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Abstract

In the CERN LHC, optics transitions are mainly required
to control the beam size at the four experimental interaction
< points. The current method, based on linearly-interpolated
optics functions over a small set of matched optics and
parabolic time-domain segments, introduces non-zero beta-
beating and it is not optimal in time. This contribution
presents an alternative approach, based on continuously-
matched optics solutions distributed in time domain by us-
ing a realistic model of the superconducting circuits, which
optimises the overall process duration. This method requires
a change in the paradigm used in the control system and it
is proposed for the future High Luminosity LHC (HL-LHC)
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INTRODUCTION

The LHC [1] and the HL-LHC [2, 3] lattice is composed
of 8 arcs and 8 insertion regions (IR) for the two counter
= rotatlng beams (Beam 1 and Beam 2). Four IRs (IR1, IR2,

IRS, IR8) host the main experiments (ATLAS, ALICE, CMS,
u_% LHCb) and the remaining ones (IR3, IR4, IR6, IR7) provide
2 the momentum cleaning, RF and instrumentation, beam
% dump, and S-cleaning functionalities, respectively. Injection
& is taking place in IR2 for Beam 1 and IR8 for Beam 2. Optics
<. transitions are needed since optics constraints at injection
3 (e. g. aperture and transfer-line matching) are very different
& from experimental conditions at flat top (e.g. low-f at the
@ interaction point (5*)). Each IR is equipped with a large
° number of individually-powered quadrupole (IPQ) circuits
g (324 in total for the 8 insertions). Moreover, each arc is
< equipped with independent main circuits and trim circuits
> for each beam (48 circuits in total). In the present [4] and
S future operations, almost all quadrupole circuits change their
momentum-normalised strength during the energy ramp and
at flat top (similarly to other circular colliders [5]) .

This paper reviews the strategy used currently to imple-

ment the optics transitions and proposes a new method to
be applied in the HL-LHC to overcome some of the present
limitations.
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CURRENT METHOD

An operational cycle, i.e. a sequence of so-called beam
- processes, defines a set of energy-normalised settings gen-
E erated from matched optics that are interpolated using a set
‘6 of parabolic-linear-parabolic segments passing through the
E matched points with zero time derivative. Normalised set-
£ tings are converted into currents and, at the same time, the
E duration of each segment is adjusted by taking into account
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Figure 1: Measurement (V) and circuit model residual (6V,
model introduced later) for voltage of RQ6.L6B1 (V) and
RQ6.L6B2 (V,) circuits during two different LHC cycles: a
high-luminosity cycle used to fit the circuits’ parameter (top)
and a luminosity-scan cycle to test the model (bottom). The
model reproduces fairly well all features of the measurement
data in both cases with a residual of 25 mV.

an approximated model of the magnets and power converter
constraints. At a later stage, the duration of the segment is
refined by means of hardware tests without beam. Finally,
optics corrections are applied during beam commissioning
on the matched points and a new cycle is rebuilt. Figure 1
shows an example of a circuit of an IPQ during the ramp.
The repeated spikes in voltage between 1000 and 2100 s
occur when the time-derivative of the normalised strength is
forced to zero because the power converter has to decelerate
and accelerate the current rate instead of following the rate
determined by the combined variation of momentum and
normalized-strength.

The current system has few limitations. In between the
matched points, the optics has a design beta-beating in the
order of 10%, which is correlated with beam loss spikes in-
between matched points (see [6]). The duration of the tran-
sition is longer than what would be allowed by the hardware
constraints, due to the unnecessary accelerations imposed
by the zero-slope constraint. This forces part of the squeeze
process to occur during flat top instead of in the ramp there-
fore reducing physics time [4]. The overall cycle needs to be
tested before operation, without beam, in order to verify the
correctness of the settings for each segment. This procedure
does not cost excessively in time, however it might require
lengthy and last-minute changes in the optics preparation
in case of issues (e.g. actual model is not accurate in the
presence of large imbalance between the currents of IPQs).

The following section illustrates an alternative strategy
that can overcome the aforementioned limitations, which is
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based on a realistic model of the quadrupole circuits, com-
bined with the production of matched and smooth optics tran-
sitions, together with a procedure to optimise the squeeze
duration that guarantees to fulfil all hardware constraints.

REALISTIC MAGNET CIRCUIT MODELS

R1
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Figure 2: Equivalent circuits of a 2-in-1 individually-
powered IPQ (the values represent RQ6.L6B1 and
RQ6.L6B2 circuits). The two magnets (L1, L2) are powered
by 3 warm cables (R1, R2, R3) with two protecting devices
(D1, D2 depicted as diodes and introduced in the model as
constant voltage source). The values of the parameters are
obtained by fitting the model using the current and voltage
measured during one cycle (e.g. fill 6165).

Most of the 2-in-1 IPQs are powered by two indepen-
dent power converters that share one warm return cable (see
Figure 2). The common cable couples the minimum time
needed to apply a change of current in the two magnets.
Precise values of the parameters are needed for a good fit.
The parameters of each LHC circuit were obtained by fit-
ting the circuit response during a cycle (see Figure 1) and
spot-checked against data from other cycles. The quantities
constraining the LHC circuits are listed in Table 1 together
with the underlying source. The admitted values of the
constrained quantities are collected from the LHC control
database (LSA [7]). Uni-polar power converters are not sta-
ble when the current and voltage approach zero, which poses
important limitations on the normalised strength of IPQs at
injection and on the ramp rate when the current has to be
reduced. The equations of the circuit

vi(t) = (R + R3)ir (1) — Rsia(t) + Lyi{(t) + vpi
va(t) = (Ry + R3)in(t) — R3iy(t) + Lais(t) + vpo

)
@)

are used to calculate the expected voltage of a given current
excitation and compared with the operational range of the
power converter. Constraints on i”’(f) require very smooth
i(t) excitation.

SMOOTH TRANSITIONS

In order to generate smooth current functions, two de-
sired optics configurations (e.g. injection at the beginning
of the ramp and flat top at the beginning of collisions for
physics) need to be connected through smooth functions
in normalised strength. In addition, to avoid optics errors,
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Table 1: Sources of the Constraints of LHC Circuits on
Voltage and Current

Constraint Source
s Stability of the power converter
min || . .
Uncertainty of the transfer function
max ||, max i’ Quench limit of the magnet
min v, max v Power converter range
max |i”’], .
| ,| Quench protection threshold
max |v/|
0.004 | — kg5.I5b1
_ —— kg5.15b2
7 0.0037 — g5.r5b1
E —— -kq5.r5b2
% 0.002
0.001 7
T T T
0 2 4 6

Bips [m]

Figure 3: Normalised strength of the Q5 quadrupoles of IRS
for the HL-LHC ramp and squeeze. The normalised strength
decreases with 8*, while the current may or may not increase
depending on the timing relation with the energy.

each point in the curve should belong to a matched solution.
The generation of smooth and matched curves is particularly
difficult. Each insertion has about 30-40 quadrupoles whose
strengths need to fit about 20-30 optics constrains. Some
constraints needs to be exact like those referring to the Twiss
parameters (By.y, @x.y, Dy, Dy, Aptx ) at the boundaries of
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Figure 4: Simulation of the response of the 2-in-1 Q5
quadrupole (left of IR5) during the HL-LHC ramp and
squeeze after optimisation with all constraints fulfilled (be-
tween thick black lines). The intervals when the current of
Q5 decreases too fast (between 500 and 600 s) have been
automatically stretched to avoid approaching the unfeasible
negative-voltage constraint of the unipolar power converter.
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E the IRs and the interaction points. Other constraints are ex-
E" pressed in terms of inequalities (such as the operational range
Z of the quadrupole strength, large 8 function in protecting
% devices, beam instrumentation). All constraints are typically
i expressed as highly non-linear function of the quadrupole
g strengths. Hence, the existence of a solution for a given set of
£ constraints and the existence of a smooth connected path is
s not guaranteed a priori. The approach to find an appropriate
= solution proposed in this paper makes use of the optimisa-
,;i tion routine JACOBIAN [8] implemented in MAD-X [9]. A
§ first set of solutions is found by seeding all strengths of each
§ step with a linear interpolation between the two extreme
§ optics solutions in one meaningful parameter (e.g. S* of
o experimental insertions). The result is then approximated
% by a low-order, non-linear polynomial (typically second or
£ third order) function that best fits the curves and used as a
'E seed for the next iteration. After few iterations, the seed is
§ close enough to the solution such that the JACOBIAN method
'S (which uses few iterations of the pseudo-inverted solution of
‘g the linearised vector problem) can find the closest solution
< (in euclidean-norm) in the parameter space. Since the seed
£ and the constraints are smooth the closest solutions will be
P‘é smooth too. Figure 3 shows an example of the final results
i where each point of the curve is found independently of the
£ others, but still lay in a smooth curve despite the existence
6 of many equivalent non-smooth solutions.

OPTIMISATION OF SQUEEZE
DURATION

The minimum duration of the optics transitions can be
& determined by minimising the interval between optics steps
§ after transforming the normalised strengths in currents and
© imposing to be compatible with the hardware constraints.
§ As the LHC ramp is already fixed by the properties of the
8 main dipoles’ circuits, the problem is implicit and solved
o iteratively. Small and equally spaced intervals are used as a
; starting point and the circuit quantities (i(¢),i’(¢),i”(t), v(t))
8 are computed. In a first stage, each interval and its neigh-
O bours are stretched until all hardware constraints are fulfilled.
§ In a second stage, each interval is reduced until a constraint
S is not fulfilled. This empirical automatic method is suffi-
é ciently robust and fast to find a solution. Figure 4 shows an
= example of circuit analysed after the optimisation.

Any distribution

(S

HL-LHC RAMP AND SQUEEZE

The methods explained above are used to optimise the
g ramp and squeeze cycle of the ultimate scenario in HL-
2z LHC [10]. Table 2 shows the main steps of the ramp and
E squeeze process in the HL-LHC and Figure 5 shows the
8 evolution of 5* after the time optimisation. The final solu-
= tion has been obtained by optimising the transition of each
= individual insertion, merging the insertions after matching
S their individual timings and generating the complete optics
o~

= sets to perform the global chromatic correction. As a last
‘q"é step, the transition of all the insertions and the arcs were
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Table 2: Stages of the ramp and squeeze process of the HL-
LHC ultimate scenario [10] for which S*-leveling [11] starts
at top energy from 40 cm and continues down to 15 cm. IR1,
IRS and IR8 optics reach intermediate lower 8* in the middle
of the ramp, while in IR2, 8 triplet strength is reduced. In the
last stage IR8, IR2, IR4, IR6 deploy the ATS [12] (up to a
telescopic factor of 2) while IR 1, IRS, IR8 are also squeezing
and the arcs, IR3, IR7 are used to adjust the internal phase
advances to optimal values [13].

Insertion | Stage 1 Stage 2 Stage 3
IRL, 5 Injection | f*=2m | " =40cm
IR2 Injection | * =10 m ATSx2

o . B =15m
IR8 Injection | B =3m ATSx2
IR4, 6 Injection | Injection ATSx2
Arcs Injection | Injection Phase
IR3,7 Injection | Injection Phase
Energy | 450 GeV 3.8 TeV 7 TeV
10.00 - 7.00
- 6.00
z
E 600 2005
a 4
3.00 2.00 &
1.50
0.45 - 0.45

T T T T T
0 200 600 800 1000 1200

Time [s]

T
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Figure 5: Resulting 8* as a function of time after the op-
timisation of the ramp and squeeze for HL-LHC ultimate
scenario [10]. The curve contains 81 matched solution and
the corresponding currents fulfil the hardware constraints.
The entire squeeze needed before starting 8*-levelling could
fit into the ramp with margin. The last part of the squeeze
has been artificially stretched to avoid a too-fast reduction
of B* (implying large S-functions in the triplets) compared
to the reduction of the geometrical emittance.

re-optimised globally. The process is compatible with the
aperture requirements.

CONCLUSIONS AND NEXT STEPS

The paper presented an overview of the mechanics of op-
tics transitions in the LHC. A new method has been proposed
and successfully applied to the HL-LHC for the ultimate
scenario. The current functions were supposed to be tested
in the machine during the last hardware commissioning in
2018 to prove the robustness of the circuit model and opti-
misation method, but the test was cancelled due unrelated
machine issues. New tests will be foreseen as soon as possi-
ble in 2021. The present LHC control software (LSA) is not
entirely compatible with the approach proposed, in particu-
lar for what concerns the integration of optics corrections.
Software developments are needed to enable this process.

MC1: Circular and Linear Colliders
A01 Hadron Colliders

This is a preprint — the final version is published with IOP



the final version is published with IOP

This is a preprint

10th Int. Particle Accelerator Conf.

ISBN: 978-3-95450-208-0

(1]

(2]

(3]

(4]

(5]

(6]

(7]

REFERENCES

O. Briining (ed.) et al., “LHC Design Report”, Geneva,
Switzerland, Rep. CERN-2004-003-V-1, Jun. 2004.

G. Apollinari (ed.) et al., “High-Luminosity Large Hadron
Collider (HL-LHC): Technical Design Report V. 0.17,
Geneva, Switzerland, Rep. CERN-2017-007-M, 2017.

L. Rossi and O. S. Briining, “Progress with the High Lumi-
nosity LHC Programme at CERN”, presented at the 10th Int.
Particle Accelerator Conf. (IPAC’19), Melbourne, Australia,
May 2019, paper MOYPLM3, this conference.

M. Solfaroli Camillocci, S. Redaelli, R. Tomas, and J. Wen-
ninger, “Combined Ramp and Squeeze to 6.5 TeV in the
LHC”, in Proc. 7th Int. Particle Accelerator Conf. (IPAC’16),
Busan, Korea, May 2016, pp. 1509-1512. doi:10.18429/
JACoW-TIPAC2016-TUPMWO31

D. Trbojevic et al., “Improvements of the RHIC Ramp Effi-
ciency”, in Proc. EPAC’02, Paris, France, Jun. 2002, paper
MOPLEO061, pp. 383-385.

A. Gorzawski et al., “Fast loss analysis with LHC diamond
detectors in 2017, Geneva, Switzerland, Rep. CERN-ACC-
NOTE-2018-0041, 2018.

G. Kruk et al., “LHC software architecture (LSA) - evolution
towards LHC beam commissioning”, in Proc. Int. Accelera-

MC1: Circular and Linear Colliders
A01 Hadron Colliders

IPAC2019, Melbourne, Australia

(8]

(9]
[10]

(11]

[12]

[13]

JACoW Publishing
doi:10.18429/JACoW-IPAC2019-MOPMP0O20

tor and Large Experimental Physics Control Systems Conf.
(ICALEPCS’07), Knoxville, Tennessee, USA, pp. 307-309.

R. de Maria, F. Schmidt, and P. K. Skowronski, “Advances in
Matching with MAD-X.”, in Proc. 9th Int. Computational Ac-
celerator Physics Conf. (ICAP’06), Chamonix, Switzerland,
Oct. 2006, paper WEPPP14, pp. 213-215.

MAD-X, http://mad.web.cern.ch/mad/.

E. Métral et al., “Update of the HL-LHC operational scenar-
ios for proton operation”, Geneva, Switzerland, CERN-ACC-
NOTE-2018-0002, 2018.

J. Wenninger and A. A. Gorzawski, “Implementation of
Luminosity Leveling by Betatron Function Adjustment
at the LHC Interaction Points”, in Proc. IPAC’14, Dres-
den, Germany, Jun. 2014, pp. 1058-1060. doi:10.18429/
JACoW-TIPAC2014-TUPRO0O22

S. Fartoukh, “Achromatic telescopic squeezing scheme and
application to the LHC and its luminosity upgrade”, Phys.
Rev. ST Accel. Beams 16, p. 111002 2013.

R. De Maria, R. Bruce, M. Giovannozzi, F. Plassard, and D.
Gamba, “HL-LHC Optics and Layout V1.4”, presented at the
10th Int. Particle Accelerator Conf. (IPAC’19), Melbourne,
Australia, May 2019, paper MOPMPO19, this conference.

MOPMP020

Content from this work may be used under the terms of the CC BY 3.0 licence (© 2019). Any distribution of this work must maintain attribution to the author(s), title of the work, publisher, and DOI

@

475 @



