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Abstract

The FAIR @GSI accelerator facility will require the GSI-
UNILAC to provide short heavy ion pulses of highest in-
tensity at low repetition rate for injection into the 18-Tm-
synchrotron SIS18. On the other hand, successful physics
programs as for SHE (Super Heavy Elements) rely on the
UNILAC (UNIversal Linear ACcelerator) providing for
heavy ion beams of high average current and high duty factor.
In the next future, a dedicated superconducting (SC) CW-
Linac should therefore deliver CW beams to the experiments
associated with those programs. As a first step towards this
goal, beam tests with a single SC Cross-bar H-mode (CH)
cavity were successfully conducted in 2017/2018. Within
the scope of an Advanced Demonstrator project, current
activities now aim for a beam test of a full cryomodule with
three SC CH cavities and a SC rebuncher. Given a limited
amount of RF power available per cavity and the necessity to
accelerate different ion species with different mass-to-charge
ratios, the loaded quality factor Q of the different resonators
has to be chosen very carefully. This contribution discusses
the simulations performed in this context.

INTRODUCTION

The UNILAC is a critical part of the injector chain for
the future Facility for Antiproton and Ion Research (FAIR).
Therefore, it is subject of ongoing optimization towards
a short-pulsed, high-intensity, low-duty factor heavy ion
LINAC which can utilize the full capability of the SIS18
synchrotron. While this optimization is in progress [1], today
the UNILAC also serves different experiments with require-
ments, which are quite contrarious. Notable examples are
the synthesis of Super Heavy Elements (SHE) [2] and mate-
rial sciences. They rely on the UNILAC operated at variable
beam energy and high average intensity. Preferably, the latter
is realized by operating the accelerator in CW-mode. Fur-
thermore, the UNILAC’s beam time will be assigned to its
role as an injector for SIS18 exclusively.

Superconducting radio-frequency (SRF) cavities facili-
tate compact design of CW accelerators and allow for high
energy efficiency. The Helmholtz Linear Accelerator (HE-
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LIAC) is a SRF heavy ion accelerator which has been pro-
posed to complement the existing and otherwise foreseen
LINAC: at GSI. Its purpose is to keep the SHE program and
other activities, depending on the UNILAC today, competi-
tive. In a joint effort with Helmholtz Institute Mainz (HIM)
and under key support of Institut fiir Angewandte Physik
(IAP) of Goethe University Frankfurt, the HELIAC is un-
der development. The design comprises a dedicated ECR
(Electron Cyclotron Resonance) ion source, a room tem-
perature injector and twelve SRF cavities grouped into four
cryomodules (see Fig. 1). Table 1 summarizes the design
parameters.
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Figure 1: Layout of the HELIAC accelerator.

The project has already accomplished important mile-
stones. In 2015 and 2016 cold tests of a prototype SRF
structure (henceforth called CHO) proved the feasibility of
the production of the complex superconducting Cross-bar
H-mode (CH) cavities [3, 4]. During 2017 and 2018 the ca-
pability to accelerate heavy ion beams with the same cavity
was demonstrated successfully [5-8].

Currently an Advanced CW-Linac Demonstrator is under
development. It will comprise four superconducting cavities
in a cryomodule which shall in future serve as the standard
cryomodule for the HELIAC (see Fig. 2). Beside the proto-

Table 1: Design Parameters of the HELIAC [9] and the
Advanced CW-Linac Demonstrator (Adv. Dem.)

HELIAC Adv. Dem.

Alq <6 <6
fo (MHz) 216.816

Ibeam, max (MA) 1 1(0.1)
Ei, MeV/u) 1.4 1.4
Eqy MeV/u) 35-73 2.7-33
AEqy (keV/u) +3 thd

# of SRF cavities 16 4
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[a)
% type cavity CHO, a re-buncher [10] (B1) and two short CH
g cavities (CH1 and CH2) will allow for increased output ener-
< . . o
Z gies (compare 1). While not a limitiation of the cryomodule
% itself, the Advanced CW-Linac Demonstrator is going to be
2 operated at 100 uA.

Standard Cryomodule Layout

4800 mm
Figure 2: Layout of the Advanced Demonstrator cryomodule
containing three CH cavities, a re-buncher cavity (B) and
two solenoids (S).

The overall RF power efficiency of SRF-based accelera-
tion depends heavily on the proper matching between am-
plifier and the cavity. For the above-mentioned beam test
g with CHO, a high power coupler was constructed. It is still
g subject of further development [11, 12]. During the tests
i a fixed coupling of S, = 2900 [13] was used. This high
i value was chosen in order to relax the possible negative ef-
E fect of microphonics and hence ease the first beam-related
experlments at the expense of suboptimal power efficiency.

t maintain attribution to the author(s), title of the wor
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-% Critical parameters in this context are the fixed cavity prop-
—; erties Q, [R/Q] and the variable acceleration voltage V,, as

:Z well as the beam parameters (current /,, and synchronous
> phase ¢5). Moreover, the amount and susceptibility of mi-
< crophonics is an important issue. The peak detuning 6 fmax
& will severely influence the required amount of RF power.
& Since the HELIAC is intended as a universal accelerator
Q with variable ouput energy and mass-to-charge ratio (A/q),
§ the chosen matching will be a compromise and only be ideal
8 for a single use case. For the Advanced CW-Linac Demon-
S, strator it is intended to construct variable couplers [12].
; Depending on the experience gained during this pre-project,
8 the final HELIAC coupler will be designed to have a certain
O fixed coupling strength.

CH-CAVITIES

The HELIAC will be based on Cross-bar H-Mode (CH)
cavities [14]. Table 2 shows the properties of the three
different types that are going to be used in the Advanced
CW-Linac Demonstrator. Notice however, that CH1, CH2
and B1 are still in production or under development and the

given Qp cannot be regarded as final.

Table 2: Properties of the CH cavities [13, 15]

CHO CH1/2 B1
Frequency — 216.816 MHz —
# Gaps 15 8 2
Oy >1-10° 25-108 25-108
[R/O] 3240 1070 123
MOP()SI
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Figure 3: 3-D model of CHO [3].

Figure 3 shows a 3-D model of CHO which was used for
structural mechanical analysis [16]. The pressure sensitivity
is about 100 Hz/mbar. During production of CHO, prior
to mounting the helium vessel around the cavity, a four-
hour measurement of the momentary frequency deviation
was carried out on a vertical test stand at 4 K. It showed a
standard deviation of o = 2.1 Hz, as shown in Fig. 4. Stable
operation is considered to be possible when the RF system
can compensate for a frequency deviation ¢ f of at least 60.
Since the mechanical mounting is quite different when the
cavity is used for acceleration, an additional safety margin
was applied, yielding ¢ fiax = 30 Hz.

counts

-10 8 6 -4 -2 0 2 4 6 8 10
Afin Hz

Figure 4: Result of a long-term measurement of the mo-
mentary frequency deviation of the CHO-Cavity (source: [3],
modified).

BEAM DYNAMICS

Determination of RF power requirements presumes knowl-
edge of the complex beam current, which the cavity is in-
teracting with. The applied Equidistant Multigap Structure
(EQUUS) beam dynamics concept allows for efficient ac-
celeration between the equidistant gaps while maintaining
a longitudinally stable bunch [17, 18]. Bunches enter the
first gap of a cavity at a certain synchronous phase. As the
velocity increases, the synchronous phase varies from gap
to gap. In the HELIAC lattice, bunches typically enter the
first gap of a cavity at a negative synchronous phase ¢ and
leave with ¢s =~ 0 or vice versa [19]. In the very long CHO
structure, the phase space trajectory starts with negative ¢y
and will evolve to ¢ ~ O for the center gaps and back to
negative phases. Figure 5 illustrates this qualitatively. The
net voltage presented by the cavity to the beam depends on
both, the relative voltage in each gap (according to the field
profile) and the synchronous phase. While the first is a fixed

SRF Technology - Ancillaries

power coupler / antennas



19th Int. Conf. on RF Superconductivity
ISBN: 978-3-95450-211-0

20 |
10 F
Zoof
§ ¥
A —-10 |
=20 G e
—100 —80 —60 —40 —20 0 20
¢s in degree

Figure 5: Simplified sketch of the possible evolution of the
relative mean bunch energy and synchronous phase along
the first cavities.

parameter, the latter is subject to the choices made during
beam dynamical optimizations. It depends especially on the
desired output energy. The following analysis of CHO as-
sumes an effective synchronous phase of ¢s between cavity
voltage and beam current.

DETERMINING OPTIMAL COUPLING

RF Power Budget

Only part of the RF power provided by the amplifier of
the RF system can be transferred to the beam. Figure 6 illus-
trates the breakdown of the power budget. Transmission line
losses can be estimated to amount to 5 % to 10 %. Cavity
wall losses range from few hundred mW to 10 W, depend-
ing on the selected accelerating voltage. Finally, the power
delivered to the beam represents the useful fraction of the
RF power initially invested.

(©)
(A)
G——

(D) (B

Figure 6: RF Power Budget: Transmission line losses (A),
cavity wall losses (B), power transferred to beam (C), re-
flected power due to mismatches (D).

If the matching of the transmission line and the cavity is
not perfect for a certain set of conditions (cavity and beam
properties), another fraction of power is being reflected back
towards the amplifier. While the cavity evidently failed to
convert this power, it is still lost because it has to be dumped
in a load before damaging the amplifier. While, in principle,
the cavity can always be matched perfectly to any static beam,
there are still losses to be expected because of microphonics.
This dynamical detuning causes a momentary mismatch and
therefore additional reflection of power.

Given a transmission line setup (characterized by length
and loss per length), the SRF cavities (characterized by
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Figure 7: Equivalent circuit model as basis for the presented
calculations.

[R/Q] and Qp) and certain beam parameters, only the re-
flected power remains to be manipulated in order to optimize
the RF efficiency. This requires two parameters to be cho-
sen: external coupling . and the amount of detuning of the
cavity with respect to the RF reference frequency.

Optimal Coupling

The cavity and beam can be modeled as an equivalent
circuit as shown in Fig. 7. Using circuit theory, the coupling
of power to the beam can be derived [20].

Results for cavity CHO are shown in Fig. 8. The plot on
the top shows the required Pryq for a cavity without beam
loading as function of S, and for different voltages (corre-
sponding to different A/g). As expected, best matching is
observed for 3. = 1. For the second plot, a beam current of
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Figure 8: Required forward power to drive CHO as func-
tion of SB.. Top to bottom: Ilyeam = 0; lpeam = 100 UA;
Iveam = 100 pA and 30 Hz detuning. Dashed, horizontal
lines indicate the amount of power transferred to the beam
Poeam-
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E 100 pA was considered. Best matching is now achieved with
5 Be = 100 -300. Since cavity wall losses are small compared
Z to the gain in beam power, the respective best match would
%require little more power than the fraction which is trans-
) ferred to the beam. It is obvious, that a universal matching
£ is not possible, since the minimum required power occurs at
£ different S, for different voltages. The third plot considers
a peak detuning of 30 Hz. A choice of a too low . now
clearly becomes unfavourable.

Figure 9 shows the maximum detuning which can be
compensated for by the available RF power (assumed as
Pmax = 3kW) as a function of S.. The uppermost plot as-
sumes cavity parameters as given in Table 2 and a beam of
100 pA with a synchronous phase of —20°. The center plot
shows the curves for reduced Qy. It reveals the dependency
of the S, with the maximum allowed detuning on Qp. An
over estimation of Qg during selection of S, is dangerous,
especially for higher gradients. The lower plot makes clear,
that even a reduction of beam current to 30 % does not shift
the optimal . relevantly.
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Figure 9: Maximum detuning A fi,.x of CHO which can be
= compensated for by the available forward power (3 kW). The
9 shaded area marks the expected peak level of microphonic
o detuning. Dashed lines indicate the maximum A f.x as
= function of the cavity voltage.
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Figure 10 shows an equivalent set of plots for the 2-gap
re-buncher cavity. While the effect of beam-loading is con-
siderably reduced, because there is nearly no net acceleration
S applied to the beam (synchronous phase of ¢, = —88° as-
E sumed), compensation of microphonic detuning still shifts
% the optimal . to values around 300. The third plot considers
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a peak detuning of 60 Hz, since simulations indicate a higher
sensitivity compared to CHO.
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Figure 10: Required forward power to drive re-buncher B1
as function of Be. Top to bottom: Ipeam = 0; Iheam = 100 HA;
Iveam = 100 A and 60 Hz detuning. The amount of power
transferred to the beam Ppeqy, is nearly zero.

Figure 11 again shows the maximum detuning which can
be compensated for by a given maximum available forward
power of Pryq = 3 kW, but this time for the re-buncher cavity.
An assumed reduction in Qg has a similar effect like for the
accelerating cavity CHO. Naturally, a change in beam current
does not play any role in the choice of the optimal ..

Summing up, the power couplers of both cavities, B1 and
CHO, should be setup with 5. = 300 to 1000. Deviation
from this range should be well-founded and requires a pre-
cise knowledge about the expected amount of microphonic
detuning.

Optimal Detuning

The examination described above assumed the cavity was
driven on resonance. This leads to suboptimal utilization of
the forward power. The off-crest accelerated beam current
causes the impedance of the cavity-beam-system to have a
non-real component. As a result, the amplifier has to provide
additional reactive power. This can be compensated for, by
driving the cavity slightly off-resonance. If done properly,
the RF amplifier will not see any reactive load anymore.
Table 3 compares the power required for acceleration of dif-
ferent beam currents for ¢ = —30°. The achieved savings of
about 3 Y% are not relevant at an overall power level of about
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Figure 11: Maximum detuning A fih.x of re-buncher Bl
which can be compensated for by the available forward power
(3kW). The shaded area marks the expected peak level of
microphonic detuning. Dashed lines indicate the maximum
A fmax as function of the cavity voltage.

3 kW and do not justify the application of this compensation
technique.

Table 3: Reduction of Power Requirements for Correctly
Detuned Cavity (A/q = 6; Microphonics Neglected)

Ibeam Pbeam wad,oﬁ'—resonance/wad,on—resonance
0 uA ow 3.6 W/3.6 W = 100%
10 A 29 W 35.5W/36.5W =97%
100 pA 294 W 323 W/334W =97%
I mA 2944 W 3199 W/3304 W = 97%
ACTIVE MICROPHONICS
CANCELLATION

Figure 12 shows the maximum beam current which can be
accelerated for given . and amplifier power Pp,x = 3kW
as function of the peak detuning. As the comparison of the
Be-equals-800 and B.-equals-1200 curves show, a reduction
in peak detuning (A f) below 100 Hz does not allow for a sub-
stantial increase in the maximum beam current. Therefore,
while a fast piezo-based frequency tuner has been designed
and characterized on the bench [21], there is no urgent need
to utilize it for the Advanced CW-Linac Demonstrator. Nev-
ertheless, the active cancellation of microphonics could still
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Figure 12: Maximum beam current as function of peak
detuning for different 3. for CHO with A/q = 6. The shaded
area marks the expected peak level of microphonic detuning.

be of interest, if the beam current is increased or the micro-
phonic disturbances in the new cryomodule are stronger than
expected today.

CONCLUSION

The choice of coupling influences the required forward
power significantly. Both Q¢ and the expected amount of
microphonic need to be carefully considered. Characteri-
zation of the microphonics of each individual resonator in
its respective final position inside the cold-string is advis-
able. Driving the cavity off-resonance is not required for low
currents and ¢g relatively close to zero, but might be worth
further investigation when the acceleration of beam currents
higher than 100 pA at ¢g farther from zero is desired.

While the cavities will always be operated in CW-mode,
the beam might still show a pulsed scheme for many modes
of operation. Therefore, future work will also need to ana-
lyze the effect of transient behaviour.
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