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Abstract

Several different methods for reducing beam loss during
resonant slow extraction at the CERN Super Proton Syn-
chrotron (SPS) are being studied. One of these methods is
< the use of multipoles to manipulate the separatrices in order
E to reduce the fraction of protons hitting the thin wires of
.2 the electrostatic extraction septum (ES). In this paper the
2 potential of using octupoles for this purpose is explored.
§ Beam dynamics simulations using both a simplified model
£ and full 6D tracking in MAD-X are presented. The perfor-
g mance reach of such a concept at the SPS is evaluated and
5 the potential of future machine development studies using
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3 the octupoles already installed is discussed.
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INTRODUCTION

At the CERN SPS a sextupole-driven slow extraction at
< 1/3-integer tune is used to provide a continuous extracted
% beam of several seconds long to the fixed target experiments
-2 in the North Area. The beam has a momentum spread
% Ap/po = +£1.5E-3 and the extraction takes place at a normal-
zized chromaticity of -1, so there is a large tune spread. The
< machine tune setting starts below the resonant tune and is
% then slowly swept upwards by ramping the main quadrupoles
& so that particles of higher momenta become resonant and
© are extracted as time progresses.

Due to the continuous amplitude growth in this extraction,
some particles inevitably hit the anode wires of the ES, caus-
ing radio-activation. The activation of extraction equipment
is expected to limit the availability of the machine at the
intensity requested by proposed future experiments, hence
several methods of slow extraction loss reduction are being
investigated [1].

It was shown in [2,3] that higher-order multipoles can fold
= the extracted beam in phase space, so that the ratio of the
é beam intensity hitting the ES wires to the intensity extracted
g through the ES aperture can be lowered. In [4] a preliminary
g study of the possible loss reduction at the SPS with decapoles
= was presented. In this paper the loss reduction with octupoles
& will be explored. The clear advantage of octupoles over
é decapoles is that there are already many octupoles installed
g in SPS.
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HAMILTONIAN

The 2-dimensional phase space dynamics near a 1/3-
integer resonance can be well approximated using the
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Kobayashi Hamiltonian [5]

H = g (x>+P) + :TKZ (x* -3xP?)
+ %1@ (x2+P?),
or equivalently

€ 1 9
H = -A%+ —K>A% cos(30) + —K3A*.

A7+ KA cos(30) + 55 K5
Here € = 61 (Q — QOres) is a measure of the tune distance
from the resonance, X and P are the normalised phase space
coordinates, (A, 8) are the polar coordinates for (X, P) and
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are the normalised multipole strengths, assuming a single
thin lens of effective length L. For an accelerator with several
sextupoles and octupoles the parameters of an equivalent vir-
tual sextupole and octupole, which may replace the original
multipoles in a first-order approximation, can be calculated
in order to apply the Hamiltonian theory.

When we apply the coordinate transformation (X, P) =
K>-(X, P), as proposed in [6], it becomes clear that the shape
of the levelsets of the Hamiltonian is purely determined by
the parameter k = K3/ K22 Similarly, when we apply the
same transformation to the thin lens multipole kick

X\, X
P P+ Ky X2+ K4X*)’

X X
Al A A A
(P) (P + X%+ KX4)’
we see that the dynamics is fixed by « while K, merely takes
the role of a scaling parameter.
When ke > 1/8 the Hamiltonian has only a single stable

point at (0, 0) and all motion is stable. When xe < 1/8 there

are six additional stable points at Kr A = %. The three

stable points at the smaller amplitude define a rounded stable
triangle around the origin. Just outside of this stable triangle
we find motion that is useful for extraction, even though
the motion is mathematically stable. Particles in this phase
space region will grow in amplitude and then turn around
the stable points at larger amplitude before decreasing in
amplitude again. If the ES wires are well-positioned, this
allows the extraction of a beam that is folded in phase-space
during the last turns before extraction.
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(a) Initial condition. (b)e =-1/4.

(c)e=-1/8.
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Figure 1: Normalised phase space (X, P) at the first multipole for k = 2 and several values of €, crossing the resonance.
Particles are initialised according to the first figure and tracked in a simple ring with three multipoles for 1000 turns.

SIMPLE SIMULATIONS

A 2D tracking code was written in python, applying phase-
space rotations to model the linear parts of the machine and
non-linear thin lens kicks to model the multipoles, similar
to the algorithm described in [4]. In order to compare the
tracking model and the Hamiltonian theory, a simple ring
was modelled, with 3 multipoles at 277/3 phase advance from
each other and a tune of 5/3. Each of the multipoles has
a sextupole component as well as an octupole component.
Tracking results from this simple model are shown in Fig. 1.
These results agree well with the Hamiltonian model. We
see the expected stable points and the trajectories that grow
in amplitude and bend around the stable points.

SCALED OPTICS

The simple python model was extended to simulate slow
extraction from the SPS, using the optics parameters calcu-
lated by MAD-X as an input to define the lattice including
dispersion and chromaticity, but otherwise using only phase-
space rotations between multipoles and thin lens multipoles.
The code was extensively benchmarked to MAD-X.

Presently, the SPS slow extraction is driven by ramping
only the quadrupoles to sweep the machine tune through the
chromatic tune spread of the beam. As a result of the edge-
focusing effect of the main dipoles, which are not ramped,
the optics seen by the resonant particles at extraction changes
throughout the spill.

It was demonstrated in simulation that simply by changing
the main dipole field along with the quadrupoles and fol-
lowing the momentum spread, most of the negative effects
of the optics mismatch can be eliminated. Figure 2 shows
the extracted beam as simulated in MAD-X under nominal
conditions compared to the extracted beam using a scaled
main dipole field. The invariance of the extraction optics
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with momentum makes it easier to discern the effects of
strong higher-order multipole fields, so a scaled extraction
optics is used as the reference in this paper. Assuming an
effective ES thickness of 200 um, simulations predict a 15 %
loss reduction due to the reduced angular spread the scaled
optics presents to the ES, as shown in Fig. 2.
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Figure 2: Horizontal phase space of the extracted beam at
the ES entrance for the operational extraction scheme (left)
and with the scaled optics (right). Particles are colored based
on their momentum deviation, from low (purple) to high
(yellow) and the ES wires are at 68 mm.

OCTUPOLES IN SPS

Three families of octupoles are already installed in the
SPS. One of these families is installed at locations with low

Bx (20-25 m), while the other two are at high S (85-105 m).

Since the normalized octupole strength is proportional to 52,

only the latter two families were considered for this study.

These two families contain 40 octupoles in total, of which
25 are currently connected to their power supplies. They are
assumed to have a maximum integrated field of 1320 T/m?
each.
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2 Loss Improvement Potential

sher

In order to assess the loss improvement potential of this
5 method an initial study was carried out using all 40 octupoles
a:installed at high g, locations, at their maximum strength,
‘sé with the scaled extraction optics. The sextupole strength was
2 then varied and set such that the horizontal extracted beam
size is similar to the nominal case shown in Fig. 2 (right).
By setting the octupoles to the maximum positive or nega-
tive strength, the extracted separatrix is bent downward or
upward. The resulting extracted beams at the upstream end
of the ES are shown in Fig. 3.
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Figure 3: Optimum extracted beams at the ES entrance for
maximum positive (left) or negative (right) octupole strength
with all 40 relevant SPS octupoles. The ES wires are at
68 mm.

The geometry and optics of the SPS is such that, for the
3 desired horizontal beam size and given octupole strength,
5 bending upward is more effective. A higher sextupole field
- can be used and the phase space is truly folded. The values
g applied in the simulation are almost a factor 2 higher than
((S presently available in the SPS. The possibilities of increasing
% the effective sextupole strength in the SPS have yet to be
studied.

Since the separatrix is bent, the average angle of particles
o« at the ES wires is changed and the ES girder needs to be
A realigned in the simulations before an accurate prediction of
O the extraction efficiency can be made. A scan of the position
of the downstream end of the ES girder was performed in
order to determine the new optimal alignments. For more
information on this alignment procedure see [7, §].

Compared to the nominal extraction with scaled optics,
the downward bent beam shown in Fig. 3 (left) has a slightly
increased particle density at the wires and a 36 % increase
in angular spread, so it will have higher losses. The upward
3 bent beam on the other hand has a 32 % reduction in density,
= but a doubled angular spread. When realigning the ES girder
2. to the moved average angle of the beam, simulations predict a
£ 17 % reduction of losses at the ES compared the the nominal
scaled optics case.

stribution of this work must maintain attribution to the author(s), title of the

0 licenc

Y

ed under the terms of the C

Potential for Tests in 2018

The possible loss reduction using only the sextupoles and
octupoles that are already connected to their power supplies
was also studied. For this study the sextupole strength was set
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to maximum and the octupole strength was varied to obtain
a similar horizontal beam size. The beam at extraction is
shown in Fig. 4, for an octupole strength at 92 % of the
maximum strength available.
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Figure 4: Optimum extracted beam at the ES entrance with
the 25 octupoles presently available for use in SPS. The ES
wires are at 68 mm.

In this simulation the density at the wires is reduced by
12 % compared to the nominal case with scaled optics, while
the angular spread is increased by 44 %. After re-aligning
the ES girder to the changed angle, this gives a 4 % loss
reduction.

CONCLUSION & OUTLOOK

Two possible scenarios for loss reduction using the SPS
octupoles were presented. A case that would be possible in
SPS today, reducing beam loss by 4 % and one that would
require some changes to the SPS multipoles for a 17 % loss
reduction. These are still preliminary results, and further
research is needed before pursuing tests in SPS this year.
Future simulations will have to take the scattering of particles
on the ES wires into account.

Next to adding this improved realism to the simulations,
there are also some parameters that have not yet been varied
and optimized. In particular, the extraction bump may be
used to increase the distance between the circulating beam
and the end of the spiral step, so that less octupole strength
would be required for the same bending effect. One would
then have to take care not to hit any other aperture limits in
the SPS ring. Additionally, different chromaticity settings
may be used to change the resonance width, and perhaps to
obtain a Hardt-like condition, so that the angular spread is
much reduced for all scenarios.
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