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Abstract
The ISOLDE Superconducting Recoil Separator (ISRS) is

based on a very compact particle storage ring of only 3.5 m
in diameter. This instrument will be coupled with present
and future detector systems of the HIE-ISOLDE facility.
The injection of the HIE-ISOLDE beam into this ring re-
quires a more compact bunch structure, so a Multi-Harmonic
Buncher (MHB) device is proposed for this task. The MHB
will operate at a frequency of 10.128 MHz, which is a 10%
of the linac frequency, and would be installed before the
RFQ. The MHB is desgined as a two electrodes system, and
the MHB signal, composed for the first four harmonics of
the fundamental frequency, is fed into the electrodes that are
connected to the central conductor of a coaxial waveguides.
The full design of the MHB is presented, including electro-
magnetic optimization of the electrode shape, optimization
of the weights of each of the harmonic contribution, mechan-
ical and thermal design of the structure. The RF generation
and electronics to power up the device are also presented.
A solution that generates directly the composed signal and
is then amplified by a solid state power amplifier is also
presented in this contribution.

INTRODUCTION
The HIE-ISOLDE [1] facility at CERN can accelerate

more than 1000 isotopes of about 70 elements at collision
energies up to 10 MeV/A, thus making it an ideal testbench
to probe nuclear theories by selecting optimum (N, Z) com-
binations.

The “ISOLDE Superconducting Recoil Separator” (ISRS)
[2,3] is a novel high-resolution spectrometer based on multi-
function superconducting canted cosine theta magnets. This
device will extend the physics program to more exotic iso-
topes produced in the secondary target. It will use focal
plane spectroscopy with particle and photon detection us-
ing different detector devices at HIE-ISOLDE. The ISRS
device consists on a ring composed of an array of iron-free
superconducting multifunction magnets (SCMF) cooled by
cryocoolers [4].

The HIE-ISOLDE linac operates at an RF frequency of
101.28 MHz, which results in a bunch separation of 9.87 ns.
For operation of the ISRS, a longer separation is required.
This can be achieved by inserting a pre-buncher before
the RFQ. If the buncher operates at a frequency of 1/10th
(𝑓=10.128 MHz), then the bunch separation will be increased
∗ This research is funded by the Next Generation EU–Recovery and Re-
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by a factor of ten, but at the same time the beam will be
bunched at an exact fraction of the linac RF frequency, so it
can be transmitted and accelerated by the RFQ and the rest
of the linac.

Within the framework of the ISRS collaboration, a MHB
prototype will be designed and built. The device will comply
with ISOLDE specifications. At this stage of the project, the
cavity will be tested in ESS-Bilbao injector, so diagnostics
and other elements are also being developed [5].

MULTIHARMONIC BUNCHER DESIGN
The common technology for a buncher for radioactive

beams in that frequency range is a Multi-Harmonic Buncher
(MHB) [6–9]. To bunch a continuous beam to a certain RF
frequency 𝑓, the optimum field time profile is a saw-tooth
wave profile of frequency 𝑓 [6], with a linear ramp of field
centered at the middle of the bunch. The saw-tooth profile
can be synthesized by summing up the first harmonics of its
Fourier expansion. Usually, four harmonic terms are enough
to generate an adequate approximation of the wave shape.
In the MHB, this electric field is applied to two electrodes
powered up with the combined multiharmonic RF wave. The
field in the gap between the electrodes will be as uniform as
possible, and it will be modulated by the MHB wave. In a
real device the electric field between the electrodes depends
on the electrode geometry and the aperture needed for the
beam, so the actual performance of the MHB will be lower
than the ideal one.

The buncher electrode geometry is usually designed by as-
suming a constant voltage [6–9]. In this way the field spatial
distribution can be computed as an electrostatics problem.
The field is taken as an amplitude that is then modulated
by the four harmonic components, each one with the ade-
quate weight, to obtain the composed saw-tooth profile in
the time domain. Beam dynamics simulations are then run
to evaluate the bunching efficiency. For low frequencies the
differences in the electric field shape between an electrostat-
ics and a RF calculations are very low. The design procedure
and the computational tools used ha already been reported
in [10].

Electrode Geometry
In Fig. 1 the electric field maps of two models are shown.

The original model (named here Fraser model) is the one
described in [7], while the wedge shaped model is a modi-
fication of this one. The gap in both cases is of 5 mm and
the aperture is of 20 mm. The electric field profile along
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the axis for both models is shown in Fig. 2 for an voltage
difference of 1 kV between electrodes.

Figure 1: Electric field maps for the axisymmetric models
for the initial Fraser geometry (top) and for a wedge shape
model (bottom). Voltage between electrodes is 1 kV in both
cases.

Figure 2: Electric field profile along the beam axis for the
Fraser and wedge electrode models. Voltage between elec-
trodes is 1 kV in both cases.

Beam Dynamics and Bunching Efficiency
The axisymmetric field maps obtained for the models de-

fined in the previous section are exported and combined to
produce the multiharmonic electric field. The field map ex-
ported corresponds to the electrostatic field distribution, but
due to the low frequencies considered the field distribution
is assumed to be the same for the fundamental RF frequency
of 𝑓=10.128 MHz as well as for the next 3 harmonics 2𝑓, 3𝑓
and 4𝑓. From the electric field map, 𝐸0, obtained with a
voltage difference of 1 kV, the composed MHB field is then
obtained as:

𝐸𝑀𝐻𝐵(𝑟, 𝑧) = ( 𝑉0
1000)𝐸0(𝑟, 𝑧)

4
∑
𝑛=1

(𝑎𝑛 sin 𝑛𝜔𝑡) (1)

The harmonic weights 𝑎𝑛 that appear in Eq. (1) will in
practice be optimization parameters, but for the present paper
the values chosen are the first Fourier expansions terms of the
linear saw-tooth profile: 𝑎0 = 1, 𝑎1 = −0.428, 𝑎2 = 0.215
and 𝑎4 = −0.101. For particle tracking simulations (using
GPT code [11]) take as input the ISOLDE beam param-
eters described for example in [7]: 𝐴/𝑞=4.5, 𝛽=0.00328,
𝜖𝑥, 𝜖𝑦=0.62 mm mrad and a beam intensity of 1 nA.

The beam is propagated through the MHB and down the
line in a multiparticle simulation. At a certain longitudi-
nal distance 𝑧 from the cavity center (measured from the
middle of the gap between electrodes, a certain bunching
efficiency figure of merit can be calculated. This is an sta-
tistical magnitude that is useful to compare among different
cavity designs or operational parameters. This is done in
the following way: first, the 𝑧 coordinates of all particles are
discretized in buckets 𝑍 (for example of Δ𝑧=10 mm). Then,
the distribution of times for all the particles arriving at 𝑍 are
collected. From the mode of the distribution a window of
𝜏 = 1/𝑓 is then selected. The bunching efficiency at 𝑧 is the
ratio of the number of particles arriving at the most frequent
value divided by the total.

For the models described above, the bunching efficiency
as a function of the distance from the center is shown in
Fig. 3. Two different effective voltage, 𝑉0 in Eq. (1), are
considered, 520 V and 1500 V. Results are very similar for
both geometries. As expected, the maximum longitudinal
focusing length decreases as voltage is increased. This is
shown more clearly in Fig. 4, where this dependence is
shown as color maps of the bunching efficiency.

So, depending on where in the REX-ISOLDE line the
MHB could be installed, a different value for the optimum
focusing length would be needed. This length could be tuned
up changing the voltage between electrodes, that in the end is
a result of the RF power fed into the electrodes, as described
in the following section.

MHB 3D DESIGN
In the real cavity, the voltage between the electrodes and

the spatial distribution of the electric field used in the previ-
ous section calculations are the result of applying the com-
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Figure 3: Bunching efficiency (see text for details) computed
for the Fraser and wedge models as a function of the distance
from the buncher center, for effective voltages of 520 V and
1500 V.

Figure 4: Color map representing bunching efficiency for
the wedge model as a function of distance from buncher
center and effective voltage between electrodes.

bined multiharmonic RF wave, of a certain power, to the
electrodes. The electrodes body are connected to the internal
conductor of a coaxial line, while the external coaxial are
grounded to the cavity body. The signals fed into each of
the electrodes have a phase difference of 𝜋 radians. The
coaxial internal conductor (electrodes stem) has a radius
of 𝑎 ==4 mm, and the external conductor has an inner ra-
dius of 𝑏 = 2.3023𝑎 ==9.209 mm corresponding to a line
impedance of 50 Ω.

In Fig. 5 the 3D electromagnetic model is shown, together
with the simulated field map for the fundamental frequency.
The field profiles along the axis are shown in Fig. 6 to verify
that the profiles for the four harmonics, and for the electro-
statics case, are almost identical. The RF power equivalent to

a voltage difference of 1 kV between electrodes is of 625 W
through each coaxial line, to a total of 1250 W for the fun-
damental harmonic. For harmonics n=2,3 and 4 additional
signals of the corresponding weights should be fed into the
system, for a total power of 2.2 kW for an equivalent voltage
of 1 kV.

The RF power would heat up the copper electrodes and
coaxial line. According to simulations, for the total power
level of 2.2 kW, the temperature of the electrodes and cavity
barely increases above room temperature, so active cooling
is planned for the MHB.

Figure 5: 3D electromagnetic model of the MHB with wedge
electrodes. The field map corresponds to a frequency domain
calculation at the base frequency of 10.128 MHz.

Figure 6: Field profiles, computed with the 3D electromag-
netic model, for the four harmonics and for the electrostatic
case. The differences are very small.

RF SIGNAL GENERATION
The common technique for generating the sawtooth wave-

form needed for bunching is to use the harmonics of its
Fourier expansion and combining them with proper ampli-
tude and phase. The reason to generate sawtooth waveform
by summing its Fourier components is that it will be more
flexible to choose the high-power amplification system to
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amplify either by a wide-band amplifier or four narrowband
amplifiers dedicated to each harmonic. More importantly,
in case of using a sawtooth signal directly, an ideal ampli-
fier with constant gain and very high linearity and wide
bandwidth would be needed to amplify the signal and also
maintain the sawtooth profile, this is not feasible with the
existing high-power amplifiers. Even if such amplifier was
available, still the signal is prone to distortion by passing
through BALUN and the cavity itself. In the other hand, by
using the harmonics as the basic elements of the sawtooth
waveform, any amplitude and phase variations happening on
the signal along the path from source up to the cavity can be
measured at the cavity pickup and be compensated through
a feedback or feed-forward system. Throughout this process,
an adequate sawtooth signal will be regenerated inside the
MHB cavity with sufficient power level. The Fourier compo-
nents used for the signal generation are the ones described
for Eq. (1).

Figure 7: The measurement of the four harmonics used to
generate the sawtooth signal.

Figure 8: The measurement of the sawtooth signal generated
by combining the four harmonics.

Figures 7 and 8 show the harmonics used in the test bench
and the sawtooth signal generated by adding those harmonics
by means of a power combiner.

A simplified block diagram of the test bench at ESS-
Bilbao is shown in Fig. 9. Four signal generators are used to

generate the harmonics. Attenuators are placed at the power
combiner inputs to increase the isolation between the signals.
The lower the power, the more isolation is needed. Phase and
amplitude of the 10MHz signal are considered as reference
and the other 3 signals are adjusted accordingly. The signal
generated will be distorted at the output of the amplifiers de-
pending on linearity of the amplifiers. A voltage-controlled
attenuator is used as an output power tuner, also power levels
of each harmonic can be monitored by a spectrum analyser
so the relative power levels can be adjusted.

Figure 9: Simplified block diagram of the test bench.

ESS-BILBAO TEST BENCH
After fabrication, it is foreseen to test the MHB with the

ESS-Bilbao injector. For that, an Ion Test Bench (ITB) con-
sisting of some diagnostics components such as an ACCT for
current measurements and a Fast Faraday Cup for the bunch
length measurements is under design. The Fast Faraday Cup
is of the stripline type, with wide band frequency response
for precise measurement of bunch length [5]. The ITB diag-
nostics components can also help the characterization of the
MHB bunching and beam loss before its final installation in
ISOLDE-ISRS [3].

CONCLUSION
A preliminary design for a MHB is presented. Within the

ISRS project, a prototype of this cavity will be fine-designed
and built. The device, together with the corresponding RF
power signal generation and diagnostics, will be tested at
ESS-Bilbao injector.
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