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Abstract

In this contribution, we report on the successful simulta-
neous acceleration of a beam composed of two different ions
with unequal mass-to-charge ratio within the same cycle
of the heavy ion synchrotron SIS18 at GSI. While acceler-
ation of multiple charge states of a single ion species has
been accomplished in linear accelerators, in a synchrotron
this has never been done before to the knowledge of the
authors. In a proof-of-principle experiment, low intensities
of °Fe®* and 2Bi®®* were successively injected with hor-
izontal multi-turn injection. Using two RF cavities, each
ion species was then independently captured and acceler-
ated in the same magnetic fields at its respective revolution
frequency, the bunches of the lighter ion continuously over-
taking those of the heavier ion. Such a beam composed of
different ions has potential applications in particle therapy,
plasma physics, nuclear physics, and materials research. The
distinct revolution frequencies make this scheme attractive
whenever independent control over the extraction of both
ions is desired.

INTRODUCTION

Accelerators are usually designed to deliver one ion
species at a time. For many applications, this is sufficient,
since fast switching of ion species can be implemented if
necessary. However, there are applications where simultane-
ous acceleration of different ion species is very useful. We
focus here on cases where the difference in mass-to-charge
ratio prevents simultaneous acceleration when setting up
the accelerator for a single ion. For brevity, we denote this
scenario multi-species acceleration in this contribution.

In linear accelerators, acceleration of several charge
states of one isotope has been successfully demonstrated
at FRIB [1,2] and at GSI [3]. There, the goal is to increase
beam intensity by reducing losses due to the broad charge
state distribution of heavy ions after a stripping stage. In
a synchrotron, multi-species acceleration has never been
achieved before to the knowledge of the authors. Demon-
strating the feasibility is therefore interesting in itself. In
addition, there are real applications that would profit from
simultaneous delivery of two ion species. For instance, in
plasma physics experiments a heavy ion for target heating
could be accompanied by a light ion serving to probe the
generated plasma. In fact, this idea was brought up at GSI
more than two decades ago [4], but not realized at the time.
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Recently, the idea got attention in relation to developments
of the GSI biophysics group for online range monitoring in
particle therapy (PT) [5]. This concept requires, in addition
to the main ion used for treatment (usually carbon), simul-
taneous delivery of a lighter ion with sufficient range to
traverse the patient. While a mixture of 12C and *He can be
provided by single-species acceleration [6, 7], dual-species
acceleration would allow for more ion combinations and
provide additional flexibility through independent control
of the two spills using KO extraction in this context.

SIS18 with its injector UNILAC satisfies all prerequi-
sites for dual-species acceleration. It supports fast switching
of ion species and has enough RF cavities to enable two
independent RF programs. With the advent of the FAIR
control system (FAIR-CS) [8], developed over the last years
to support complex operation modes of SIS18 and the two
storage rings ESR and CRYRING, the implementation of
this scheme became possible. We therefore took an experi-
mental approach and programmed the necessary extensions
for incorporating a second ion species and and additional
RF program into the SIS18 machine model. The scheme
was tested when the beam time schedule offered “°Fe®* and
20988+ at once. This combination is by chance similar to
SHe** and '2C%*, which constitutes an attractive choice for
online range monitoring in PT.

IMPLEMENTATION

The two ions to be accelerated in SIS18 are charac-
terized by their mass-to-charge ratios (m/q); < (m/q),.
Since UNILAC delivers either ion with the same energy
of 11.3MeV/u, ion 1 is injected first and accelerated to the
magnetic rigidity for injection of ion 2. Next, ion 2 is in-
jected and both ion species are accelerated with the same
field ramp, each having its own RF program. As SIS18 em-
ploys multi-turn injection, horizontal phase space must be
shared between the two ions. This requires the amplitude
of the time-dependent bump at the injection septum to be
reduced for the second injection, much like in the scheme
used to create mixed '*C/*He-beams for research in PT at
MedAustron [9].

When implementing this concept, we were able to build on
the unified modular settings management system for all circu-
lar accelerators integrated into the FAIR-CS. This system has
been developed at GSI based on the LSA framework [10, 11]
in a collaboration between machine physicists and control
system experts. Essentially, it enables machine physicists to
program new operation modes by creating new cycle types
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Figure 1: Cycle for dual-species acceleration. The curve
represents the current in the main bending magnets.

and by adapting the hierarchy of parameters representing
the machine along with the rules for calculating set values.
For dual-species acceleration, the cycle was composed of
sub-cycles, a concept originally invented to structure storage
ring cycles. Employing sub-cycles was essential to accomo-
date the ion-dependent set values for the injection devices
and to communicate the requested ion species to the UNI-
LAC. The two sub-cycles for beam manipulation each con-
tain one injection and an acceleration ramp, as can be seen
in Fig. 1. Moreover, the hierarchy for SIS18 was extended
by adding parameters for a second ion and a second set of
RF parameters (see Fig. 2). The magnetic cycle is calcu-
lated based on ion 1, which is present over the whole cycle.
RF parameters are then calculated for each ion using the
same algorithms with corresponding input parameters. The
correct execution of the RF program for the second beam
required only one small manual intervention in the low-level
RF system to switch of synchronization of the cavity forion 2
with the master DDS, which does not yet support a second
RF program. The cycle was tested without beam before the
actual experiment to verify the consistency of set values and
timing. This proved crucial since several errors were found
that would have prevented execution of the experiment.

AM/E BEAM /AOQ

BEAM/QH| BEAM/QV BE 2/H

QUAD/KL ‘BEAM/GAMMA‘ BEAM2/GAMMA
‘BEAM/FREV‘ BEAMZ/FREV
QUAD/Set#current CAVITY/Set#frf| |CAVITY2/Setffrf

Figure 2: Parameter hierarchy for dual-species acceleration
(schematic), extended by parameters for the second ion (red)
and a second RF program (yellow).

The choice of RF harmonics was determined by the re-
quirement that the RF frequency /,f> of ion 2 must not be
a harmonic of the revolution frequency f; of ion 1 to avoid
distortions of the RF bucket of ion 1. As f; (¢) and f5(¢) are
given, we must select 1, such that h,f; (¢) /f; () never equals
an integer. For ion 2 a analogous relation applies. These
relations clearly favor lower harmonics and stipulated the
use of two broad-band MA cavities with i; = h, = 2 instead
of the ferrite cavities with i = 4.
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EXPERIMENTAL RESULTS

The results presented here are based on data obtained dur-
ing a single session lasting four hours, focused on demon-
strating feasibility of dual-species acceleration with Fe
(ion 1) and Bi (ion 2). Our main observable was beam cur-
rent measured with a DC current transformer (DCT), stored
for offline analysis. No other instrumentation was recorded
because we had not planned for systematic investigations
due to the limited time available.
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Figure 3: Intensity of Fe (top) and Bi (bottom) in the sec-
ond sub-cyle after optimization with single RF and nominal
injection bump amplitude. The zero of time is at the start of
RF capture. The thick dark lines correspond to the average
of the thinner traces, which are data for individual cycles.

Both beams were first set up individually in single-species
mode without the RF for the other ion and with nominal am-
plitude of the injection bump (85 mm). Optimization of
injection and acceleration was only done up to a point where
reasonable intensities and efficiencies were reached to save
time. For Fe, produced in a Penning ion source, the injector
current was generally very stable, with average values rang-
ing from 60 pA to 80 pA and pulse-to-pulse variations with
a standard deviation of 8 yA. After injection optimization,
7 turns were effectively stored in SIS18 with an injected
pulse length of 80 us, corresponding to an acceptable injec-
tion efficiency of about 41%. Acceleration efficiency was
85% over the whole cycle, which is comparable to standard
cycles. RF voltage was determined by setting a reference
momentum spread of o s = 5-10~*. Under these conditions,
the number of particles on flattop was 5 - 108. The injector
current of Bi had larger pulse-to-pulse fluctuations, which
is typical for a beam created in the high-current ion source
(VARIS). During the first half of the experiment, average
current varied between 40 uA and 80 pA at a standard devi-
ation of 22 yA for pulse-to-pulse variations. Later, current
was raised to 100 yA (std. dev. 10 pA) to compensate for
the observed high losses when operating with both beams.
After injection optimization, 8.5 turns were stored in SIS18
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at a pulse length of 80 ps, corresponding to an injection effi-
ciency of 50%. Acceleration efficiency was 67%, with RF
voltage again defined by a reference momentum spread of
o5 =5-107*. The lower acceleration efficiency can be ex-
plained by a larger momentum spread of the Bi-beam from
the injector compared to Fe. Under these conditions, the
number of particles on flattop was 1 — 1.5 - 108. Figure 3
shows intensity versus time in the second sub-cycle for both
beams after the individual optimization.
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Figure 4: Intensity of Bi with Fe-RF on. Top and bottom
trace correspond to injections with 85 mm and 42 mm bump
amplitude. The lower initial value for 85 mm bump com-
pared to Fig. 3 is mostly due to lower injector current (40 A
vs. 60 pA), but a change of O, from 4.28 to 4.3 adds to it.
The step at 120 ms in the bottom trace is probably a result
of keeping the injection pulse length unchanged.

After setup of the individual beams, the experiment was
continued with Bi, but now with the RF for the Fe-beam
switched on. Initially, the Bi-beam was almost lost com-
pletely at the start of the ramp. Since this came unexpected,
many knobs were tried to reduce losses. A larger amplitude
of the injection bump lead to better transmission to flattop,
indicating that particles with larger horizontal emittance get
lost predominantly. However, the maximum bump ampli-
tude for Bi had to be limited to leave room for the Fe-beam.
Transverse tunes also influenced losses, but the final working
point (Q,, Qy) = (4.3,3.28) was only marginally different
from the initial one (4.295,3.27). In fact, losses depended
most strongly on the amplitude of the RF voltage of the Fe-
beam, which was found out by manually scaling this voltage
down. To prepare for dual-species acceleration, it was then
decided to reduce both the ramp rate from 2 T/s to 1 T/s and
the reference momentum spread for the RF voltage from
05 =5-10%t0o 05 = 3-107*. As aresult, peak RF volt-
ages dropped from 9.6 kV to 4.4 kV for Bi and from 8.7 kV
to 4.0kV for Fe. While the reduced bucket area slightly
increased capture losses, overall survival of the Bi-beam
was much better. Figure 4 displays intensity of the Bi-beam
under the influence of the Fe-RF, both with nominal am-

THvV4001

plitude of the injection bump and with amplitude reduced
for dual-species operation (42 mm). Note that those intensi-
ties cannot be directly compared to the ones reached during
setup due to changes in injector current and working point
between measurements. However, the Bi-beam is obviously
strongly affected by the Fe-RF.
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Figure 5: Beam current for acceleration of Fe and Bi. Thin
blue traces correspond to individual cycles, the thick blue
trace marking their average. For comparison, average traces
for Fe (brown) and Bi (pink) in individual operation with
both RF cavities on are shown. The current offsets at the
end of the cycle are artifacts.

When injection of Fe was activated again, the DCT mea-
surements indicated simultaneous acceleration. Figure 5
shows the current traces in dual-species operation, compared
to averaged current traces for single-species operation. The
Bi-trace was definitely acquired with both RF systems on,
whereas for Fe this is very likely but not entirely certain due
to missing data on the status of the RF systems. The single-
species traces were rescaled to match the respective injected
currents. Qualitatively, one can deduce from this compari-
son that losses of the Fe-beam cannot have been very large in
dual-species operation. A quantitative comparison is, how-
ever, not possible due to baseline fluctuations in the current
traces caused by an unfortunate choice of gain. Therefore,
we are presently not able to tell whether the Bi-RF caused
losses in the Fe-beam and whether interactions between the
beams created additional losses. To answer these questions,
additional experiments under more controlled conditions are
necessary. Table 1 summarizes the most important machine
and beam parameters for the demonstration experiment.

Table 1: Machine and Beam Parameters

5625+ 209,68+
Working point (h, v) 4.3,3.28
Acceptance (h, v) 150 pm, 50 um
Ramping speed 1T/s
Injection energy 11.36 MeV/u 11.14MeV/u
Extraction energy 673.4MeV/u  400.0 MeV/u
Injection bump 85 mm 42 mm
Max. RF voltage 4.0kV 4.4kV
Intensity (injected) 2-108 6-107
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Since the current traces were difficult to interpret during
the experiment, we decided to prove that there is simultane-
ous acceleration by separating the two beams horizontally
and make them appear in different positions on a scintillating
screen behind the magnetic extraction septum after fast ex-
traction. To this end, the RF frequencies of both beams were
shifted on flattop in opposite directions to create momentum
deviations of § = —5- 1073 for Fe and § = 7.5 - 103 for Bi.
To fit both beam spots on the screen, beam size was limited
by reducing the injection pulses to 20 us for Fe and 5 us for
Bi, while increasing the injection bump amplitude to 50 mm
for the latter. This also helped in avoiding saturation of the
screen, which is very sensitive especially for ions with a high
atomic number like Bi. The result is diplayed in Fig. 6.

radially inward

radially outward

Figure 6: Radially separated spots of both beams on a scin-
tillating screen behind the magnetic extraction septum. The
larger horizontal spot size of Bi corresponds to its larger
emittance due to the double-injection scheme.

SIMULATIONS

The high losses in the Bi-beam under the influence of
the RF voltage for the Fe-beam would certainly limit the
usability of this scheme for practical applications. On the
other hand, the experimental data did not give a direct hint
at the physical origin of the losses. We therefore set out to
better understand dual-species acceleration theoretically. It
was, however, not quite clear how to simulate this scheme.

We decided to first implement a simple time-based longi-
tudinal tracking, in which the two cavities are represented
by their voltage programs U; (1) = U;(t) sin(¢;(¢)), with the
phase ¢;(t) derived by integrating the relativistic §;(¢) as a
function of the momentum ramp S,y ;(¢) of the respective
beam. Each particle then receives an energy kick at the cav-
ity according to its absolute arrival time. The revolution time
is calculated from actual velocity and path length, which
includes the contribution of momentum-compaction to first
order. Momentum deviation is obtained by subtracting the
reference momentum defined by the acceleration ramp from
the actual momentum. When applied with only the RF volt-
age for the respective ion species, this tracking reproduces
the correct momentum gain and yields the expected behav-
ior in longitudinal phase space. Adding the RF voltage for

THvV4001

the second ion species results in a small high-frequency
modulation of the longitudinal phase space coordinates on
top of the slow variations at the synchrotron frequency, but
otherwise does not lead to emittance blow-up. At the same
time, the tracking shows a strong influence up to the point
of particle loss, if the second RF frequency becomes a mul-
tiple of the revolution frequency of the first ion, as expected
by the considerations on the choice of harmonics. Having
validated our tracking this way, we concluded that the high
losses observed in the Bi-beam are most likely not caused
by longitudinal emittance blow-up.

It was thus clear that we needed to include transverse
dynamics in the simulations. We therefore went on to im-
plement 6-D-tracking for dual-species acceleration using
Xsuite [12]. Unlike our longitudinal time-based tool, Xsuite
performs tracking on a turn-by-turn basis. It is therefore
presently not possible to parametrize the two RF cavity ele-
ments by the absolute phases ¢; () as above. Instead, we first
decide on the ion species to be simulated, for which we use
the index 1. The cavity element C; for ion 1 is parametrized
by its RF harmonic /;, with the phase being implicitly de-
fined by the arrival time of the reference particle. The cavity
element C, for ion 2 is parametrized by its frequency and
lag parameters, which are both made time-dependent. The
frequency parameter is set to the RF frequency program
JRE.2(t) = hof, (t) for ion 2, while the lag parameter is set to
the phase difference ¢, (7) — ¢ (¢). The RF voltage ampli-
tude program U, (1) of either cavity is defined by means of
the voltage parameter. Finally, the momentum ramp for ion 1
is specified as energy program. With this set-up, we can use
Xsuite to simulate the effect of cavity C, on ion 1. There
seems to be presently no way to simulate both beams at the
same time in Xsuite due to the implicit definition of time in
terms of the reference particle (ion 1), which differs from
that of ion 2. However, as long as we neglect interactions
between the two beams, this is actually not necessary.
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Figure 7: Frequency spectra of x — & - D,,, for a single Bi
particle without (left) and with (right) Fe-RF. The peaks cor-
responding to horizontal and synchrotron tunes are marked
with blue dashed and green dotted lines, respectively. The
peak corresponding to the modulation frequency by the Fe-
RF in the right plot is indicated by an orange dashdotted line.
Notice the different scales of the two plots.



| PAC 26 Prelimnary proceedings (edited version):

The first simulations for Bi were done with a small number
of particles for a stationary bunched beam at injection level.
Inspection of the turn-by-turn data revealed that the Fe-RF
leads to a large horizontal oscillation at the RF frequency
Jrrepe- The necessary coupling from longitudinal to horizon-
tal motion is provided by dispersion, which is non-zero ev-
erywhere in SIS18, having values Dg; = 1.6 m at the cavity
for Bi and Dg, = 2.1 m at the cavity for Fe. Figure 7 shows
the frequency spectra of the residual Ax; = x; — 84 - D,,,,
obtained by tracking a single Bi particle over 1024 turns and
sampling the coordinates for each turn & at the location of a
monitor m, where D,, is the dispersion at the monitor, both
without and with the Fe-RF. The particle was started on the
design orbit with reference momentum, but with a phase
offset from the bucket center. Therefore, the energy kicks
at the cavity excite small horizontal betatron oscillations
whose amplitude increases and decreases at the synchrotron
frequency. This is reflected by the peak at the horizontal be-
tatron frequency of 0.3. When the Fe-RF is on, the betatron
oscillation amplitudes are much stronger, and a second peak
appears corresponding to a modulation of the horizontal po-
sition at the frequency of the Fe-RF. Counting time in turns,
the modulation frequency is given by frp g /fg; mod 1, mir-
rored into the interval [0, 0.5] through aliasing.
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Figure 8: Bi intensity vs. turn from the tracking simulations.
Losses shift to later times with increasing Q,.

This modulation at the frequency of the Fe-RF does not
lead to a growth of horizontal emittance, as long as the modu-
lation frequency does not coincide with a horizontal betatron
sideband. Indeed, no emittance growth was observed under
the above conditions even when tracking over tens of thou-
sands of turns. However, since frequencies change during
the acceleration ramp, the modulation frequency for Bi rises
quickly from its initial value of 0.28, crossing the fractional
horizontal tune 0.3 within the first 60 ms of the ramp. To
verify if losses in the Bi-beam are observed in simulations
and related to horizontal tune, we performed multi-particle
simulations over the first 15000 turns (or 58 ms) of the accel-
eration ramp, using a simplified RF program with constant
voltage. The initial distribution contained 500 particles with
realistic geometric RMS-emittances of 25 pm (hor.) and
5um (vert.). Total bunch length was set to about 20 % of
the RF period for an RF voltage of 7.8 kV. Results of sim-
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ulations for O, equal to 4.29 and 4.3 are shown in Fig. §,
where the shift of losses to later times with increasing tune
is clearly visible. Qualitatively, the data can be compared to
the top plot of Fig. 4, as horizontal phase space was filled
in the simulations. However, for a quantitative comparison,
the simulations have to be extended to include the real RF
program and the change of lattice functions during the ac-
celeration ramp. This will be the subject of further studies.

In contrast, the modulation frequency for the Fe-beam
caused by the Bi-RF stays well above 0.3 for 90 % of the
cycle. When it finally crosses the horizontal tune, we in-
deed observe a growth of horizontal emittance by 50 % in
simulations, but adiabatic damping probably prevents sig-
nificant losses. In future experiments, we intend to measure
the corresponding emittance growth.

CONCLUSION

We demonstrated simultaneous acceleration of the two
ions °Fe?>* and 2*Bi®** with unequal mass-to-charge ratio
in SIS18, which to the knowledge of the authors has never be-
fore been achieved in a synchroton. In this proof-of-principle
experiment, high losses were observed in the Bi-beam under
the influence of the RF for the Fe-beam, while the Fe-beam
was much less affected by the RF for the Bi-beam. Quantita-
tive statements on losses of the Fe-beam and on the possible
influence of the second beam cannot be made with the avail-
able data. These topics require dedicated experiments under
more controlled conditions.

To understand the origin of the observed losses, simulation
schemes for dual-species acceleration have been developed.
First results from longitudinal simulations appear to rule out
longitudinal emittance blow-up as a cause. Tracking simula-
tions with Xsuite indicate that losses are a consequence of
horizontal emittance blow-up mediated by non-zero disper-
sion at the cavity, whenever the RF frequency of the other
ion coincides with a horizontal betatron sideband. Again,
a quantitative comparison requires refined simulations and
additional experimental data.

However, we are confident to have identified the major
cause of the observed losses. In SIS18, exication of the Bi-
beam would be avoided by choosing a different horizontal
tune, e.g. O, = 4.15 as used in high-current operation. Also,
losses are generally expected to be strongly suppressed if
dispersion at the cavity is zero. As this option does not exist
in SIS18, we intend to test the scheme at other machines in
the near future.
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