easy to reach an high value of L,qq9 with a
reasonable shape. Besides, large plates should be avoided.

The electric field between end plate and each elec-
trode was measured on a cold model, using a perturbing
bead; Fig. 8 shows normalized |E,| field measured on the
model in its initial configuration (left) and after the tuning
(right); here #1 and #3 are the “hot” electrodes. These
results confirm the situation described by MAFIA.

Bead-pull measurements of the inter-electrode voltage
all along the structure were performed on the cold model,
using an automatic computer-controlled system [6]. The
results before and after tuning are shown in Fig. 9; a com-
parison with MAFIA simulations (continuous lines) em-
phasizes a quite good agreement, the small discrepancy be-
ing due to the slightly different position of the bead during
measurements with respect to the path used in simulation,
and to mechanical misalignments of the electrodes.
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Fig. 8: Normalized |E| field in the gap
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Fig. 9: Inter-electrode voltage distribution V(z)/V,

5 CONCLUSIONS

The main result of this study is that both a good voltage
symmetry in the region between end plate and electrodes
and a good longitudinal inter-electrode voltage distribution
can be reached by proper tuning of the end cells.

A more detailed analysis of the phenomenon is still
needed to find a shape that could be used in practice, un-
der working conditions (high power and vacuum problems):
the aim of this paper is just to give hints of possible solu-
tions and proof of principle of the adopted methodology.
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