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Disclaimer

* | present the observations performed on some of the 2023 fills

* Results are therefore preliminary
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. Description & Physics principles
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Vacuum Pilot Sector (VPS)
* Location: close to LHCb
 2beamlines

* Installed in 2015:

* 1.4m-long thick a-C coating ~500nm
 1.4m-long bulk Cu
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Electron cloud build-up

Electron cloud = Primary + Secondary electrons
* Primary electrons:
* Photoelectrons induced by photoelectric effect

* Freeelectrons induced by bunch ionising the residual
gas

J//J accelerated e Secondary electrons: induced by primary electrons,
accelerated by successive bunches, hitting the surface
photoelectron free electron Electron
cloud
/Two main material properties for ecloud: \

'Ogr;f . *  Photoelectron Yield (PEY)
« Secondary Electron Yield (SEY)

primary e-
Image current Beam pipe

PEY = “photee”  gpy — _Nsece

\ N Y Nincident e_/
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Electron current and energy detection

] Electron pickups
Electron pickups Energy Analyser .
sov * Electromagnetic shield: 7%-transparency

[0;350]V | @ I « Geometrical surface: 11.4cm?

» Bulk copper collector

s z: [-1.551.5] kV * Positively biased: [0;+350]V
£u____\ _____ Cu_ ¢ Measurement: « electron cloud current »
Electron Energy Analyser (only copper station)
cloud * «Retarding Field Analyser (RFA) »
* Electron pickup: with +9V bias
* Biasedfiltering grid:  75%-transparency
Image current Beam pipe * Biasedfiltering grid: u € [-1500; +1500]V

*  Measurement:

« electron cloud current below u [eV] »
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Total pressure detection

Pressure elevation during LHC functionning

Total pressure gauges

* Photodesorbed gas: induced by photons hitting the surface «  Bayard-Alpert gauges « VGI »
 Electrodesorbed gas: induced by electrons hitting the . Measurement: « desorbed oas pressure »
surface ' Ba>P
PSD
Ysr /kdesorbed
gas free electron . . .
lect e Two main material properties for gas
ectron .
“loud - increase:
o * Photodesorption
e * Electrodesorption
Image current Beam pipe
ESD APgas
PSDgaS X ESDgas X
Y

Total pressure gauges
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Il. LHC physics fill’s lifetime
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Hybrid scheme injection

ppb 1 turn of the LHC: ~89us
Beam energy
[GeV]
Injection phase t
| | 6800
I Beam energy |
|
! |
I : 52 Inge,,
Lo Nsity,
i i 81 Inten
1 o I
| |
| |
| | T e N & § § ¢ R B B
| |
| |
| |
! !
i_;y L 450 « hybrid »
i 7*(8b4e) + 3*(36b)
| : » Time
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Fill lifetime overview

Beam energy
[GeV] Orders of magnitude of typical beam parameters
A B C Dt — p ;
| | L pp beam beam
r l" N punch [1011p*] [1014p+] N

| 6800
Beam energy

2000 1.5 3 0.5

B ppb: proton per bunch
2in
ten .
s,ty

Phases

B7 -
1 Intensit
4 * Injection (A): batch injections at 450GeV

* Energy ramp-up (B): beam accelerated until 6800GeV

» Stable beam (C): bunch collisions for the experiments

 Ramp-down (D): beam dumped and RF ramp-down

T S e ——

450

L.

» Time
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l1l. 72b and hybrid fills at 450 GeV

72b: fills 8673
Hybrid (7*8b4e+3*36b): fill 8736




Electron cloud comparisons for 72b and hybrid fills

72b Electron flux [A.cm™2] Hybrid
10—5 4.5 x 1014
CuBl
o -—— — gt 4.0 x 1014
«* | T 3.5x10*
I 1077 =
I 2 3.0x10M
. | _g 8
| 10 2 2.5x10M
: 10-9 § 2.0 x 1014
B1 intensity T e R ——— = 1.5x 10
10719 g
oot o CB1 = 1.0x10"
IIIIIIIIIIIIIIIIIIIIIIIIIII S ssssmmnnm 10—11 u"""":.""""'"""" 5)(1013
. 10-12 1x1013
56 70
Time [min] Time [min]

Detection limit: [,-~10 [pA]

(Corresponds to the mean baseline plus 1o of its gaussian distribution.)
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Copper is 4 orders of magnitude above carbon.
Carbon below detection limit for 8b4e.
kFor copper:

I72p = 20 X Inypria )
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Pressure comparisons for 72b and hybrid fills

72b Pressure [mbar] Hybrid
1078

CuBl1

s A hihhuiuﬁimmﬁiihﬁuhmugﬁ
A |

if | -El
ad 102 s s g
" a-C B1 I Bl intensity g
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sl s m— == e == e e —aamagn st
Adgaads a, 4 AAAAA‘A Y o o Ve VOV eV S “
10—11
0 14 28 42 56 70 0 10 20 30 40 50 60 70
Time [min] Time [min]
At equal beam intensity for copper: AP73p = 20 X APpyprid

Pressure in carbon station possibly induced by RF bridge.
Thus, pressure rise cannot always be considered as equivalent to electron presence.
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Electron cloud response of copper during injection

Electron flux 72b Electron flux hybrid
[A.cm?] 4 6 8 10 12 14 :72btrains [A.con2]
20 x1077 e / / 16 x1077  Hybrid train: 7 X (8b4e) + 3 X (36b)
e >
| | | | | ! t\? O/
18 x 1077 A W0 107
A A S 10
16 X 10—7 i i % i i / // i I72b [nA] ~ 20 X (Nbunch_160)
. A / / i 12 x1077 Inybria[NA] = 1 X (Npyncn—400)
14 x 10 S / . |
3 | 3 | | _=
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Y S i
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W /i | | 4x1077
4 %1077 / V2R |
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// // o % % | i Io- &< Npynch
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IV. Hybrid physics fill at 6.8 TeV

Hybrid (7*8b4e+5*36b): 8741




Photoelectrons during energy ramp-up

a-C Cu
4.5x10710 7 %1077 3.0 x 101 7000
o0 ©
-10 o o
4.0 x107°0 107 B1 intensity o® 1"‘. CJ £000
2.5 x 1014
3.5 x 10710 .
= 5% 107 T 5000
g 3.0x107" 5 2.0x104 %
: i S,
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= E 15x10™ &
= _ 3
£ 2.0x10 103><10_7 = § 3000
% 1.5 x 10—10 = 1.0 x 1014
2x1077 2000
1.0 x 10710 y
g 0.5x10 1000
0.5 x 10-10 1 X 10
0 0 0 0
0 7 14 28 35 42 49 56 Time [min]

Photoelectrons detected by electron pickup at ~2500GeV which corresponds to a synchrotron radiation
critical energy of 2 eV, matching the work function of copper or carbon (~ 4-5 eV)
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Electron cloud current evolution during a fill
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Electron flux [A.cm™?]
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Multipacting occuring only for copper

* Bumbed curve for copper

* Flat curve for carbon

Only photoelectrons at the end of the fill

Both signals scale with beam intensity

ICu ~ 6 ><IaC

-

\_

Provided the knowledge of the number
of photons absorbed in the stations, one
can compute their Photo Electron Yield

~

J
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V. Electron energy distribution
for bulk Copper

Hybrid (7*8b4e+5*36b): 9072




D u ri n g e n e rgy ra m p_ U p ! Electron enerqy spectrum: Fill 9072

L Secondary
= electrons
Double lognormal fit _r AT
S B I )
c A he ener ks of ndary an S 107" = ' .
ssess the energy peaks of secondary and % 107 i . Beam kicked
accelerated electrons © - I
S L o i L ® . electrons
* Measurement step around Eggy: 3-5eV Kz - I ®e .o
D 102 — : o o %%
* Measurement step around E..: 30 eV 2 = ! : "._
© - i I L
« Cannot describe measurements in-between % - ! i " .
peaks and above accelerated one Z 0% i ! e
= ] . ®
- I ; : o
| | |
- | ,' !
- I Voo ' -
I 1 ! | .
10—4 : I N I i S 1] il Lot
1 Eqpy 10 102 E e 10°
620 1.60 6.0 203 269 AF,; o ppb? x In|\/pb| E.- [eV]
2674 1.60 5.8 202 266
6799 1.59 5.9 203 263 No significant impact of the beam energy ramp-up on the

electron energy distribution.
*J. Scott Berg. CERN LHC Project Note 97, July 1997.
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At Stable Beam: t=0h

Electron enerqy spectrum: Fill 9072 Beam parameters
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1= * Bunch intensity:
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At Stable Beam: t=6h

Electron enerqy spectrum: Fill 9072 Beam parameters
- * Energy: Eg, = 6799 [GeV]
15_ * Bunch intensity:
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At Stable Beam:t=11h

Electron enerqy spectrum: Fill 9072 Beam parameters
- * Energy: Eg, = 6799 [GeV]
e * Bunch intensity:
E ',...-:'*\__.“ b _ 0 99 % 1011 [ p+ ]
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Impact of the beam intensity at 6800GeV

AE,,; < ppb? x In|,/ppb|

Stable Beam
+
OH 1.59 6 203 263
6H 1.23 6 120 166
11H 0.99 6 89 114
*J. Scott Berg. CERN LHC Project Note 97, July 1997.
4 )

No impact of the bunch intensity on the energy of the secondary electrons.
Decrease of the energy gained by accelerated electrons with bunch intensity.
Kick energy formulae gives a reasonable energy assessment at 30%
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Summary

At 450GeV:

* Electron cloud responses for copper are orders of magnitude above carbon ones
* Forcopper, I7z3p = 20 X Inypria

* Atacertain number of bunches, I.- < Ny nch

* Pressure rise is not equivalent to local electron cloud presence

During a hybrid physics fill lifetime:

* Photoelectrons detected for Eppqm > 2500 [GeV]

* Multipacting only in copper

Electron energy distribution:

* Nosignificant impact of the energy ramp-up on the electron energy distribution
» Decrease of the accelerated energy peak with ppb

* Kick energy formula is a reasonable first approximation
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Perspectives for run 2024

» Electrostimulated and Photostimulated Desorption (ESD, PSD) computations with Residual Gas Analyser
* Photoelectron Yield (PY) estimations

» Secondary Electrons Yield (SEY) evaluation with RFA by refining measurements around electron peaks

* Measurements of the electron cloud bunch by bunch with a scope

* Heat load evaluation with calorimeters

* Confrontation of measurements and parameter evaluations against simulations (PyEcloud, Vasco, Molflow, Synrad...)
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Backups
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Station 2 - Amorphous Cd rbon £ 7:1} Dash line : Downer side

[ Red line : Scope
L1 Blue line : Keithley with variable bias

Liner B23
Position : 124 122 121 120 119 118 116 .5L8. B
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— —I———"E——
K6 i
St1l @" EHSC-?G I_
Z | |
—
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- 0 PIEELP ’ P 5 ® VGI:Bayard-AFpert éauge (BAG)

B ph: |.3h9todetector O VQM : Vacuum Quality Monitor
[ Tflg : trigger . @ RGA : Residual Gas Analyser
[0 kick: kicker (Electron Kicker Detector) O VGRB : Pirani gauge /\ VF:Vacuum Flange

B RFA: Retarding Field Analyser @ VPIA : Vacuum Pump x N :NEG cartridge
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Station 3 - New unbaked copper ¢ ©iiDashline: Downerside

|:| Red line : Scope
L1 Blue line : Keithley with variable bias
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— T 50% I : : —
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[ kick : kicker (Electron Kicker Detector) © VGRB : Pirani gauge A VF:VacuumFlange
B RFA: Retarding Field Analyser @ VPIA : Vacuum Pump x N :NEG cartridge
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Station 4 - Old unbaked copper £ C3%7% Dash line : Downer side

[ Red line : Scope
L1 Blue line : Keithley with variable bias

Liner7
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Electron cloud for hybrid fills

Electron flux [A.cm™]
107° 4.5 x 101
106 4.0 x 1014
CuBl — 35x10
1077 R -
s 2 3.0x10%"
(%]
-8 o
10 2 2.5x10™
107° § 2.0 x 1014
w0 5 15x10v
10 * ® o
’ = 1.0x 10
10—11 IIIIII :llll.l“ll‘lllll.l‘ [l ] l’l‘ IIIIIIII 5x1013
107" =l 1x 1013
0 10 70
Time [min]
4 ] ] )
Detection limit: [,-~10 [pA] Copper is 4 orders of magnitude above carbon.
(Corresponds to the mean baseline plus 1o of its gaussian distribution.) Carbon below detection limit for 8b4e.
kFor copper: I72p = 20 X Inypria )
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Electron flux [A.cm™?]

Ecloud as a function of beam mean ppb

% 10~6 Electron flux vs Mean ppb: Fill 9072
3 x107
B o.s;— g
[ o5 (?
2.5 T $’
: 0.4:* C%& (/]
2 __0'3:_ linear
| 02" multipacting
[ regime
— 011 8
150 " £
| 0 8
B 5,191""1 BRI '1{2"1‘123'”'“4""1.‘5'”' ~°..
1 j Mean ppb [10_11 X%} ‘/
0.5 —
B primary electrons
O—| [ —— | 'r?gl'm? l-".:j | L 1 1 | | L1 1 1 | L 1 1 1
0.9 1 1.1 1.2 1.3 1.4 1.5

Mean ppb [10‘11 X L]

bunch
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Multipacting presence

« Barely present for carbon: ecloud mainly
dominated by photoelectrons

* Huge contribution for copper

Assymptotic root method
* Root of linear asymptotic behaviour for high ppb

* Method to assess the variations of multipacting
with time

-

ddentified for lower ppb.

Assymptotic root method is NOT aimed at giving a
multipacting threshold as ecloud effect has been

~

J
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Electron flux scaling with beam intensity at end of fill

Electron flux normalised by beam intensity vs Time: Fill 8741
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Cu ESD for 72b and hybrid fills

100 -
CU@200 K = gg Pressure rise assumed to be induced only by H,
) CO;
10714 ‘ ‘ —— CHyq4
" ] —— CzHs Electrostimulated desorption 17 computation for copper
g station
§ 1074
o
E Filli h AP | mbar molecule
~ 11l1n m el r—— -
';;’10'3‘; —————— NS SR §schieme I [A.cm™2 4 e
2 72b 1.8 1.3 x 1073
107 5 Hybrid 1.4 1.0 x 1073
105 — . ’ — ’ —— y . ,
1076 1073 1074 1073 1072
[C-mm~2?] e ~\
107 106 10" 10'8 Measured ESD correspond to a copper surface at a
RESSHEeSIEe SN dose of a few 10! [e~.cm 2]
M. Haubner et al. Vacuum 207 (2023) 111656 \ )
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RFA raw data

Electron current vs Filtering voltage: Fill 9072

Electron cloud

RFA scan
e Scanning time: ~3 [min]
 Filtering voltage: [0; —1.5] KV

1.0E-07

* Current at aset voltage U[V]:

current of electrons with an energy under eU [eV]

Electron current [A]

The energy spectrum of the electrons can be
obtained by derivating this curve.

0 100 200 300 400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600

—Vitter [V]
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D u ri n g e n e rgy ra m p_ U p ! Electron enerqy spectrum: Fill 9072

L Secondary
= electrons
Double lognormal fit _r AT
S B I )
c A he ener ks of ndary an S 107" = ' .
ssess the energy peaks of secondary and % 107 i . Beam kicked
accelerated electrons © - I
S L o i L ® . electrons
* Measurement step around Eggy: 3-5eV Kz - I ®e .o
D 102 — : o o %%
* Measurement step around E..: 30 eV 2 = ! : "._
© - i I L
« Cannot describe measurements in-between % - ! i " .
peaks and above accelerated one Z 0% i ! e
= ] . ®
- I ; : o
| | |
- | ,' !
- I Voo ' -
I 1 ! | .
10—4 : I N I i S 1] il Lot
1 Eqpy 10 102 E e 10°
620 1.60 6.0 203 269 AF,; o ppb? x In|\/pb| E.- [eV]
2674 1.60 5.8 202 266
6799 1.59 5.9 203 263 No significant impact of the beam energy ramp-up on the

electron energy distribution.
*J. Scott Berg. CERN LHC Project Note 97, July 1997.
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Energy spectrum double lognormal fit

Electron enerqgy spectrum: Fill 9072
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= E | : « Peak at: Epeax = e* — o?
o u e : +® o :
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_ | : .rvre
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Kick approximation principle

Two different types of motions during the passage of a
bunch:

* Autonomous approximation: The electrons are

strongly pulled by the bunch and begin to oscillate
around it.

* Kick approximation: The electrons haven’t started to

move very much before. /Introduction of the critical radius r, above which
- . . . the kick approximation is used, and below which
* Deciding which approximation to use:

the autonomous approximation is used.
* consists of comparing the oscillation period with

_ e within th ons:
respect to the time for the bunch to pass Mean energy kick within these regions

* isequivalentto introducing a transition radius to AE quto AEkict
delimit the domains of validity of both Energy kick for an electron on the wall: AE,, .11

approximations Total mean energy gain:

_ T— b-r,
\ AE;o: = 3 AE 410 + b AEyick /
Ref: “Energy Gain in an Electron Cloud During the Passage of a Bunch ” - J. Scott Berg
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Kick approximation formulae

Transverse and longitudinal bunch distributions assumed
Gaussian

1

Co = 1.05968 Ahalf max — 2\/_2_7'[

Beam parameters

* Relativistic beta: B =

* RMS bunch length: o; = 8 [cm] /

 RMS beam radius: o, ~ 0.2 [mm]

. ppb X 1, 2
Electron properties AE,, .1 = Zmecz T
* Radius: T, ~ 2.81 [fm] ) - 1
(o
« Rest mass: m, =~ 511 [keV/c?] AEquio = uge AEyqu (In <COO-J_> - E]
_ b
K AEyick =2 X AE,, 4 In (—) /
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Energy ramp-up at 620GeV

Electron enerqy spectrum: Fill 9072 Beam parameters
- ! ! * Energy: Eg, = 620 [GeV]
| |
'E | | * Intensity: ppbg, = 1.60 x 101 [ M ]
= o : B1 bunch
— A | |
L 1o 1
S P ]
g 0= ! ‘. ! Fit results
—_— — | o 1
. . i Lee i « Lowenergy: Egzy = 6.0 [eV]
Be — " 8 ° .
% 102 i ‘e .",,c'i'-.\.\. « Highenergy: E,.. = 203[eV]
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Z 0% I : : e
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Energy ramp-up at 2074GeV

Electron enerqy spectrum: Fill 9072 Beam parameters
- ! ! * Energy: Eg; = 2074 [GeV]
'E E E Intensi by, = 1.60 x 1011 [
- e ! ntensity: ppbg1 = 1.60 X [bunch]
- - I . 1
L S TN I
= I :
g 0= ! 5, | Fit results
—_— — | ‘\. |
gJ - o i 0 . E  Lowenergy: FEgzy = 5.8[eV]
o= — 1 i ® .
% 102 : ** e ,,.o!-.&.\ « Highenergy: E,.. = 202[eV]
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e — : : e
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Energy ramp-up at 6799GeV

Electron enerqy spectrum: Fill 9072 Beam parameters
! ! * Energy: Eg, = 6799 [GeV]
| |
'E ] : * Intensity: bg, = 1.59 X 1011[ p” ]
- ..,:_. . : y: PPPp1 ' bunch
- T e l
— 1 I
S Ll - ' - .
g 10°E ' I ‘0 I Fit results
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