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Very compact accelerating-focusing structures, as well as short focusing periods, high accelerating
gradients and short drift spaces are strongly required for superconducting (sc) accelerator sections
operating at low and medium energies for continuous wave (cw) heavy ion beams. To keep the GSI-super
heavy element (SHE) program competitive on a high level and even beyond, a standalone sc cw linac
(Helmholtz linear accelerator) in combination with the GSI high charge state injector (HLI), upgraded for
cw operation, is envisaged. Recently the first linac section (financed by Helmholtz Institute Mainz (HIM)
and GSI) as a demonstration of the capability of 217 MHz multigap crossbar H-mode structures (CH) has
been commissioned and extensively tested with heavy ion beam from the HLI. The demonstrator setup
reached acceleration of heavy ions up to the design beam energy. The required acceleration gain was
achieved with heavy ion beams even above the design mass to charge ratio at high beam intensity and full
beam transmission. This paper presents systematic beam measurements with varying rf amplitudes and
phases of the CH cavity, as well as phase space measurements for heavy ion beams with different mass to
charge ratio. The worldwide first and successful beam test with a superconducting multigap CH cavity is a
milestone of the R&D work of HIM and GSI in collaboration with IAP in preparation of the HELIAC
project and other cw-ion beam applications.
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I. INTRODUCTION

An UNILAC upgrade program is ongoing, designated to
prepare for high intensity high current heavy ion [1–5], as
well as for proton [6,7] synchrotron injector operation for
the Facility of Antiproton and Ion Research (FAIR) [8]. As
a result, high duty factor beam time availability for super
heavy element (SHE) research at GSI Universal Linear
Accelerator (UNILAC) will be strongly diminished due to
the duty factor limitation for FAIR injector operation.
Besides, an upgrade program of the High Charge State
Injector (HLI) was already initialized comprising a new
18 GHz electron cyclotron resonance ion source (ECR), a
cw capable radio frequency quadrupole (RFQ) and an
interdigital H-mode drift tube linac (IH-DTL) [9,10],
keeping the SHE program at GSI competitive [11]. An
additional standalone sc cw linac (HELIAC) is assumed to

meet the demands of the experimental program at its best.
With significantly higher beam intensity the SHE produc-
tion rate will be increased as well. HELIAC is based on
superconducting CH cavities, efficient multicell structures
combining the advantages of superconducting and long
room temperature cavities [12].
The design and construction of cw high intensity linacs is

a crucial goal of worldwide accelerator technology develop-
ment [13–17]. Above all, compactness of a particle accel-
erator is a beneficial demand for the development of high
intensity cw proton and ion linacs [18–20]. In the low- and
medium-energy range cw linacs can be used for several
applications, as boron-neutron capture therapy, high pro-
ductivity isotope generation and material science. A high-
energy linac is an integrated and essential part of several
large scale research facilities, as spallation neutron sources or
accelerator driven systems. Thus the study and investigation
of the design, operation and optimization of a cw linac, as
well as progress in elaboration of the superconducting
technology [21] is of high relevance.

II. GENERAL HELIAC LAYOUT AND R&D

Nine superconducting CH cavities operated at 217 MHz
provide for ion acceleration to beam energies between 3.5
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and 7.3 MeV/u, while the energy spread should be kept
smaller than �3 keV/u. A conceptual layout [22] (see
Fig. 1) of this sc cw linac was worked out eight years ago. It
allows the acceleration of highly charged ions with a mass
to charge ratio of up to 6. For proper beam focusing
superconducting solenoids have to be mounted between the
CH cavities. The general parameters are listed in Table I.
R&D and prototyping (demonstrator project) [23,24] in

preparation of the proposed HELIAC is assigned to a
collaboration of GSI, HIM and IAP. The demonstrator
setup, embedded in a new radiation protection cave, is
located in the straightforward direction of the HLI (Fig. 2).
The liquid helium (LHe) supply is covered by a 3000 l

tank, while the consumed helium gas is collected in a 25 m3

recovery balloon and bottled by a compressor. The demon-
strator [25] comprises a 15 gap sc CH cavity embedded by
two superconducting solenoids; all three components are
mounted on a common support frame [26,27]. The support
frame, as well as the accelerator components, are suspended
each by eight tie rods in a crosslike configuration balancing
the mechanical stress during the cooldown and warm-up.
The beam focusing solenoids provide maximum fields of
9.3 T, the free beam aperture is 30 mm. A configuration of
one main coil out of Nb3Sn and two compensation coils
made from NbTi shields the maximum magnetic field of
9.3 Twithin a longitudinal distance of 10 cm down to 30mT.
The solenoids are connected to LHe ports inside the cryostat
by copper tapes allowing dry cooling. The sc CH structure
(Fig. 3) is the key component and offers a variety of research
and development.

A. Preparation and commissioning of the rf-cavity
and rf-supply system

The sc 15 gap CH cavity is directly cooled with liquid
helium, supported by a helium jacket made by titanium.
The vendor Research Instruments GmbH (RI) provided for
sufficient cavity preparation. After high pressure rinsing
(HPR) a performance test in a vertical cryostat at low rf
power was performed at IAP, reaching gradients up to
7 MV/m. After the final assembly of the helium vessel and
further HPR preparation at RI, the cavity was tested again,
but in a horizontal cryostat. The cavity showed improved
performance due to an additional HPR treatment, the initial
design quality factor Q0 has been exceeded by a factor of 4,
a maximum accelerating gradient of Eacc ¼ 9.6 MV/m at
Q0 ¼ 8.14 × 108 has been achieved [28,29]. Prior beam
commissioning of the demonstrator cavity, the rf power
couplers [30] were tested and conditioned with a dedicated
test resonator [31] depicted in Fig. 4.
The couplers are equipped with sensors to control the

temperature of the ceramic windows and the Langmuir
probes to detect the multipacting current. A first condition-
ing [32] has been performed with pulsed rf (up to 5 kW)
and finally in cw mode (up to 2 kW). Further increase of the
forwarded cw-rf power leads to a temperatures rise of more
than 80 °C at the ceramic window, potentially sufficient to
damage the coupler. During the operation, the “cold”
coupler window has been anchored to the liquid nitrogen
supply tube by copper ribbons. In a clean room of class
ISO4 the power couplers were integrated in the rf cavity, as
well as three frequency tuners, developed at IAP [33] and
manufactured at GSI for the control of resonance fre-
quency. Furthermore, the CH cavity and both solenoids
were assembled on a string. After leak testing of the
accelerating string the complete cold mass was integrated
[34] into the cryostat outside of the clean room.

III. MATCHING SECTION AND EQUUS
BEAM DYNAMICS

The beam dynamics layout behind the HLI at 1.4 MeV/u
has been simulated in advance. In a preparing beam test
run, it could be confirmed that the room temperature
focusing quadrupoles (triplet and two duplets) and two
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FIG. 1. General cw-linac layout.

TABLE I. Design parameters of the cw linac.

Mass/charge 6
Frequency MHz 216.816
Maximum beam current mA 1
Injection energy MeV/u 1.4
Output energy MeV/u 3.5–7.3
Output energy spread keV/u �3
Length of acceleration m 12.7
Sc CH cavities No. 9
Sc solenoids No. 7
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rebuncher cavities are sufficient to provide for full 6D
matching to the demonstrator [35]. At the same time, the
input beam is axially symmetric for further solenoid
focusing due to especially chosen gradients, while bunch
length and momentum spread is matched as well. The
transport line (see Fig. 5) provides also for necessary beam
diagnostics devices. Moreover, beam transformers, Faraday
cups, SEM-profile grids, a dedicated emittance meter, a
bunch structure monitor and phase probe pickups (beam
energy measurements applying time of flight) provide for
proper beam characterization behind demonstrator.
The beam dynamics layout of the sc cw linac is based on

the equidistant multigap structure (EQUUS) concept, as
proposed in [36]. It features high acceleration efficiency
with longitudinal and transversal stability, as well as a
straightforward energy variation. Energy variation can
easily be achieved by varying the applied rf voltage or
the rf phase of the amplifier. Highly charged ions with a
mass-to-charge ratio of maximum 6 will be accelerated
from 1.4 up to 3.5–7.3 MeV/u. Energy variation while
maintaining a high beam quality is the core issue with
respect to beam dynamics, simulated using advanced
software [37–39] and previously developed algorithms
[40–43]. The cell length inside an EQUUS designed cavity
is kept constant and is fixed with a higher (geometrical)
β compared to the injection beam energy (constant-β
structure). As a consequence the constant-β structure leads
to a sliding movement in longitudinal phase space.
Trajectory and energy gain depend strongly on the initial
phase at the first gap center and the difference between

FIG. 2. CH-cavity test environment at GSI.

FIG. 3. Sectional drawing of the 15-gap demonstrator CH
cavity.

FIG. 4. Radio frequency testing cavity (left) for the rf power
couplers at GSI; two couplers could be tested simultaneously
(right)—the temperature at the outer coupler surface was mea-
sured with sensors.

FIG. 5. Layout of matching line to the demonstrator and beam diagnostics test bench; QT ¼ quadrupole triplet, QD ¼ quadrupole
duplet, R ¼ rebuncher, X/Y ¼ beam steerer, G ¼ SEM-grid, T ¼ beam current transformer, P ¼ phase probe, BSM ¼ bunch shape
monitor, EMI ¼ emittancemeter.
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particle energy and design energy. The corresponding
transversal emittance evolution has been measured in a
broad range with small emittance growth.

IV. BEAM MATCHING AND FIRST BEAM
ACCELERATION

For transverse matching an additional quadrupole dou-
blet was installed in front of the demonstrator. Adequate

longitudinal matching is accomplished by the existing
rebuncher cavity behind HLI in combination with another
newly built 108 MHz quarter wave resonator (rebuncher)
both with four rf gaps of the same construction [44].
Exemplary a measured Ar9þ-phase scan (for nominal rf
amplitude) of the second rebuncher R2 is shown in Fig. 6.
The nominal bunching phase is reached at an rf phase of
þ90°, where the HLI-output energy (1.366 MeV/u) is kept
constant at a maximum longitudinal focusing effect.
For the measurement of the longitudinal bunch shape a

Feschenko monitor [45] was installed behind the cryo-
module. The bunch length at HLI output (0.5 ns–0.8 ns) is
increased in the long drift line to the bunch shape monitor
(see Fig. 7 at the top). For proper longitudinal matching to
the demonstrator cavity rebuncher R1 provides for a
parallel beam envelope. A longitudinal waste in the middle
of the CH cavity is generated applying rebuncher R2. This
condition was confirmed by shifting the beam focus until
the measured bunch length at the monitor became the same
as without R2. The measured bunch structure at the monitor
for the matched case is shown in Fig. 7 (bottom), the bunch
length at R2 and at the monitor is measured for ≈1 ns
(base width).
On June 28, 2017, after successful rf testing of the

superconducting rf cavity in 2016, setup of the matching
line to the demonstrator and a short commissioning

FIG. 6. Ar9þ-rf phase scan with rebuncher R2; nominal beam
energy (HLI exit) is measured for 1.366 MeV/u.

FIG. 7. Bunch shape measurement for HLI beam at
1.366 MeV/u (top) and at the same energy for the matched case
with rebuncher R1 and R2 (bottom).
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FIG. 8. First rf acceleration with CH cavity; measured Ar11þ-
phase probe signals from HLI beam at 1.366 MeV/u (top), rf
frequency is 108.408 MHz (T ¼ 9.224 ns). By acceleration up to
the nominal beam energy (bottom), the coarse time of flight
between the blue and the red signal is slightly reduced. The time
of flight for the fine measurement between the red and the green
signal is significantly shifted, according to the beam energy
of 1.866 MeV/u.
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and ramp-up time of some days, the CH cavity accelerated
heavy ion beams (Ar11þ) with full transmission for the first
time up to the design beam energy of 1.866 MeV/u
(ΔWkin ¼ 0.5 MeV/u). In Fig. 8, the measured phase probe
signals from HLI beam at 1.366 MeV/u (top) is shown; the
rf frequency is 108.408 MHz (T ¼ 9.224 ns). By accel-
eration up to the nominal beam energy (bottom), the coarse
time of flight between the blue and the red signal is slightly
reduced. The time of flight for the fine measurement
between the red and the green signal is significantly
increased, according to the beam energy of 1.866 MeV/u.
For the first beam test the superconducting cavity was

powered with 10 Watt of net rf power providing an
accelerating voltage of more than 1.6 MV inside a length
of 69 cm. Further on the design acceleration gain of 3.5 MV
has been verified and even exceeded by acceleration of
heavy ion beam with high rigidity (A/q ¼ 6.7). As sum-
marized in Table II argon and helium ion beam with
different charge state from an ECR ion source (4He2þ,
40Ar11þ, 40Ar9þ, 40Ar6þ) were accelerated at HLI for further
beam tests with the demonstrator. For longitudinal beam
matching the rebuncher (R1, R2) settings were adapted
according to the mass of charge ratio A/q, as well as the
acceleration voltage U.
A maximum average beam intensity of 1.5 pμA has been

achieved, limited only by the pulse intensity of the injector
and its maximum duty factor (25%), while the CH cavity
was operated in cw mode. All the presented measurement
results were accomplished with high duty factor beam and
maximum beam intensity available from the HLI.

V. SYSTEMATIC AMPLITUDE-PHASE SCANS

Systematic parameter studies and detailed investigations
of beam behavior were started after basic operational
capability and reliability of all rf cavities, rf-supply sys-
tems, cryosupply and all other subsystems were accom-
plished. Besides heavy ion beam operation of the ECR ion
source, low energy beam transport line and HLI-RFQ,
IH-DTL and matching line to the demonstrator could be set
up for maximum stable and reliable operation during the
entire machine investigation time. Readjustment of the

complex accelerator system for operation with different ion
species was achieved inside less than four hours until beam
investigation could be continued. Mainly the refill with
liquid helium from the Dewar led to serious interruptions of
the beam investigations program. By all means, each of the
presented measurements could be achieved and finalized
nonstop.
The initial amplitude scan (rf-phase ¼ 30°) with Ar9þ-

beam is shown in Fig. 9. For accelerating gradients between
3.1 and 4.6 MV/m the beam energy scales linearly with a
gradient of 0.12 MeV/u per 1 MV/m (for Ar9þ). Upscaling
to the design energy gain (ΔWkin ¼ 0.52 MeV/u, A/q ¼ 6)
leads to a nominal (effective) accelerating gradient of
ð5.9� 0.05Þ MV/m, slightly above the design gradient of
5.5 MV/m. In any case the capability in terms of the
accelerating gradient is even high enough to fulfill the design
criterion. The measured beam transmission is ð95� 1Þ%,
except for low accelerating gradients. The reason for
this drop is a slight transversal overfocusing of the beam
due to the missing rf defocusing at lower rf gradient.
This transmission drop is generally easy to compensate by
readjusting the magnetic quadrupole and/or solenoid field
setting.

FIG. 9. Acceleration of an Ar9þ beam; maximum achieved
beam energy and transmission as a function of the accelerating
gradient.

TABLE II. Radio frequency parameters for matched case.

He2þ Ar11þ Ar9þ Ar6þ

A/q 2.0 3.6 4.4 6.7

UReb1;eff
a [kV] 8.3 15.0 18.3 27.9

UReb2;eff
a [kV] 22.7 40.8 49.9 75.9

Eacc;CH
b [MV/m] 1.8 3.2 3.9 5.9

U0 [MV] 1.2 2.2 2.7 4.0
aReferring to voltage calibration with measured beam energy

(see Fig. 6).
bEacc ¼ transit time factor × total accelerating voltage/

ðn × 0.5 · βλÞ.

Ar9+

FIG. 10. 3D scan of Ar9þ-beam energy versus accelerating
gradient and rf phase.
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In Figs. 10 and 11 a fullmeasured 3D scan of beam energy
and beam transmission for a wide area of different accel-
erating fields and rf phases is depicted. As in Fig. 10 the
linear increase of beam energy with ramped accelerating
gradient could be observed for different rf phase settings,
while the beam transmission is kept above 90%. To gain for
the maximum beam energy at a given accelerating gradient
the rf phase has to be adapted slightly. In general these
measurements confirm impressively the EQUUS beam
dynamics, featuring effectively the nonresonant beam accel-
eration up to different beam energies without particle loss
and significant beam quality degradation. As measured with
helium beam and recently confirmed by beam dynamics
simulations, for lighter ions maximum beam energy of up to
2.2 MeV/u could be reached with the demonstrator cavity,
with reduced beam quality.
The bunch length detected with the bunch shape monitor

(BSM) was measured as very sensitive to rf-phase changes.
As shown in Figs. 12 and 13, a change of rf phase by 30°
only, leads to a change of bunch length by more than a
factor of 4, while the beam transmission is not effected. For
further matching to another CH cavity, as planned for the
new cw-linac project (HELIAC), the adjustment of the
beam energy setting by changing the rf amplitude is more

favorable—compared to changing the rf phase—as no
significant bunch shape change could be observed.
For heavy ion beams above the design mass over charge

ratio (A/q ¼ 6) acceleration up to the nominal beam energy
were achieved. With Ar6þ beam (A/q ¼ 6.7), an energy
gain above 0.5 MeV/u could be reached with an accel-
erating gradient of 6 MV/m. As an example Fig. 14 shows
a fully measured 360° phase scan for two different accel-
erating gradients (3.5 and 5.5 MV/m). All individual data
as well as the characteristic shapes of the phase scans are in
good agreement according to the accelerating gradient. For
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FIG. 13. Selected bunch structure for Ar9þ at a gradient of
3.5 MV/m for an rf phase of 190°, 200° and 220° according to
Fig. 12.
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an increased gradient the maximum beam energy at an rf
phase of 210° boosts as well, while the minimum beam
energy at 130° could be decreased down to 1.2 MeV/u.
In Fig. 15 the measured Ar6þ-phase scan of beam energy

and beam transmission is depicted with more steps in rf
phase. A high beam transmission is confirmed in a wide
phase range (0° ≤ rf phase ≤ 230°). In this phase range for
Ar6þ beam the beam energy could be changed by ΔWkin ¼
0.7 MeV/u without transmission degradation. For lighter
heavy ion beams (e.g. 4He2þ) a full beam energy swing of
1 MeV/u could be reached without beam transmission
drop.
At maximum of the measured phase scan of beam energy

(210° in Fig. 15) an amplitude scan has been performed
as well (Fig. 16). For this measurement the rf phase
is changed in a wide range of accelerating gradients
(0 MV/m < Eacc < 6 MV/m). As a result the beam energy
saturates with increased accelerating gradient, limiting
strongly the energy gain. The maximum beam energy is
achievable, if the rf amplitude is ramped up and the rf phase
is set to the local beam energy maximum. No beam
transmission degradation has been observed for the full

range of rf amplitudes, while the focusing strengths of
quadrupole lenses were adapted.

VI. PHASE SPACE MEASUREMENTS

Finally, the beam quality has been characterized by
measuring the covered area in phase space exemplary with
Ar9þ beam. The measured emittance of the argon beam,
delivered by the ECR and HLI, shows a good beam quality:
The total 90% horizontal beam emittance is measured for
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FIG. 14. Phase scan of Ar6þ-beam energy for 3.5 MV/m and
5.5 MV/m.

FIG. 15. Phase scan of Ar6þ-beam energy for 5.5 MV/m.

FIG. 16. Amplitude scan of Ar6þ-rf phase of 210°.

FIG. 17. Transverse Ar9þ-beam emittance at 1.366 MeV/u
(top) and at 1.85 MeV/u (bottom); normalized (horizontal)
emittance growth is measured for 15%.
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0.74 μm, while in the vertical plane the total 90% emittance
is 0.47 μm only (Fig. 17, at the top). The beam emittance
for the matched case measured at nominal beam energy of
1.85 MeV/u is shown in Fig. 17 (bottom). All measure-
ments have been performed without solenoidal field, there-
with any additional emittance degradation effects by
different beam focusing could be avoided. The measured
(normalized) beam emittance growth at full beam trans-
mission is low: 15% (horizontal plane) and 10% (vertical
plane). Selective measurements at other rf amplitudes and
phases, as well as for other beam rigidities, confirmed the
high (transversal) beam performance in a wide range of
different parameters.
Besides beam energy measurements the bunch shape

was measured after the matching procedure is accom-
plished (see Fig. 7) with the Feschenko monitor. As shown
in Fig. 18 an impressive small minimum bunch length of
about 300 ps (FWHM) and 500 ps (base) could be detected,
sufficient for further matching to and acceleration in future
rf cavities.

VII. SUMMARY AND OUTLOOK

Generally, the proposed cw linac should facilitate var-
iable output energy from 3.5 to 7.3 MeV/u. The achieved
beam commissioning of the demonstrator is a major

milestone paving the way to the entire cw linac
(HELIAC). The demonstrator set up, as the first section
of a cw linac reached acceleration of heavy ions up to the
design beam energy gain of 0.52 MeV/u. The design
acceleration gain was achieved with heavy ion beams even
above the design mass to charge ratio at full transmission
and high beam intensity (1.5 pμA at 25% beam duty). The
beam duty is limited only by the HLI performance, while
the cavity was operated in cw mode—after upgrade of HLI
a beam intensity of 6 pμA is potentially achievable with the
demonstrator cavity. At full beam transmission the beam
quality was measured as excellent in a wide range of
different beam energies, confirming the capabilities of the
applied nonresonant beam dynamics design (EQUUS). For
lighter heavy ions a maximum energy variation of 1 MeV/u
was achieved without significant performance degradation.
Recently the possibility for acceleration of protons as

well as uranium ion beams is under investigation [46]. A
higher acceleration gradient for the first sc cw-CH cavity
was confirmed in the presented experiments and has to be
taken into account for further studies [47,48]. Therefore the
original linac layout has to be revised by decreasing the
number of gaps per cavity, preserving the total cavity
voltage and high accelerating gradient. The maximum
beam energy, which could be potentially reached by an
advanced linac layout, has been estimated for ions with
different mass to charge ratios (1 ≤ A/Z ≤ 6). Moreover
the effective acceleration of uranium ion beams
(A/q ¼ 8.5) is potentially achievable. Taking the presented
encouraging results from the recent experimental campaign
into account, the cw-linac HELIAC is at the top of recent
accelerator R&D activities. Therefore a strong interest for
the accelerator community has to be stated.
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