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Working conditions p4: 5L4

@® BGC operated and validated on standard full intensity

(Injection->Ramp->Stable Beams) for pbroton and ion beam
Interaction chamber

(VGP.4a.5L4.BGC) Pressure [mbar]
NegasJetOFF N 222001
‘Ne gas Jet On 4.00e-8

® Beam losses
o  Beam Injection - no losses above noise in Fixed

display
o  Stable beams - local increase in P4 BGCON M BGC OFF
o No observed effect on emittance.... o e |

odamta  ocanta

@® BGC in 2023 on LHC p-beam ~10h
o Validation - ok
o  Systematic studies needed

@® BGCin 2023 on LHC Pb-beam >70h =
o Validation - ok g R
o Systematic studies done - — - :

m Being analysed
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Datasets taken

Protons ~ 10h | Energy [TeV/Z] [Comments

1x 0.45-6.8 Losses evolution (without gas injection)

lon > 70h Energy [TeV/Z] |Comments

Inj 6x; FT 4x 0.45-6.8 Different beam intensities
Now: 6x 0.45-6.8 Different beam fills
Now: 3x 6.8 Comparison to emittance scans
Now: 10x 0.45-6.8 Emittance evolution (Injection->Ramp-Flat Top)
1x 6.8 Dedicated local horizontal position bump
1x 6.8 Vibration studies (moving the opt. System up and down)




Proton measurements
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Proton beam
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First BGC measurements
LHC proton beam
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Gas jet interaction

Data
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mm Confidence
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Averaging images

. 450 GeV

Data
fit: 0_x = 1257 +- 34 um
SNR = 5.8

—
Data

fit: 0_y = 1099 +- 9 um
SNR = 20.47

B Fit confidence



fit: 0_x = 564.0 +- 15.0 um
3

Protons - Precision studies

@ Systematic error studies to be done

@ 6.8 TeV acq. times

Centroid

Profile measurements

< ReosHRements Imin

Data
fit: 0y = 318.0 +- 7.0 um
SNR = 14.66

= Confidence
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= 500000
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s— 325
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400000
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Protons - vertical scan
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LHC horizontal sigma [um]

Beam seems to
be in focus

-2.0 -15 -1.0

Vertical displacement [mm]




lon measurements

Hlum Y (&
wsm ' ) Student meeting - Beam Gas Curtain at LHC08.12.2023



First BGC measurements
LHC Ion beam

Background

200000 T V

Data
150000 1 min fit: 0_x = 591 +- 2 um BaCkground gas
- SNR = 106.58 . .
= 100000 B Fit confidence interaction
50000
24
Data
fit: o_y = 532 +- 1um
SNR = 156.29

B Fit confidence

Pb beam

—

Gas jet interaction

. o 100000 200000
] N[~]

’ H i )
HHH!HC PROJECT

Ne Gas curtain

450 GeV

40000 1 m i n

T 30000

N

20000

24

x [mm]

Data
fit: 0_x = 1348 +- 16 um
SNR =19.91

Il Fit confidence

B Fit confidence

32.5 20000

Data

fit: o_y = 1548 +- 15 um
SNR = 33.22

40000
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lon measurements - background
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DC + Losses + Gas jet losses + DC + Losses + Gas jet losses;
SR + DC + fluorescence No “real photons”

Ion Background - 6.8 TeV

Block, Beam, Gas Jet

585nm, Beam, Gasjet

Data
fit: 0_x = 570 +- 2 um Data
SNR = 88.72 s00001

fit: 0_x = 104 +- 56 um
. Fit confidence e s SNA = 0.99
iaanad . Fit confidence
40000 {

Data

fit: 0_y = 526 +- 1 um 2
SNR'= 114.66
mm Fit confidence

Data
fit: 0_y = 963 +- 427 um
SNR=0.5

W Fit confidence

¥ tmm]

45200000 400000 600000
60000 70000

10000 4
ous
10000 fit: o_x = 665 +- 141 um SR + ol .0 =126 4-57m Losses +
- SNR = 1.11 T
I e corsice Ambient < oo e e GJ losses:

Data

Data
fit: 0_y = 20512 +- 0 um fit: oy = 172 +- 41um
SNR'=0.0 SNR=1.72

W Fit confidence . Fit confidence
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DC + Losses + SR + Ambient;

No Gas jet related light
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Z 50000 {
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585nm, Beam, No Gas Jet

Data

SNR = 2.3

T

B Fit confidence

. Fit confidence

fit: 0_x = 56 +- 17 um
3

Data
fit: 0_y = 36 +-9 um
SNR = 358

W Fit confidence

4560000 70000 80000
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Data
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DC + Losses + Gas jet losses + DC + Losses + Gas jet losses; DC + Losses + SR + Ambient;
SR + DC + fluorescence No “real photons” No Gas jet related light

Ion Background - 6.8 TeV

585nm, Beam, Gasjet Block, Beam’ Gas Jet 585nm, Beam! No Gas Jet

P 70000

fit: o x = 570 +-2 um doosd oata Data

SNR = 88.72 fit: 0_x = 104 +- 56 um e | fit: 0_x = 56 +- 17 um
. Fit confidence SNR'= 0.99 T SNR'= 2.33

< 50000 = it confidence = 50000 4 = Fit confidence
40000 { 40000 4
Data

fit: 0y = 526 +- 1 um
SNR = 114.66

BN Fit confidence

Data
fit: 0_y = 963 +- 427 um
SNR=0.5

W Fit confidence

Data
fit: 0_y = 36 +-9 um
SNR = 358

W Fit confidence

Dark counts seem to be
dominating for lons at  [we e i = anino 7ok w0
6.8 TeV
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Dark counts . \i._ -

Data
fit: o_y = 368 +- 126 um
SNR = 0.88

B Fit confidence

Photocathode nonhomogeneous

Higher dark count than expected

—_——
20 25 45 60000 70000 80000
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DC + SR + Losses + Ambient;
No Gas jet related light

lon Background sub. - 6.8 TeV

. Parameters
DC + Losses + Gas jet losses;

Pb

Beam Energy [GeV/Z]

6800

No “real photons”
Beam intensity [e]

1.1e13

Gas jet

Ne

Block,

Gas Jet Integration time [s]

60

me 585nm,

m Fit confidence

No Gas Jet

Measurement method

Average

Original e

rigina 60000 it 0.x = 104 +- 56 um
- SR 099
Z s0000 -t confidence

Data
fit: 0_y = 36 +-9 um
SNR= 358

W Fit confidence

i 4560000 70000 80000
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400000 4 N Data
300000 { fit: 0.x = 571 +- 2 um
- SNR = 74.05
< 200000 = Fit confidence
100000 {
oata
£ fit: 0_y = 525 +-1um
SNR'= 88.86

M it confidence

400000 A Data = oata
fit: 0_x = 570 +- 2 um SNR = 0,
T 300000 SNR = 88.72 W Fit confidence
5 B Fit confidence
Z 200000
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Data
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SNR = 114.66

Bl Fit confidence
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400000
T 300000
Z 200000

100000

Ion Background sub. - 450 GeV

6.8 TeV

x [mm]

Data
fit: 0_x = 570 +- 2 um
SNR = 88.72

B Fit confidence

Data
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Bl Fit confidence
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Data
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W it confidence
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Data
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SNR = 25.17
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Beam intensity [e]
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lon measurements - systematic studies
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Ions - Precision studies

@® Time needed for measurement

O

O

O

O

Precision required
Beam intensity
Beam size

Beam losses (only for protons)

@ Error studies (for size error <5%):

O

O

5s - Flat top ~1.e13 charges
20-30s - injection 960b

30s - injection 640b

5-10m - injection 40b

Standard deviation of Gyor [%]

Standard deviation of Gyor [%]

6

Stable Beams

5s:
Size error <5%

20 30 40
Averaging Time [s

Beam Injection
960b

20-30s:
Size error <5%

20 30 40
Averaging Time [s]




Intensifier amplification

Seems to plato

35 9

Parameters
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Beam Energy [GeV/Z]
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Beam intensity [e]

1.12e13
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. Amp: 3.6/5V
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570

540

600

[um]

g

Sigma Vertical comparison

.\cq. time; Cam gain - max

>0.3s seems to be
worse (size increase,

Intensity decrease,

SNR slight decrease

_—

Intensity V fnl\ fitm

Parameters

Pb
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Beam intensity [e]
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Parameters Pb
Beam Energy [GeV/Z] 6800

Beam intensity [e] 1.12e13

Acq. time Varied Camera gain varied Gas jet Ne

to avoid saturation
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‘ Ions - Vertical scan studies' ' ‘ ¢ ;| Visible decrease, Yt
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‘ Emittance calculations

@ Emittance calculated
@ Beta function provided by CERN

o  Beta-beating around 10%
o Upper limit on, can be made

more precise upon request

290.4

B horizontal [m]




‘ Emittance calculations

@ Emittance scans convolute both beams
o Comparable only with assumption of similar beams
o Wire scans at injection: B1H1 & B2H1 within 10%

BGC emitty, [um] IP1 emitty, [um]

27.9. (227b) 2.7 ¥ 0.3 25+0.2

o All scans shown are at the end of the fill -> highest
probability of similar beams

@® Measurements agree within 10% — —
13.10. 2.7+ 0.3 25+ 0.3

® BGC consistently higher by ~8%

17.10. 2.6 +0.3 24+ 0.2




() PbBeam1:16.10.2023

Average Horizontal emittance
BGC: absolute measurements

BSRT not calibrated -
a relative measurements
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Vertical measurements

Image of the beam

Fy) #8—3 ® Geometrical factor depends on
ol o Beam size/curtain thickness ratio

: o  Gas curtain density distribution

E 7 ® From simulations the uniformity

Charged bea ( {% Uniform gas curtain
f(x,y) Gaussian beam
Gas curlam
\ direction | + Beam distr

Gas curtain 1.0 1 Curtaind =0
thickness Appl. Phys. Lett.. 2022 120(17 ¢ =1.080
doi:10.1063/5.0085491 Curtaind = 2-0
0.8 g =1.330
Curtaind = 2.7-0
—~ = o =1.610
— <
fx == fx = 0.6
~ d/2 é
fo= | p@-f,(-2/V2-y)de
—df2
0.2
0.0

. ) -1 0 1 2
Y @
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Summary

@ BGC successfully operated at LHC during 2023

@ Validated both with p & Pb beams from beam injection through energy ramp, up to 6.8
TeV

@ Proton dataset - limited -> systematic studies needed
@ lon studies very successful!
o Systematic studies carried out
o Background dominated by photocathode dark counts
o The only measurements of emittance at Injection Energy!

o Horizontal emittance within 10% to independent measurements at IP1

s & -
HL.L% gl )Potential to be operational instrument during 2024
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! ‘ Ions - Averaging times 6.8TeV

Signal to Noise ratio V

Sigma Vertical comparison & Displ:60s
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Sigma Vertical comparison

Ions - Averaging times 450 GeV
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Ions - Averaging times 450 GeV
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Average Horizontal emittance a relative measurements
BGC: absolute measurements
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Vertical measurements

Image of the beam
f(x5) #e—s
O [

@
Charged bea % :
f(xy) |
‘&/ﬁﬁiﬁﬁﬁi‘" é}_}

Gas curtain
thickness Appl. Phys. Lett.. 2022; 120(17
doi:10.1063/5.0085491

fi=fo
— dar
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&

@® Geometrical factor depends on

o  Beam size/curtain thickness ratio

o  Gas curtain density

@ Subject of analysis
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Proton measurements
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Current state

@ Monitor still under development (1st year at LHC)

o Can become operational instrument during 2024 (injection sequence, software)

o Started logging on Timber (simple horizontal size and emittance published)
o Most of the analysis is still done offline, routines are being developed

@ Systematics under investigation - narrowing down accuracy

| o Point spread function

o Beta function variation

@ Analysing & mapping correction factor for absolute vertical measurements

T
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Average Horizontal emittance
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Stepmotors in all
3 dimensions

Local gas
pressure

measur ‘7 ent
A M)

1mm
Pinhole

Gas jet
direction

Enclosed ion
gauge

Student meeting - B{

Direct gas curtain profile measurements
Moveable pinhole pressure gauge

Replaces interaction

chamber -> Measuring

Gas curtain profile at
interaction point




BGC Version 3to CERN - Commissioning

<10 mol. m3

Measurements @® Full assembly in one week
o Including vacuum pump

down tests - Successful

@ Alignment of nozzle-skimmer
. assembly - Successful :ii
o Including building ahgnment
setup at CERN &
@ Moveable pressure gauge
Installed & Gas curtain profile

measured - Successful
o Great agreement with

simulations

— -15

« Hilumr
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Gas jet profile

Appl. Phys. Lett.. 2022;120(17).
doi:10.1063/5.0085491

1mm
Pinhole

@® Moveable pinhole

o Jet pressure sampling

Enclosed ion
gauge

Gas jet
direction
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Gas jet profile
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LHC Vacuum and LHC NEG coating saturation

@ BGC Version 3 - Pump down curves being characterized to simulate

s
/

effect on LHC vacuum B il
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’ () PbB1:16.10.2023

Average Vertical emittance

Injection BGC: Relative measurements (currently) .
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Parameters Pb

N Beam Energy [GeV/Z] 450
‘ 16.10.2023 - Dumps durlng Beam intensity [e] | 1.40e13
Gas jet Ne

I'amp 3rd fill - fine Integration time [s] 30

2 dumps during ramp

Measurement method | Average

LHC emittance evolution ramp -

LHC emittance evolution ramp - LHC emittance evolution ramp - -

E_E.i
[ 3¢

Higher emittance 1st & 2nd: 1080b
3rd: 960b
Different fill with 1080b
for emittance comp?




Parameters Pb
R Beam Energy [GeV/Z] 450
‘ 16.10.2023 - Dumps durlng Beam intensity [e] 1.40e13
Gas jet Ne
ram ill - fi fon 1
p 2 dumps during ramp 3rd fill - fine Integration time [s] 30
Measurement method | Average

Higher emittance 1st & 2nd: 1080b
3rd: 960b
Different fill with 1080b
for emittance comp?




Gas Curtain

Imagining system 3rd skimmer
2nd skimmer
1st skimmer
Interaction
Gas curtain chamber Insertable target Nozzle
generation section \
¥ L : 4th skimmer
Gas curtain o ot
direction
O ‘ @® Gas curtain formed by skimmers

@ Passing through beam
r‘ @ Fluorescence photons
Beam @ Pumped out in dump chamber
bump chamber @ Keeping low background pressure

Alignment laser

N
A 4
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Beam gas curtain monitor at Cockcroft Institute

Imagining system

Interaction
Gas curtain chamber Insertable target
generation section \
Fi=L , 4th skimmer
Gas curtain -
direction
Alignment laser g E ?
Beam
direction

Dump chamber

N
A 4
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@ Proposed new stage of LHC collimation system

@® 10 keV, 5 A hollow electron beam oV ] Courtesy of A. Rossi

HORIZONTAL POSITION / o

-6 -4 -2 0 2 4 6
1 1 1 I 1 1 1

LHC Beam core - -l HOLLOW ELECTRON BEAM
experiences no 5l
field g o
E
-
Beam Halo - g_z_
experiences T ..
nonlinear

1
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1

transverse kicks

TBCited
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Working conditions

2023

Show the losses at FT
lons and protons

Injection -> below noise
on Fixed display

Interaction chamber |Pressure [mbar] , el

‘Gas Jet OFF 2.08-10;

@® Validated for standard
LHC proton and lon
beam

Gas curtain BEEEES
injection
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Working gases

LHC bunch
@ Neon Space-charge effect
o  Same shape as N, N curtain

original std = 0.35

o Neutral transition at 585.4 nm 0.20 digtorted o1 = 049
o Lifetime appr. 16 ns
o Not affected by beam space-charge

normalised

Ne + p/e- — Ne* + p/ee — Ne + y+ p/e” 009
N, + ples — (N;)* +e +ples — N; +y+e +ple *® 0 s -10 -05 [u.o] 05 10 15 20
g 0.05 ll
@ Nitrogen :;O_OO _ II _ -
o Light-yield N,/Ne = 15(1) | | =

-20 -15 -10 -05 0.0 0.5 1.0 1.5 2.0
o Charged transition at 339.4 nm
o Lifetime appr. 60 ns
o Affected by beam space-charge
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Image of the beam

Pt (7 e N

!
|| hotons
x
Charged beam

1
1

fxy)
Gas curlam
\ direction
Gas curtain
thickness Appl. Phys. Lett.. 2022 120(17
doi:10.1063/5.0085491
~
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dar
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normalised [a.u]

Thickness broadening

@ Signal vs Broadening tradeoff
® d=830(20) pm

1.0 1

0.8 1

0.6

0.2 1

0.0

Uniform gas curtain
Gaussian beam

« Beam distr
Curtaind = o
o' =1.080
Curtaind = 2-0
g =1330
Curtaind = 2.7-0
o =161lc
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Electron Beam Test Stand (EBTS)

@® Development of Hollow electron beam
@® Typically: 7 keV, 1.1 A, 25 us pulse, 10 Hz
repetition rate

Interaction chamber Pressure [mbar]

GasJetOFF o 4pes
:0.7xgmm3rd skimmer 2.04e-7:
0.3 X9 mm 3rd skimmer 8.63e-8
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7keV,1.1A

EBTS: GaS Varlatlon Beam int. time: 2 s
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EBTS: OTR comparison rwms
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Gas jet installation at LHC

i — .t/ ,"./

Gas jet monitor successfully installed at LHC in January of 2023!! Q\E“

Huge effort and success for the whole collaboration
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Parameters

‘ First Gas Jet fluorescence Beam Energy [GeV] 450
measurements at LHC at 450 GeV Beam intensity [p] | 3.7e14
Gas jet Ne

Data

fit0.x = 1257 +- 34 um Integration time [s] 1659

SNR =5.8
B Fit confidence

Background

Background gas
et interaction

fit: 0_y = 1099 +- 9 um
SNR = 20.47

B Fit confidence

Proton beam 18
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Gas jet interaction
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Summary

@ Beam Gas Curtain monitor, a 2D profile monitor utilizing fluorescence of supersonic gas
jet

@ Gas curtain density profile shown good transverse uniformity for Neon and Nitrogen gas
@ Varying 3rd skimmer lowers background and resolution significantly
@ BGC monitor measured a hollow electron beam on Electron Beam Test Stand
o Beam profile and centroid using N2, Ne, and Ar gas curtain in agreement
@ BGC monitor measured installed and validated at LHC
o First gas jet measurements of 6.8 TeV proton beam!

o Further studies will be published in journal paper
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EBTS: Fishtall

ID017_CA120_CB840_M100_GasN2-bin=10,

tot. photons = 260713 ph, n_files = 4000 60 BaCkscattered photons
50 from the collector
- w Only thanks to
- 08

20

10

‘ x [mm]

Skimmer: 0.3x9 mm
Beam: 1.5 A
Gas Jet: N2

, H|L l? @ Beam int. time: 2 s
é~ HL-LHC PROJECT 7 B: Gun:181 mT Rest:82 mT

The International Beam Instrumentation Conference, 2023 Saskatoon, Canada
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3rd skimmer -
0.3 X9 mm

X [mm]

FWHM - 2.2’ mm

EBTS: Varied 3rd skimmers
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0.3x9 mm vs 0.7x9 mm:

- Signal ~2x

- Shape - same

- 12mmvs 14 mm
Pressures:

Skimmer: 0.3x9 mm
Beam: 1.5 A

Gas Jet: N2

Beam int. time: 2 s

B: Gun:181 mT Rest:82 mT




EBTS: OTR comparison

@ Distribution shape - Agrees
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Transport of BGC Version 3to CERN
17th May 2022
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