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Outline

Fast failures: definitions and classification
Beam distributions with depleted transverse halo

Beam losses from spurious discharge of Coupling Loss Induced Quench |
system (CLIQ) with depleted halo

Other fast failures: quench heaters, symmetric triplet quench, ADT and BBCW

Conclusions: criticality and protectability with depleted transverse halo




Fast fallures

Failures: events leading to uncontrolled beam losses

= Protection from ultra-fast failures (damage limit reached within 3 turns) relies on
passive absorbers

= Protection from fast failures (damage limit reached within 20ms) relies on
dedicated interlocks

= Machine protection critical loss level for fast failures: 1 MJ deposited in
IR7 within 10ms
= Key quantitative parameters:
= time from failure onset to critical loss level

= time from failure detection to critical loss level must provide sufficient margin
to safely dump the beam
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Fast failures

Triplets, D1, D2

H Direct
Beam effect of magnet < (+ MB, MBH)
EIOUE DI G LT E ! CLIQ Direct Triplets IP1 & 5
ADT Indirect ADTH &V
Active device failure
Crab cavities Direct IP1&5

Povv_er!ng EIRE BBCW Direct IP1&5
(resistive component)

Powering failure Symmetrlc Direct / Indirect ~ Triplets IP1 & 5
(SC component) triplet quench

Direct detection: external fault detection mechanism is interlocked
Indirect detection: protection relies on interlocked beam-based measurements
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Machine parameters

HL-LHC layout v1.4 with round optics (8* 15 cm)
Collimator settings: TCP @ 6.7 sigma

Beam parameters

Beam energy 7 TeV

Beam stored energy 674 MJ

Bunch intensity 2.2 x 10" p*/bunch (2736 bunches)
Beam emittance 2.5 um

TCP / E-lens settings 6.7 / 4.7 sigma
Crossing angle at IP1-5 500 prad

BCCM threshold 3.0 x 10** protons *

* for short integration windows (< 64 turns)
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We define n := halo depletion factor (n = 1 for fully depleted halo)

Partially depleted transverse halo

4 degrees of freedom beam distribution and halo depletion
Modified radial chi-distribution: exponential decrease in the halo
Partial depletion using a modified PDF: exponential decrease in the halo
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Margins with depleted halo

Increased orbit excursion margin to reach critical losses

But reduced margin between beam loss detection and reaching
critical loss level

= 23 | 1 MJ limit with e- Ie‘ns distributi-on‘ .

N o |roeomemssies s 04 sgma 21
PrOtECtIOn Wlth dedlcated é/Z.O' m BCCM threshold with double Gaussian ]
interlock o / e

=t oain, delayed losses Eis
é e - Margin: 0.6 sigma
g 10 Y
Indirect protection s Iy
(beam losses) _ g 09 lllustration for BCCM triggering
= reduced margin 5
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CLIQ and impact of magnet protection
on the beam

Failure mode: erratic firing of
CLIQ unit

= In case of a quench, for HL-LHC, the

Q2-like connection Q1-3 connection

QPS will trigger a beam dump before g . H
CLIQ firing (and QHs) % » £
= Initial connection scheme for Q1-3 o Bl 5
magnets exhibited a strong - 0 8
dlpolar field * 3 F 3
Past studies concluded that this is not oo 0 e ' ML S
compatible with the protection of the xmi ' S xm '
machine Field dominated by a skew-octupolar Field dominated by normal and

- ' skew dipolar components
=  Baseline connection scheme now has a component p P

Q2-like connection for all magnets

LEDET/SIGMA simulations (E. Ravaioli) — Difference w.r.t main field after 5ms

(*) Additionally, in the old scheme for Q1-3, a single CLIQ unit would act
HIL | , @ on both halves of the magnet, doubling the effective length
HL-LHC PROJECT )
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Impact on the beam

L Lo — T il .

T T T T T
— bty
—— batx
m— Orbit x: 1 sigma
650 6300 7000
T

1.3E+3 1.31E+4 1.32E+4 1.33E+4 1.34E+4 1.35E+4 1.36E+4 1.37E+4

« Large amplification from the g function at full squeeze
* Important magnetic length (4.2m for Q1-3, 7.15m for Q2)
« Crossing angle (feed-down)
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Beam losses

= Losses computed from multi-particle tracking simulations

= Worst case identified: MQXFB.B2R5, detailed simulation and analysis for different
machine configurations

10?
10° MQXFB.B2R5
o Large losses compared to the 100 Damage limit (1 M)
initial understanding (based on |—| BLM threshold (125 k])
. : : S0t B
orbit excursion and beta-beating) e
o Critical level reached in 5 turns g 10
o Much faster than the 10-turn 10-3
initially foreseen interlock
1074
—— Depletion n=0.0
10~°

o 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20
|L I, CERN
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Beam losses at the TCPs

Turn-by-turn losses at the TCPs in IR7

Turn 1.0 Turn 1.0 Turn 1.0
2.0 2.0
1.5 1.5
Lo 1.0
0.5 0.5
€ €
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> > .
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DS
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HL-LHC v1.5 configuration with relaxed
collimator settings

102
2736 bunches
250 prad ' MQXFB.B2RS5 | '_,_,_.—-—
101 —f:
Damage limit (1 M)) | l
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Open collimator settings (8.5 sigma) provide 1 turn additional delay but
iL i ’ e the failure detection to loss margin is not increased
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Conclusions on criticality and interlocking

= Need a very fast dedicated interlock
= Interlock the capacitive discharge mm protects the worst-case scenario, also for depleted halo

: See J. Uythoven’s presentation: R2E
Onset to damage margin m development for PIC and BIS in HL-LHC

Propagation via BIS from P1 to P6 - 100 ps
LBDS synchro. -89 s
180
Extraction -89 us 160 -
Allowed interlock reaction time =170 ps —140.
%120—
102 E
10t I T -
MQXFB.B2R5 3 80+
100 Damage limit (1 M) ’_'_’:EAISE':‘_‘ g sl
| BLM threshold (uiklj)_‘,:vl_’j g i

0 100 200 300 400
Time, £ [ps]

—— Depletion n=0.0
~—— Depletion n=0.5
—— Depletionn=0.8
—— Depletionn=1.0
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https://indico.cern.ch/event/1161569/contributions/4921531/

Symmetric triplet quench

2736 bunches| | MQXFB.B2L1
Use the orbit excursion estimates to Damage limit (1 M)

0 IHIHJJ:_’_::_pDDd
identify the worst case °
(MQXFB.B2L1) and perform a BLM threshold (125 k)

detailed simulation and analysis w0
1072

Tracking losses confirm the initial S EZ,‘:{:ZZ::jEZ

understanding N o e r|JJ
1074

Losses (M])

Critical level reached in 72 turns (non 0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 8 90
T 3.0

depleted halo) or 85 turns (fully depleted) %2-5 jj’ /
c 2.0 i

2-turn margin for BLM interlock B 15

E 1.0
o Beta-beating does not play a major role, =05 //
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Conclusions on criticality and interlocking

Constraints on the symmetric quench TCP@6.7 | TCP @ 8.5
detection

Onset to damage margin 6480 ps 7476 ps
Propagation via BIS from P1 to P6 - 100 ps - 100 ps
LBDS synchro. -89 us -89 s
Extraction -89 us -89 us

Allowed interlock reaction time m = 7200 ps

=  For non-depleted halo, dumping on the BLM losses provides
sufficient margin (10 turns)

=  Maximum tolerable halo depletion at 50% to provide sufficient
margin between beam loss detection and critical losses

= Dynamics of the symmetric quench and its detection is crucial
for beams with depleted halo!

12th HL-LHC collaboration meeting - Fast failures criticality with depleted halo



Quench heater effect on the beam

0 500 1000 1500 2000 2500 3000
Time t (us)

-0.05

Spurious triggering of one QH unit cannot be QH field reconstruction from BPM
excluded measurements
Very fast current rise ~30 s RRR and Copper thickness
Beam oscillations observed at the LHC 800
Field reconstruction from BPM data consistent
regarding field levels and rise times 600
0.15 T;.‘
Z 400
o
mﬁ 200
- E) —— Simulation at 75 RRR, 75 um copper
' 2 —— Simulation at 112 RRR, 50 um copper
ﬁ M@ ow magneto static field = 770 uT
é 0 é —e— Reconstruction C28L5, 6.5 TeV, 70 K
g

L. Richtmann, M. Sc. Thesis, 2021.

-0.15




Quench heater spurious discharge

For non-depleted halo, dumping on the BLM D1 - Single QH circuit (worst case)

losses provides sufficient margin (10 turns)

At full halo depletion, only 2-turn margin il AR

between BLM detection and damage £ o T i

Dynamics of the symmetric quench and its g0 — Trackingn=0.0

detection is crucial for beams with depleted 0 o B R s L]

halo! - LTI ] e
’52 _______________________________________ amage fmit (LM) RSN

WWWMWM* Beta x

—— Betay

Beta beating (%)
o

0 5 10 15 20 25 30 35 40 45
Turn number

50
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BBCW powering failure

The powering failure implies a current decay modeled with an

exponential fit on measured data Dipolar effect
time [LHC turn] time [LHC turn]
0. 100. 200. 300. 400. ol 100 200 300 400. 500
350 | | i | T
— measurement 0.8 //
300. _ fit: 350-exp[-1/8.27833] ;
250.¢ E U‘G. / — beam centered
E‘ —é 0.4 - beam 2 mm offset
=200, =
%15&— ng
100.: L
0 10 20 30 40 50
50. time [ms]
U'rd””s""m“”ism'2'0""2‘5””30""3'5 Bl | B(s) poll
time [ms] oy~ — =
. : . Bp\ ¢ 2w Bpegr(o]
= We also consider the (hypothetical) case where the fields go to zero _
instantly But all multipoles present

= |n case of failure, we did not model
=  The reaction of the orbit feedback
=  The tune feedback

1 i CERN
iL | ’ L
HL-LHC PROJECT
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Beam losses

- Exponential decay starting at 150 A
for wire installed in 4L5

*  BLM threshold reached “asymptotically” (not a0 Critical Ipss level -
before 300 turns, 26.7 ms) e '
*  Critical loss level not reached = | BLM threshold -
+ Instantaneous switch off B B e
«  “Worst case” for the field decay i :
*  BLM threshold reached at turn 2 002
«  Critical loss level not reached o 107
—— Tracking n=0.0
—— Trackingn=0.5 [—0.04
—— Trackingn=0.8
. —— Trackingn=1.0

cav VY
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Conclusions on criticality and interlocking

= Criticality is low: losses remain below the critical loss level

= For an exponential decay, reaching BLM threshold would occur late (> 300 turns,
26.7ms) leaving enough time for the WIC interlock to act as protection

= Halo depletion has a beneficial effect !

| CERN
HL-LHC PROJECT /)
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ADT coherent excitation

ADT model from measurements

ADT operation in coherent excitation
mode

= Potential fast-failure leading to beam losses
reaching the critical loss limit within few
milliseconds

= Orbit excursion is a superposition of
coherent excitation and always-on damping

0 50 100 150 200 250
time [LLHC turn]

Objectives Measured coherent excitation of the beam by
= Determine the operational envelope for the ADT normalized to the applied voltage at
allowed operation with the ADT in coherent 6.5 TeV with fitted scaling law
. . _ . . d
excitation for HL-LHC with different halo Cot) =k —d-o(t)
depletion factor dt

o) = 5 (1 )

i i ’ CERN
HL-EI% PHOJECTI \w
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ADT coherent excitation

= QOperational envelope (211" MPP) defined:

= Limit the ADT active window length to 2 batches (480 bunches) for HL-LHC
= Further restriction to 1 batch (240 bunches) if operating with depleted halo

= Limit the maximum voltage at injection energy to 5.0 kV

i i ’ CERN
HHI.-I!I-ILC-LPJHOJECT| {

T 12th HL-LHC collaboration meeting - Fast failures criticality with depleted halo



https://indico.cern.ch/event/1058861/

Conclusions

Derived a parametric beam model for partially depleted halo
» Need to refine beam halo measurements at larger amplitudes during Run I

CLIQ
= Most critical fast failure case identified for HL-LHC: fast dedicated interlock foreseen (PDSU-PIC)

Quench heater spurious discharge - Beneficial effect from partial halo depletion, D1 most critical
Symmetric triplet quench - Sufficient margin for non-depleted halo; 2-turn margin at full depletion

ADT coherent excitation - ADT excitation window limited to 480 bunches; voltage limited at injection

=  BBCW - Low criticality, protection from WIC sufficient - beneficial effect from halo depletion




Questions?
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Back-up
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CLIQ connection scheme

o Old
Baseline
For reference FIG. 9. The baseline CLIQ connection scheme (top) as of the writing of this article [29,45] vs the new baseline to be active from
HLLHC TDR v. 1.0 [46]. The magnets, Q1, Q2, and Q3 are encircled by dashed lines. All three magnets consist of two identical halves,
. ¢ CERN designated a and b, but only for Q2 the halves are separate. The magnet poles are designated by P1 to P4 and the CLIQ units by C.
H | L_U | \ (a) Baseline in HLLHC TDR v. 0.1 (b) New baseline in HLLHC TDR v. 1.0.
HL-LHC PROJECT . . . . . .
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CLIQ current

Rise-time shown below for the first 5 turns
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BBCW for HL-LHC

Layout based on EDMS-2037987

Space reservation request based on HL-LHC v1.3

Drawings of space reservation
Left of IP1 & Right of IP1
Left of IP5 & Right of IP5
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https://edms.cern.ch/ui/file/2037987/
https://edms.cern.ch/ui/file/1311280/AC/lhclsxh_0001-vAC.pdf
https://edms.cern.ch/ui/file/1395356/AC/lhclsxh_0002-vAC.pdf
https://edms.cern.ch/ui/file/1395364/AD/lhclsxh_0009-vAD.pdf
https://edms.cern.ch/file/1395366/AH/lhclsxh_0010-vAH.pdf

