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LHC experience on sorting

= When compared to a random installation, sorting
has guarded against

= a loss of mechanical aperture estimated at 1.5 mm,

= Obtained by applying installation shifts and selection of slots
depending on geometry data

= an increase of beta-beating by 5 to 10%
= Obtained by pairing main quadrupoles

= aloss of dynamic aperture estimated at 1 o
= Obtained by pairing main dipoles to cope with b3 errors
= NB: also a2 errors have been optimised...
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LHC experience on sorting

= Summary of the general sorting benefit

= Low Beta Quadrupoles

= Sorting was based on the geometry, in view of maximizing the
aperture.

= The alignment shifts specified for these magnets have been optimized
to achieve an aperture of 8.4 &, with a minimum quadrupole feed-
down, so that local orbit corrections should require at most 30 % of the
dipole corrector strength.

= Cold Separation and Recombination Dipoles

= Field quality was within the specifications, and the best magnets were
allocated to the most critical slots.

= The analysis of aperture was done on a one-by-one basis. The main
issue was the observed deviations (up to 2 mm) between the expected
straightness and the measured shape of the cold bore. Installation
shifts were sufficient to recover the specified aperture.
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LHC experience on sorting

= Some pre-requisite for an efficient sorting

= Large variation of the physical observable that one
wants to optimise

= Sufficient number of magnets available to sort

= In this respect, the delay in the installation of the LHC
dipoles has had a very positive impact on the sorting
performance

= Magnet data available early on

= This allows maximising the number of compatible slots,
before the hardware type is too specific
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Magnet sorting: quantities to control

= Based also on the LHC experience, three observables
should be used for sorting:

= Mechanical aperture (beam aperture)
= Transfer function (beta-beating)

= Field quality (strength of correct magnets, DA, lifetime)

= A hierarchy between the observables has to be
defined.
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Magnet sorting: strategies

= Aperture
= Define installation shifts.
= Transfer function

= Matching magnets in the same circuit (applicable to Q2).
= Field quality
= The phase advance cannot be used to cancel multipole components.

= The guiding criterion is the minimisation of the strength used by the CP
magnets and distribute magnets so that the CP magnets are used almost in
the same way on the four sides of IP1/5.

Dipoles and quadrupoles have different systematic multipoles, which
suggests optimising the field quality in blocks

= D1 and D2 (the fields are opposite...the average between the two apertures
should be considered for D2)

= Triplet quadrupoles

¢ Ly

M. Giovannozzi - CERN



Estimate of possible benefits of sorting

= Beta-beating
= Q2 sorting Is the baseline since the  edeme casewin +30 units in Qzaand -

-30 in Q2b (no sorting, max B-beating

deC|S|0n Of remOV| ng the tr| m for 100 seeds).10 units TF error in the

rest and 5mm misalignments in all.

between QZA and QZB ] J. Coello in HL-LHC Magnet Circuits

Internal Review 2017

= In the case of perfect sorting the 1o
difference in transfer function can be
made < 13 units with 90% probabillity.

= From LHC experience: we should

prevent unknown situations. b 20 40 60 80 100 120
(-beating [%]

rms about 19%

Count

‘ HHL_!&LPJROJECT' ’ R. Tomas, “Desiderata for sorting: transfer function”, Kick-off meeting
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The case of the triplet quadrupoles

= The sketch of the HL-LHC triplet quadrupoles

Allowed transformations

Powering

Pairing: Triplet magnets of the same
family can be swapped, e.g. between A
and B for Q2, and between Q1 and Q3,
in the same IP side.

Swapping: Magnets of the same family
c%n be exchanged between IPs and IP
sides.

Q1, Q2A, Q2B, Q3 are in series (18 kA
power converter).

Q1 and Q3 have an additional 2 kA
circuit for trimming.



https://accelconf.web.cern.ch/ipac2024/pdf/THPC16.pdf

with each object

Phase 1: assembly of the main
part of the cryostat, main vacuum
vessel, thermal shield, cold mass
supports and instrumentation
feedthroughs.

Phase 2: after the powering
tests, equipment specific to the
Installation slot is added.

Phase 3: installation of beam
vacuum equipment.

ﬁ HHL_E&LPJHOJECTI ; T. Pugnat et al., “Sorting strategies for the new superconducting magnets for

the CERN HL-LHC”, 15th International Particle Accelerator Conf. (IPAC’24)

The case of the triplet quadrupoles

The hardware stage defines how many slots are compatible

Phase | Description Number
8 possibilities for Q1/Q3 | 8! = 40320

8 possibilities for Q2A/B | 8! = 40320

2 8 possibilities for Q1/Q3 | 8! = 40320

4 possibilities for Q2A 4! =24

4 possibilities for Q2B 4! =24

3 2 possibilities for Q1 2! =2

2 possibilities for Q3 21=2

2 possibilities for Q2 21=2

M. Giovannozzi - CERN
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The case of the triplet quadrupoles

The choice in terms of observable is the beta-beating

generated by the error in the transf(er function |
ApB _ cos (4ly, ;(s)| - 2mQ,
ﬁZZ (S) = 4 Z AKl,iﬁz,i 23111(23TQZ)

To consider the effect of the errors on both planes each
permutations are marked/scored, and the best one is recorded

2 A 2
score = J<(Aﬁﬁx) > +<(%) > NB: at this stage, the TF
x y

error is only due to the

The simulations are carried out: intrinsic variability of th
= Varying the sigma of the TF error ?ri%r;;constructlon

-/L@ecting the circuit powering (independent powering assumed)
iLy
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The case of the triplet quadrupoles

' Phase 1 Phase 2

Errors are Gaussian | N
cutat3 o ¢ ‘ ‘
. 1 3 sig].:'la cut of ATF [2]?0"'] 25 0 3 sig:;lrsna cut of ATF [2](.30'4] *
CO rres po n d I n g Iy’ - N |nitial Distribution 22 I |nitial Distribution
the impact Of the o I After sorting s I After sorting
sorting is evaluated 2 l =l l
e B
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The case of the triplet quadrupoles

Dependence of the statistical indicators of score function distribution as a
function of the error distribution.
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The case of the triplet quadrupoles

Peak indicates the value of maximum of the
distribution, hence the the most-probable value

Phase 1 <
Descriptive 3Sigma | Step | MIN AVG MEDIAN PEAK MAX STD 2
. ID | 0.043 0.313 0.297 0.255| 1.227 0.138 3 &
statistics of score 10 AS | 0.001 0037 002 |oo0s| 0312 0044 §FE
ictribi It ID | 0.029 0.464  0.443 0.415] 1651 0201 Q 8 ‘
distributions. 1> AS | 0002 0055 0028 [0005| 0384 0065 T &
Effectiveness is 0 ID | 0.110 0.634  0.606 0525| 1.661 0262 T <
| AS | 0.002 0072 0033 |0.015| 0486 0088 -
| clear, as well as s | D | 0120 0785 0746 [0695| 2661 0335 2 <
| performing the Phase 2 3
| : 3Sigma | Step | MIN _AVG  MEDIAN PEAK MAX STD %
- sorting early on ID | 0.040 0.318  0.300 0305] 1.102 0.142 g
(Phase 1). 10 AS | 0.002 0049  0.029  |0.015| 0.326 0051 &
5 ID | 0061 0465 0436 |0.325| 1201 0196 &
AS | 0002 0062 0038 |0.015| 0373 0.063 .
20 ID | 0.047 0.618  0.585 0.625| 1.880 0.270 §
— AS | 0004 0092 0050 |0.015| 0669 0100 =
Hilumi Y . ID | 0.140 0.793  0.741  |0.715| 2.287 0329 <
R Tt AS | 0.004 0115  0.064  |0.015| 0993 0.125 W




The case of the triplet quadrupoles

In the previous scenarios, the treatment of TF errors is like each
guadrupole is powered independently.

= As a first step, the special powering scheme has been

represented assuming that pairs of quadrupoles are powered In
. . AK, AK,
series and for each pair of errors e
1 2

= This already improves the distribution of errors

HLY
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The case of the triplet quadrupoles

Peak indicates the value of maximum of the
distribution, hence the the most-probable value

Phase 1 <
inti 3Si St MIN AVG MEDIAN PEAK MAX SiD S
Descriptive = |Sp 0.004 0031 0030 [0.025] 0080 0012 3 &
statistics of score AS | 0.000 0.002  0.001  [0.005| 0.014 0001 §§
P - ID | 0.007 0.048 0.047 0.035|] 0.121 0.019 Q 98 |
distributions. 1> AS | 0.000 0.002  0.002 |0.005| 0020 0002 F & |
' The initial 20 ID | 0.008 0.062  0.060 0.055| 0.171 0024 3§ < |
il e AS | 0.000 0003 0.002 |0.005| 0.026 0.003 . ¢ |
| distribution is s ID | 0.014 0079 0076 |0.065] 0202 0030 2 < |
,',?'] about a factor Of AS 0.000 0.004 0.003 0.005 0.021 0.003
| 10 better than what Phase 2 S
| h - 3Sigma | Step | MIN AVG MEDIAN PEAK MAX STD 5
whn on slide 17. g P
- shown on slide 10 ID | 0.005 0.030 0028 [0.025] 0079 0013 §
AS | 0.000 0.001  0.001  |0.005| 0.015 0.001 2
15 ID 0006 0046 0043 [0.035] 0120 0018 &
AS | 0.000 0002  0.002 |0.005| 0.016 0.002
0 ID | 0.006 0.061 0.058 0.045| 0.152 0.024 -§
AS | 0.000 0003  0.002 |0.005| 0.017 0.002 >
. ID | 0.015 0.077 0073 |0.065] 0220 0030 <
AS | 0.000 0.004  0.003 |0.005f 0.030 0.003 W




The case of the triplet quadrupoles

= The last aspect to be included is the presence of errors due to
the measurements of the TF.

= The analysis of the error sources of the stretched wire show that the sag
correction is the largest contribution and must be carefully corrected.
Residual deviations can be ~4 units (systematic)

= |n addition, the cross calibration of different wire systems show that deviation
can be 2 units (systematic)

= The repeatability is at the level of 1 unit (random 1-0)
= The cross check against the rotating coil show a deviation of ~2 units

= The cold-warm correlation is not yet well established (better than 10 units on
3 magnets)

HILU T| ’ L. Fiscarelli et al., “New TF measurement errors”, Special Joint HiLumi _ _
WP2/WP3 meeting Tuesday 30 Apr 2024 M. Giovannozzi - CERN



https://indico.cern.ch/event/1411279/contributions/5932294/attachments/2847195/4996572/LFiscarelli_measurement_of_TF_on_MQXF_for_WP2_20240430_b.pdf

The case of the triplet quadrupoles

= The last aspect to be included is the presence of errors in the
measurements of the TF.

Calibration’ Systematic Uniform [-5,+5] units

Precision? Random Gaussian o =1 unit

= 1]t is the same for all magnets under the assumption that the
measurement system and the measurement procedure are kept
the same.

= 2|t changes randomly from magnet to magnet.

‘ HHL_!&LPJROJECJ ’ L. Fiscarelli et al., “New TF measurement errors”, Special Joint HiLumi
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The case of the triplet quadrupoles

Impact of the
calibration error
(b,c) On the
measured TF
errors.

The horizontal
axis represents
the o of the initial
“real” TF error
distributions.
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The case of D2 recombination dipoles

= |s it possible to perform sorting of D2 to improve DA?

= This topic was recently considered, triggered by

discussions with the INFN Team (see talk by J. Dilly on
a related topic).
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The case of D2 recombination dipoles

Six D2 magnets will be available
= Four for installation in the tunnel
= Two as spares

= This provides 360 possible configurations to probe (indeed
720, as Beam 1 and Beam 2 should be considered).

= The computations are on-going, but preliminary results are

available
Q1 Q2a Qzb Q3 CP Dl == ol |+ i

1
Icrab  TCLMB
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The case of D2

Interesting variation of DA as a
function of installed D2 magnets.

Work still in progress:
= |ncrease the number of cases

= Check the impact in case the
D2 magnets with large a2

components are left as spares.

‘ HHL-EI-%LPJHOJECTi !
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Conclusions

Sorting has proven to be an efficient approach to deal with magnet
imperfections in the LHC.

The case of triplet magnets of the HL-LHC has been studied
(correction of beta-beating from TF errors)
= Interesting potential: is it really feasible (availability of data early on)?

= The case of D2 recombination dipoles has been studied (DA
Improvement)
= Some DA improvement observed. It should be feasible to apply sorting.

= The a2 component is a potential source of concern: mitigation measures
would have precedence on sorting for DA optimisation.

The analyses continue...
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Strategy of sorting simulations

= Assign random sequences of TF errors to Q2 magnets (no errors assigned
to Q1 and Q3 magnets)

= Perform all permutations compatible with the cryostating phase.

= Retain the 100 sequences with lowest score function.

= Assign random sequences of TF errors to Q1 and Q3 magnets (the Q2
errors with the lowest beta-beating from the previous simulation are
assigned)

= Perform all permutations compatible with the cryostating phase.
= Retain the 100 sequences with lowest score function.

= Take all combinations of the 100 best sequences of Q2 errors and 100
best sequences of Q1 and Q3 errors

= Retain the sequence with the lowest score function

‘ HHI:I!I'%LPJHOJECTi !
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Estimate of possible benefits of sorting

= Aperture

= Any deviation from the nominal shape should be
corrected with installation shifts for

= aperture reasons
= corrector strength

Assumed deviation for triplets: 0.5 mm
= Nominal sigma: 3 mm
= Gain: 0.2 sigma -> effect on * -> 3%

= From LHC experience: we should prevent unknown
deviations.

‘ m& PH[)IDTI ’ R. De Maria, “Alignment and mechanical tolerances for HL-LHC in

Point 1 and 5”, LHC-G-ES-0023, EDMS 2458050 M. Giovannozzi - CERN
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