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Abstract

Existing correction schemes to locally suppress resonance
driving terms in the error-sensitive high-beta regions of the
LHC and HL-LHC have operated on the assumption of sym-
metric beta-functions of the optics in the two rings. As this
assumption can fail for a multitude of reasons, such as in-
herently asymmetric optics and unevenly distributed errors,
an extension of this correction scheme has been developed
removing the need for symmetry by operating on the two
separate optics of the beams at the same time. Presented here
is the impact of this novel approach on dynamic aperture as
an important measure of particle stability.

INTRODUCTION

The sensitivity of accelerator beam optics to magnetic er-
rors depends directly on the S-function, which is highest in
the surrounding insertion regions (IR) around the interaction
points (IP) with the lowest g* (the value of the S-function
at the location of the IP). Hence, correcting the non-linear
magnetic errors in these regions has been of significant im-
portance in optimizing the LHC machine performance [1-5].
During the design phase of the LHC, it was envisaged to
make use of the magnetic measurement data of the LHC
magnets [6-8] to simulate the machine in MAD-X [9] and
calculate the errors [10]. While it became clear that the
accuracy of the magnetic model was not sufficient to calcu-
late corrections to be implemented in the LHC [11], it has
nevertheless been a useful tool for the estimation of linear
and non-linear effects [5, 11-14].

With the installation of stronger magnets in the IR and the
decrease of B* in operation in the High Luminosity upgrade
of the LHC (HL-LHC) [15, 16], the necessity for improved
error and correction prediction is even greater in this high-
performance machine.

To estimate the powering of the corrector magnets, a local
correction scheme based on the Resonance Driving Terms
(RDTs) in the IRs has been utilized [10]. Up to now, the
implementation of this scheme calculated the correction
based on a single input optics, for either Beam 1 or Beam 2,
and made use of symmetries between the beams, to opti-
mize the correction for both. Cases will occur in which this
symmetry does not hold, e.g. through the introduction of
feed-down [17], or the use of inherently asymmetric optics.
An example for the latter are flat optics [18,19], in which g*
in the two transversal planes no longer has identical values
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Figure 1: HL-LHC g-functions in the IR around IP1.

Distance from IP1 [m]

(see Fig. 1). These optics allow for a more distributed radia-
tion deposition in the LHC magnets as well as an increase
in luminosity [19]. Their feasibility has been studied dur-
ing machine developments in the LHC [20] and preliminary
analysis regarding their influence on corrections and ampli-
tude detuning has been conducted [21]. A new and flexible
version of the correction principle has been implemented,
taking both optics into account and hence not relying on
symmetry assumptions. Extensive tracking studies have
been performed, comparing the single- and combined-optics
corrections. The results are presented in this paper.

CORRECTION PRINCIPLE

Following the correction procedure as decribed in [10],
the RDT to correct is calculated at a point just outside of
the IR. Zero and s phase-advances are assumed within one
side of the IP and between the two sides respectively:

J+k

IR >

AR = [ R (K (9) + i, ()i B (s)

IR

6]

+m

,By(s) 2 lmnb(s=sip) | Js correction 0,

where K,, and J,, are the normal and skew magnetic field
strengths of order n = j + k + [ + m and 6(x) being the
Heaviside step function. Unlike previous implementations,
the RDTs to correct are not hard-coded but can be provided
by the user. To correct the other beam, the assumption
B x(s)Beam I = ,By(s)Bcam 2 has been made, which is equiva-
lent to exchanging the exponents of B, and B, in Eq. (1) and
will be indicated in this paper as fjx;,,.. Taking into account
beam direction, the condition ff¢! = fBetm? is true for
even n , in which case fjy;,, and fj,,,; can be corrected for
both beams. These assumptions are strictly speaking only
true for perfectly symmetric optics. The new correction
implementation overcomes this problem by solving Eq. (1)
for both optics at the same time. As only two correctors
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Table 1: Simulation Setup

Machines LHC \ HL-LHC

Beams 1 and 2 1 and 2

Energy 6.5 TeV 6.5 TeV

B round: 30 cm, flat: 60/15 cm round: 15cm, flat: 7.5/30 cm
Combined Optics RDTs Fo003 F1002 F3001 Fa000 Fooos +Foo0s Fs000 Fs001

Single Optics RDTs + Foo03+ F1o02+ F1003 Foooa Feooo + Fooos+ Fs000* Fo0s
Magnetic Field Errors as,bz,a,,b,,as,bs,a¢,bg,a,b;,ag, bg from 60 WISE-Seeds
DA-Tracking ‘ 100.000 turns 20 - 300 in 20 steps 11 angles Ap/p=2.7-10"*

Table 2: Orbit Setup. The Values are Given for Beam 1 Round Optics. The Magnitude of the Values are the Same for
Beam 2, but Signs Depend on the Orbit-symmetries. In LHC Flat Optics the Crossing Planes are Switched in IP1 and IP5

1P1 1P2 IP5 IP8
H A\ H A" H A" H A\
LHC Crossing [urad] - 160 - 200 | 160 - -250 -
Separation [mm] | -0.55 - 14 - - 0.55 - -1.0
HL- | Crossing [urad] - 250 - 170 | 250 - -200 -
LHC | Separation [mm] 0.75 - -1.0 - - 0.75 - -1.0

per order and IR are present, only one RDT per beam can
be perfectly corrected. Optimization of an overdetermined
system would also be possible with the new implementation,
but has not been performed in the scope of this study.

SIMULATION SETUP

To compare the effects of different correction methods on
the dynamic aperture (DA), the optics, errors and corrections
were first set up from within the cpymad [22] wrapper of
MAD-X [22] and then tracking studies were performed via
SixTrack [23] within the SixDesk [24] environment from
the resulting configurations.

The machines are initialized in MAD-X by loading their
sequence and application of the optics of interest: Round
optics were utilized with g%, = 30cm and B3, = 15cm
for the LHC and HL-LHC respectively. The investigated
flat optics were B} = 60 cm, ,B; = 15cm (in IP1, switched
planes in IPS) in the LHC and B8y = 7.5cm, g} = 30cm
(in IP1, switched planes in IP5) in the HL-LHC. Afterwards
one of 60 realizations of the magnetic field errors from the
2015 WISE [25,26] tables, based on the magnetic measure-
ments mentioned in the introduction, was applied to skew
and normal fields, from sextupole to hexadecapole order.
A conservative systematic bg = —4 value was assumed for
the HL-LHC. Either of the single beam optics or both beam
optics combined were then chosen to compute the correc-
tions. The RDTs utilized for the corrections can be found
in Table 1. ”+” indicates that these RDTs were corrected
in addition to the ones specified before. In the HL-LHC,
three additional RDTs can be corrected, as there are three
extra orders of correctors (as, b5 and ag [27]) planned to be
installed. Feed-down was included into the corrections up to
second order on the transverse displacements. After a final
coupling correction and matching of the tunes, the resulting
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configuration was passed to SixDesk, which generates the
initial conditions for the particles to be tracked by SixTrack:
The particles were evenly distributed over 11 angles in one
quadrant of the x — y plane and from 2¢ to 30¢ in buckets of
2¢ in amplitude (all values given in o of the nominal beam).
Within each bucket, 60 particles were initialized, with a rela-
tive momentum deviation of 2.7-10~%, and being tracked for
1007000 turns. Survival or loss of these particles determines
whether the point was counted as stable or unstable. The
minimum DA could then be derived per angle and seed. An
overview of the simulation parameters are found in Tables 1
and 2.

RESULTS

Results of simulations with Beam 1 are shown in the DA
plots in Fig. 2, with the statistics over the error realizations:
the thick lines show the mean DA, the standard deviation
is indicated by the area surrounding it and the dashed lines
mark the extrema. LHC simulation results are presented in
the top row (Figs. 2a to 2¢) while the bottom row (Figs. 2d
to 2f) shows HL-LHC results.

As seen from the first column (Figs. 2a and 2d), in case
of flat optics without including feed-down into Eq. (1), the
corrections as calculated from the other beam optics (orange)
are performing as well as the ones calculated from the same
beam optics (blue) and from both optics combined (green).
This confirms the findings of the preliminary study in [21].
Omitted here are the results from round optics without feed-
down, which also show identical DA for all three corrections;
this is not surprising, as the symmetry considerations were
made for exactly this case.

Including feed-down, the symmetry assumptions break.
While for the LHC round optics (Fig. 2c) the split does not
favour either correction in Beam 1, it follows the tendencies
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Figure 2: DA results for the LHC (top) and HL-LHC (bottom) Beam 1 after applying the corrections from the same beam
optics ("from B1’, blue), the other beam optics (’from B2’, orange), and from both optics combined (green). The thick line
indicates the mean over the realizations, while the dashed lines show extrema and the area covers one standard deviation.

of the other three cases in Beam 2 (not shown), which is more
pronounced: Correcting via the other beam’s optics results
in a much worse DA (orange) than the corrections from the
beams own optics (blue). Including both beams into the
correction can recover some of the lost performance (green),
especially in the LHC. The difference between LHC and HL-
LHC round optics might stem from the additional correctors
in the HL-LHC, which improve the feed-down correction
for the same beam, yet add more invalid corrections for the
other beam. Not shown here are the results of Beam 2, as
they display the same behaviour if not otherwise specified.

When including feed-down into the correction, the best
correction for both beams is therefore calculated from both
beam optics. While incorporation of feed-down could be
beneficial for the correction of a single beam, as seen in
Figs. 2d and 2e, the overall correction of both beams was
always negatively impacted.

CONCLUSION AND OUTLOOK

Extensive tracking simulations have been performed to
investigate how much influence the breakdown of the sym-
metry considerations utilized in the non-linear corrections of
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beam optics has on the common correction of both beams in

the LHC and HL-LHC. While it has been assumed that the -

use of flat optics will deteriorate the correction on the other
beam, this is not the case. Only when feed-down is consid-
ered in the correction scheme we can see a split between
the effectiveness of the corrections, as calculated from the
optics of the other beam, which can be partly compensated
by using both beam optics to compute the correction. In the
LHC, this behaviour can be observed only with flat optics,
while in the HL-LHC both flat and round optics are affected.
Future studies including feed-down corrections, e.g. as
described in [17], can profit from combined optics correc-
tions. Trying to optimize corrections for both beams with
additional RDTs might also lead to further improvements.

ACKNOWLEDGEMENTS

The authors would like to thank the members of the OMC-
Team in general and Joschua would also like to thank Prof.
Dr. A. Jankowiak for his wonderful PhD supervision, and
M. Hofer, F. Van der Veken, R. de Maria and B. Jones for
their help getting the simulations running.

MOPAB258
819

©= Content from this work may be used under the terms of the CC BY 3.0 licence (© 2021). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI



12th Int. Particle Acc. Conf.
ISBN: 978-3-95450-214-1

(1]

[2]

(3]

[4]

[5]

(6]

[7]

[8]

191

[10]

—
—
—

—

—
—
S}

—

[13]

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2021). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

REFERENCES

E. H. Maclean, F. S. Carlier, and J. Coello de Portugal,
“Commissioning of Non-linear Optics in the LHC at Injec-
tion Energy,” in Proc. IPAC’16, Busan, Korea, 2016, p. 4.
doi:10.18429/]JACoW-IPAC2016-THPMRO39

E. H. Maclean et al., “New Methods for Measurement of Non-
linear Errors in LHC Experimental IRs and Their Application
in the HL-LHC,” in Proc. IPAC’17, Copenhagen, Denmark,
2017. doi:10.18429/]ACoW-IPAC2017-WEPIKQ93

E. H. Maclean et al., “New LHC optics correction approaches
in 2017,” presented at 8th LHC Operations Evian Workshop,
Evian, France, Dec. 2017, unpublished.

E. H. Maclean et al., “Detailed review of the LHC optics com-
missioning for the nonlinear era,” CERN, Geneva, Switzer-
land, Rep. CERN-ACC-2019-0029, 2019.

E. H. Maclean et al., “New approach to LHC optics
commissioning for the nonlinear era,” Phys. Rev. Accel.
Beams, vol. 22, no. 6, p. 061004, 2019. doi:10.1103/
PhysRevAccelBeams.22.061004

N. Sammut, L. Bottura, and J. Micallef, “Mathematical formu-
lation to predict the harmonics of the superconducting Large
Hadron Collider magnets,” Phys. Rev. ST Accel. Beams, vol.

9, no. 1, p. 012402, 2006. doi:10.1103/PhysRevSTAB.9.

012402

N. J. Sammut, L. Bottura, P. Bauer, G. Velev, T. Pieloni,
and J. Micallef, “Mathematical formulation to predict the
harmonics of the superconducting Large Hadron Collider
magnets. II. Dynamic field changes and scaling laws,” Phys.
Rev. ST Accel. Beams, vol. 10, no. 8, p. 082802, 2007. doi:
10.1103/PhysRevSTAB. 10.082802

N. Sammut, L. Bottura, G. Deferne, and W. V. Delsolaro,
“Mathematical formulation to predict the harmonics of the
superconducting Large Hadron Collider magnets: III. Pre-
cycle ramp rate effects and magnet characterization,” Phys.
Rev. ST Accel. Beams, vol. 12, no. 10, p. 102401, 2009.
doi:10.1103/PhysRevSTAB.12.102401

L. Deniau, H. Grote, G. Roy, and F. Schmidt, MAD-X User
Guide, http://cern.ch/madx/releases/lastrel/
madxuguide.pdf

O. S. Briining, M. Giovannozzi, S. D. Fartoukh, and T. Ris-
selada, “Dynamic aperture studies for the LHC separation
dipoles,” CERN, Geneva, Switzerland, Rep. LHC-Project-
Note-349, 2004.

E. H. Maclean, R. Tomas, M. Giovannozzi, and T. H. B. Pers-
son, “First measurement and correction of nonlinear errors in
the experimental insertions of the CERN Large Hadron Col-
lider,” Phys.Rev. ST Accel.Beams, vol. 18, p. 121002, 2015.
doi:10.1103/PhysRevSTAB.18.121002

R. Tomds et al., “CERN Large Hadron Collider optics
model, measurements, and corrections,” Phys. Rev. ST Ac-
cel. Beams, vol. 13, no. 12, p. 121004, 2010. doi:10.1103/
PhysRevSTAB.13.121004

T. H. B. Persson, Y. Inntjore Levinsen, R. Tomds, and E.
H. Maclean, “Chromatic coupling correction in the Large

MOPAB258

[0)

@ 820

IPAC2021, Campinas, SP, Brazil
ISSN: 2673-5490

[14]

[15]

(16]

(171

(18]

[19]

[20]

[21]

(22]

(23]

[24]

[25]

[26]

[27]

JACoW Publishing
doi:10.18429/JACoW-IPAC2021-MOPAB258

Hadron Collider,” Phys. Rev. ST Accel. Beams, vol. 16,
no. 8, p. 081003, 2013. doi:10.1103/PhysRevSTAB. 16.
081003

J. Dilly, “Amplitude Detuning from misaligned Triplets and
IR multipolar Correctors”, presented at 167th HiLumi WP2
Meeting, Geneva, Switzerland, Feb. 2020, unpublished.

S. Fartoukh and F. Zimmermann, “The HL-LHC Accelerator
Physics Challenges,” in Advanced Series on Directions in
High Energy Physics, New Jersey, USA: World Scientific,
2015, pp. 45-96.

I. Béjar Alonso, “High-Luminosity Large Hadron Col-
lider (HL-LHC): Technical design report,” CERN, Geneva,
Switzerland, Rep. CERN-2020-010, 2020.

J. Dilly, E. H. Maclean, and R. Tomds, “Corrections of Feed-
Down of Non-Linear Field Errors in LHC and HL-LHC In-
sertion Regions,” presented at the 12th Int. Particle Acceler-
ator Conf. (IPAC’21), Campinas, Brazil, May 2021, paper
MOPAB259.

S. Fartoukh, “Achromatic telescopic squeezing scheme and
application to the LHC and its luminosity upgrade,” , Phys.
Rev. ST Accel. Beams, vol. 16, no. 11, 2013. doi:10.1103/
PhysRevSTAB.16.111002

S. Fartoukh, N. Karastathis, L. Ponce, M. Solfaroli, and R.
Tomas, “About flat telescopic optics for the future operation
of the LHC,” CERN, Geneva, Switzerland, Rep. Accelerators
& Technology Sector Note CERN-ACC-2018-0018, 2018.

S. Fartoukh ez al., “First High-Intensity Beam Tests with Tele-
scopic Flat Optics at the LHC,” CERN, Geneva, Switzerland,
Rep. Accelerators & Technology Sector Note CERN-ACC-
2019-0052, 2019.

J. Dilly, “Correction of Amp det and RDTs for flat optics”,
presented at GetLLM and GUI plans II, Geneva, Switzerland,
Jul. 2018, unpublished.

T. GldBle, Y. I. Levinsen, and K. Fuchsberger, Cpy-
mad: Cython binding to MAD-X, https://github.com/
hibtc/cpymad

R. De Maria et al., “SixTrack V and runtime environment,”
Int. J. Mod. Phys. A, vol. 34, no. 36, p. 1942035, 2019, doi:
10.1142/S0217751X19420351

CERN - Accelerator Beam Physics Group, SixDesk, Six-
Track, https://github.com/SixTrack/SixDesk

CERN - Accelerator Technology Department, Windows Inter-
face to Simulation Errors, http://wise.web.cern.ch/.

CERN - Accelerator Technology Department, Wise
Error Tables for 6.5TeV, 2015, https://dfsweb.
web.cern.ch/dfsweb/Services/DFS/DFSBrowser.
aspx/Projects/WISE/Other/Errors/2015-2016/
£q%20runII%202015%20squeeze%200.4\_10.0\_0.
4\_3.0%206.5TeV%20seeds/ .

M. Giovannozzi, S. Fartoukh, and R. De Maria, “Triplet
Correctors specifications,” CERN, Geneva, Switzerland, Rep.
CERN-ACC-SLIDES-2014-0086, 2014.

MCS: Beam Dynamics and EM Fields

D01 Beam Optics - Lattices, Correction Schemes, Transport



