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Abstract

The standalone superconducting (SC) continuous wave
(CW) heavy ion linac HELIAC (HEImholtz LInear ACcel-
rator) is a common project of GSI and HIM under key
support of IAP Frankfurt and in collaboration with Moscow
‘S Engineering Physics Institute (MEPhI) and Moscow Insti-
2 tute for Theoretical and Experimental Physics (KI-ITEP). It
“ is intended for future experiments with heavy ions near the
5 Coulomb barrier within super-heavy element (SHE) research
< and aims at developing a linac with multiple CH cavities as
£ key components downstream the High Charge State Injector
% (HLI) at GSI. The design is challenging due to the require-
3 ment of intense beams in CW mode up to a mass-to-charge
_c ratio of 6, while covering a broad output energy range from
8 3.5 to 7.3 MeV /u with minimum energy spread. In 2017 the
§ first superconducting section of the linac has been success-
2 fully commissioned and extensively tested with beam at GSI.
Z In the light of experience gained in this research so far, the
" beam dynamics layout for the entire linac has recently been
z2 updated and optimized with particular emphasis on realistic
& assumptions of cavity gap and drift lengths as well as gap
S voltage distributions for CH3—CH11.
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Figure 1: Studied superconducting HELIAC layout with
twelve CH cavities in four cryomodules. Captions:
CM = Cryomodule, S = Solenoid, D = Diagnostics, B = 2-
Gap-Buncher.
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A preliminary beam dynamics design for the entire HE-
% LIAC - based on the EQUUS (Equidistant Multigap Struc-
3 ture) concept - has been published in 2009 [1]. Meanwhile
many experiences have been gained at GSI/HIM [2-5] and
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IAP [6-12] in design, fabrication and operation of supercon-
ducting CH (Crossbar H-mode) cavities and the associated
components. In this context, a revision of the beam dynamics
concept was strongly recommended. It considers increased
acceleration gradients compared to the original value of

= 5.1MV/m, where E, = U,/L, with L = n- 81/2
for an n-gap cavity. The EQUUS beam dynamics concept
differs from the widely used constant phase approach in a
way that the gap center distances in a cavity are equidis-
tant. As the velocity of a bunch increases inside a cavity,
EQUUS leads to a varying synchronous phase of the bunch
for each gap. Similar to the KONUS (Kombinierte Null Grad
Struktur - Combined Zero Degree Structure) [13, 14] beam
dynamics scheme, the main purpose is the acceleration near
the crest of the RF wave to make the design more efficient
and additionally achieve a lower transversal RF defocusing
while keeping the bunch longitudinally stable. In contrast
to KONUS, EQUUS does not use function areas separated,
such as a dedicated O-degree section and a rebunching sec-
tion, but has continuous transitions. This provides advan-
tages for the energy variation of the beam. In conclusion,
the advanced beam dynamics design for HELIAC features
simultaneous high acceleration and low emittance growth
for all three phase planes. With EQUUS four main param-
eters have to be properly chosen for each cavity to achieve
an efficient and stable bunch acceleration: Number of gaps
Ng, effective voltage per gap U, ;, reference beam energy W;
and synchronous phase in the first gap ¢ ;.

Table 1: Basic HELIAC Design Parameters [1]

Parameter Value

Win 1.4MeV /u
Wout 3.5-7.3MeV/u
AWt +3keV/u

1 < 1mA
Alz <6

Total length [ 30m

0.162 mm mrad
0.187 mm mrad
0.294 keV /uns
0.322keV/uns

Etransv.,rms,,norm.,in
Etransy.,rms,,norm.,out
€longitud.,rms,,norm.,in

Elongitud.,rms,,norm.,out

The main requirements and boundary conditions for the
linac design are summarized in Table 1. With a relatively low
beam current, CW-operation and limited longitudinal space,
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this linac is predestined to be operated in the superconduct-
ing mode. Further thoughts on the choice of technology with
regard to superconducting or room-temperature operation
can be found in [15].

RECENT BEAM DYNAMICS STUDIES

Figure 2: Two of the twelve CH cavity models used to obtain
realistic assumptions of gap and drift lengths, as well as gap
voltage distributions. Autodesk Inventor [16] rendering of
CHI1 (left), preliminary CST [17] model of CHS (right).
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Figure 3: Simulated particle envelopes along the entire HE-
LIAC; the phase jump at the end of the beam line corre-
sponds to the halved RF frequency for the final buncher (FB)
at about z = 29m.

The recent HELIAC layout is simulated with LORASR
[18] and based on twelve multicell CH-type DTL-cavities
operating at 216.816 MHz (doubeling the HLI (High Charge
State Injector) operating frequency). They are grouped in
four cryomodules (CM1 to CM4). Each cryomodule com-
prises three CH cavities, one spoke-type buncher [19,20]
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and two superconducting solenoids (see Fig. 1). The length
of this superconducting part is about 19 m. This is followed
by the 10 m long room temperature transport section with a
final buncher cavity (FB) at the end. To optimize the beam
dynamics design in terms of acceleration efficiency (and
therefore related linac compactness, E, = 7.1 MV/m has
been chosen as maximum design gradient for the CH cavities
in case of mass-to-charge ratio A/z = 6 (see Table 1) [21].
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Figure 4: Evolution of the mean bunch energy W, the syn-
chronous phase ¢ and the effective voltage per gap U,.

Realistic assumptions about the electric field of a cavity
are the basic prerequisite for accurate beam dynamics simu-
lations. To make these assumptions even more precise rather
than simply by scaling the electric fields of already built
structures, the RF design of the cavities CH3—-CH11 has
been simulated in CST Microwave Studio. Consequently,
the estimated gap and drift lengths as well as the gap volt-
age distributions of the cavities in LORASR, have recently
been updated (see Fig. 2). The newly simulated beam en-
velopes for A/z = 6,1 = 1 mA, Wyy = 7.3 MeV /u (referred
to as nominal case) are shown in Fig. 3. The evolution of
the mean bunch energy W, the synchronous phase ¢s and
the effective voltage per gap U, are depicted in Fig. 4. The
sliding motion of ¢y is clearly visible there. Without any
particle loss, the final normalized rms-emittance growth is
10 % for the longitudinal and 16 % for the transverse planes,
as depicted in Fig. 5. Main reason for the emittance growth
is the intrinsic nonlinearity of the RF accelerating electrical
field between the cavity drift tubes. In this design study,
the solenoids provide a magnetic field of up to 6.35 T. The
transverse beam evolution is not finally optimized and the
length of the beam transport line towards the experimental
area is not yet fixed. Furthermore, detailed studies for the
matching to the HELIAC are ongoing [22-24].

The energy spread at the HELIAC exit (z = 19 m) exceeds
a level of £0.5 %. This corresponds to an absolute value of
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_. Figure 5: Simulated transverse and longitudinal phase space
% portraits downstream the HELIAC for the nominal case. The
8 particle density is logarithmically color-coded.

licence (

= about +40keV /u for the final beam energy of 7.3 MeV /u,
 while the user’s requirement for HELIAC beam energy
M spread is defined as +3 keV /u (see Table 1). To fulfill the
8 design conditions, the buncher in CM4, is set to debunch-
£ ing mode to adjust the beam phase width at the position of
S the external room temperature buncher FB, which in turn
é transforms the beam energy spread to the required level of
{‘;’ +3keV/u. In order to increase the linearity of the longitudi-
< nal emittance transformation, the buncher FB is operated at
-“.2 a resonance frequency of 108.408 MHz, i. e. half of the HE-
z LIAC working frequency. This technique is applicable due to
2 the initial twofold jump of the operating frequency at the tran-
g sition from the room temperature injector (108.408 MHz)
zto the superconducting HELIAC (216.816 MHz). There-
E fore, only every second RF bucket at the SC CH cavities is
g filled with the beam, while at the external buncher FB all
.« RF buckets are filled. For obvious reasons the RF frequency
= of FB allows for a wider acceptable bunch length, thus the
S beam energy spread could be almost linearly transformed
g to a lower value. Along a 10-meter drift downstream the
F—‘é HELIAC exit, the bunch length expands from +10° to £80°
MOPTS034
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(in terms of 216.816 MHz). Subsequently, the buncher FB
transforms the longitudinal beam emittance, decreasing the
energy spread to the desired range of +3 keV /u (see Fig. 5).

Conclusion

As the GSI UNILAC is being upgraded for FAIR with
short pulse operation and high intensity [25-28], the HE-
LIAC is favorable to meet the user’s requirements for SHE
research [29]. A promising beam dynamics layout was devel-
oped, showing a possible design approach for the upcoming
HELIAC which essentially meets the required beam param-
eters [30,31]. Design, construction and operation of CW
proton and ion linacs are crucial goals of the recent acceler-
ator development worldwide. Taking the already achieved
encouraging experimental data, as well as the presented re-
sults of advanced and reliable beam dynamics simulations
into account, the SC CW linac HELIAC is of high interest
for the accelerator community, being in line with the mod-
ern accelerator R&D activities. Further simulations for the
acceleration of a wide range of different ions (protons to
uranium) along the required energy range are in progress.
Special attention has to be paid to define a set of operat-
ing parameters for all intermediate beam energies between
3.5MeV/u < Wy < 7.3 MeV/u. In addition, error studies
on the current layout are going to be performed.
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