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Beam losses in LHC

Cycle % of lost
phase intensity
« Normal losses: luminosity, collimation, (aver/max)
o)
instabilities during ramp, squeeze, ST L0 2
ramp 1.2/ 15%
collision processes.
P squeeze 1.7110%
* Normal losses increase by 10x in 2012 +adjust
due to smaller B* and tight coIIimatorsE‘“S;‘E%Qnifg
 Abnormal losses: failure of machine ;02: : / :
components, Unidentified Falling 3 ___,/
Objects (UFO) losses. i p— E
» Categorize losses for their duration: e R
10" 10 10 107 2

perturl;ation du1r~1ion [sf
failures: inj/dump| UFO| RF, quench |cryo, fb
protection: collimation| BLM | many syst. | +OP
quench level dry AH LHe | LHe satur. pteady
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Measurement techniques

« Standard system, temporal resolution ~ 40 us

real time data analysis

IIEID =

| 130mv

* For bunch-by-bunch measurements: Bume |

diamond detectors read by oscilloscopes

bunch structure of the beam |
Diamond BLM in IR7
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Measurement techniques

Energy deposition in the coil

measurement

IS more precise
when detectors are closer to
coil and particle shower core:

Cryogenic BLMs:

« semiconductor detectors (size!)
 radiation hardness in 2 K

(irradiation experiment)

 pilot installation on two of LHC

dipoles
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Beam Loss experiments

« Beam stability measurements
* Aperture checks
» Collimation setup (now also collimator BPMs)

« (Calibration of the radiation detectors

* Quench tests

Quench tests are probably most complex beam-loss experiments,
their goals:

» determination of quench-preventing BLM beam-abort thresholds

« determination of beam-induced (realistic) quench levels
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Quench tests scheme

» Carefully designed experiments « 17 quench tests during Run 1

« Complex analysis scheme * Analysis Working Group (> 2 years)
EXPERIMENT
loss temporal quench onset other parameters BLM signals lost beam
profile (QPS) (ADT.bump BPM ) (integrated ) miensity
D - | .
\ &%IMU[.ATIONSl
electrothermal loss pattern
(QP3) (MAD-X)
coil E\lt]‘
ruclal
prnt'nlc
F A Historical context and
panticle shower
e two examples:
» Collimation test
» Fast orbit bump test
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Historical context \(

quench level / I
1

« 2008: Aug 9" first beam-induced quench

during beam commissioning (fast events)

« 2010: LHC intensity ramp-up, safety reviews:

* July 7t fist beam-dumping UFO T B

BLMEL08L7.B2I130_MBE Beam Dump 07/07/2010 @ 20:22 (LT)

« September: Ebeam > 3 MJ 1.
* October: 1t quench test campaign: H
* local steady state and UFO losses M
« Result: correction of BLM |
thresholds WJ ! 1 ! E
+ 2011: first global collimation test o b

« 2012: physics production year

« 2013: 2" quench test campaign: 48 hours, 4 advanced experiments
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Steady-state collimation quench test

Goal: measure steady-state quench level for realistic loss.

TCS?
_ TCP
Method: generate losses on collimators I:I — |:|
N

2011: crossing 3" order resonance, no quench

2013: transverse damper, white noise excitation

« power loss on the primary collimators to 1 MW.

ﬂ%\ ——
] %D

» very relaxed collimator settings to increase loss

leak to cold magnets. === Still no quench 200 BCTR fom Post Mortem

SAANA ' [ TTT TTT | TTTT | TT T | | TT | TTT | Il
1OSMW w IR7 ~ —2013 Ramp 1 (1.3 MJ) .
lﬂ"l [T T T . .| LA B B N B S |:‘| |- ITI ok 1000 — 2013 Ramip 2 (3.2 MJ) ¢ —]
v IKW in Q8 =2 collimator S [ —2013Ramp3(58 M) -
]:]n — warm = 800 — 2011 Ramp 2 (0.6 M) —
- % [ 2011 Ramp 3 (0.4 MJ) .
1 b L -
g 2600/ B
g 1+ g B I“ ]
S o400 I =
10+ =9 F P . :
10" 200 — —
" | B ]
" . - e b P Lot aliyay I.JIJ_lJ_.b"ﬂf Ly A |J_|__|_

19400 19600 19800 i: JTIZ:;E]}IU 20200 20400 20600 0 5 10 15 20 25 30

B. Salvachua et al. Time [sec]
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Analysis

Tracking simulation: use SixTrack: multi-turn tracking code successfully used

to design the collimation system.

Particle shower simulation: construction of huge FLUKA geometry, 700 m of

the tunnel.

Electro-thermal: quench level depends on the efficiency of the cooling to the

helium bath, measured in lab experiments

Result:

P. Show. El.-Therm.
[ImMW/cm?] [mW/cm?]

> 50 115*%

Conclusion: Experiment+ParticeShower consistent ~ Simulated BLM signall
on BLMs factor ~2-3

lower than measured.

with El.-Therm. but no quench level validation
A. Lechner, E. Skordis

)Y M. Sapinski HB2014 / Nov 12, 2014

NS




Millisecond timescale quench test ()

Goal: asses quench level for UFO-timescale (millisecond) losses

Method: make orbit bump and use transverse damper to excite

(coherently) the beam * . MKQ kick
oscillations. -. » Exciting the bunch with the ADT sign flip mode
E E & Three corrector orbat bump
Disadvantages: ' -
» Cannot aim dipole (UFO) 12, : : L)
[ & = &+ E l-_____ [
« Spiky loss structure 10 il (L T

e Duration ~10 ms
(UFO <1 ms)

« Beam intensities 10 times

BLM skgnal [Gyis]
- 1

|

Synchronization 0.05
QPS/BLM - problem
— {0,020 —0.015 —0.010 —0.005 0.0 0005

scraped on collimators Time 5] A. Priebe

QFS sigmal [V]
Protection heater voltage [V]

less than pilot bunch

{1}
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Analysis (I)

Tracking simulation: modified MAD-X. 20

15p — Simulation | R | HEE
1.0p—~ — Measurement """"""""""""" 1|

« Good reproduction of orbit position

in BPMs R L .
« Poor reproduction of temporal high- E O M (e

Horizontal position [mm]
o
o

frequency BLM signal

| | | | | |
2350 2400 2450 2500 2550 2600 2650 2700
Turn

« Extensive parametric study of tune, orbit

bump amplitude, beam size, damper gain

| = Milli iseco nd timescale test
#*  Dynamic '|'ru|1||'l test

& Speadv-state orbil bump lest

* Loss pattern: angle strictly dependenton x|

200 -

d)

longitudinal position (integrated magnetic
field).

1500

100 -

Impact angle {ura

S0

« Surface roughness (even 30um deviation) |

-1.4 =12 -1.0 -8 1.6 -4 0.2 LAY

can affect significantly the loss pattern) $ (m)
V. Chetvertkova
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Analysis (ll)

O

2]
T
a

o N
T

Particle shower simulation: detailed

wu
T T

BLM signal [mGy]
w b

FLUKA geometry il
— 0=
Electro-thermal: heat transfer to helium  § o8
& =
bath is complex, cooling mechanisms 2 | S
‘ — 4 show hysteresis. By 00 o NN 0
9 oy 5 08
Sp|ky Structure w Distance from magnet centre [m]
e | N. Shetty
: of loss may keep
i nucleate boiling Result:
active. Np N,  P.Show. El.-Therm.
‘ A A [mdiem?] [mJ/cm?]
=R % 3.5x10° na  >198 717
' 7 ATy Componsd of sxperimeatal reseite 1 hete. 6Tt 8.2x10% 5.3x10° | 250 58
Conclusion: Experiment+ParticleShower gives 4 8.2x10° 8.2x10° <405 80
times higher quench level than El.-Thermal B. Auchmann
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Lessons learned

1.

R

Design your test such, that there is no-quench and quench attempt
(e.g. slowly increase intensity of lost beam)
Synchronization QPS/BLM is crucial for fast tests:

» Oscilloscope connected to BLM and QPS
BLMs cannot resolve loss pattern details below a 1-2 meters in case of low
angle loss on smooth vacuum chamber:

* Measure the surface roughness to um scale (?)

* Introduce known aperture limits (?).

Parametric study at the simulation level — very important.

Transverse damper is a very helpful tool to generate controlled losses.
Particle tracking usually more difficult than particle shower.

Complex regions — additional uncertainty for Particle Shower and EI-Thermal
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Summary

4.
5.
6.
7.
8.

cﬁw
\
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. LHC normal losses account for a few percent intensity loss before collisions.

Losses have increased by factor 10 after optimization for luminosity-
production.

Standard BLM system works very well, developments towards fast diagnostics
and measurements closer to the loss location.

UFOQO losses maybe the largest thread to physics run at 6.5 TeV.

17 quench tests performed during Run 1, some very sophisticated.

Analysis is very complex and multi-disciplinary.

Steady-state quench levels: understood within factor 2.

UFO-timescale losses (0.1 ms-10 ms) — factor 4 discrepancy.
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Thank you for your attention!

spare slides
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magnet ending:

» Decaying field

> 1000 S — N — S— ]

* Coil: stress, uncertain

amount of liquid He

I I I I I
-325 -320 -315 -310 —-305 —-300 —295

Power densit
D
o

Distance to IP7 [m]

« Many elements, difficult

to model

Additional uncertainties
in Electro-Thermal and

Particle Shower

simulations.
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Millisecond timescale quench test (Il)

Additional BLMs:

B1E10_MG BA1EZ0_MG B1E30_MQ

. | B2IRO_MQ |
B210_ME B2Z2_Ma BII21_WG

: | 16171.7373 | | \deum [m]
16167.2023 - | 161712923 [ 181737923 : !
16165.2923 16168.502 16170.3823 16172.4923 16174.972 16176.2923 16178.2923

| O
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2010: intensity ramp-up

201 O Very interesting year: L BLMEI.08L7.B2130_MBB Beam Dump 07/07/2010 @ 20:22 (LT)
. March 20t first collisions at 3.5 TeV Lo |
(pilot bunches) i
- In preparation to intensity ramp-up (bunch trains);,
many machine safety reviews s
« July 7t fist beam-dumping UFO > w0 ;:
+ after external MPP review in September 6-8: ™~ | |
a green light to going beyond 3 MJ of energy JE , J ﬁ
stored in beams (damage to equipmentat ~1 MJ), it b B L LS
Time [see]
25th October | 368 | 348 | 2.07e32 »
16th October | 312 | 295 | 1.35e32 24°MJ
14th October | 248 | 233 | 1e32
[8th October | 243 | 233 | 8.8¢31 S5 MJ
4th October | 204 | 186 | Te31
29th September | 152 | 140 | 5e31
25th September | 104 | 93 | 3.5e31
23rd September | 56 | 47 | 2e31 3.5 MJ
22nd September | 24 | 16 | 4.6e30

Clear need to verify BLM thresholds at UFO and steady-state timescales!
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Tests in 2011
Steady-state collimation tests:

Method: crossing 3™ order resonance with enough beam to generate
guench-provoking losses, starting on collimators
* Protons in May:
* In 3rd attempt reached 510 kW loss on primary collimators
* Loss duration ~1s
 No quench
* Pbions in December:

« 4 attempts, high loss every time in different location leading to

premature beam dumps

« Losses significantly shorter than for protons - unexplained

 No quench
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Tests in 2011
Fast collimation quench test:

« Method: shooting on closed collimator quenching the magnet behind

m. i ; 1 B 1K 1 45 T 4 ! 451

Q11 010 Q9 Q8 | 07v ‘06 S 4 D2 D1 {03 Q2 Q1

I
NBB |MQMQTL MBA MBB MQML  MBA BB [MQM/C MBA MBB  MQML MBA NBB 1 MM MM  DPBA | MQY  MBRC] MBX DBAMQXA  MOXB  MQXA NCBW MBXW

_I[_ = p— —r— — I —— :_: 3 ......... @ IF
| T 4 N :;

i w - -
2421.'_: ] m__: 2-01!1._:_ M._: M.._: ] i T 1T ;mwg; ; ‘ﬁ_u,dUa 4
LT 23 o225 23 UL B4 B4 B4 478

| 13515 298 48] 2% 62t | 2% 144 2 Lz | 160 | 72 3474 128 249 128 53843 045 28

110435 20415

* Observation of QPS signal with a scope
* Quench not observed at expected value

« Stopping the test for further analysis before proceeding with current

increase

C. Bracco et al., IPAC12
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End of Run Quench Test campaign - 2013
Situation: (A

» Physics run finished, particle fever dropped

-  miaivac BN

* Almost 2 year shutdown in perspective, but
« Unexplored beam parameters after: 360 MJ, 25 ns, 7 TeV
 UFO and intensity/luminosity reach of the machine remain
* New tool — transverse damper — commissioned and operational - better
control of beam losses than ever before
* 48 hour period at the end of the Run dedicated to 4 quench tests
» Preceded by one year of studies, tests, discussion
(Quench Test Strategy Working Group)
* And it took more than one year to analyze the results!

(Quench Test Analysis Working Group)
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End of Run Quench Test campaign — 2013
Steady-state orbit bump

[

oo

— 2010
— 2013 Ist attempt
—— 2013 2nd attempt

» Development of the idea of 2010 test

» Use transverse damper

 Install additional BLMs

» Localized steady-state loss is unlikely scenario

- But it could be expected that it gives e\ 1]
more precise quench level estimation than collimation test et

* Quench after ~20s of quite steady loss!

« Shows power of ADT as a tool, but also effect of preceding tail scrapping

BLM signal [mGy/s]

(B

Bearm 1 B1E10_MQ B1EZ0_MG BAE30_MQ
/A  w /]
— . : ! . mm  EE B gean?
B2130_MQ : | BRO_MQ | | BZHO_MQ : . —
BEZ10_MB B2122_MQ B2IZ1_MQ ' B2120_MQ B2132_ MB B231_MB B2130_MB
|
. . 16171.7373 | : ideum [nﬁ
16167.2923 | 16171.2923 [ 161737823 : ;
161652923 16168.502 16170.3823 16172.4923 16174.972 16176.2923 16178.2923

V. Chetvertkova et al., IPAC14
N. Shetty et a. IPAC14
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Millisecond timescale quench test (Il)

* Reproduction of high-sampling frequency BLM data

data MAD-X simulations

0.06 - 0.2
0.18
0.05
0.16
“ M 3.50E-06
o a2
E o o014 m 1.66sigma
2 0.04 e
= 3 012
[o] -
%
:5"0.03 9 o1
E 5
[ c
H 5 oo
= ]
§ 002 S 006
o
e [
0.04
0.01
0.02 J I
L L . .l N1 | YT
0.00 3 | 4 ) M e 0 O MRS NNO O NS0T 0oL M N @Y © M
2570 2590 2610 2630 2650 2670 2690 BB 3ILBLEEELEEBCCBRREENANEERERRE
NNNNNNNNNNNNNNNNNNNNNNNNNNNNNN
Turns Turns
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The first quench test campaign — 2010
millisecond timescale losses:

* Loss generated by a wire scan

» Advantages:
« Simple, not much prep needed,
» obtained temporal profile should correspond to UFO loss profile (gaussian)

» Disadvantages:
« Can target only one magnet — recombination dipole D4

« Magnet is 4.5 K (not representative), there is no functional spare magnet
« Can damage the wire scanner.

G ——————

: — BLM signal
| |=—— QPS voltage

[ | == Quench Heaters

BLM signal [Gy/s]
%]
[
| | | | | | | ‘L? | |
QPS voltage [V]

[ | === Quench

e 0

c. oy
-0.08 -0.06 -0.04 -0.02 0
t-tdump [s]

M. Sapinski et al., IPAC11
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Tests in 2011

Situation:

Beam energy: 3.5 TeV
Intensity ramp from 368 to 1380 bnches

number of bunches

Time to address the machine performance
limits: quench limit in case of

distributed steady-state losses: collimation

« number of bunches «peak luminosity

1200

800

400

. k3000

—4000

1

S

—-2000

1000

w

peak luminosity €30 cm

O S N ey e

cleaning and luminosity — important for Phase 2 of collimation system.

Steady-state collimation quench tests

guenches in case of asynchronous bea

cﬁw
\

M. Sapinski

N/

m dump

Investigating potential consequences of asynchronous dump:

In July: 18t ultra-fast collimation quench test for estimation of magnet
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The first beam-induced quench - 2008

On August 9t 2008, during the aperture scan, the pilot bunch (4-10° protons)
accidentally hit a main dipole magnet.

This was the first beam-induced quench. B \(

quench level

T ﬁ, T T

We were very happy because
BLM signals were closer than
factor 2 to what we expected
at quench.

dose [u Gy]

-
= |

T S S R R
6370 6380 6390 6400

dcum [m]

September 7" - another, similar quench. We call it strong-kick event
because beam hit MB beam screen with angle 750 prad. Such large impact
angle allows for more precise simulations (see following presentations).
September 10": beams circulating in LHC

Two other events like that (in 2009) confirmed that BLM are correct
at injection energy and for ultra-fast losses!
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End of Run Quench Test campaign — 2013

Fast collimation test:
15 i g W
Voltage spike at s ¥ g
14 the beg|nn|ng Of —297:951 s
iy : g 06
» Repetition of 2011 test quench (amplitude o B
g dependence on L
» (Going to higher magnet ‘-
9 9 9 “ |le——""_ magnet current)
0.6- -297.851
currents
‘ e b~ 197,051
* Quench at magnet current ~ * i
S 0 -297'.951&i
of 2500 A what s
corresponds to beam
-297.851
energy of 6 TeV | Development s
of the resisitive o
zone s
-16- -297.851
N 191
QPS scope data before firing ~ »*
- the quench heaters | || | | ||
C. Bracco et al., IPAC14 =

)Y M. Sapinski HB2014 / Nov 12, 2014

NS



UFO Time-Scale Losses

TABLE III. Comparison of FLUKA lower bound (LB) and estimate

cﬁw
\

N/

2010: on the electro-thermal MQED estimate in the MBRB coil.
- ve N,/N, FLUKALB FLUKA MQED
Wire-scanner quench test on D4 magnet gr;/Ssl l:;bl lnﬂgm’l [mJ':;:m’I [n;J;it;l’]
5 a a E
D4 (@4.5 K) quenched. — i iagad
E -1
Uncertainties due to timing and loss maximum in coil ends. 005 45 n/a 30 4%
2013 End-of-Run QT Campaign:
ADT quench test * « MKQ kick
h * Exciting the bunch with the ADT sgn flip mode
MQ quenched. E E . = Three corrector orbit bump
Large uncertainty on moment of quench. - B - .
Large uncertainties in electro-thermal model.
. . . N N,/N, FLUKEA LB FLUKA MQED
Best approximation of UFO-type losses in "% [mlem’] [mljem'] [mljcm®]
1.9 K maanets. 3.5%10° n/a 198 nfa 717
=g - B.2x10° 62 nfa 250 58
g! W v 82x10° 99 n/a 405 807
=i =t 3 Ny il UrCmeEt
B N
;. g *‘.I_ i 12 100K
&1 -3 -t 4 E
] 2 TEEEEN _ 10f 025 A =
;E‘El.lll N ap B ;: Bl - .|.."1:§ 600 _g
2 500 -"m -i =l '||'-25: . z
s N ]
,E Ly = = o B
Eim o5 o 2| 0.05 200 2
'E lu“"_ I:I:'I;:' 0.00

L]

M. Sapinski

Distance from magnet centre [m) .
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Quench Test Analysis

What is the energy deposition in the coil at the moment of quench?

P. shower: norm.

Settings: bump Particle tracking: space distribution

amplitude etc. spatial distribution
BLM: normalized

Beam parameter FCBM: loss rate time distribution
measurements: QPS: moment QPS: moment
g, Q, etc. of quench -

8 Upper bound of quench

v & =

quench

Particle N Particle Electro-Thermal

Tracking ¢ Shower

Ay

no quenCh

Estimate (MQED)

Lower bound

BPM signals Quench test
BLM normalized BLM signals Subscale
time distribution experiments
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The first quench test campaign — 2010
Steady-state losses:

* Dynamic 3-corrector orbit bump technique ot =
« Advantages: I ]
. B 16f -
. Simple, no much prep needed 5 o E
 Disadvantages: g 1 3
* Not-constant loss rate £ 1o E
w B —
« Can target only quadrupole magnet § o ]
« 3 quenches at 450 GeV § ]
 Loss duration~ 1s TR P E
o 1 quenCh at 3.5 TeV = e Helat'i:rgﬂme [s] N ’
* Loss duration ~ 5s
5107 _mMa _
Consequence: 3
« Correction of BLM thresholds for 2100 \ §
=
steady-state regime for the restof Run1 ° = quench test
10 -~ 2010-10-17 18:23 E
3810 3820 3930 3940 3950

dcum [m]

A. Priebe et al., IPAC11 and IEEE Trans. on Appl. Supercond, Vol: PP, Issue: 99
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UFO fishing

It is difficult to reproduce UFO in controlled experimental conditions

But they happen by themselves, so:

* |nstall additional R1 R2 "3 R4 "5 ”6 "7 ®8

1
. [ — Ull

instrumentation in a Addltlonal 1 sgnat 1 > 2

BLMs in cell
19R3

zone with high UFO activity

« Wait for quench to happen. ;
One arc cell chosen
4 additional BLMs installed

15000
s [m]

No quench observed but

Measurement and observations — reconfiguration of BLM system for Run2

Pos #1 / Pos #2 BLM 1 BLM 3 BLMS
[T Lt - .—| I —
L] m“f -H wacisa | ; uq uie I [re—— B |g
L] 1 E T T E - . D
BLM Nz BLM N3 BLM N4 { BLM 2 BLMd BLM 6
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Steady-State Losses

2010 Dynamic orbit bump quench tests at injection and 3.5 TeV  :

Quenches in MQ at 450 GeV and 3.5 TeV. %o
Analysis results will be used to se low-energy arc and DS thresholds. % 10'
Documentation: 4
A. Priebe, et al., Beam-induced Quench Test of a LHC Main Quadrupole, b . sl
IPAC 2011. ™ T
A. Priebe, et al., Investigation of Quench Limits of the LHC Superconducting Magnets, IEEE Trans. On
Appl. SC, Vol 23, No 3, June 2013.
A. Priebe, CERN-THESIS-2014-013.
PRSTAB paper to be submitted in autumn 2014. ps 1 .
Collimation quench tests (see Collimation talk) — Gzof |77 Smuien) | wocay
No quenches occurred! a L5 |» = Measwement )’ . TR )
2013 End-of-Run QT Campaign e N OV S -
ADT quench test P
MQ quenched after 20 s of steady losses. 7 300 20 §
FLUKA/BLM discrepancy. z a0 Beam 2
Modest (30 um) step £ HE
in surface roughness could produce a § 100} g
better fit to BLM data. g 50 0.5 g
No full validation of electro-thermal model. 0 ——— 3 3 —00%

Distance from magnet centre [m]
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Situation before the LHC startup

EUROPEAN GRGANIZATION FOR XUCLEAR RESEARCH
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