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BEAM DYNAMICS STUDY CONCERNING SIS-100 PROTON
OPERATION INCLUDING SPACE CHARGE EFFECTS

S. Sorge*, GSI, Darmstadt, Germany

Abstract

The projected SIS-100 synchrotron at GSI will be used
for operation with intense proton and heavy ion beams. In
order to avoid the crossing of the transition energy during
proton operation a complicated optics scheme is proposed
to provide a transition energy above the extraction energy
of E = 29 GeV. For the purpose of optimizing the lat-
tice, and to find a suitable working point, regime simula-
tion scans of the dynamic aperture are performed based on
MAD-X tracking. In the next step working point candi-
dates will be used for particle tracking simulations in order
to estimate beam loss due to space charge induced reso-
nance crossing. For these studies different codes and space
charge models are considered.

LATTICE PROPERTIES

Besides heavy ion operation, the SIS-100 synchrotron
is also foreseen to deliver high intensity proton beams of
2.0 x 10'3 protons in a short single bunch. The parti-
cles will be injected at E;,, = 4 GeV and fast extracted
at F., = 29 GeV. The working point is still under discus-
sion. In this study, (Q,, Q) = (21.8,17.7) is used.

In order to stay below transition energy, linear optics
were developed that provide a transition energy corre-
sponding to 7, = 45.5. Applying three independent
families of quadrupoles, the strongly oscillating dispersion
function represented by the red curve in Fig. 1 will be cre-
ated. In doing so the momentum compaction factor
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Figure 1: Dispersion function of the high -, lattice in one

of six SIS-100 sectors compared to that of an “ion-like”
lattice of the same working point.
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Table 1: Maximum values of some lattice functions of high
v+ lattice and ion-like lattice, both at the working point
is (21.8,17.7). 20 emittances are (€; 25, €y,20) = (13 X
4) mm mrad are assumed. The natural chromaticities in
row 6 correspond to Eq. (2).

high ¢, ion-like
quadrupole families 3 2
Yer 45.5 18.4
Dy g/ (m) 2.9 1.3
(Bz,maz: By,maz)/ (M) (72,29) (19,21)
max. 20 beam widths
at 0 = 0, (h,v)/(mm) (31,11) (16,9)
(&2,nat) Ey,nat) (-24,-1.4) | (-0.9,-1.1)

is minimised. The extrema of the high ~;, dispersion func-
tion are much higher than those of the dispersion func-
tion generated with two quadrupole families used during
heavy ion operation. In addition, the usage of the high
v+ quadrupole settings increases other lattice variables, see
Table 1. The chromaticities £ nat; £y,nat Shown in that ta-
ble are defined by

AQ = 6£Q. @)

MAGNET IMPERFECTIONS AND
RESONANCES

Real magnets are with imperfections. In particular ran-
dom gradient errors in the main quadrupoles lead to an in-
crease of the maximum horizontal beta function. Assuming
them to follow a Gaussian distribution truncated at 20 with
the relative rms width of ,..; =~ 0.003 of the averaged fo-
cusing strength of all quadrupole families, the maximum
horizontal beta function becomes increased from 72 m to
about 100 m, the exact value depends on the actual sample
of random errors. In addition, there are non-linear multi-
pole errors in main dipoles and quadrupoles each consisting
of a systematic and a random contribution. The systematic
components depend on Bp [1]. The random components
are assumed to follow a Gaussian distribution truncated at
20 with o be 30 % of the corresponding systematic compo-
nent. In particular the random components drive non-linear
resonances which restrict the choice of the working point.
To make them visible and to find a suitable working point,
the dynamic aperture was determined at 100 x 100 working
points in the range @, € [21,22],Q,, € [17,18]. The result
is shown in Fig. 2. For ), < 21.5 dynamic apertures could
not be determined because the lattice properties are too dif-
ficult for MAD-X even to determine the lattice functions

05 Computer Modeling of High Current Effects



Proceedings of ICAP2012, Rostock-Warnemiinde, Germany

"da-wp-wp21x17-gamtrd5.5-all.dat" using 1:2:6

805

7e-05

6e-05

o 5e05

1 4e-05

1 3e06

1 205

1 1e-05

17 | | | | | | Lo
21 ott 212 213 214 25 216 217 218 219 2

Figure 2: Resonance diagram, working point and tune
spread due to 6 = 40.005 and chromaticity without (red
curve) and with (green curve) correction obtained for v, =
45.5.

there. That is a severe restriction to the working point. So,
the tune scan confirms the working point mentioned above.

The large natural chromaticities and the maximum mo-
mentum spread of d,, = +0.005, reached at £ = 7 GeV
where the rf voltage reaches its maximum value, create the
chromatic tune spread (AQ, = £0.27, AQ, = £0.12),
see the red arrow in Fig. 2. Because the tune spread does
not fit between the half integer resonance at (), = 21.5 and
the integer resonance at (), = 22 it needs to be reduced.
Otherwise, particles with large § will become lost within a
synchrotron period.

CHROMATIC TUNE SPREAD AND
DYNAMIC APERTURE

The reduction of the tune spread was done in two steps.

The first step consists in correcting the chromaticity
with all 52 sextupoles in SIS-100 in order to achieve
AQzmaz = AQymar = £0.1 to make the chromatic
tune spread fit in the mesh of resonances, see the green ar-
row in Fig. 2. The usage of 52 sextupoles to correct two
variables, £, £, allowed to set the additional constraint to
their focusing strengths ko L

52
> (k2L)} — minimum 3)
n=1

in order to avoid strong sextupoles.

The second step consists in using the high-v;, settings
only at high energies. At low energies the ion-like lattice
described in the right column of Table 1 is applied as long
as i (E) < 18.4, where 74, (E) is determined by

1 1
NE) = = — —rm
E)= Vi (E)
with v (E = 29 GeV) = 45.5. The simplest indicator
that shows the advantage of that way to proceed is the so

= const. 4)
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Figure 3: Dynamic apertures calculated with ion-like optics
at £ = 4 GeV (graph above) and high-v;, optics for £ =
29 GeV (graph below). Both graphs contain curves for
6 = 0, £0,, where 6, = 0.003 at 4 GeV and §,,, = 0.004
at 29 GeV. The 20 beam emittances are (13 x4) mm mrad
and (2.1x0.7) mm mrad, respectively. In the graph below,
the vertical beam emittance is multiplied by 10.

called diagonal dynamic aperture

€lim,x ((b) = €lim ((b) COS2 (bv €lim,y ((b) = €lim (¢) Sinz ¢

&)
with the angles ¢ = (0,0.1-7,0.2-7,0.3-7,0.4-7,0.5-7).
€1im (@) was determined by means of single particle track-
ing for 6 = 0,44, over a period of 500 turns. Figure 3
shows the dynamic apertures for £ = 4 GeV, v, = 18.4,
and for £ = 29 GeV,v, = 45.5. At 4 GeV the dy-
namic aperture is much larger than the 20 beam emittance,
whereas at 29 GeV and for § = —0.004, the horizontal
dynamic aperture is smaller than four times the horizontal
beam emittance. In other words, the spatial horizontal dy-
namic aperture is smaller than twice the horizontal beam
width.

MULTI-PARTICLE SIMULATION

The important quantity is the number of lost particles.
To estimate it, multi-particle tracking simulations were per-
formed using the thin-lens tracking tool of MAD-X. The
used lattice contained an rf cavity in order to introduce syn-
chrotron oscillations.

At the present stage, 100 test particles were tracked over
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Figure 4: Beam loss without space charge and with space
charge arising from 2 x 1023 protons as well as 7y, as func-
tions of the particle energy.

a period of of 16000 turns what is long enough to cover
at least one synchrotron period for all energies considered
The transverse initial coordinates of the test particles were
chosen according to a bi-Gaussian distribution truncated
at 20. The corresponding energy dependent rms emit-
tances were (€ rms, €y,rms)(E) = (3.25,1) mm mrad

BinYin/ (BEYE), Where Bin, vin are the relativistic factors
at injection energy and (Og,yg those of the energy con-
sidered. The momentum distribution was a Gaussian dis-
tribution truncated at two sigma with 0 = 4,,/2. Ac-
cording to the rf cycle of the proton ramp in SIS-100,
the maximum momentum deviations were §,, = 0.003 at
E =4GeV,d,, =0.005at £ =7 GeV, and §,, = 0.004
at £ = 29 GeV [2]. Between 7 GeV and 29 GeV, §,,, was
linearly interpolated. Beam loss up to 4 % was found, see
red curve in in Fig. 4. Note, that these losses correspond
to the sample of random magnet errors used in the simula-
tions up to now. If choosing a different sample, the beam
losses can change. In agreement with the 7, dependence
of the dynamic aperture, also particle loss was found to oc-
cur only for high 7y, or, more precisely, when ¢, > 25
see the black curve in Fig. 4. :

INCLUSION OF SPACE CHARGE

In this study only incoherent space charge effects were
taken into account. The thin lens tracking tool of MAD-
X was utilized to perform the simulations. Space charge
could included only within the frozen space charge model.
It was implemented by means of so called beambeam ele-
ments being elements implemented in MAD-X. They pro-
vide a transverse momentum kick according to a Gaussian
beam shape truncated at two times the rms width. The rms
width of each beambeam element was adapted to the rms
width of the beam at its longitudinal position. Their im-
plementation consists of two steps [3]. In the first step,
marker elements are put at the positions of the beambeam
kicks. Now the beta functions and, so the rms beam widths

Zrms(s) =/ ﬁz(s)erms,z with 2 = €,y (6)
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can be determined. In the second step, the markers become
replaced with the beambeam elements. In doing so, the
oscillation of the space charge induced contribution to the
betatron tune that arises from longitudinal particle motion
through region of different space charge in the bunch was
neglected.

Nevertheless, the results suggest the occurrence of space
charge induced beam loss around £ = 20 GeV, see blue
curve in Fig. 4. The appearance of space charge induce
beam loss below maximum energy seems reasonable be-
cause the influence of space charge is usually larger at
lower energies. On the other hand, the appearance of a
minimum energy is a hint for the necessity of complicated
lattice functions arising from the high -y, optics for space
charge induced beam loss to occur.

CONCLUSION

Aim of this paper was to present results from a tracking
simulation study concerning the proton cycle in the SIS-
100 synchrotron in order to do the first step in estimating
beam loss. Key ingredient of the proton cycle is the us-
age of a high 4, lattice to keep the beam energy below the
transition energy. This lattice causes lattice functions of
strange shape. For that reason, the optics will be changed
during the ramp in order to use the high -, lattice only
at high energies and to minimise the occurrence of diffi-
culties due to the lattice functions. The tracking simula-
tion were performed with MAD-X assuming constant en-
ergy. Effects due to synchrotron motion were regarded with
respect to the tune change arising from the chromaticity.
Space charge effects were included within the 2D frozen
space charge model.

The results indicate that beam loss is generated by the
complicated optics of the high ~;, lattice. Space charge
plays an important role at energies below the maximum en-
ergy. On the other hand, there is a lower energy limit for
beam loss. That suggests that beam loss at medium ener-
gies is driven by the interconnection of space charge effects
and the complicated high -, optics.

Nevertheless, the present results are uncertain because
the particle numbers in the simulation were small and only
one sample of random errors was applied. Hence, the next
step will be to repeat the simulations with larger particle
numbers and for different random error samples to con-
solidate the results. Additionally, it would be desirable to
perform simulations using codes which can model the in-
fluence of synchrotron motion on the space charge fields.
These effects play a key role in the description of space
charge induced beam loss in the presence of resonances.
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