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Abstract 
VacXXm componenWV of a dipole magneW e[poVed Wo Whe 

proWon beam in Whe LHC aW CERN Zere e[WracWed from Whe 
LHC ring dXring Whe Wechnical VWop 2016 ± 2017. Chemical 
anal\ViV aV Zell aV Secondar\ ElecWron Yield (SEY) meaV-
XremenWV Zere performed on Wheir VXrface afWer a monWh of 
air e[poVXre, Wo VWXd\ poVVible VXrface modificaWionV in-
dXced b\ Whe elecWron cloXd bombardmenW dXring opera-
Wion. The VWXd\ VhoZV WhaW VXrfaceV e[poVed Wo Whe cloXd 
e[hibiW a loZer ma[imXm SEY and a loZer copper h\dro[-
ide conWribXWion Whan Whe Vame VXrface, neYer e[poVed Wo 
Whe beam. In addiWion, carbon graphiWi]aWion coXld be de-
WecWed on one of Whe LHC e[WracWed componenWV. TheVe 
Whree feaWXreV Zere preYioXVl\ idenWified aV main charac-
WeriVWicV of a copper VXrface condiWioned b\ elecWron irradi-
aWion. ThiV demonVWraWeV WhaW Whe LHC e[WracWed compo-
nenWV Zere aW leaVW parWiall\ condiWioned in Whe acceleraWor 
Xnder Whe effecW of elecWron cloXd. 

IN7ROD8C7ION 
In Whe laVW decadeV, condiWioning of VXrfaceV b\ elecWron 

bombardmenW haV been e[WenViYel\ VWXdied in Whe labora-
Wor\, in parWicXlar Wo XnderVWand and foreVeen Whe behaYioXr 
of parWicle acceleraWorV ZiWh reVpecW Wo Whe elecWron cloXd 
effecW [1-3]. HoZeYer, onl\ feZ VWXdieV on VXrface modifi-
caWionV indXced b\ elecWron irradiaWion coXld be direcWl\ 
performed on acceleraWor componenWV [4-7], leading Wo a 
lack of XnderVWanding regarding Whe condiWioning VWaWe of 
Vome acceleraWorV [8]. 

DXring Whe e[Wended \ear-end Wechnical VWop (EYETS) 
2016-2017, a faXlW\ dipole magneW ZaV e[changed in Whe 
LHC ring aW CERN. AfWer Zarming Xp and YenWing of a fXll 
LHC VecWor, Whe magneW ZaV remoYed from iWV poViWion in 
Whe WXnnel and broXghW Wo Whe VXrface. TZo YacXXm compo-
nenWV e[poVed Wo Whe beam, namel\ a beam Vcreen and a 
pXmping VloW Vhield, Zere e[WracWed from Whe magneW and 
Wheir VXrface ZaV anal\Ved in Whe laboraWor\ b\ X-Ra\ Pho-
WoelecWron SpecWroVcop\ (XPS) and Secondar\ ElecWron 
Yield (SEY) meaVXremenWV Wo inYeVWigaWe VXrface modifi-
caWionV indXced b\ Whe elecWron cloXd e[poVXre inVide Whe 
LHC. To inWerpreW Whe obVerYaWionV, a laboraWor\ VWXd\ haV 
been performed in parallel Wo XnderVWand Whe mechaniVmV 
and Whe characWeriVWicV of Whe condiWioning proceVV of cop-
per, Whe maWerial of Whe LHC beam Vcreen Zhich iV e[poVed 
Wo Whe beamV. 

In WhiV paper, Whe chemical VXrface anal\ViV aV Zell aV 
SEY meaVXremenWV performed on Whe LHC e[WracWed com-
ponenWV are reporWed and compared ZiWh reVXlWV from Whe 
laboraWor\ condiWioning VWXd\. 

E;PERIMEN7S 
LaboUaWoU\ VWXd\ 

The e[perimenWV Zere carried oXW in a baked UHV V\V-
Wem (baVe preVVXre 6 [ 10-10 mbar) made oXW of �-meWal. 
The VeWXp iV eqXipped for XPS anal\ViV aW normal emiVVion 
angle (monochromaWic Al KĮ VoXrce, hȞ = 1486.7 eV) and 
SEY meaVXremenW. An elecWron flood gXn alloZV Vample 
irradiaWion for Whe condiWioning VWXd\. The SEY į iV defined 
aV Whe raWio of Whe WoWal nXmber of emiWWed (WrXe Vecondar\ 
and backVcaWWered) elecWronV IV  and Whe nXmber of imping-
ing elecWronV Ip. SEY meaVXremenWV Zere carried oXW aW 
normal incidence, beWZeen 10 and 1800 eV elecWron land-
ing energ\. The primar\ cXrrenW Ip ZaV firVW meaVXred ap-
pl\ing a poViWiYe biaV on Whe Vample (VVa = +40 V). The biaV 
ZaV When VZiWched Wo negaWiYe YalXe (VVa = -40V) and Whe 
Vample cXrrenW IVa = Ip ± IV ZaV meaVXred. The SEY ZaV 
When compXWed: į = 1 ± IVa/Ip. The primar\ cXrrenW ZaV kepW 
beloZ 2.5 nA Wo limiW Whe Vample condiWioning dXring Whe 
SEY meaVXremenW (eVWimaWed correVponding doVe: 
4 [ 10-7 C/mmð). The reprodXcibiliW\ of Whe SEY meaVXre-
menW iV eVWimaWed Wo be �0.05 for WZo VXbVeqXenW meaVXre-
menWV aW Whe Vame poViWion. CondiWioning ZaV carried oXW 
XVing a flood gXn aW E = 250 eV aW normal incidence. The 
Vample cXrrenW dXring irradiaWion ZaV aboXW 150 �A (meaV-
Xred ZiWh VVa = +32V) for an irradiaWed area eVWimaWed Wo 
1000 mmð. The VampleV XVed for Whe laboraWor\ VWXd\ Zere 
15[20 mmð copper pieceV cXW in a Vpare LHC beam Vcreen 
and Zere cleaned in a commercial deWergenW, folloZing Whe 
procedXre applied for cleaning Whe beam VcreenV and 
pXmping VloW VhieldV inVWalled in Whe LHC. 
 

 
Figure 1: Schematic of the LHC beam vacuum system in 
the arcs 
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Figure 2: Laboratory conditioning of copper: secondary electron yield curves, Cu 2p and C 1s XPS lines

LHC e[WUacWed comSonenWV 
TZo YacXXm componenWV e[poVed Wo Whe elecWron cloXd 

dXring Whe LHC operaWion Zere remoYed from Whe LHC di-
pole magneW (Vee FigXre 1).  

A 16 m long beam Vcreen made of colaminaWed copper 
(inner face) on VWainleVV VWeel (oXWer face) ZaV e[WracWed 
from Whe cold bore and VliceV Zere cXW aW differenW poViWionV 
along Whe magneW. For each Vlice, SEY cXrYeV and XPS 
VpecWra Zere acqXired in differenW poinWV ZiWh reVpecW Wo Whe 
a]imXWhal poViWion in Whe laboraWor\ VeWXp deVcribed aboYe. 
BecaXVe of Whe confinemenW of Whe elecWron cloXd b\ Whe 
dipole field, Whe WZo flaW VideV of Whe beam Vcreen (normal 
Wo Whe field) are e[pecWed Wo receiYe moVW of Whe elecWron 
irradiaWion doVe. On Whe e[Wernal laWeral Vide, a VaZWooWh 
profile iV machined Wo abVorb V\nchroWron radiaWion (Vee 
FigXre 1). 

The pXmping VloW Vhield, made of copper ber\lliXm allo\ 
(UNS C17200) paVViYaWed ZiWh chromic acid afWer deWer-
genW cleaning and locaWed on Wop and boWWom of Whe beam 
Vcreen, ZaV alVo anal\Ved. In parWicXlar, longiWXdinal SEY 
profileV and XPS anal\ViV Zere performed along Whe beam 
a[iV in order Wo inYeVWigaWe differenceV in condiWioning 
VWaWeV beWZeen areaV Zhich Zere e[poVed Wo Whe elecWron 
cloXd WhroXgh Whe beam Vcreen pXmping VloWV and areaV 
Zhich remained maVked b\ Whe beam Vcreen (Vee FigXre 1). 

For boWh componenWV Whe anal\ViV Zere performed afWer 
1 Wo 2 monWhV of air e[poVXre, a YenWing of a fXll LHC Vec-
Wor being reqXired Wo e[change Whe magneW. ThXV, decondi-
Wioning of Whe VXrface and loVV of Whe in-ViWX condiWioning 
VWaWe are e[pecWed. 

RES8L7S AND DISC8SSION 
LaboUaWoU\ condiWioning of coSSeU 

The SEY cXrYeV aV Zell aV Whe CX 2p and C 1V XPS core 
VpecWra acqXired dXring Whe condiWioning of a copper beam 
Vcreen Vample are VhoZn in FigXre 2. In Whe aV receiYed 
VWaWe, Whe Vample e[hibiWV a XVXal airborne conWaminaWion 
la\er inclXding copper h\dro[ide CX(OH)2 and carbon Vpe-
cieV. The ma[imXm SEY of VXch a VXrface iV aboXW 2 and 
iV foXnd aW a primar\ energ\ of 300 eV. DXring condiWion-
ing, WZo phenomena occXr, leading Wo a global decreaVe of 
Whe SEY doZn Wo 1.15 aW a primar\ energ\ of 400 eV for a 
doVe of 10-2 C/mmð. In Whe firVW VWageV of irradiaWion, a VXr-
face cleaning effecW b\ elecWron VWimXlaWed deVorpWion iV 
obVerYed WhroXgh Whe YaniVhing of Whe CX(OH)2 and Whe car-
bo[\l/carbonaWe componenWV on Whe CX 2p and C 1V lineV 
reVpecWiYel\. For an elecWron doVe greaWer Whan 
2.5 [ 10-4 C/mmð, a VhifW of Whe C 1V line WoZardV loZer 

Figure 3: Maximum SEY with respect to azimuthal position for four slices cut in the LHC extracted beam screen  
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binding energieV occXrV, correVponding Wo graphiWi]aWion of 
Whe adYenWiWioXV carbon la\er, aV alread\ reporWed [2]. 

LHC e[WUacWed comSonenWV 
Beam screen 
FoXr VliceV of beam Vcreen, cXW aW differenW poViWionV 

along Whe magneW, Zere anal\Ved. The ma[imXm SEY ZiWh 
reVpecW Wo Whe a]imXWhal poViWion for Whe 4 VliceV iV VhoZn 
in FigXre 3. DeVpiWe Whe elecWron confinemenW b\ Whe dipole 
field, no VignificanW difference of ma[imXm SEY iV ob-
VerYed beWZeen Whe flaW (Wop and boWWom) VideV and Whe 
Zelding Vide. The ma[imXm SEY of WhoVe VampleV rangeV 
from 1.5 Wo 1.85, Zhich iV Zell beloZ Whe YalXe of 1.95 
meaVXred on a beam Vcreen neYer inVWalled in Whe LHC. 
ThiV obVerYaWion iV compaWible ZiWh aW leaVW a parWial con-
diWioning VWaWe of Whe beam Vcreen inVide Whe LHC. 

 
Figure 4: Cu 2p lines acquired on the bottom side of the 
LHC extracted sample located at 230 cm from beam screen 
extremity, on a never installed beam screen and on a never 
installed beam screen fully conditioned in the lab and 
stored for 9 days in air 

XPS anal\ViV performed on Whe foXr VliceV reYealed Whe 
preVence of carbon, o[\gen and niWrogen on Wop of copper, 
aV Zell aV WraceV of XVXal conWaminanWV (S, Cl, Si). The CX 
2p line acqXired on Whe boWWom Vide of Whe Vlice locaWed aW 
230 cm from Whe beam Vcreen e[WremiW\ iV VhoZn in FigXre 
4. For compariVon, Whe CX 2p lineV acqXired on a neYer in-
VWalled beam Vcreen before and afWer a fXll condiWioning 
proceVV in Whe lab folloZed b\ 9 da\V of air e[poVXre are 
alVo VhoZn. AV e[pecWed from Whe laboraWor\ VWXd\ of cop-
per condiWioning reporWed aboYe, Whe h\dro[ide conWribX-
Wion aW 934.8 eV of Whe neYer inVWalled beam Vcreen iV 
VWrongl\ decreaVed b\ Whe lab condiWioning and remainV loZ 
eYen afWer 9 da\V of air e[poVXre. IW iV clear WhaW Whe Vhape 
of Whe CX 2p line of Whe LHC e[WracWed Vample iV differenW 
from Whe neYer inVWalled beam Vcreen one, poinWing again 
WoZardV an elecWron cloXd indXced VXrface modificaWion 
dXring LHC operaWion. No clear difference in Whe C 1V line 
iV obVerYed beWZeen LHC e[WracWed and neYer inVWalled 
(before condiWioning) beam VcreenV. The amoXnW of carbon 
YarieV beWZeen 20 and 40% for all Whe poinWV meaVXred on 
Whe foXr VliceV and no correlaWion ZaV foXnd beWZeen Whe 
carbon concenWraWion and Whe a]imXWhal poViWion.  

Pumping slot shield 
 A YiVXal inVpecWion of Whe pXmping VloW Vhield Vide fac-

ing Whe beam Vcreen reYealed Whe preVence of dark WraceV 
correVponding e[acWl\ Wo Whe pXmping VloW Vhape and Vpac-
ing, and WhXV Wo Whe areaV e[poVed Wo Whe elecWron cloXd in 
Whe LHC (Vee FigXre 1). An air baking aW 120�C for 26h 
enhanced Whe coloXr conWraVW aV VhoZn in FigXre 5. The 
origin of Whe coloraWion iV noW \eW XnderVWood and iV cXr-
renWl\ Xnder inYeVWigaWion. 

 

 
Figure 5: Dark traces corresponding to the pumping slots 
on the pumping slot shield side facing the beam screen 

 

The SEY ZaV meaVXred on Whe Vample aV e[WracWed (no 
baking in air) in differenW poinWV along Whe beam a[iV and 
Whe correVponding ma[imXm SEY profile iV giYen in FigXre 
6 Zhere Whe gre\ VWripeV repreVenW Whe poViWion of Whe dark 
WraceV. A clear and V\VWemaWic VWep paWWern iV YiVible ZiWh 
loZ SEY regionV correVponding Wo dark (irradiaWed) areaV 
and high SEY regionV in Whe non-irradiaWed areaV. AV for 
Whe beam Vcreen, a reference Vample (Vame componenW, bXW 
neYer inVWalled in Whe LHC) ZaV anal\Ved for compariVon. 
AfWer Whe cleaning and paVViYaWion procedXre, Whe neYer in-
VWalled pXmping VloW Vhield e[hibiWV a ma[imXm SEY of 
aboXW 2, correVponding Wo Whe YalXe meaVXred in Whe non-
irradiaWed areaV of Whe LHC e[WracWed componenW. AfWer fXll 
condiWioning in Whe lab and 1 Zeek of air VWorage, Whe ma[-
imXm SEY of Whe neYer inVWalled Vample iV beloZ 1.9 and 
iV compaWible, ZiWhin Whe e[perimenWal accXrac\, ZiWh Whe 
ma[imXm SEY obVerYed in Whe irradiaWed areaV.  

XPS VpecWra Zere acqXired in boWh irradiaWed and non-
irradiaWed areaV of Whe LHC e[WracWed pXmping VloW Vhield. 
In addiWion Wo Whe elemenWV foXnd on Whe LHC e[WracWed 

Figure 6: Maximum SEY with respect to longitudinal po-
sition for a LHC extracted pumping slot shield. The maxi-
mum SEY value for a cleaned (never installed) pumping 
slot shield before and after a full conditioning process in 
the lab followed by a week of air exposure 
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beam Vcreen, ber\lliXm and chromiXm coXld be deWecWed 
on WhiV componenW. The CX 2p and C 1V lineV are VhoZn in 
FigXre 7. AV e[pecWed from Whe laboraWor\ VWXd\ reporWed 
aboYe, Whe CX(OH)2 conWribXWion iV VWrongl\ decreaVed in 
Whe irradiaWed areaV ZiWh reVpecW Wo Whe non-irradiaWed oneV. 
In addiWion, in Whe irradiaWed ]oneV, Whe C 1V line iV VhifWed 
Wo loZer binding energ\ demonVWraWing a graphiWi]aWion of 
Whe adYenWiWioXV carbon la\er. TheVe WZo obVerYaWionV are 
compaWible ZiWh a condiWioning of Whe dark areaV indXced 
b\ Whe elecWron cloXd. IW iV ZorWh menWioning WhaW no differ-
ence of carbon concenWraWion iV obVerYed ZheWher Whe ma-
Werial ZaV irradiaWed or noW, conWrar\ Wo anal\ViV performed 
on componenWV e[WracWed from Whe SPS aW CERN [9]. 

 
Figure 7: Cu 2p and C 1s lines acquired on the LHC ex-
tracted pumping slot shield, in irradiated and non-irradi-
ated areas 

CONCL8SION 
A laboraWor\ VWXd\ alloZed Whe idenWificaWion of differenW 

feaWXreV of Whe copper condiWioning proceVV. DXring elec-
Wron irradiaWion, a decreaVe of Whe SEY indXced b\ Whe 
cleaning of Whe VXrface (CX(OH)2 and carbo[\lV/carbonaWeV 
remoYal) and carbon graphiWi]aWion iV obVerYed.  

In a Vecond Wime, a beam Vcreen and a pXmping VloW 
Vhield e[poVed Wo Whe beam in Whe LHC and e[WracWed dXr-
ing Whe EYETS 2016-2017 Zere anal\Ved afWer 1 Wo 2 
monWhV of air e[poVXre. The beam Vcreen aV Zell aV Whe 
pXmping VloW Vhield, in iWV irradiaWed areaV, e[hibiW a loZer 

SEY aV Zell aV a loZer CX(OH)2 Vignal Whan Whe reference 
componenW Zhich ZaV neYer inVWalled in Whe LHC. In addi-
Wion, carbon in a graphiWic form iV obVerYed in Whe irradiaWed 
areaV of Whe LHC e[WracWed pXmping VloW Vhield. TheVe ob-
VerYaWionV, idenWified in Whe laboraWor\ VWXd\ aV characWer-
iVWic feaWXreV of Whe condiWioning, proYe WhaW Whe LHC e[-
WracWed componenWV Zere aW leaVW parWiall\ condiWioned b\ 
Whe elecWron cloXd in Whe LHC. HoZeYer, dXe Wo YenWing in-
dXced decondiWioning, WhiV VWXd\ doeV noW alloZ Wo dedXce 
Whe condiWioning leYel in WermV of SEY of Whe componenWV 
dXring Whe machine operaWion. 

FXrWhermore, no carbon groZWh ZaV obVerYed for Whe 
LHC e[WracWed componenWV conWrar\ Wo preYioXV obVerYa-
WionV on SPS e[WracWed componenWV, proYing WhaW Whe con-
diWioning doeV noW rel\ on carbon groZWh.  

More inYeVWigaWionV are ongoing Wo XnderVWand Whe mech-
aniVmV of decondiWioning in order Wo prepare Whe anal\ViV 
of neZ componenWV Wo be e[WracWed from Whe LHC dXring 
Whe Long ShXWdoZn 2. 
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