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Abstract

The storage ring ESR at GSI unlocks the possibility for var-
ious atomic physics experiments with exotic beams. There-
fore the operation of the ESR requires a wild change of
parameters and cycles. This may inadvertently push the
machine tunes to cross a nonlinear resonance. This is par-
ticularly important in the process of deceleration, where
the machine tune is moving quite notably along the cycle
as measurements have shown, which could be one of the
causes of significant beam loss. Consequently, it is relevant
to retrieve the actual resonance chart for the ESR. In this
proceeding we discuss the adopted procedure, in the light
of the ESR complexity and the limited coverage in the tune
diagram for the implemented inverse tune response matrix
in the machine settings, providing a first correction method.

MOTIVATION

The ESR as a storage ring offers a variety of highly
charged heavy ion beams at different energies, for which
in many cases the beam needs to be decelerated [1]. In the
process of deceleration a considerable amount of the beam is
lost, while at the same time the machine performs significant
tune and closed orbit swings [2]. Both could be measured
during the Machine Development (MD) 2024 as a first char-
acterization of the beam loss during the deceleration. As
a follow-up in the MD 2025, efforts were made to acquire
experimentally more information about the present state of
the machine in order to improve the existing model of the
ESR [2-4]. During the same measurement campaign a first
attempt to measure the ESR resonance chart at injection
energy has been carried out. This chart is a useful tool to
reveal possible sources of beam loss during deceleration [5].

MEASUREMENT

To ensure that the measurements cover effectively a wide
range in the tune diagram, the beam needs to be injected
at different working points (WPs) of the machine, which
are ideally distributed in a rectangular grid. Then the tune
is moved along the grid lines, while the beam intensity is
simultaneously stored. Step-like changes in the recorded
beam intensity mark the positions in the tune diagram where
resonance lines were crossed, see Fig. 1. A preliminary
test on possible injection WPs have shown that only two
WP could be found to perform the measurements, see Fig. 2
(left). Attempts to inject in all other WPs led to immediate
full beam loss. Therefore the tune scan could not be carried
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Figure 1: Above: Beam intensity is measured simultane-
ously, while the LSA tunes (Q%, Q%) are changed from
(2.45,2.35) to (2.4,2.25). Below: The peaks in the nor-
malized change of the beam intensity localize the positions
of resonance crossing in the tune diagram.
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Figure 2: Left: Tune scan paths in the tune diagram, starting
from the only two injectable WPs marked with stars. Red
points depict positions of measured resonance crossings.
Right: Same results plot into the web of theoretically possi-
ble resonance lines.

out in a grid-like pattern, but instead starting only from these
two WPs, with the results shown in Fig. 2. This limitation
affects the region that we can explore in the tune diagram.
The measured points of crossing resonances are depicted in
red in Fig. 2. These points are seemingly located on distinct
lines, but if compared with the theoretical resonance chart,
they cannot be clearly mapped to any resonance line, see
Fig. 2 (right).

FORWARD MAP

To retrieve the experimental resonance chart, the tune val-
ues (QF, Q§) were not measured, but taken from the LSA
(LHC Software Architecture) settings [6]. Hence, the next
step is to check, if the discrepancies between measured and
theoretically possible resonance lines, are related to the in-
verse tune response matrix, R~ !, implemented in the settings
of the control system [7]. This matrix maps the intended
change of the LSA tunes AQ" = (AQ%, AQY), to the re-
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quired change of the focusing strengths of the quadrupole
families Ak, namely Ak = R~!-AQ". In the ESR the change
of tune acts on the strength of all the quadrupoles, which are
grouped in 5 families. Figure 3 shows the relation between
the LSA tunes, (Q%, Q%), which are changed by choice along
a well defined grid and the corresponding simulated ESR
tunes, (Q,, Qy), after the strength of the quadrupole families
were set according to the matrix R~!. Note, that the coloring
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Figure 3: Left: Regular grid in the (Q%, %) tune diagram

chosen as the input of the forward map f. Right: Output

grid of corresponding machine tunes (Q,, Qy) is distorted

after applying f.

of Fig. 3 is chosen to be an average of the relative deviation
between the LSA tune and the machine tune in both planes
as follows
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With this color representation, the level of agreement be-
tween LSA- and machine tune can be highlighted, from
dark color for full agreement to lighter color for less agree-
ment (see the right plot of Fig. 3). Figure 3 is the graphi-
cal representation of the function f describing the forward
map which relates to each pair of LSA tune values (Q%, QF)
the corresponding simulated ESR values (Qy, Q,), namely
[ (0%, 0%) & (Q,,Qy). As can be seen, the implemented
matrix R~! is accurate in a small region around the WP of
the machine, here at (Q,, Qy) ~ (2.351,2.307), and differs
more the further away from it, especially in the direction of
Q.. This limits the applicability of the matrix R~! to only
a small area around the initial WP. This has also implica-
tions on the position of resonance lines, where their location
would be expected with respect to where they actually are in
the resonance chart due to the distortion of the tune diagram
created by the settings of R~!.
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INVERSE MAP

In order to obtain how the theoretical web of resonance
lines in the (Q,, Q) tune diagram appear in the LSA set
tunes (QF, Q§‘), the forward map f needs to be applied on a
very well resolved grid in (Q%, Q%). Then the inverse map,
f -1 can be obtained using backwards the same data base,
hence numerically we find f~! : (Q,, 0,) ~ (0%, 0%),
which is shown in Fig. 4 for the mapping of theoretical reso-
nance lines on LSA-tunes. Note that f maps a regular grid

THP4075

on a new one which is irregular, see Fig. 3. Therefore each
pair (Q,, Q) on the theoretical resonance lines is approxi-
mated by the closest grid point of the irregular to find the
inverted map, and clearly this compromises the resolution of
f£~1 and affects the line width of the inverted resonance lines
in Fig. 4. Figure 4 shows enormous deviations between the
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Figure 4: Left: The web of theoretical resonance lines is
used for the inverse map f~! and shows strong deformations
to the right picture resonance chart. Right: Theoretical
resonance chart for comparison.

expected resonance lines without distortion (right) and the
LSA-retrieved resonance lines based on the implemented
matrix R~! (left) regarding the position, shape and orien-
tation of each resonance line. For example, the horizontal
lines in the theoretical resonance chart become diagonal in
the (Q%, Q%) diagram and vice versa. We observe that the
function f, retains the property that each line intersection
consists of the same lines in comparison with the theoretical
model. Lastly we plot in Fig. 5 the LSA-retrieved experi-
mental resonance points on this distorted resonance chart,
to see if the ESR resonance lines can be identified. The plot
shows that there is still a discrepancy between measurements
and theoretical lines.
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Figure 5: The LSA-retrieved location of measured beam loss
plotted in the inverted theoretical resonance chart appears
to have no overlap with any low order resonance line.

CORRECTION METHOD

In the following, a simple first order correction of the ma-
trix R~! will be discussed. As Fig. 3 suggests, the forward
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map f leads approximately to a linear tilt of all horizontal
lines. Therefore the approach is to determine the average
slope of these lines, see Fig. 6 left and apply: first the in-
verted slope on the LSA tunes and second the function f,
so that both operations compensate each other in linear ap-
proximation. In a few iterations of calculating the average
inverse slope and correcting the LSA tunes accordingly, this
method can be optimized to yield an improvement in the O,
direction, which is presented in Fig. 6 right. Clearly, an addi-
tional correction along the O, would be needed to improve
also the other direction, as still the tune grid is stretched
towards the integer tune and compressed towards the half
integer tune. However, considering the simplicity of this
approach the correction is efficient enough for the moment
to check in the following the impact of a correction of this
order. Therefore, according to the discussed procedure, the
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Figure 6: Left: Determining the slope of each tilted hori-
zontal line. Right: Tune grid after the correction is more
regular and in stronger agreement to the LSA set tunes.

inverted theoretical resonance chart, is mapped again, now
including the R~! correction, which results in a better agree-
ment between both tune representations, see Fig. 7. After the
R~! correction, the horizontal and diagonal resonance lines
for example keep their orientation. Note, that also the width
of the lines has become sharper given the same resolution
size of the input grid. As mentioned before, the limits of
this correction are also visible in the remaining deviation of
the resonance lines along QL due to the missing correction
in the other plane.
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Figure 7: Left: Inverted theoretical resonance chart with
R~ correction is now in better alignment with the original
resonance chart (right picture). Right: Theoretical resonance
chart for comparison.

DYNAMIC APERTURE

Lastly, we compute the dynamic aperture (DA) on the
example of the ESR bare lattice, including the sextupole
magnets, but neglecting further high order perturbation in
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the magnetic field of each component. Figure 8 shows, as
expected, that also the calculations on the DA greatly benefit
by the R~! correction as they are in better alignment, espe-
cially along Q,. This picture also reveals a strong reduction

of the DA for WPs close to the horizontal integer.
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Figure 8: a) DA vs (Q%, 0%) without R~! correction; b) DA
vs (Qy» Qy) as in the machine. ¢) DA vs (Q%, Q%) but now
with implemented the R~! correction. d) DA vs (Q,, 0,)
with same R~! correction. The simulations are done for a
reference beam with rms emittance of €, ., = 5 mm-mrad.

CONCLUSION

The way the inverse tune response matrix R~! is chosen
to set the strength of the quadrupole families in the machine
for a required change of the LSA tunes, can enhance or
reduce the discrepancy between the set and the targeted tune.
This effect is large when setting for larger tune differences
around the reference WP. The discrepancy between the LSA
tune and the machine tune cannot be neglected when the
machine tune is subject to change during operation (to avoid
resonance crossing). Hence, further improvement with the
presented first order correction for the matrix R~! can be
achieved and needs to be developed with a more accurate
nonlinear fit of the inverse map. This improvement will
allow to retrieve a more reliable experimental resonance
chart, which can be compared with the prediction of an ESR
model of the nonlinear lattice. This validation is essential
for modeling machine performance during deceleration.
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