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The Facility for Rare Isotope Beams driver linac was designed for acceleration of multiple-
charge-state beams after the stripping at ion beam energies of 17 to 20 MeV=u depending on the ion
species. The linac includes a 180° achromatic bend to select multiple charge states for further
acceleration and to dump unwanted charge states after the first 45° magnet. Two rf rebunchers between
the stripper and the linac segment 2 (LS2) are required to minimize the effective emittance growth of the
multiple-charge-state beams and provide matching to the LS2. Recent studies have shown that the best
choice for these two rebunchers is a room-temperature (RT) accelerating structure capable of providing
robust operation in the presence of the stripped heavy ion beam contaminants. The latter can result in
uncontrolled losses of contaminant ions after the passage off the stripper. Therefore, using a
superconducting (SC) rebuncher after the stripper is not rational due to possible contamination and
performance degradation of SC cavities over a long period of operation. For the beam bunching in the
energy range from 13 to 22 MeV=u, two 161 MHz rebunchers based on interdigital H-type (IH)
structure were developed, built, installed and commissioned with beam at the FRIB linac. This is the
first experimental demonstration for application of a cw RT drift tube accelerating structure in this
energy range.
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I. INTRODUCTION

The folding segment 1 (FS1) of the Facility for Rare
Isotope Beams (FRIB) linac includes three rebunchers
as shown in Fig. 1 [1]. The first rebuncher is required to
create a time focus of the beam at the location of the
stripper to minimize longitudinal emittance growth due to
energy straggling. This rebuncher is located prior to the
stripper and requires the highest voltage, which is
provided by four quarter-wave superconducting (SC)
cavities operating at 80.5 MHz. The second rebuncher
is necessary to minimize the bunch momentum spread
during the transport through the 180° bend. The third
rebuncher provides matching to the following accelerating
section linac segment 2 (LS2). These two rebunchers
require lower voltage due to increased charge-to-mass
ratio, q/A, after the stripper.
As was discussed in our previous publication [2], there

was a strong motivation to develop and install a room-
temperature (RT) rebuncher after the stripper due to the
concerns of uncontrolled losses of contaminant ions.

II. BEAM DYNAMICS REQUIREMENTS
IN THE FS1

The prestripper section of the FRIB linac, the linac
segment 1 (LS1), was designed to simultaneously accelerate
two charge states of uranium (U33þ and U34þ) and some
lowermass ions in order tomeet the beampower requirement
of 400 kWon the target [1]. By design, the LS1 accelerating
cavities can be tuned to provide the shortest bunch length of
dual-charge-state beam on the stripper to minimize the
longitudinal emittance growth. The longitudinal focusing
on the stripper is provided by the first SC rebuncher shown in
Fig. 1. Due to small longitudinal emittance, the bunch length
on the first RT rebuncher downstream of the stripper remains
within �15° at 80.5 MHz. The required voltage of the
rebuncher can be reduced by a factor of 2 if the rebuncher is
operated at 161 MHz. The first RT rebuncher minimizes
beammomentumspread to keep the bunch length unchanged
up to the second RT rebuncher. The latter provides the
longitudinal matching to the LS2. Figures 2 and 3 show the
evolution of the longitudinal phase space, rms and full
envelopes of five-charge-state uranium beam from the
stripper location to the entrance of LS2. To generate these
figures, the beamwas tracked from the ion source through the
radio-frequency quadrupole (RFQ) and LS1 to the stripper.
To minimize emittance growth, the rms bunch length at the
stripper is below 15 ps.
The required effective voltage for the rebunchers was

calculated by studying the beam dynamics of all ion species
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from oxygen to uranium including multiple-charge-state
heavy ion beams. In addition, the RT rebunchers should be
able to provide required functions in the LS1 fault
scenarios. The latter means lower beam energy due to
the lower available voltage from the LS1 SC cavities.
Another fault scenario is low performance of the liquid
lithium stripper which can result in lower charge states of

ion beam after the stripping. Overall, our studies resulted in
the maximum effective voltage of the rebuncher to be equal
to 1.0 MVat the nominal beam energy. The nominal energy
of the heaviest uranium ions in the FS1 is equal to
16.5 MeV=u, while lighter ions can reach 22 MeV=u.
The rebunchers should be able to operate in the energy
range of ion species from 13 to 22 MeV=u.

FIG. 1. Layout of the folding segment 1 of the FRIB linac.

FIG. 2. Multiple-charge-state uranium particle distributions in longitudinal phase space at the stripper exit (top left), at the entrance of
rebuncher #1 (top right), at exit of rebuncher #1 (middle left), at the entrance of rebuncher #2 (middle right), at exit of rebuncher #2
(bottom left) and at the entrance of LS2 (bottom right).
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III. MULTIPHYSICS DESIGN OF THE
ACCELERATING STRUCTURE

The best candidate for the cw RT structure is an H-type
drift-tube resonator [3,4]. Interdigital H-type (IH) struc-
tures are known for high shunt impedance, see, e.g., [5,6]
and have been used in cw heavy ion linacs at low energies,
typically below 1.5 MeV=u [7]. There are several opera-
tional pulsed linacs based on IH structures up to energies of
6 MeV=u. Recently, there were developments to apply IH
structures and crossbar H-type (CH) structures for accel-
eration of protons up to 100 MeV in a pulsed mode [8,9].
In the energy range of 13–22 MeV=u the H-type

structure with drift tubes on round stems appears more
efficient than the structure with drift tubes on the vanes [3].
Moreover, this kind of drift tube support is very cost
efficient and robust for the mechanical and cooling
design. The first step of the resonator design was to
optimize the geometry of a single structure cell with the
length L ¼ βGλ=2, where βG ¼ 0.185, corresponding to
the nominal velocity of the uranium beam, and λ is the
wavelength of the buncher’s rf field. The drift tube aperture
was defined by the beam dynamics. The stem diameter and
outer diameter of the drift tube were selected as a com-
promise between the shunt impedance and cooling design.
The gap length is 90 mm and corresponds to the maximum
shunt impedance. Finally, the tank diameter was adjusted to
match 161 MHz.
The next design step included optimization of the

multigap resonator. Due to the H-type mode termination
with electrical boundaries (end flanges), the voltage dis-
tribution along the resonator is cosinelike [10]. If all N
accelerating gaps in the resonator are identical, the field
amplitude pattern is also cosinelike, and assuming only the
fundamental spatial harmonic of the field can be written as

EzðzÞ ¼ E0 cos

�
π
z
L

�
cos

�
π

z
NL

�
; ð1Þ

where E0 is the peak on-axis electric field, and z is the
longitudinal coordinate relative to the resonator center. The
transit-time factor of the resonator [10] is found as

TðβÞ ¼
RNL=2
−NL=2 EzðzÞ cosð2πβλ zÞdzRNL=2

−NL=2 jEzðzÞjdz
: ð2Þ

Based on simulation results of a single cell and Eqs. (1)
and (2), we estimated the rf power required to achieve the
effective voltage of 1 MV for 13, 17 and 22 MeV=u versus
the number of gaps. On one hand, for the operation with
single beam energy, the greater number of gaps per
resonator is, obviously, preferable (until the construction
cost becomes larger than the savings of rf power). On the
other hand, the velocity acceptance of the resonator at 13
and 22 MeV=u greatly reduces with the number of gaps
due to the lack of the synchronism between the field and the
beam. Figure 4 shows that the optimum number of gaps for
the required energy range is around seven.
The electromagnetic design optimization for the seven-

gap IH structure was performed using CST STUDIO [11].

FIG. 3. Bunch length of 238U from the stripper exit through the
two rebunchers to the entrance of the LS2.

FIG. 4. rf power required to achieve the effective voltage of
1 MV at different beam energies.

FIG. 5. IH resonator layout.
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The resonator design was iteratively optimized to satisfy
vacuum, structural and thermal requirements while main-
taining high shunt impedance. The final geometry of the
resonator is shown in Figs. 5 and 6. The accelerating field
distribution along the resonator axis is shown in Fig. 7. In IH
resonators with vanes, the field flatness is improved by
means of the undercuts at the vane ends. In a structure with
drift tubes on round stems, the field flatness is more difficult
to improve. In our design, it has been done by adjusting the
gap lengths according to the voltages induced in the gaps.

Table I lists the main parameters of the IH rebunchers
after the completion of the multiphysics optimization. Only
0.72-MVeffective voltage is required for the rebunching of
the uranium beam at a nominal energy of 16.5 MeV=u.
This voltage requires 9.1 kW rf power according to the CST

simulations. To provide bunching of the ions entering the
rebuncher at nonoptimal velocity, the rf power should be
increased to compensate for the lower transit-time factor, as
shown in Fig. 8. The rf power of 17.5 kW is sufficient to
provide the required voltages for the ion species in the
energy range from 13 to 22 MeV=u.

IV. MECHANICAL DESIGN AND FABRICATION

The inner diameter of the seven-gap resonator is ∼0.5 m
and its length is about 1 m. Therefore, such a resonator can
be built from copper material using a high-temperature
furnace brazing technique. It is well known that the high-
temperature brazing preserves the prebrazing alignment of
the components thanks to uniform heating and cooling of
the copper and provides nearly theoretical value of the
intrinsic quality factor of copper resonators. The assembly
view of the resonator is shown in Fig. 9. The body and the
drift tubes of the resonator are made of oxygen-free copper.
The end plates are made of explosively bonded bimetal
composed of stainless steel (SS) and copper. The vacuum
sealing of the end plates is provided by Delta metal seals
[12] as presented in Fig. 10. The rf sealing is provided by
canted coil springs [13].
The resonator body, drift tube stems, end walls, tuners

and rf power coupler are water cooled. The rf power
coupler is nearly identical to the coupler previously built
for the Argonne National Laboratory RFQ [14]. Drift tubes
are cooled via a threaded cooling channel in the stem as
shown in Fig. 11. The furnace brazing was applied to
copper and SS components. Therefore, the sealing of
vacuum space is provided with conflat flanges in all ports
and rf coupler. The fabrication process includes two-step
brazing with CuSil alloy. The first step is applied for

FIG. 6. Cross-section view of the IH resonator assembly.

FIG. 7. Accelerating field distribution along the resonator.

FIG. 8. Required rf power as a function of the ion beam energy.

TABLE I. Main parameters of the rebunchers.

Parameter Units Value

Operating frequency MHz 161.0
Geometrical βG � � � 0.185
Aperture diameter, 2a mm 36
Maximum effective voltage, Vmax MV 1.0
Flange-to-flange resonator length, L cm 115
Intrinsic quality factor 15600
Peak electric field at Vmax Kilpatrick 0.61
rf powera kW 17.5
Shunt impedance MΩ 57.3
Shunt impedance per unit length MΩ=m 50
Energy range MeV=u 13–22

aRadio-frequency power is calculated to achieve maximum
effective voltage for ion velocities equal to βGc.
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brazing of cooling channels on the external body of the
resonator shown in Fig. 9. The second step is applied for the
brazing of all remaining components such as drift tubes,
end flanges and ports. For the ports, the SS flanges were
prebrazed to copper necks. Due to the proximity of the
resonator to the liquid lithium stripper, we completely
avoided the water-to-vacuum brazing joints in the design.
The resonator is equipped with three fixed tuners and one

motorized tuner. Themotorized tuner is in the feedbackwith
a low-level rf system [15] to maintain the resonance during
the operation. The rf contact in the motorized tuner is
provided with two rings of silver-plated fingers on the gold-
plated surface. The cooling water temperature stability is

maintained within �1 °F. This stability guarantees that the
motorized tuner stroke does not exceed �0.5 mm to main-
tain the resonance and extend the lifetime of the rf springs.
The brazing was performed in the industry [16].

Figure 12 shows the internal view of the brazed resonator
during the final assembly.

V. RF AND BEAM TESTING

Prior to installation into the beam line, the resonators
were vacuum leak checked and rf tuned with a network
analyzer. The coupling loop was adjusted for critical
coupling, the pickup loops were adjusted for ∼50 dB
attenuation and calibrated for measurement of the accel-
erating field in the resonators. The general view of the first
rebuncher installed in its final position in the FRIB tunnel is
shown in Fig. 13. The evolution of the rf conditioning
process for the first rebuncher is presented in Fig. 14. The
first conditioning took less than four hours to reach the
stable operation at 1 × 10−7 Torr. While the installation of
the remaining cryomodules was taking place in the FRIB
tunnel, the rebunchers were kept under vacuum with rf
turned off. When we turned on the resonator for the second
time after about 8 months, the nominal voltage was reached
within 5 minutes as shown in Fig. 14(b). The rebunchers’
turn-on time was reduced to ∼3 minutes by now as shown
in Fig. 14(c). The second rebuncher exhibited similar
behavior. The two vacuum pressure spikes are observed
during the transient which possibly corresponds to multi-
pacting but did not cause any vacuum or rf trips due to the
reflected power. Currently, both rebunchers are operated at
a nominal level of rf power at a residual gas pressure below
2 × 10−8 Torr. So far the accumulated time of cw operation
is around 150 hours.

FIG. 9. IH resonator assembly.

FIG. 10. IH resonator assembly section view with the insert
showing the vacuum and rf gaskets.

FIG. 11. Design of the drift tube stem’s cooling.

FIG. 12. IH resonator during the final assembly.
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The quality factors of the first and second rebuncher,
measured at high power by observing the field decay, are
14370� 20 and 15000� 20 respectively. The higherQ0 of
the second rebuncher appears to be due to the surface
treatment with a heated Citranox solution in the ultrasonic
bath before the final assembly. Both values are close to the
simulated quality factor of 15600.
Beam acceleration was demonstrated by time-of-

flight beam energymeasurementswhile the rebuncher phase
was varied in the 360° range as shown in Fig. 15. The
calibration of the first rebuncher effective voltage with the
beam results in 720 kV at 11.2 kW rf power at optimum
velocity which should be compared with 9.8 kW required
from rf measurements. Accordingly, the resonator voltage
calibrationwith beam is consistent with the rf measurements
within 5%.

FIG. 13. Rebuncher #1 installed in the final position in the beam line.

FIG. 14. Residual pressure (blue) and accelerating voltage (red)
as a function of time as the resonator turned on for the first (a),
second (b) time and recently (c).

FIG. 15. 40Ar9þ beam energy as a function of the rebuncher #1
phase.
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VI. DISCUSSION

The fabrication technology developed for H-type reso-
nators resulted in a performance which is nearly identical to
the prediction by the CST electromagnetic design code [11].
While the current application requires only 1 MV of
accelerating voltage, the proposed structure can be reliably
operated at higher voltages and accelerating gradients since
the peak surface fields are low. The shunt impedance of H-
type accelerating structures varies roughly as β−2 [3,8,10]
making them especially efficient for low velocities and
applicable in lieu of SC structures. In practice, the choice of
either H-type room temperature or superconducting struc-
tures for acceleration of cw ion beams below ∼20 MeV=u
depends on many aspects specific to a particular research
laboratory like available infrastructure, real-estate space
and staff expertise, cost of rf system, availability of
vendors, etc.

VII. SUMMARY

A new highly efficient cw IH-type room-temperature
accelerating structure was developed, constructed and
commissioned with a beam. The excellent performance
of the resonator consistent with the simulations was
demonstrated. The successful testing of the resonator with
beam opens a new application for cw room-temperature H-
type accelerating structures in the ion beam energies up
to 20 MeV=u.
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