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Abstract
Long term beam loss in SIS100, so far, was suspected to

be originated by a periodic resonance crossing mechanism
although without a direct evidence of it. We prove here that
this is indeed the deteriorating mechanism by demonstrat-
ing that compensating some relevant resonance intercept-
ing the space charge tune-spread beam loss is significantly
mitigated. A short discussion on beam loss during acceler-
ation is addressed as well.

INTRODUCTION
In the SIS100 synchrotron of the FAIR project at GSI [1]

bunches of U28+ ions are stored for about one second and
then accelerated: During this cycle beam loss cannot ex-
ceed 10% [2, 3]. The simultaneous presence of space
charge and the lattice induced nonlinear dynamics may cre-
ate a diffusional regime leading to beam loss [4]. The pro-
posed mechanism of periodic resonance crossing was taken
into account for the choice of the SIS100 working point
Qx/y = 18.84/18.73. The studies in Ref. [4] estimated
the SIS100 beam loss, however without clear evidence that
periodic resonance crossing is the issue. Our new study
shows that indeed beam loss at injection is a result of peri-
odic resonance crossing, and develop a strategy to improve
SIS100 performance. We also address beam loss during
acceleration.

BEAM LOSS AT THE INJECTION
Before presenting the simulation results in presence of

space charge, we discuss which model of the machine and
of the beam we adopt. We call this the “reference scenario”.

The Reference Scenario

Random Errors In SIS100 the nonlinearities are
given by standard multipoles in sc dipoles [5, 6] now op-
timized with respect to those in Ref. [4], and by the mul-
tipoles for sc quadrupoles [7]. Chromatic correction sex-
tupoles are ignored. The systematic multipoles yield a
short term dynamic aperture (103 turns) of5.3σ for a refer-
ence beam of 8.75 mm-mrad rms emittance with the beam
magnetic rigidity at injection of 18 Tm. Magnet random
errors (MRE) are introduced through a±30% fluctuation
for all computed multipoles of the sc dipoles [8]. Skew
components, where missing, are introduced of the same
rms strength as the corresponding normal. Also unavoid-
able residual closed orbit distortion (RCOD), after correc-
tion are included. In Fig. 1 (left) we show the statisti-
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Figure 1: DA vs. COD (left); Statistical results of DA scan
(right), the black marker shows the working point.

cal dependence of the DA from the rms RCOD and MRE
(kept at30%). For safety we consider a reference verti-
cal RCOD of 1 mm rms (1.6 mm horizontal), which con-
tains 95% of the associated RCOD distribution. The feed
down of magnets components for magnets displacement of
dx,rms = dy,rms = 0.32 mm and MRE yields an aver-
age DA of≃ 4σ with a variance of≃ 0.2σ, with a mini-
mum at3.4σ. The possible resonances excited are shown
in Fig. 1 (right) by plotting the lower DA of a subset of
30 error seeds (of 1 mm rms RCOD), i.e.〈DA〉 − 3σDA.
This calculation does not include the RCOD contribution.
According to the seed of the RCOD and MRE any of these
resonances may be excited.

Reference Beam We model the bunched beam with a
Gaussian transverse distribution truncated at2.5σ in ampli-
tudes as result of a controlled beam shaping during trans-
fer from SIS18 to SIS100. The reference emittances (2σ)
areǫx/y = 35/15 mm-mrad (edge at2.5σ < DA=3.4σ).
We will also use a larger probing beam “Beam2” with
ǫx/y = 50/20 mm-mrad (edge at2.98σ < DA=3.4σ) for
selecting a reference error seed.

Reference Error Seed We used the Beam2 as a probe
for selecting a reference error seed. Simulations up to
104 turns for each of the 30 seeds (only MRE+RCOD)
yield an average beam survival of99.7%± 0.2%. Among
these seeds we selected the “reference error case” with
the slightly pessimistic beam survival of99.5% ± 0.2%.
This error seed is used throughout all next simulations.
We then evaluated the effect of the chromaticity in the
reference bunched beam with rms momentum spread of
δp/p = 5 × 10−4 consistent with a bunch length of±900

(bunching factor of 0.33) and linear synchrotron period of
233 turns (RF voltage of 53 kV if SC is ignored). Simula-
tions show a beam survival of≃ 99.6%± 0.16%. In Fig. 2
(left) we show the resonances excited by the “reference er-
ror seed” (only MRE).
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Figure 2: DA scan for the reference error seed and the ex-
pected tune-spread (left). First bunch survival evolutionfor
several beam intensities (right).

Space Charge Induced Beam Loss
Simulations with SC are made with MICROMAP in-

cluding all previously discussed effects for the “reference
error case”. The SC is computed with a frozen model,
which incorporates the local beam size defined by the beam
optics [4]. The space charge calculation are performed in
the beam center of mass. For the total maximum nominal
intensity of5×1011 of U28+ in 8 bunches the SC peak tune-
shifts are -0.21 / -0.37. In order to make sure that the space
charge algorithm does not introduce artifacts we made a
simulations in absence of lattice nonlinearities finding no
beam loss in1.57× 105 turns.

The beam survival at the end of the cycle (8 bunches)
NT (tend)/NT (inj) is obtained from the beam survival of
the first bunchN(t)/N0, with N0 the number of particles
in the first bunch, via the formulaNT (tend)/NT (inj) =

1/4
∑4

i=1
N(tend−ti)/N0, with ti injection time. In Fig. 2

(right) the first bunch survival is shown for the intensities:
0.625, 0.5, 0.375, 0.25, 0.125 × 1011 ions. As shown by
Fig. 2 (left), the SC dominated loss may be a result of the
periodic crossing of: the second order resonance2Qy =
37, the third order resonancesQx + 2Qy = 56, 3Qy = 56,
the fourth order resonances2Qx+2Qy = 75, 4Qx = 75. It
should be noted here that the simulation model employed in
this study lacks dynamical self-consistency. This is not ex-
pected to matter for losses at or below the few percent level.
However, for larger losses, as for the cases0.5, 0.625×1011

ions, inclusion of full self-consistency (e.g. updating the
SC force as a consequence of losses) could easily enhance
or diminish the loss rate.

Beam Loss Mitigation
As in absence of lattice nonlinearities no beam loss is

found, we first considered ideally improved dipoles. By re-
ducing the nonlinear components of the dipoles by a factor
2 a simulation of the0.625× 1011 ions intensity, in Fig. 3
(right), shows a beam survival of75% ± 2% against the
previous≃ 48% ± 2.7% in Fig. 2(left) [error bars are de-
scribed in Ref. [4]]. In Fig. 3 (left) this is shown over the
the full cycle by a red marker. We conclude that: 1) Bet-
ter dipoles significantly improve the beam survival; 2) This
finding does not yet prove that periodic resonance crossing
is the underlying beam loss mechanism
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Figure 3: Left) Summary of the beam survival at the end of
the cycle. Right) Beam survival of the first injected bunch
with 0.625 × 1011 ions for dipoles with all multipoles re-
duced by a factor of 2.

Removing the 3rd Order Components A more “re-
alistic” approach, but still simplified, consists in removing
only the 3rd order component in the dipoles. We find that,
as expected, most of the 3rd order resonances vanish leav-
ing the dynamic aperture unchanged [see Fig. 4 (left)]. A
simulation of the first bunch for the intensity0.625× 1011

ions shows that the beam survival raise now to97%±0.6%.
This test proves that the third order resonances + space
charge are responsible of the long term beam loss.

Resonance Compensation We then developed a reso-
nance compensation scheme to reduce the strength of the
3rd order resonancesQx + 2Qy = 56, 3Qx = 56, which
cross the space charge tune-spread [Fig. 2(left)]. This ap-
proach was already suggested in Ref. [4], but never imple-
mented. We computed the driving term of the reference er-
ror seed, and those created by each of 12 dedicated correc-
tor sextupoles. The compensation strategy is to cancel the
total driving term atQx,c = Qy,c = 18.66, the intercep-
tion of the two resonances we intend to mitigate. The re-
quirement is to reduce the total driving term at(Qx,c, Qy,c)
leaving un-affected the dynamic aperture. After applying
the correction scheme a new DA scan [see Fig.4 (right)]
confirmed the effectiveness of the resonance compensa-
tion: The resonancesQx + 2Qy = 56, 3Qx = 56 have
been compensated [compare with Fig. 2(left)]. We then
repeated the simulation made in Fig. 2 (right) for the max-
imum intensity case and show the beam survival in Fig. 5
(right): We find that the beam survival rises to97%±0.3%.
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Figure 4: DA scan obtained by removing the 3rd order
components in dipoles (left); Right) DA scan obtained by
correctingQx + 2Qy = 56, 3Qx = 56.
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Figure 5: Survival of the first bunch beam for the case
0.625× 1011 ions, without resonance compensation (left),
and with resonance compensation (right).

Fig. 5 (left) shows the beam survival for the same beam but
without resonance compensation [in blue the same curve of
Fig. 2(right)].

BEAM LOSS DURING ACCELERATION
After the last bunch is injected, the acceleration ramp of

4T/s starts [see Fig. 6]. During acceleration several pro-
cesses happen simultaneously. We study here the acceler-
ation without any beam loss mitigation scheme (resonance
compensation). Our modeling rely on the following ap-
proximations/assumptions:

1) The SIS100 modeling is the same as the reference sce-
nario, i.e. chromaticity, dispersion, RCOD, and MRE seed
are included.

2) We assume at the beginning of the ramp the beam of
the reference scenario. However, the longitudinal distribu-
tion is now rms matched to the acceleration bucket (change
of bunching factor and synchrotron period, see Fig. 6).

3) The modeling of the acceleration takes into account
of: a) The transverse beam emittance shrinking withβγ; b)
The reduction of the space charge∝ γ−2; c) The scaling
of the synchrotron tune according to(β2γ)−1/2 in a linear
bucket; d) The dynamic change of the dipole magnets mul-
tipole withBρ [5]; e) We also include the contribution of
the eddy current, which we keep constant throughout the
acceleration [9];

In order to assess possible beam loss during acceleration
and to evaluate the effect of the fast ramping, simulations
have been performed for the bucket used at the injection,
and the bucket used during the ramp. We also computed the
beam loss in presence or absence of the eddy current. The
model with the bucket of the storage and no eddy current
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Figure 6: Schematic of the acceleration ramp (left); Change
of bunching factor and of the synchrotron tune (right).
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Figure 7: Beam loss during the4T/s ramp without includ-
ing eddy current (left). On the right picture the systematic
eddy current is included. In blue the beam survival at in-
jection plateau (for comparison).

represents the case of an ideal adiabatic acceleration ramp.

Discussion Simulations show that for the adiabatic
ramp beam loss is smaller than 1%, even adding the4T/s
eddy current. This is attributed to the fast damping of SC
∝ γ−2. Different is the case when the consistent bucket
is used: The short bucket increases the space charge tune-
spread≃ 60% and 4% beam loss is found in the first104

turns [Fig. 7(left)]. The more conservative case is obtained
by the simultaneous presence of a small bucket and eddy
current with an increase of beam loss to 5% [Fig. 7(right)].
These results indicate that beam loss for the reference beam
should be expected in the level of5± 3% in the first half of
the ramp for the last injected bunch.

CONCLUSION AND OUTLOOK
Our studies confirm that the working regime of SIS100

is subjected to a space charge induced periodic resonance
crossing. For the selected “reference scenario” we proved
that a proper compensation of the resonances across the
tune-spread mitigates the damaging effect to 2.5% beam
loss (5 % with safety margin). A preliminary study of the
acceleration shows that beam loss of the order of5% is
found (∼ 10% with a safety margin). The robustness of
these results to other error seeds and an improved model-
ing of the beam dynamics during acceleration ramp will be
subject of a future work.
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