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Abstract 
 The YacXXm chambeUV Rf Whe LHC¶V aUcV RSeUaWe in a 

WemSeUaWXUe Uange beWZeen 1.9 K, L.e. Whe WemSeUaWXUe Rf 
Whe VXSeUcRndXcWing magneWV, and 20 K. AW VXch lRZ Wem-
SeUaWXUeV, mRVW Rf Whe UeVidXal gaV VSecieV aUe efficienWl\ 
adVRUbed Rn Whe cRld VXUface. 

LHC¶V SURWRn beam emiWV V\nchURWURn UadiaWiRn inVide 
iWV bending magneWV and, cRnVeTXenWl\, elecWURnV aUe e[-
WUacWed fURm Whe VXUURXnding ZallV b\ Whe ShRWRelecWUic ef-
fecW. The VXcceVViYe SURWRn bXncheV acceleUaWeV Whe ShRWR-
elecWURnV, bXilding-XS an ³elecWURn clRXd´ Zhich geneUaWeV 
gaV deVRUSWiRn fURm Whe YacXXm chambeU and heaW lRad fRU 
Whe cU\Rgenic V\VWem. ThiV ShenRmenRn mighW becRme a 
limiWing facWRU fRU Whe RSeUaWiRn Rf Whe High LXminRViW\ 
LHC XSgUade, ZheUe mRUe inWenVe SURWRn bXncheV Zill ciU-
cXlaWe. 

In RUdeU WR VWXd\ Whe elecWURn inWeUacWiRn ZiWh gaV ad-
VRUbed aW cU\Rgenic WemSeUaWXUe, a neZ faciliW\ haV been 
deVigned and bXilW aW CERN. IW UeSURdXceV in Whe labRUaWRU\ 
Whe W\Sical cRndiWiRnV Rf a cU\Rgenic XlWUa-high YacXXm 
VXUface SUeVenW in Whe acceleUaWRU. 

In WhiV SaSeU, Whe fiUVW UeVXlWV RbWained ZiWh VelecWed ac-
celeUaWRU maWeUialV aW diffeUenW VXUface gaV cRYeUageV aUe 
SUeVenWed. 

 

E;PERIMEN7AL 
A VamSle UeSUeVenWing Whe inneU VXUface Rf Whe acceleUa-

WRU iV mRXnWed Rn a 4-a[iV maniSXlaWRU able WR UegXlaWe Whe 
WemSeUaWXUe beWZeen 10 K and 250 K. KnRZn TXanWiWieV Rf 
gaV can be adVRUbed Rn Whe VamSle VXUface WhaW can be bRm-
baUded b\ an elecWURn beam aW diffeUenW eneUgieV.  

The e[SeUimenWal YacXXm V\VWem iV cRmSRVed Rf WhUee 
SaUWV VhRZn in Fig. 1: Whe main chambeU made Rf mXmeWal 
WR Vhield againVW eaUWh magneWic field, Whe VWRUage chambeU 
WR keeS Whe VamSleV XndeU XlWUa-high YacXXm and Whe lRad-
lRck WR inVeUW neZ VamSleV. 

ThUee lineaU feedWhURXghV and WZR gaWe YalYeV, allRZV WR 
WUanVfeU Whe VamSle, in leVV Whan half an hRXU, fURm Whe aW-
mRVSheUe WR Whe XlWUa-high YacXXm aURXnd 2.10-10 mbaU, 
SaVVing WhURXgh Whe VamSle VWRUage Uack keSW XndeU 
10-9 mbaU. 

 
Fig. 1: Experimental setup. 

 
The maniSXlaWRU, VhRZn in Fig. 2, cRnWURlV Whe VamSle 

SRViWiRn ZiWh Whe helS Rf fRXU mRWRUi]ed a[iV. IW haV Rne 
WheUmR-UegXlaWed VamSle hRldeU able WR VeW a WemSeUaWXUe 
beWZeen 10 K and 500 K XVing liTXid heliXm and a WheUmR-
cRa[ heaWeU. A fURnW cRYeU, clRVed, Zhile XVing a ZRbble 
VWick, minimiVe Whe ambienW UadiaWiRn WRZaUdV Whe VamSle. 

 
Fig. 2: Sample on the manipulator, thermal shield opened 
using the wobble stick and electron gun. 
 

A VecRnd VamSle hRldeU iV inVWalled jXVW XndeU Whe main 
Rne. IW iV nRW WheUmR-UegXlaWed, bXW can be XVed fRU e[amSle 
WR hRld a ShRVShRU WaUgeW WR mRniWRU Whe elecWURn beam 
VhaSe. The beam Vi]e iV W\Sicall\ VmalleU Whan 2 mm and 
can be meaVXUed ZiWh a digiWal micURVcRSe inVWalled in fURnW 
Rf a YieZSRUW. The micURVcRSe alVR SURYideV a mean WR in-
VXUe Whe UeSURdXcibiliW\ Rf Whe VamSle SRViWiRn. 

Finall\, Rn Whe back Rf Whe maniSXlaWRU iV alVR Slaced a 
FaUada\ cXS WR meaVXUe Whe inWenViW\ Rf Whe elecWURn beam. 

PXUe gaV can be injecWed inVide Whe YeVVel WhURXgh a dia-
ShUagm Rf knRZn cRndXcWance C. AccRUding WR eTXaWiRn 
(1), Whe injecWed flX[, Qinj, can be deWeUmined fURm Whe SUeV-
VXUe diffeUence acURVV eiWheU Vide Rf Whe cRndXcWance, 
¨ScRnd.  

 
 Q𝑛 ൌ C ∙ ∆𝑝𝑛ௗ   (1) 
  ___________________________________________  

� BeUnaUd.HenUiVW@ceUn.ch  

ECLOUD’18 PROCEEDINGS

159



KnRZing Whe injecWed flX[, Whe SXmSing VSeed Rf Whe V\V-
Wem, S, iV cRmSXWed ZiWh eTXaWiRn (2). ThiV YalXe deSendV 
Rn Whe naWXUe Rf Whe gaV, Whe WemSeUaWXUe Rf Whe VamSle and 
mXVW be knRZn WR eVWimaWe Whe mRlecXlaU deVRUSWiRn UaWe. 

 
 

S ൌ
𝑄𝑛
𝑝

 (2) 

   
The gaV can alVR be injecWed inWR Whe YeVVel XVing a cali-

bUaWed YRlXme, V. InjecWing Yia WhiV YRlXme allRZV WR cRm-
SXWe Whe nXmbeU Rf injecWed mRlecXleV, n, b\ UecRUding Whe 
YaUiaWiRn Rf Whe SUeVVXUe in Whe YRlXme, ∆𝑝𝑉, and using 
equation (3), ZheUe k iV Whe BRlW]mann cRnVWanW and T Whe 
WemSeUaWXUe. 

 
 

𝑛 ൌ
∆𝑝𝑉 ∙ 𝑘 ∙ 𝑇

𝑉
 (3) 

 
The injecWiRn fURm Whe calibUaWed YRlXme WR Whe VamSle 

VXUface iV SeUfRUmed WhURXgh a UeWUacWable injecWRU, aV 
VhRZn in Fig. 3. DRing VR, Whe ice la\eU WhickneVV can be 
cRnWURlled. 

 
Fig. 3: Retractable gas injection device. 

 

SE< MEAS8REMEN7  
The VecRndaU\ elecWURn \ield (SEY) Rf a maWeUial iV de-

fined b\ Whe UaWiR Rf Whe nXmbeU Rf emiWWed VecRndaU\ elec-
WURnV WR Whe nXmbeU Rf incRming elecWURnV. ThXV, WR TXan-
Wif\ Whe SEY, Whe elecWURn beam cXUUenW and Whe VecRndaU\ 
elecWURn cXUUenW mXVW be meaVXUed.  

ThUee diffeUenW meWhRdV can be XVed WR meaVXUe Whe elec-
WURn beam cXUUenW: 

1. A FaUada\ cXS VeW in fURnW Rf Whe elecWURn gXn 
aV VhRZn Rn Whe UighW Vide Rf Fig. 4 cRXld meaV-
XUe Whe cXUUenW e[iWing Whe gXn. 

2. A FaUada\ cXS Slaced aW Whe back Rf Whe maniS-
XlaWRU aV VhRZn Rn Whe lefW Vide Rf Fig. 4 iV XVed 
WR check Whe beam SURfile. 

3. The XVe Rf a SRViWiYe biaV Rn Whe VamSle aV 
VhRZn Rn Whe UighW Vide Rf Fig. 5. ThiV meWhRd 
iV XVed WR SeUfRUm elecWURn-cRndiWiRning meaV-
XUemenW. 

 

  
Fig. 4: Faraday cups on the manipulator and on the electron 
gun. 
 

On Whe lefW Vide Rf Fig. 5, a negaWiYe YRlWage iV aSSlied 
WR Whe VamSle WR UeSel Whe VecRndaU\ emiWWed elecWURnV (IRXW). 
ThiV mRde iV called ³SEY mRde´ and Whe meaVXUed cXUUenW 
IV iV Whe diffeUence beWZeen IRXW and Ibeam.  

On Whe UighW Vide Rf Fig. 5, Whe biaV iV SRViWiYe WR SUe-
YenW Whe eVcaSe Rf Whe VecRndaUieV and in WhiV cRnfigXUaWiRn 
Whe meaVXUed cXUUenW IV iV eTXal WR Whe beam cXUUenW Ibeam. IW 
iV called ³Beam MRde´. 

  
Fig. 5: SEY measurement mode (left) and Beam measure-
ment mode (right) 

 
AfWeU Whe deWeUminaWiRn Rf Whe beam cXUUenW dRne in 

³Beam mRde´, Whe YalXe Rf Whe SEY, į, can be dedXced XV-
ing Whe ³SEY mRde´ and Whe fRllRZing fRUmXla (4). 

 
𝛿 ൌ ௧௧ௗ ௨𝑛௧

𝑛ௗ𝑛௧ ௨𝑛௧
ൌ ூೠ

ூ್
ൌ 1 − ூೞ

ூ್
          (4) 

 

ICE LA<ER PREPARA7ION 
AV deVcUibed befRUe, a knRZn TXanWiW\ Rf gaV can be in-

jecWed Rn Whe cRld VXUface XVing Whe injecWRU WR cRndenVe Whe 
deViUed nXmbeU Rf mRnRla\eU (ML). FRU a meWallic Wech-
nical VXUface like a cRSSeU VheeW, Whe la\eUV aUe VXSSRVed WR 
be VWacked hRmRgeneRXVl\ and Whe mRlecXlaU VXUface den-
ViW\ iV aVVXmed WR be 1 ML=8.1014 mRlecXleV/cm2. ThiV aV-
VXmSWiRn cRXld be ZURng fRU URXgh RU SRURXV maWeUial. 

 

ELEC7RON CONDI7IONING 
ElecWURn bRmbaUdmenW iV a Zell-knRZn meWhRd WR Ue-

dXce Whe SEY Rf a VXUface [1, 8]. FRU e[amSle, WhiV meWhRd 
iV URXWinel\ XVed fRU RF cRndiWiRning and fRU beam VcUXb-
bing in Whe LHC Uing.  
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In WhiV SaSeU, Whe elecWURn cRndiWiRning and Whe SEY 
meaVXUemenW aUe dRne aW fi[ eneUg\ Rf 300 eV ZiWh an elec-
WURn beam imSinging aW nRUmal incidence Rn Xnbaked Vam-
SleV held aW eiWheU URRm WemSeUaWXUe (RT) eiWheU aW 10 K. 

The meaVXUemenW cRnViVWV WR deWeUmine Whe beam cXU-
UenW, Ib, XVing Whe ³Beam mRde´ and WR VZiWch in ³SEY 
mRde´ mRniWRUing Whe cXUUenW, IV, WR cRmSXWe į XVing eTXa-
WiRn (4). SRme hRXUV aUe neceVVaU\ WR Ueach a WRWal elecWURn 
dRVe Rf abRXW 10-2 C/mm2. The elecWURn beam cXUUenW iV 
meaVXUed eYeU\ hRXU WR gXaUanWee iWV VWabiliW\ dXUing Whe 
SURceVV. 

The meaVXUemenWV ZeUe dRne Rn O[\gen FUee Elec-
WURnic (OFE) cRSSeU, DeR[idi]ed High PhRVShRUXV (DHP) 
cRSSeU, laVeU WUeaWed DHP cRSSeU and amRUShRXV caUbRn 
cRaWed (a-C) cRSSeU. 

 

OFE CRSSeU 
OFE copper, alVR called C10100, iV a 99.99% SXUe cRS-

SeU ZiWh an amRXnW Rf 0.0005% R[\gen. IW iV a cRmmRnl\ 
XVed maWeUial in YacXXm V\VWemV. IW minimiVeV Whe SUeV-
ence Rf R[\gen, Zhich deWeUiRUaWe Whe WheUmal and elecWUic 
SURSeUWieV Rf Whe cRSSeU and ma\ caXVe cUackV aW ZeldV. 

Fig. 6 VhRZV Whe cRndiWiRning cXUYeV aW 300 eV Rf OFE 
CX aW RT and aW 10 K. 

 

 
Fig. 6: Conditioning curves of OFE copper with 300 eV 
electrons at RT and at 10 K. 
 

AW RT, Whe iniWial SEY aW 300 eV iV 2.2 and 2 aW 10 K.  
The diffeUence ma\ be aWWUibXWed WR Whe Sh\ViVRUSWiRn aW 
10 K Rf VRme mRlecXleV. The cRndiWiRning ZiWh 300 eV 
elecWURnV leadV, in bRWh caVeV, WR Whe Vame final SEY YalXe 
Rf 0.9 aW a dRVe Rf 10-2 C/mm2. TheVe UeVXlWV aUe in agUee-
menW ZiWh SXbliVhed daWa [1, 2, 3]. 

 

DHP CRSSeU 
DHP copper, alVR called C12200, iV a 99.9% SXUe cRSSeU 

deR[idi]ed b\ addiWiRn Rf ShRVShRUXV (0.015% WR 0.040% 
P). IW iV an alWeUnaWiYe WR Whe OFE cRSSeU XVed in RWheU Wech-
nRlRgieV Whan YacXXm. 

Fig. 7 cRmSaUeV Whe cRndiWiRning cXUYeV aW RT Rf DHP 
and OFE CX XndeU 300 eV elecWURn bRmbaUdmenW.   

 
Fig. 7: Conditioning of DHP copper with 300 eV electrons 
at room temperature compared with OFE Cu. 
 

The UeVXlW RbWained ZiWh DHP cRSSeU iV diffeUenW fURm 
Whe OFE cRSSeU. AlWhRXgh Whe iniWial SEY iV lRZeU fRU DHP 
(1.8) Whan OFE (2.2), Whe 300 eV cRndiWiRning UaWe Rf DHP 
iV VmalleU. ThXV, a final SEY Rf 1.5 iV Ueached afWeU a dRVe 
Rf 10-2 C/mm2, VXggeVWing a diffeUenW VXUface VWaWe Rf DHP 
fURm OFE CX.  PUeliminaU\ XPS anal\VeV haYe UeYealed 
VRme VilicRn WUaceV Zhich RUigin and imSacW Rn Whe SEY 
aUe nRW cleaU WRda\ [4]. 

 

a-C cRaWLQJ RQ DHP CRSSeU 
a-C cRaWing iV SURSRVed fRU Whe XSgUade Rf Whe LHC (L.e. 

Whe High LXminRViW\ LHC) WR UedXce Whe SEY Rf a VXUface. 
Since caUbRn haV a lRZ SEY, and Vince Whe cRaWing mRU-
ShRlRg\ iV URXgh, Whe SEY Rf Whe VXUface iV UedXced aV cRm-
SaUed WR meWallic VamSleV. 

The a-C cRaWing ZaV caUUied RXW aW CERN b\ dc SXlVed 
MagneWURn SSXWWeUing aW 10 kH] XndeU AU aWmRVShUeUe Rn 
a DHP cRSSeU ZiWh a VXbla\eU Rf 500 nm Rf WiWaniXm, WR 
SURYide adheUence, and a WRS la\eU Rf 50 nm Rf caUbRn. 

Fig. 8 VhRZV Whe cRndiWiRning cXUYeV aW 300 eV a-C cRaW-
ing aW RT and 10 K. 

 
Fig. 8: Conditioning curves of a-C coated copper with 
300 eV electrons at room temperature and at 10 K. 
 

AlWhRXgh Whe CX bXlk iV Rf diffeUenW naWXUe Whan VWainleVV 
VWeel, Vince aW 300 eV, Whe elecWURn SeneWUaWiRn deSWh iV leVV 
Whan 10 nm; Whe iniWial SEY YalXe eTXalV 0.9, in agUeemenW 
ZiWh SUeYiRXV daWa [5]. The SEY decUeaVeV WR 0.8 afWeU a 
300 eV elecWURn dRVe Rf 10-2 C/mm2. The WemSeUaWXUe Rf 
Whe VamSle haV nR effecW Rn Whe cRndiWiRning leYel and UaWe. 
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LaVeU WUeaWed DHP CRSSeU 
LaVeU WUeaWmenW iV a UecenW WechnRlRg\ WhaW mRdifieV Whe 

geRmeWU\ and Whe VXUface VWaWe Rf Whe maWeUial b\ ablaWiRn 
Rf maWWeU [6]. BeVide Whe VXUface mRdificaWiRn, iW incUeaVeV 
Whe URXghneVV allRZing WUaSSing Whe RXWgRing elecWURnV WR 
UedXce Whe SEY. ThiV WUeaWmenW ZaV aSSlied Rn a DHP cRS-
SeU VamSle b\ Whe UniYeUViW\ Rf DXndee XVing laVeU SaUam-
eWeUV VimilaU WR Whe COLDEX VamSleV [7]. 

The laVeU VXUface VWUXcWXUing ZaV SeUfRUmed XVing a lin-
eaUl\ SRlaUi]ed SXlVed (10 SV) laVeU V\VWem RSeUaWing aW a 
ZaYelengWh Rf 532 nm and aW a UeSeWiWiRn UaWe Rf 200 kH]. 
The diameWeU Rf Whe fRcXVed VSRW ZaV a13 �m. 

The WUeaWmenW ZaV SeUfRUmed ZiWh N2 flRZing aW Whe la-
VeU fRcXV SRinW. The VWUXcWXUeV ZeUe RbWained b\ a UaVWeU 
Vcanning VSeed Rf 10 mm/V and 240 SXlVeV SeU VSRW XVing 
Line HaWch (LH) SaWWeUn. The diVWance beWZeen cRnVecX-
WiYe VSRWV ZaV keSW aW a24 �m. The WUeaWmenW ZaV SeU-
fRUmed aW aYeUage laVeU SXlVe eneUg\ Rf 5 �J (laVeU beam 
inWenViW\ Rf a0.4 TWÂcm-2). 

 
Fig. 9 VhRZV Whe cRndiWiRning cXUYeV aW 300 eV Rf Whe 

laVeU WUeaWed DHP CX aW RT and aW 10 K.  
 

 
Fig. 9: Conditioning curves of laser treated DHP copper 
(COLDEX like) with 300 eV electrons at RT and 10 K. 
 

FRU bRWh WemSeUaWXUe, Whe SEY VWaUWV aW 0.5. ThiV YalXe iV 
VmalleU Whan Whe Rne RbWained ZiWh OFE cRSSeU [6]. BeVide 
diffeUenW laVeU SaUameWeUV, a SRVVible RUigin Rf WhiV lRZeU 
YalXe iV Whe XVe Rf a DHP cRSSeU bXlk inVWead Rf OFE. In-
deed, aV VhRZn in Fig. 7, DHP haV an iniWial SEY lRZeU 
Whan OFE CX. 

The cRndiWiRning UaWe iV Zeak ZiWh a decUeaVe fURm 0.5 
WR 0.3 aW 10-2 C/mm2. The WemSeUaWXUe haV nR effecW Rn Whe 
cRndiWiRning UaWe. 

 
 

GaV cRYeUaJe 
In RUdeU WR VWXd\ Whe imSacW Rf a laUge aiU leak, 500 ML 

Rf niWURgen ZaV cRndenVed Rn an OFE CX VamSle held aW 
10 K. IW ZaV RbVeUYed WhaW Whe cRndiWiRning behaYiRXU Rf 
WhiV VXUface iV VWURngl\ diffeUenW fURm Whe XncRYeUed meWal-
lic VXUfaceV. 

AV VhRZn in Fig. 10, image 1, Zhen a 300 eV elecWURn 
beam imSingeV Rn Whe ice la\eU, Whe VRlid niWURgen ShRV-
ShRUeVcence iV RbVeUYed aV a gUeen VSRW. DXUing Whe iUUadi-
aWiRn, a ³daUk VWain´ aSSeaUV (image 2). FXUWheU bRmbaUd-
menW iV enlaUging Whe diameWeU Rf Whe ³daUk VWain´ aV VhRZn 
in imageV 3 and 4. The ³daUk VWain´ iV aWWUibXWed WR Whe Ue-
mRYal Rf Whe N2 la\eU b\ Whe cRnWinXRXV elecWURn bRmbaUd-
menW 

  

 
Fig. 10: Evolution under electron bombardment of the 
green phosphorescent spot due to 300 eV electrons irradi-
ating 500 ML of condensed N2. 

 
The incUeaVe Rf Whe N2 SaUWial SUeVVXUe dXe WR Whe imSacW 

Rf elecWURnV ZaV UecRUded ZiWh a calibUaWed UeVidXal gaV an-
al\VeU. The mRlecXlaU deVRUSWiRn UaWe ZaV dedXced fURm 
WhiV meaVXUemenW. AW 10 K fRU 300 eV elecWURnV, Whe mR-
lecXlaU deVRUSWiRn \ield eTXalV 1.8 N2/e-

. 
 Fig. 11 VhRZV Whe Wime eYRlXWiRn Rf a W\Sical N2 UeVid-

Xal gaV anal\VeU VignalV fRU maVVeV 14 and 28 VXSeUSRVed 
ZiWh Whe meaVXUed SEY Rf Whe VXUface. The aSSaUenW SEY 
eTXalV 1 (label 1). Since Whe VXUface iV an inVXlaWRU, nR elec-
WURn can Ueach Whe VXUface WR neXWUaliVe Whe chaUge dXUing 
Whe bRmbaUdmenW. ThiV leadV WR a ]eUR cXUUenW meaVXUed Rn 
Whe VamSle. ThXV, accRUding WR eTXaWiRn (4), Zhen IV=0, 
į=1. 

When Whe ³daUk VWain´ aSSeaUV (image 2, Fig. 10), label 
2, Whe amRXnW Rf deVRUbed gaV decUeaVeV and in Whe Vame 
Wime, Whe meaVXUed SEY Ueach a ma[imXm Rf abRXW 1.4. 
AfWeU WhiV Wime, Whe beam can inflXence diUecWl\ Whe VXb-
VWUaWe, Whe cRndiWiRning iV effecWiYe and Whe SEY decUeaVe 
again WRZaUdV 1. 
 

 
Fig. 11: Conditioning and desorption of 500 layers of N2 
ice on copper with 300 eV electrons at 10 K. 
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CONCL8SION 
A neZ e[SeUimenWal VeW-XS WR meaVXUe ESD and SEY Rf 

VamSleV held aW cU\Rgenic WemSeUaWXUe ZaV VXcceVVfXll\ 
cRmmiVViRned aW CERN. ElecWURn cRndiWiRning VWXdieV 
ZeUe SeUfRUmed aW a fi[ eneUg\ Rf 300 eV fRU Zhich SEY 
and UemRYal cRefficienW Rf N2 ZeUe meaVXUed.  

AW 10 K, Whe iniWial SEY Rf OFE CX iV VmalleU Whan aW RT. 
HRZeYeU, afWeU an elecWURn dRVe Rf a feZ 10-3 C/mm2, Whe 
diffeUence diVaSSeaUV and bRWh SEY aW 300 eV UeacheV 1. 
IUUeVSecWiYel\ Rf Whe VamSle WemSeUaWXUe, Whe aV UeceiYed 
SEY Rf a-C cRaWed and laVeU WUeaWed CX iV belRZ 1. ElecWURn 
beam cRndiWiRning dReV nRW WUiggeU WemSeUaWXUe diffeUence 
eiWheU. DHP cRSSeU haV a mXch diffeUenW aV UeceiYed SEY 
and cRndiWiRning behaYiRXU Whan OFE cRSSeU, XndeUl\ing 
Whe imSRUWance Rf Whe maWeUial and VXUface VSecificiWieV.  

A Whick la\eU (500 ML) Rf cRndenVed N2 aW 10 K iV ShRV-
ShRUeVcenW Zhen e[iWed b\ 300 eV elecWURn. ThiV ice la\eU 
iV chaUging like an inVXlaWRU ZiWh a mRlecXlaU UemRYal cR-
efficienW Rf 1.8 N2/e-.  
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