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Abstract

The synchrotron SIS100 at FAIR, under construction in
Darmstadt, Germany, will deliver slow-extracted proton and
ion beams up to 100 Tm using resonant extraction. The
baseline method is transverse knock-out (KO) extraction,
while the COSE (Constant Optics Slow Extraction) scheme
has emerged as a promising alternative to quadrupole-driven
extraction. This is particularly relevant for experiments re-
quiring short extraction times, which are challenging to at-
tain with KO extraction due to the power limitations of the
KO exciter. Higher-order multipoles from the fast-ramping
super-ferric dipole and quadrupole magnets deform the sep-
aratrix and increase the angular spread of particles with
different momenta at the electrostatic septum, leading to en-
hanced losses. In this contribution, we present the status of
SIS100 slow-extraction simulations for different extraction
schemes, including the effects of systematic and random
magnetic-field errors.

INTRODUCTION

The core accelerator of the FAIR facility is the synchrotron
SIS100 [1], designed to deliver high-intensity heavy-ion
beams from protons up to uranium at a maximum rigidity
of 100 Tm. Slow extraction with spill lengths of the order
of seconds is essential to the experimental program of FAIR
(NUSTAR, CBM, and APPA). The NUSTAR experiments
at the Super-FRS impose particularly stringent demands:
for the reference ion U8+, the design intensity is 5 - 101!
particles per cycle, or up to 1.5 - 10'! particles per sec-
ond. At these intensities radiation and machine protection
requirements limit the tolerable beam loss to a few per cent,
generally requiring an extraction efficiency exceeding 95 %.

Magnetic measurements of the main dipoles and
quadrupoles have revealed systematic multipole components
large enough to distort the separatrix and thereby degrade
extraction efficiency. Recently, the design of the corrector
magnets has been modified to include decapole corrector
magnets [2], enabling compensation of the decapole error
in the dipoles.

The baseline extraction scheme in SIS100 is transverse
knock-out (KO) extraction [3], with constant optics slow ex-
traction (COSE) [4] and quadrupole driven extraction as fall-
back options. In the present report, we use the standard work-
ing point for slow extraction, around Q,, Qy =17.32,17.45,
utilizing the third order resonance at Q, = 52/3 for extrac-
tion. In certain cases, for high-energy beams, alternative
working points are considered to avoid the transition en-
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ergy [5]. However, the overall influence of field errors is
similar and the following discussion remains valid.

MAGNETIC FIELD ERRORS

All the 110 super-ferric main dipoles of SIS100 have been
magnetically measured [6] and the resulting data analyzed.
Systematic mean values appear for the allowed components
b3 (sextupole) and b5 (decapole).

The super-ferric main quadrupoles are still under man-
ufacturing and magnetic field data are presently available
for 53 of the 166 magnets [2]. Among the multipole errors,
the allowed components b (dodecapole) and b (20-pole)
show significant systematic mean values, with bg being par-
ticularly prominent and inspection of the data confirms that
both components originate predominantly from the magnet
ends. Although only one third of the magnet data is avail-
able, the distribution and mean values of the field harmonics
are assumed to be representative.

MULTI-PARTICLE TRACKING
Systematic Field Errors

Systematic magnetic field errors in dipoles (bs) and
quadrupoles (bg) introduce amplitude-dependent tune shift
(ADTS), which affects slow extraction performance in
SIS100. While the bg component of the quadrupoles gen-
erates ADTS directly, the b5 component of the dipoles con-
tributes indirectly via dispersion-induced feed-down, produc-
ing a momentum-dependent octupole term. This results in a
momentum-dependent ADTS, leading to an angular spread
of the separatrices and increased losses at the electrostatic
septum (ES) and the Lambertson septum (LS).

Representative slow extraction scenarios have been de-
fined for different extraction modes and beam emittances.
For each case, machine settings were optimized assuming
an ideal lattice without random errors. The relevant sys-
tematic multipole components from dipoles (b3, bs) and
quadrupoles (bg) were included using mean values from
measured field data. The systematic b, component of the
quadrupoles was set to zero, since its contribution would
partially compensate the effect of bg. This choice represents
a conservative scenario, requiring full compensation of b¢
by dedicated correction schemes.

Multi-particle tracking simulations were performed us-
ing Elegant [7] to study the loss performance. The initial
transverse beam distribution was a 4D waterbag distribu-
tion, matched to the separatrix area of each case, while the
longitudinal distribution was Gaussian in § = Ap/p, with a
standard deviation of o 5 = 5- 10~%, truncated at 25 5. 5000
particles were tracked over 30000 turns.
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For KO extraction, two separatrix sizes were considered,
28 7t um and 8 7t um, adapted to U?8* beams at 0.4 GeV /u
and 1.5 GeV /u, respectively, see Fig. 1. KO extraction re-
quires horizontal chromaticity correction close to zero. The
strong sextupoles needed for this correction introduce sig-
nificant second-order ADTS, which has to be compensated
by octupole correctors. Due to the momentum-dependent
ADTS from the dipole b5 component, the Hardt condition
cannot be fulfilled exactly, resulting in correlations between
particle coordinates and momentum deviation, as seen in
Fig. 2. Losses at the ES remain low for KO, amounting to
2.2 9% for the large and 1.8 % for the small separatrix. The
slightly higher losses for the larger separatrix are attributed
to an increased particle density at the ES wires, despite a
smaller angular spread, indicating that loss estimates cannot
rely on angular spread alone.
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Figure 1: Separatrices for KO extraction with stable area
28 o1 um (left) and 8 o um (right) in normalized phase space.
The grey line and cross mark the position and angle of the
ES.
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Figure 2: Horizontal phase space distribution of extracted
particles at the ES for KO extraction with 28 71 um (left) and
8 o1 um (right), color-coded by §. Particles lost at the ES or
LS are marked in cyan.

For COSE, the reference momentum is varied during ex-
traction such that all magnet strengths are scaled in propor-
tion to Bp while maintaining constant optics. In SIS100, the
presence of the dipole b5 component actually improves the
overlap of separatrices by partially compensating chromatic
effects, Fig. 3, thereby reducing the angular spread at the
ES. This is advantageous compared to quadrupole-driven
extraction, where varying the tune by ramping quadrupoles
changes the separatrix properties and increases the angular
spread at the ES.

Simulations for COSE were carried out for separatrix ar-
eas of 28 ot um and 10 ot um, Fig. 3. The extracted phase
space distributions, Fig. 4, show reduced correlation be-
tween angle and momentum compared to KO-extraction.
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Figure 3: Separatrices for COSE with 28 st pm (left) and
10 o um (right) stable area in normalized phase space. The
grey line and cross mark the position and angle of the ES.

The simulated losses are 2.1 % for small and 3.5 % for large
separatrix cases, with an additional 0.2 % loss at the LS in
the latter case. The losses at the LS can, however, be miti-
gated by increasing the ES deflection angle from its nominal
value, since the large separatrix is only required for lower
extraction energies. A practical limitation of COSE is the
requirement to ramp all main magnets simultaneously over
a relatively small magnet field range, making the resolution
of the current control of the power converters critical for a
smooth spill structure
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Figure 4: Horizontal phase space distribution of extracted
particles at the ES for COSE with 28 ot um (left) and 10 ot um
(right) separatrix, color-coded by 8. Lost particles in cyan.

Initial studies incorporating b5 corrector magnets have
been carried out for quadrupole-driven extraction, showing
that losses, particularly in the extraction channel at the LS,
can be reduced by compensating the dipole b5 component.
The correctors may also be beneficial for COSE by deliber-
ately increasing the effective b5 component, improving the
overlap of the separatrices at the ES and thereby reducing
losses.

The simulations demonstrate that systematic multipole
errors play a key role in slow extraction, but that suitable
settings can recover design performance. KO extraction pro-
vides the lowest losses at the ES, while COSE is a viable
alternative benefiting from partial compensation of chro-
matic effects by the dipole b5 component, which reduces
angular spread at the ES as compared to quadrupole-driven
extraction. The total losses for different cases are summa-
rized in Table 1 (left column).

Random Magnet Errors

Multi-particle tracking simulations using MAD-X [8]
were performed to study the influence of random magnet
errors on slow extraction. In addition to the systematic mul-
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Table 1: Losses of KO and COSE From Multi-Particle Sim-
ulations for Systematic Field Errors, and Random Field and
Alignment Errors Respectively

Extraction mode Loss (systematic) Loss (random)

KO, 8 m um 1.8 % 2.4 %
KO, 28 1 um 2.2 % 2.2 %
COSE, 10 r um 2.1% 4.2 %
COSE, 28 m um 4.0 % 5.7 %

tipoles, the errors included variations in the integral strength
of dipoles and quadrupoles, random multipole errors (nor-
mal and skew) of order 2 to 7 for the dipoles and of order 3 to
10 for the quadrupoles, as well as alignment errors. The val-
ues for the integral strength variations and random multipole
errors were extracted from measurement data [9]. The mag-
net alignment errors were modeled using truncated Gaussian
distributions with a cutoff at 2¢. The applied errors include
dipole rolls with ¢, = 4 mrad, random quadrupole trans-
verse offsets with ¢, , = 1 mm, and quadrupole rolls with
0y = 1 mrad.

The initial transverse beam distribution was a 4D Gaus-
sian with a cut-off at 2¢ in each plane, where the boundary
emittance corresponds to the nominal beam emittance. Lon-
gitudinally, a Gaussian distribution with o5 = 5 - 107*
truncated at 20 5 was used, identical to the simulations with
systematic errors only.

For each slow extraction case, ten random error realiza-
tions were generated using different seeds. For each seed,
after applying the errors, the closed orbit was corrected us-
ing steering magnets, leaving a maximum residual closed
orbit distortion of < 3 mm. An optimization step was then
performed to recover a separatrix with characteristics similar
to the systematic case, namely separatrix area, spiral step,
and separatrix angle at the ES. The parameters varied in
the optimization include tune distance to resonance, reso-
nance sextupole amplitude and phase, octupole strengths,
and ES orbit bump amplitude, with tunes and chromaticities
matched at each step.

The particle losses were determined by multi-particle sim-
ulations, where 1000 particles were tracked for 25000 turns.
Identical initial beam distributions were applied across all
seeds for simplified comparison.

Simulations for KO extraction were carried out for two sep-
aratrix areas, 28 ot um and 8 7 um, adapted to U2+ beams
at 0.4 GeV/u and 1.5 GeV/u, respectively. The KO exciter
was modeled as a thin dipole kick applying a band-limited
pseudo-random noise signal generated via binary phase shift
keying (BPSK). The losses for each seed are shown in Fig. 5.
Losses occur predominantly at the ES, with additional ring
losses for some seeds. For the large separatrix case, the
average ES loss is 2.2 % and for the small separatrix case,
the average ES loss is 2.0 %, with an additional 0.4 % ring
loss.

Simulations for COSE were carried out for separatrix
areas of 28 7t um and 10 or,um. The losses for each seed
are displayed in Fig. 6. For the small separatrix case, the
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Figure 5: Losses for KO extraction for 28 ot ym (left) and
8 o um (right) separatrix cases for different random seeds.

average ES loss is 3.5 %, with additional losses of 0.1 %
at the LS and 0.6 % in the ring. For the large separatrix
case, the average ES loss is 3.8 %, with additional losses
of 0.3 % at the LS and 1.5 % in the ring. For seed 4 in the
large separatrix case, the spiral step was reduced to 9 mm to
mitigate horizontal ring losses. Residual vertical ring losses
appear for a few seeds, attributed to the skew third-order
resonance 20, + 0, = 52. These are expected to disappear
with reduced initial momentum offset of the COSE sweep.
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Figure 6: Losses for COSE for 28 o um (left) and 10 o ym
(right) separatrix cases for different random seeds.
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In summary, KO extraction yields the lowest losses, with
ES losses comparable to the systematic-error case. COSE
shows higher ES losses than the systematic case. Ring losses
in the random-error simulations are higher than in the sys-
tematic case, but remain below 1 % for most cases, which
is expected to be tolerable from a machine protection per-
spective. An exception is the COSE large-separatrix case
(1.5 %), which can likely be reduced by local orbit bumps
and optimization of the initial § offset. A comparison of
the total losses of different extraction modes is shown in
Table 1.

CONCLUSION

The impact of dipole and quadrupole magnetic field errors
on slow extraction has been studied. Both magnet types have
systematic multipole components large enough to distort the
separatrix, and require dedicated compensation schemes to
control losses. KO extraction remains baseline extraction
scheme, with COSE as a fallback option. Multi-particle
simulations, including random field errors as well as align-
ment errors, indicate that the lattice is robust against the
expected magnet imperfections and that both KO extraction
and COSE can provide acceptable extraction efficiencies.

Further studies will assess the recently included b5 cor-
rector magnet. Improvements are expected primarily for
quadrupole-driven extraction but also for COSE, giving im-
proved alignment of separatrices for different momenta and
thereby reduced losses.



| PAC 26 Prelimnary proceedings (edited version):

(1]

[2]

(3]

(4]

[3]

REFERENCES

P. Spiller et al., “SIS100 - A new and unique heavy ion syn-
chrotron under construction”, presented at IPAC’26, Deauville,
France, May 2026, paper THP4001, this conference.

K. Sugita et al., “The superconducting magnets for FAIR -
overview and project status”, presented at IPAC’26, Deauville,
France, May 2026, paper MOV7002, this conference.

K. Noda, et al. “Slow beam extraction by a transverse RF field
with AM and FM”, Nucl. Instrum. Methods Phys. Res. Sect. A,
vol. 374, no. 2, pp. 269-277, 1996.
doi:10.1016/0168-9002(96)00096-4

V. Kain et al., “Resonant Slow Extraction with Constant Optics
for Improved Separatrix Control at the Extraction Septum”,
Phys. Rev. Accel. Beams, vol. 22, p. 101001, Oct. 2019.
doi:10.1103/PhysRevAccelBeams.22.101001

B. Gélnander, D. Ondreka, S. Sorge, and P. Spiller, “Status of
SIS100 slow extraction design including effects of measured

(6]

(71

(8]

(9]

THP4099

magnetic field errors”, in Proc. IPAC’23, Venice, Italy, May
2023, pp. 2443-2446.
doi:10.18429/]JACoW-IPAC2023-TUPMO99

A. Mierau et al., “Testing of Series Superconducting Dipole
Magnets for the SIS100 Synchrotron”, in IEEE Trans. Appl.
Supercond., vol. 29, no. 5, Aug. 2019.
doi:10.1109/TASC.2019.2904693

M. Borland, “elegant: A Flexible SDDS-Compliant Code for
Accelerator Simulation”, Advanced Photon Source LS-287,
Sep. 2000.

MAD-X, Methodical Accelerator Design, CERN.
madx.web.cern.ch.

D. Ondreka, B. Galnander and S. Sorge, “Operation of SIS100
in the Presence of Field Errors”, Internal Report GSI/FAIR,
unpublished.



