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AbVWUacW 
With the advent of more and more accelerator machines 
based on superconducting technology, the detailed 
understanding of the cryogenic vacuum system is of 
primary importance for the design and operation of modern 
machines. COLDEX was built to study the beam / cold 
surfaces interactions in LHC in the context of the electron 
cloud build-up. This paper reviews the main results 
obtained with COLDEX for Cu, the LHC material and a-C 
coating the proposed anti-multipacting surface for the LHC 
upgrade. It presents also recent results obtained with a laser 
treated surface, a potential anti-multipacting material for 
the next generation of colliders operating at cryogenic 
temperature.   

 

IN7ROD8C7ION 
IQ Whe laVW decadeV, WheUe haYe beeQ aQ iQcUeaViQg QXPbeU 

Rf SURjecWV RU VWXdieV, Zhich aUe baVed RQ Whe XVe Rf 
VXSeUcRQdXcWiQg WechQRlRgieV. ThXV, XQleVV aQd aQWi-
cU\RVWaW iV iQclXded iQ Whe deVigQ, Whe aVVRciaWed YacXXP 
V\VWeP Vhall RSeUaWe aW cU\RgeQic WePSeUaWXUe. ThiV iV Whe 
caVe Rf VXSeUcRQdXcWiQg RF caYiWieV aQd VXSeUcRQdXcWiQg 
PagQeWV iQVWalled iQ V\QchURWURQV RU liQacV aQd VWRUage 
UiQgV. SRPe e[aPSleV Rf bXilW PachiQeV aUe Whe HadURQ 
ElecWURQ RiQg AcceleUaWRU (HERA) aQd Whe EXURSeaQ X-
Ra\ FUee ELecWURQ LaVeU faciliW\ (XFEL) bRWh aW DeV\, Whe 
TeYaWURQ aW FeUPilab, Whe RelaWiYiVWic HeaY\ IRQ CRllideU 
(RHIC) aW BURRkhaYeQ, Whe LaUge HadURQ CRllideU (LHC) 
aW CERN aQd Whe V\QchURWURQ SIS-100 Rf Whe FaciliW\ fRU 
AQWiSURWRQ aQd IRQ ReVeaUch (FAIR) aW DaUPVWadW. 
E[aPSleV Rf SaVW RU fXWXUe SURjecWV aUe Whe 
SXSeUcRQdXcWiQg SXSeU CRllideU (SSC), Whe IQWeUQaWiRQal 
LiQeaU CRllideU (ILC), Whe FXWXUe CiUcXlaU hadURQ-hadURQ 
CRllideU (FCC-hh) aQd Whe SXSeU PURWRQ PURWRQ CRllideU 
(SPPC). 

WheQ RSeUaWiQg ZiWh cU\RgeQic PachiQeV, Whe PRlecXleV 
caQ be Sh\ViVRUbed RU cRQdeQVed RQ Whe YacXXP chaPbeU 
Zall. IQ VRPe ciUcXPVWaQceV, WheVe PRlecXleV aUe WheUefRUe 
aYailable fRU VXbVeTXeQW deVRUSWiRQ iQ Whe gaV ShaVe, 
leadiQg WR SRWeQWial liPiWaWiRQ Rf Whe PachiQe RSeUaWiRQ. 

The LHC iV RQe Rf Whe fiUVW VXSeUcRQdXcWiQg VWRUage UiQg 
Zhich RSeUaWiRQ caQ be SRWeQWiall\ liPiWed b\ Whe 
deVRUSWiRQ Rf PRlecXleV fURP Whe cU\RgeQic beaP WXbe [1]. 
FRU WhiV UeaVRQ, Whe LHC aUc YacXXP V\VWeP iV Pade Rf a 
cRld bRUe iQWR Zhich iV iQVeUWed a SeUfRUaWed beaP VcUeeQ 
WR cRQWURl Whe gaV deQViW\ leYel [2]. The PRlecXleV deVRUbed 

fURP Whe beaP VcUeeQ XQdeU V\QchURWURQ UadiaWiRQ aQd 
beaP iQdXced elecWURQ clRXd bRPbaUdPeQWV, caQ eiWheU be 
Sh\ViVRUbed RQ Whe 5-20 K beaP VcUeeQ VXUface RU SXPSed 
WhURXgh Whe beaP VcUeeQ¶V hRleV WRZaUdV Whe 1,9 K cRld 
bRUe Zhich alPRVW acWV aV a SeUfecW ViQk fRU all gaVeV e[ceSW 
He. The deWailed XQdeUVWaQdiQg Rf Whe beaP iQWeUacWiRQ, Yia 
V\QchURWURQ UadiaWiRQ aQd beaP iQdXced elecWURQ clRXd, 
ZiWh WhiV iQQRYaWiYe cRQceSW Rf SeUfRUaWed beaP VcUeeQ / 
cRld bRUe YacXXP V\VWeP ZaV Rf SUiPaU\ iPSRUWaQce fRU 
Whe VXcceVV Rf Whe LHC SURjecW. 

The COLD bRUe EXSeUiPeQW (COLDEX), ZaV bXilW, iQ 
cRllabRUaWiRQ ZiWh Whe NIKHEF iQVWiWXWe Rf APVWeUdaP, WR 
VWXd\ Whe iQWeUacWiRQ Rf Whe V\QchURWURQ UadiaWiRQ ZiWh aQ 
LHC W\Se YacXXP V\VWeP. AfWeU 2 \eaUV Rf cRQVWUXcWiRQ, 
Whe cU\RVWaW ZaV deliYeUed aW CERN b\ NRY. 1997 aQd, 
fRllRZiQg cRPPiVViRQiQg, iQVWalled iQ Whe S\QchURWURQ 
LighW FaciliW\ 92 Rf Whe ElecWURQ PRViWURQ AccXPXlaWRU 
(EPA) iQ Feb. 1998 dXUiQg Whe LaUge ElecWURQ PRViWRQ 
(LEP) cRllideU VhXWdRZQ [3]. UQWil ASU. 2001, 69 UXQV ZeUe 
SeUfRUPed aW EPA RXW Rf Zhich 11 ZeUe cRQdXcWed ZiWh Whe 
COLDEX cU\RVWaW iQVWalled iQ Whe accXPXlaWRU ZheUe e- 
aQd e+ beaPV ciUcXlaWed WhURXgh a 2.2 P lRQg CX beaP 
VcUeeQ ZiWh 1 % WUaQVSaUeQc\ aQd 70 PP iQQeU diaPeWeU. 
The UePaiQiQg VWXdieV ZeUe SeUfRUPed ZiWh Whe cU\RVWaW 
UePRYed fURP ZiWhiQ Whe accXPXlaWRU aQd iQVWalled RQ a 
WaQgeQWial V\QchURWURQ UadiaWiRQ beaP liQe. IQ WhiV Za\, iW 
ZaV SRVVible WR iUUadiaWe COLDEX ZiWh V\QchURWURQ 
UadiaWiRQ Rf 45 aQd 194 eV cUiWical eQeUgieV, iQ Whe UaQge Rf 
Whe LHC PachiQe. UQSeUfRUaWed aQd SeUfRUaWed, VWaiQleVV 
VWeel, CX, CX-cRlaPiQaWed RQ VWaiQleVV VWeel aQd 
cU\RVRUbeUV eTXiSSed beaP VcUeeQV ZeUe deeSl\ 
chaUacWeUiVed XQdeU V\QchURWURQ UadiaWiRQ fRU Whe deWailed 
deVigQ Rf Whe LHC PachiQe. IUUadiaWiRQV ZeUe SeUfRUPed 
aW 11 PUad gUa]iQg iQcideQce RQ a 2.2 P lRQg beaPV 
VcUeeQV Rf 50 PP iQQeU diaPeWeU ZiWh, ZheQ aSSlicable, 1 
% WUaQVSaUeQc\ [4, 5, 6, 7]. SSecific VWXdieV XViQg gaV 
iQjecWiRQV WR chaUacWeUiVe Whe beaP VcUeeQ eTXiSSed ZiWh 
cU\RVRUbeUV ZeUe WheQ cRQdXcWed Will Dec. 2001 [7]. 

LaWeU, Whe COLDEX cU\RVWaW ZaV iQVWalled dXUiQg Whe 
2002 VhXWdRZQ iQ a b\SaVV V\VWeP Rf Whe SPS UiQg iQ BA4. 
AQ iQWeQVe VWXd\ caPSaigQ ZiWh SeUfRUaWed CX beaP 
VcUeeQV VWaUWed ZiWh Whe SPS VcUXbbiQg Zeek Rf JXQe 2003. 
IQ Whe cRQWe[W Rf Whe ³elecWURQ clRXd cUaVh SURgUaP´, XQWil 
NRY. 2004, 11 UXQV ZiWh LHC W\Se beaPV XViQg diffeUeQW 
beaP VWUXcWXUeV, iQWeQViWieV aQd ZiWh VeYeUal VXUface 
cRQdiWiRQV ZeUe SeUfRUPed iQ 18 PRQWhV befRUe Whe LHC 
UiQg iQVWallaWiRQ [8, 9, 10, 11, 12]!  
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IQ 2014, afWeU Whe VXcceVVfXl RSeUaWiRQ Rf Whe beaP 
VcUeeQ fRU Whe LHC e[SlRiWaWiRQ, Whe cU\RVWaW ZaV 
UefXUbiVhed WR hRXVe aQ aPRUShRXV caUbRQ (a-C) cRaWed CX 
beaP VcUeeQ WR VWXd\ Whe SURSRVed deVigQ fRU Whe LHC 
XSgUade, Whe High-LXPiQRViW\ LHC (HL-LHC) [13, 14, 15, 
16]. FRU 2 \eaUV, 6 dedicaWed PachiQe deYelRSPeQWV 
SeUiRdV ZeUe held WR VWXd\ Whe a-C cRaWiQg aW cU\RgeQic 
WePSeUaWXUe Zhich ZaV alUead\ SURYeQ WR be aQ efficieQW 
back-XS WR beaP cRQdiWiRQiQg fRU Whe elecWURQ clRXd 
PiWigaWiRQ Rf Whe URRP WePSeUaWXUe SPS UiQg [17].   

WiWh Whe UeceQW deYelRSPeQW Rf QeZ WechQRlRgieV WR 
PiWigaWe Whe elecWURQ clRXd bXild aQd WheiU SRWeQWial 
iPSlicaWiRQ fRU Whe HL-LHC RU FXWXUe CiUcXlaU CRllideUV, 
a laVeU WUeaWed beaP VcUeeQ ZaV iQVWalled fRU fiUVW WeVWV iQ 
2017 [18].  

ThiV SaSeU giYeV aQ RYeUYieZ Rf Whe PaiQ UeVXlWV 
RbWaiQed ZiWh Whe COLDEX V\VWeP ZheQ XVed WR VWXd\ Whe 
elecWURQ clRXd iQWeUacWiRQ ZiWh CX, a-C cRaWed, aQd laVeU 
WUeaWed VXUfaceV. DeWailV diVcXVViRQV, aYailable fRU Whe 
iQWeUeVWed UeadeU, aUe giYeQ iQ Whe UefeUeQceV.  

 

E;PERIMEN7AL 
The COLDEX cU\RVWaW iV PRXQWed iQ a b\SaVV Rf Whe 

SPS UiQg, lRcaWed iQ BA4. WheQ iQ ³OUT´ SRViWiRQ, Whe 
beaPV ciUcXlaWe WhURXgh a VWaQdaUd SPS YacXXP chaPbeU.  
DXUiQg Whe VWXdieV, Whe V\VWeP iV Slaced iQ IN SRViWiRQ 
ZheUe Whe SURWRQ beaPV ciUcXlaWe WhURXgh Whe 2.8 P lRQg 
cU\RVWaW, aV VhRZQ iQ Figure 1. The V\VWeP caQ PRYe, 
ZiWhiQ RQe hRXU fURP RQe SRViWiRQ WR aQRWheU, Zhile Whe 
cU\RVWaW iV held aW cU\RgeQic WePSeUaWXUe. DXe WR Whe 
UedXced beaP SiSe aSeUWXUe, Whe e[WUacWiRQ kickeUV, 
WRZaUdV Whe LHC iQjecWiRQ WXQQel, TI8, aUe iQWeUlRcked ZiWh 
Whe ³IN´ SRViWiRQ. TZR VecWRU YalYeV Slaced XSVWUeaP aQd 
dRZQVWUeaP WR Whe cU\RVWaW, defiQe Whe YacXXP VecWRU 
41737, Zhich decRXSleV Whe cU\RgeQic YacXXP VecWRU fURP 
Whe SPS UiQg. ThiV decRXSliQg allRZV WR cRRl dRZQ aQd 
ZaUP XS Whe cU\RVWaW ZiWhRXW SeUWXUbiQg Whe URXWiQe 
RSeUaWiRQ Rf Whe PachiQe. 

 
Figure 1: TRS, SLFWXUH RI WKH GHYLFH DQG, ERWWRP, OD\RXW RI 
WKH COLDE; FU\RVWDW LQVWDOOHG LQ WKH E\SDVV RI WKH SPS 
ULQJ. 

As shown in Figure 2, many instruments are used with 
the COLDEX cryostat to monitor the interaction of the 
proton beam with the tested surface. The total and partial 
pressure are recorded along the system with calibrated 
instruments: a Bayard-Alpert gauge and a residual gas 
analyser (BA and RGA respectively). Measurement ports 
are provided upstream, downstream and in the middle of 
the cryostat. Electrodes are placed along the beam screen 
to collect charges, signatures of the beam-vacuum system 
interactions. The beam induced heat load is measured with 
additional room temperature calorimeters, WArm 
MultiPAC calorimeters, WAMPAC, and with the 
temperature increase along the cold beam screen [19].  The 
WAMPAC is made of a liner inserted into the vacuum 
pipe. From the measurement difference between the liner 
temperature and its surrounding tube, 'T, the beam 
induced heat load, �̇�, dissipated onto it can be derived in 
dynamic and steady state conditions using equations (1) 
and (2) respectively. 

�̇� =  𝐶
dΔ𝑇ா

𝑑𝑡
 (1) 

Where C is the thermal capacity of the liner. 

�̇� =  
Δ𝑇ா

𝑅
 (2) 

Where R is the thermal resistivity and 'TEq the 
temperature difference, at equilibrium, between the liner 
and its surrounding tube. 

The WAMPAC is calibrated by applying a known heat, 
in an insulated cable welded along the liner, to measure the 
thermal parameters, C and R. 

In COLDEX, the heat load on the beam screen, �̇�ௌ is 
derived from the enthalpy (hHe), difference of the gaseous 
helium between the downstream and upstream beam screen 
temperatures and the He mass flow measurement, �̇�, see 
equation (3). 

�̇�ௌ  =  �̇�ൣℎு(𝑇𝑑௪) − ℎு(𝑇௨)൧𝐶
dΔ𝑇ா

𝑑𝑡
 (3) 

Using an insulated powered cable stretched along the 
beam screen, the measurement system could be cross 
calibrated by applying a known heat load and the detection 
limit was estimated to be ~ 100 mW/m.  

A gas injection system is used to dose the beam screen 
surface with known quantities of gas while monitoring the 
pressure drop of a calibrated volume with a capacitance 
gauge. By changing the pressure over the helium bath, the 
cold bore temperature is controlled from the lambda point 
(2.17 K) until 5 K. The bore caQ RSeUaWe alVR iQ a ³ZaUP 
PRde´ fURP 200 WR 300 K. The beaP VcUeeQ WePSeUaWXUe iV 
controlled using gaseous helium from 10 to 120 K. In static 
mode, a controlled helium flow along the beam screen 
maintains a temperature difference across the extremities 
from 2 to 10 K.  Solenoids are placed at the cryostat 
extremity to supress the beam induced multipacting in 
these areas. 
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Figure 2: SFKHPDWLF RI WKH COLDE; E\SDVV. 

One of the difficulties to evaluate the pressure in a 
cryogenic vacuum system is due to the potential re-
adsorption on the cold surface of the desorbed molecules 
before their detection by the vacuum instruments. Another 
limitation is due to the possible detection by the 
instruments of the molecules desorbed from the external 
parts of the cold beam screen. For this reason, the axial 
conductance shall be minimised and the beam screen long 
enough to ensure that the pressure rise observed at the 
central part is only due to the interaction of the beam with 
the beam screen surface. Moreover, the production of holes 
along a beam screen with optimised dimensions, similar to 
the ones used in this study, reduces to zero the impact on 
the vacuum measurements of these end effects. A chimney, 
held at room temperature, placed as close as ~ 1 mm to the 
EHDP VFUHHQ¶V PLGGOH SRUW, FROOHFted all the molecules 
from the cryogenic system for their detection with Bayard-
Alpert (BA) vacuum gauge BA2 and residual gas analyser 
(RGA) 1. Figure 3 shows, on the left, a picture of the beam 
screen central part, and, on the right the Cu chimney during 
its introduction. A stainless-steel grid is placed at the beam 
VFUHHQ¶V PLGGOH SRUW WR DOORZ WKH SDVVDJH RI WKH LPDJH 
current and to avoid the development of high order modes 
in the chimney volume. 

 
Figure 3: LHIW, FHQWUDO SDUW RI WKH EHDP VFUHHQ, ULJKW, CX 
FKLPQH\. CRXUWHV\ RI R. SDOHPPH. 

The direct detection of electrons presence is of primary 
importance to support the observation of electron cloud 
formation. For this purpose, two electrodes are used in 
COLDEX, one located at the beam screen extremity and 
one located in the chimney, as shown in Figure 4. The 
beam screen electrode is located behind the beam screen 
holes at ~ 20 cm from the beam screen extremity and the 
chimney electrode is placed behind the beam screen grid 
(Figure 3), in the middle of the cryostat.  These electrodes 
can be biased from ± 1kV to + 1 kV with a detection limit 
of 0.1 nA. 

 
Figure 4: LHIW, EHDP VFUHHQ HOHFWURGH, ULJKW, FKLPQH\ 
HOHFWURGH. CRXUWHV\ RI R. SDOHPPH. 

The impedance of the whole set up was optimised to 
guarantee a negligible contribution of it to the total heat 
load measured by the beam screen [11, 12]. The beam 
screen¶V aperture continuity is ensured by cold to warm 
transitions, see Figure 5. The design is very similar to the 
LHC one. It uses a Cu plated stainless steel to minimise the 
beam power loss and heat load onto the beam screen. A 
thermal anchoring to the COLDEX thermal screen, held at 
~ 90 K, was produced to define the temperature gradient 
along the transition. A set of RF fingers, placed externally 
and at each extremity of the transition, allow the passage 
of the image current along the vacuum chamber pipe. 
Tapers are used to adjust the shape of the beam screen to 
its surrounding pipes. 

 
Figure 5: TKH COLDE; FROG WR ZDUP FLUFXODU WUDQVLWLRQ. 

Opposite to the LHC, which is a storage ring which 
collide proton beams at 7 TeV, the SPS ring is used to 
accelerate beams for end users such as fix target 
experiments or for the LHC injection. For this reason, 
during a SPS cycle of ~ 20-30 s, the proton beam is injected 
at 26 GeV in several batches from the PS and may be 
accelerated to 450 GeV before being extracted.  

Table 1 shows the main SPS parameters and compares 
them with the LHC nominal parameters. During the studies 
described below, the typical proton bunch population was 
in the range of 1011 with a spacing of 25 ns between 
bunches, both parameters being strictly equal to the LHC 
ones.  

However, the SPS beam energy (thus the beam 
emittance) is much lower than in the LHC and it is limited 
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to 450 GeV. Moreover, the SPS filling factor is restrained 
to 31 % for impedance reasons. A direct extrapolation of 
the results presented below to the LHC, relies therefore on 
some assumptions. For example, neglecting the impact of 
the beam emittance and the filling factor on the observed 
phenomena, an estimate of the LHC heat load can be done 
by multiplying the measured heat load by the COLDEX 
apparatus by the ratio of the respective filling factors 
(×0.79/0.31 for 4 SPS batches). On the other hand, the 
results presented here can still be used as inputs to 
simulation codes for extrapolation to other cryogenic 
machines. 

Table 1: LHC & SPS PachiQe SaUaPeWeUV. 
Parameters LHC SPS 

Beam energy (GeV) 7 000 26 450 
Bunch length (ns) 1 2.8 1.7 

ReYRlXWiRQ SeUiRd (ȝV) 89 23 
Batch spacing (ns) - 225 
Beam current (mA) 560 55/110/165/220 
Number of batches - 1/2/3/4 
Number of bunches 2808 72/144/216/288 
Filling factor (%) 79 9/16/24/31 

Bunch current (proton/bunch) 1.1 1011 
Bunch spacing (ns) 25 

 

 

COPPER 68RFACE 
The iQWeUacWiRQ Rf aQ elecWURQ clRXd ZiWh cRSSeU, Whe 

VXUface PaWeUial Rf Whe LHC aUcV, ZaV VWXdied fURP Ma\ 
2002 XQWil NRYePbeU 2004.  

TZR W\SeV Rf beaP VcUeeQV ZeUe SURdXced, aQ RYal-
VhaSe beaP VcUeeQ ZiWh H84-V66 diPeQViRQV [8, 11] ZaV 
XVed Whe fiUVW \eaU WR gaiQ e[SeUieQce ZiWh Whe SPS beaPV 
aQd a ciUcXlaU beaP VcUeeQ (ID67) ZaV WheQ XVed [9, 10, 
12]. BRWh beaP VcUeeQV ZiWh 1% WUaQVSaUeQc\ ZeUe Pade 
Rf OFE cRSSeU. IQ Whe fiUVW YeUViRQ, Whe SeUfRUaWiRQV ZeUe 
Pade Rf 2 î 73 ciUcXlaU hRleV Rf 7 PP diaPeWeU lRcaWed iQ 
Whe hRUi]RQWal SlaQe. IQ Whe VecRQd YeUViRQ, Whe SeUfRUaWiRQV 
ZeUe Pade Rf 2 î 131 URXQded VlRWV. The VlRWV ZeUe 2 PP 
Zide aQd 7.5 PP lRQg. AQ elecWURQ Vhield WR SURWecW Whe 
cRld bRUe fURP XQZaQWed heaW lRad WRZaUdV Whe cRld bRUe 
ZaV Slaced behiQd each VlRW (Vee Figure 4). 

EOecWURQ cORXd VLgQaWXUeV 
The RbVeUYaWiRQ Rf elecWURQ clRXd ZiWh Whe COLDEX 

VeW-XS ZaV cRQfiUPed b\ SUeVVXUe & heaW lRad iQcUeaVe 
cRQcRPiWaQW ZiWh elecWURQ deWecWiRQ.  

A bXQch iQWeQViW\ VcaQ ZiWh 4 SPS baWcheV ZaV dRQe ZiWh 
Whe beaP VcUeeQ held aW 12 K aQd Whe cRld bRUe aW 3 K.  
Figure 6 VhRZV Whe heaW lRad PeaVXUed RQ Whe 12 K beaP 
VcUeeQ aV a fXQcWiRQ Rf Whe bXQch SRSXlaWiRQ. The cXUYe haV 
a WhUeVhRld aW 7 1010 SURWRQ/bXQch abRYe Zhich Whe heaW 
lRad iQcUeaVeV liQeaUl\ ZiWh Whe bXQch SRSXlaWiRQ. SXch 
behaYiRXU iV a W\Sical VigQaWXUe Rf Whe elecWURQ clRXd 
fRUPaWiRQ.  

 
Figure 6: EOHFWURQ FORXG LQGXFHG KHDW ORDG YV EXQFK 
LQWHQVLW\ IRU WKH FLUFXODU CX EHDP VFUHHQ KHOG DW 12 K. 

AV VhRZQ iQ Table 2, iQ agUeePeQW ZiWh Whe RbVeUYaWiRQ 
Rf aQ elecWURQ clRXd ZheQ iQcUeaViQg Whe bXQch VSaciQg 
fURP 25 QV WR 75 QV, Whe elecWURQ cXUUeQW PeaVXUed b\ Whe 
chiPQe\ elecWURde aQd Whe heaW lRad RQ Whe beaP VcUeeQ aUe 
VWURQgl\ UedXced b\ a a facWRU 10. OWheU YalXeV PeaVXUed 
aW Whe beaP VcUeeQ aQd chiPQe\ elecWURdeV fRU diffeUeQW 
cRQfigXUaWiRQV aQd cRQdiWiRQiQg aUe diVcXVVed iQ deWail iQ 
Ref. [20]. 
Table 2: ElecWURQ clRXd acWiYiW\ aQd heaW lRad fRU 25 aQd 

75 QV bXQch VSaciQg. 
BXQch VSaciQg 

(QV) 
ElecWURQ clRXd acWiYiW\ 

(ȝA) 
HeaW lRad 

(W/P) 
75 1.6 0.2 
25 20 1.4 

LRQg-WeUP behaYLRXU 
The lRQg-WeUP behaYiRXU cRXld be RbVeUYed dXUiQg 

dedicaWed SPS VcUXbbiQg Zhich laVWed W\Sicall\ 1-2 ZeekV. 
Figure 7 aQd Figure 8 aUe VhRZiQg Whe eYRlXWiRQ Rf Whe heaW 
lRad RQ Whe beaP VcUeeQ dXe WR beaP iQdXced elecWURQ 
clRXd aQd Whe SaUWial SUeVVXUe eYRlXWiRQ.  

TR aYRid Whe VcaWWeUiQg dXe WR diffeUeQW filliQg facWRU 
iQheUeQW WR a VcUXbbiQg SeUiRd, Whe daWa Rf Figure 7 ZeUe 
QRUPaliVed WR 4 baWcheV Rf SPS. FRllRZiQg beaP 
cRQdiWiRQiQg WR 12 A.h, aQd aQ eVWiPaWed elecWURQ dRVe Rf 
20 PC/PP2, Whe fiQal heaW lRad ZaV a 1.5 W/P [9]. 
AccRUdiQg WR ViPXlaWiRQV SeUfRUPed fRU WAMPAC 3, a CX 
calRUiPeWeU ZiWh Whe VaPe ciUcXlaU geRPeWU\ aV Whe 
COLDEX beaP VcUeeQ, Whe cRUUeVSRQdiQg Pa[iPXP 
VecRQdaU\ elecWURQ \ield ZaV eVWiPaWed WR be a 1.3 iQ 
agUeePeQW ZiWh a VcUXbbed VXUface [21]. 
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Figure 7: HHDW ORDG RQ WKH FLUFXODU EHDP VFUHHQ GXH WR 
EHDP LQGXFHG HOHFWURQ FORXG >9@.  

IQ Whe SUeVeQce Rf aQ elecWURQ clRXd, Whe YacXXP 
chaPbeU Zall iV VXbjecWed WR elecWURQ bRPbaUdPeQW. 
AlWhRXgh Whe SXPSiQg VSeed Rf a cU\RgeQic V\VWeP held iQ 
Whe UaQge 5-20 K, like LHC, caQ be YeU\ laUge (VeYeUal 
WhRXVaQd liWUe SeU Vec SeU PeWeU Rf beaP WXbe), Whe elecWURQ 
iUUadiaWiRQ VWiPXlaWeV Whe PRlecXlaU deVRUSWiRQ Rf WighWl\ 
bRXQd PRlecXleV.  

Of SUiPaU\ iPSRUWaQce fRU VXSeUcRQdXcWiQg PachiQeV, iV 
Whe h\dURgeQ deVRUSWiRQ. IQdeed, aV VhRZQ iQ Figure 8, Whe 
deVRUbed h\dURgeQ caQ be Sh\ViVRUbed aQd accXPXlaWed RQ 
Whe beaP VcUeeQ VXUface aW 8 K leadiQg WR a SUeVVXUe 
iQcUeaVe dXe WR Whe VXbVeTXeQW Uec\cliQg Rf Whe Zeakl\ 
bRXQded h\dURgeQ. ThiV SheQRPeQRQ iV Whe LHC beaP 
VcUeeQ SeUfRUaWiRQ UaiVRQ d¶rWUe. AV VhRZQ iQ Figure 8, Whe 
h\dURgeQ SaUWial SUeVVXUe leYelV Rff afWeU 1 h WhaQkV WR Whe 
beaP VcUeeQ¶V VlRWV WhURXgh Zhich h\dURgeQ caQ be 
SXPSed RQ Whe cRld bRUe, aQd WheQ decUeaVe fRllRZiQg 
beaP cRQdiWiRQiQg. The h\dURgeQ deVRUSWiRQ \ield ZaV 
eVWiPaWed WR be a 5î10-2 H2/e.  

The elecWURQ bRPbaUdPeQW VWiPXlaWed alVR Whe 
deVRUSWiRQ Rf RWheU PRlecXlaU VSecieV. HRZeYeU, WheiU 
SUeVVXUe leYel iV WZR RUdeU Rf PagQiWXde lRZeU WhaQ 
h\dURgeQ iQdicaWiQg a PXch lRZeU Uec\cliQg caSabiliW\.  
FRU WhiV UeaVRQ, RQl\ Whe VXP Rf Whe SUiPaU\ deVRUSWiRQ, Ș, 
aQd Uec\cliQg deVRUSWiRQ, Ș¶, RYeU Whe VWickiQg cRefficieQW, 
ı, ZaV PeaVXUed. The PeaVXUed YalXeV UaQge fURP 2î10-2 
WR 2î10-1 PRlecXleV/e. 

IW PXVW be VWUeVVed WhaW lRQgeU elecWURQ bRPbaUdPeQW 
UeVXlWV WR a VXUface cRQdiWiRQiQg aVVRciaWed ZiWh Whe 
UedXcWiRQ Rf Whe deVRUSWiRQ \ield fRU all gaVeV aV VhRZQ iQ 
[9] aQd RbVeUYed fRU LHC Zhich haV a YacXXP life WiPe 
PXch laUgeU WhaQ 100 h deVSiWe Whe SUeVeQce Rf aQ elecWURQ 
clRXd iQ Whe aUcV [22]. 

 
Figure 8: PDUWLDO SUHVVXUH HYROXWLRQ GXULQJ HOHFWURQ FORXG 
LUUDGLDWLRQ RI WKH RYDO EHDP VFUHHQ KHOG DW 8 K ZLWK D FROG 
ERUH DW 4.2K >8@. 

EffecWV RQ SUeVVXUe Rf Sh\VLVRUbed aQd 
cRQdeQVed gaVeV 

AV VhRZQ abRYe, Whe accXPXlaWiRQ Rf PRlecXleV RQ Whe 
cU\RgeQic VXUface Pa\ lead WR PRlecXlaU Uec\cliQg. IQ a 
Ueal PachiQe, gaV PRlecXleV Pa\ accXPXlaWe aW VSecific 
lRcaWiRQ dXUiQg cRRl dRZQ RU WePSeUaWXUe e[cXUViRQ aQd 
accXPXlaWe dXUiQg beaP RSeUaWiRQ XQdeU elecWURQ clRXd 
bRPbaUdPeQW WUiggeUiQg SUeVVXUe WUaQVieQWV afWeU 
PRdificaWiRQ Rf Whe beaP SaUaPeWeUV VXch aV bXQch 
iQWeQViW\, filliQg VchePe eWc. [23].   

HeQce, VeYeUal VWXdieV ZeUe SeUfRUPed ZiWh H2, CO aQd 
CO2 WR iQYeVWigaWe Whe iQWeUSla\ aQd Whe iPSacW RQ Whe LHC 
deVigQ Rf Whe gaV Sh\ViVRUSWiRQ aQd cRQdeQVaWiRQ. TR dR VR, 
ZiWh Whe e[WUePiW\ YalYeV clRVed aQd Whe cRld bRUe 
WePSeUaWXUe held abRYe 100 K, a kQRZQ TXaQWiW\ Rf gaV 
ZaV iQjecWed iQWR Whe V\VWeP afWeU Zhich Whe beaP VcUeeQ 
WePSeUaWXUe ZaV iQcUeaVed WR PaiQWaiQ a SUeVVXUe leYel 
alRQg Whe beaP VcUeeQ leQgWh iQ Whe UaQge Rf 10-5 PbaU. ThiV 
PeWhRd allRZed Whe PRlecXleV WR be XQifRUPl\ diVWUibXWed 
RQ Whe beaP VcUeeQ WhaQkV WR Whe YeU\ laUge iPSiQgePeQW 
UaWe. The WePSeUaWXUe ZaV WheQ VlRZl\ VeW back WR belRZ 
15 K WR allRZ gaV cU\RVRUSWiRQ aQd fiQall\ Whe cRld bRUe 
cRRled dRZQ WR 3 K.  

Figure 9 VhRZV Whe h\dURgeQ Uec\cliQg XQdeU elecWURQ 
clRXd bRPbaUdPeQW fRU 1015 H2/cP2 cRQdeQVed RQ Whe 
beaP VcUeeQ held aW 5 K. A laUge SUeVVXUe iQcUeaVeV XS WR 
6î10-8 TRUU fRllRZed b\ a faVW decUeaVe iV VeeQ. The deUiYed 
Uec\cliQg \ield, Ș¶/ı, eTXalV 3 H2/e. ThiV laUge \ield 
SURYRkeV a faVW flXVhiQg Rf Whe h\dURgeQ PRlecXleV WURXgh 
Whe hRleV WRZaUdV Whe cRld bRUe. ThXV, Whe SUeVVXUe UePaiQV 
fRU a YeU\ VhRUW WiPe (0.005 A.h) abRYe Whe 100 h life WiPe 
liPiW Rf LHC (a 10-8 TRUU fRU H2). HRZeYeU, dXUiQg WhiV 
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SURceVV, QR VigQificaQW heaW lRad iQcUeaVe RQ Whe beaP 
VcUeeQ (laUgeU WhaQ 0.1 W/P) aV cRPSaUed WR Whe baUe 
VXUface ZaV RbVeUYed. 

 
Figure 9: H\GURJHQ UHF\FOLQJ XQGHU HOHFWURQ FORXG 
LUUDGLDWLRQ ZKHQ WZR SPS EDWFKHV FLUFXODWHG ZLWK 
1015 H2/FP2 FRQGHQVHG RQ WKH EHDP VFUHHQ >10@. 

Figure 10 VhRZV Whe UeVXlW Rf a ViPilaU e[SeUiPeQW ZiWh 
caUbRQ PRQR[ide Uec\cliQg XQdeU elecWURQ clRXd 
bRPbaUdPeQW ZheQ 5î1015 CO/cP2 aUe cRQdeQVed RQ Whe 
beaP VcUeeQ held aW 5 K. A SUeVVXUe iQcUeaVeV XS WR 
1.5î10-8 PbaU fRllRZed b\ a VlRZ flXVhiQg Rf Whe CO 
PRlecXleV WRZaUdV Whe cRld bRUe iV RbVeUYed. The 
cRPSXWed Uec\cliQg \ield, Ș¶/ı, eTXalV 0.4 CO/e. ThiV 
YalXe iV PXch lRZeU WhaQ fRU h\dURgeQ, WheUeb\ Whe CO 
SaUWial SUeVVXUe UePaiQed abRYe Whe 100 h life WiPe liPiW fRU 
LHC (a 10-9 TRUU Rf CO) fRU a PXch lRQgeU SeUiRd Rf aW 
leaVW 0.5 A.h. IQ WhiV caVe alVR, Whe heaW lRad iQcUeaVe RQ Whe 
beaP VcUeeQ aVVRciaWed ZiWh Whe aPRXQW Rf cRQdeQVed gaV 
ZaV Qegligible.  

 
Figure 10: CDUERQ PRQR[LGH UHF\FOLQJ XQGHU HOHFWURQ 

FORXG LUUDGLDWLRQ ZKHQ RQH SPS EDWFKHV FLUFXODWHG ZLWK 
5 1015 CO/FP2 FRQGHQVHG RQ WKH EHDP VFUHHQ >10@.  

The cRQdeQVaWiRQ Rf 15î1015 CO2/cP2 RQ Whe beaP 
VcUeeQ held aW 15 K UeYealed a ViPilaU behaYiRXU aV caUbRQ 
PRQR[ide. HRZeYeU, aV VhRZQ iQ Figure 11, Whe caUbRQ 
diR[ide PRlecXle ZaV cUacked iQWR caUbRQ PRQR[ide aQd 
R[\geQ XQdeU Whe elecWURQ bRPbaUdPeQW: Whe UeVXlWiQg 
SaUWial SUeVVXUe Rf CO ZaV VeYeQ WiPeV Whe SaUWial SUeVVXUe 
Rf CO2. A VlRZ flXVhiQg Rf Whe PRlecXleV WRZaUdV Whe cRld 
bRUe ZaV RbVeUYed ZiWh a cRPSXWed Uec\cliQg \ield, Ș¶/ı, 
Rf 0.01 CO2/e. AgaiQ, fRU 1 ciUcXlaWiQg baWch, Whe SUeVVXUe 
iQcUeaVeV UePaiQed abRYe Whe 100 h life WiPe liPiW Rf LHC 
fRU VeYeUal hRXUV ZiWh a Qegligible heaW lRad iQcUeaVe. 

 
Figure 11: CDUERQ GLR[LGH UHF\FOLQJ DQG GLVVRFLDWLRQ XQGHU 
HOHFWURQ FORXG LUUDGLDWLRQ. 

IPSacW Rf WhLcN Oa\eUV Rf cRQdeQVaWeV 
IQ Whe eYeQW Rf Whe cRQdeQVaWiRQ Rf Whick la\eUV Rf gaV, 

afWeU e.g. a UediVWUibXWiRQ Rf PRlecXleV fURP Whe cRld bRUe 
WR Whe beaP VcUeeQ fRllRZiQg a PagQeW TXeQch, Whe iPSacW 
RQ Whe PachiQe RSeUaWiRQ Pa\ be dUaPaWic aV aQWiciSaWed 
iQ [23]. A YeU\ ViPilaU VceQaUiR ZaV XQfRUWXQaWel\ UeceQWl\ 
RbVeUYed ZiWh Whe LHC fRllRZiQg a SURbable aiU iQleW iQ 
RQe iQWeUcRQQecW Rf Whe 16L2 half-cell [24, 25].  

Figure 12 VhRZV Whe heaW lRad iQdXced b\ Whe elecWURQ 
clRXd ZheQ 60î1015 CO/cP2 iV cRQdeQVed RQ Whe beaP 
VcUeeQ. DXe WR Whe PRdificaWiRQ Rf Whe VXUface¶V VecRQdaU\ 
elecWURQ \ield b\ Whe cRQdeQVaWe, Whe RbVeUYed heaW lRad 
iQcUeaVed abRYe 5 W/P fRU a lRQg SeUiRd. IQ Whe PeaQWiPe, 
Whe h\dURgeQ aQd caUbRQ PRQR[ide SaUWial SUeVVXUeV 
Ueached 10-6 aQd 10-7 TRUU UeVSecWiYel\. 
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Figure 12: BHDP VFUHHQ KHDW ORDG ZKHQ 1, 2, 3 DQG 4 
EDWFKHV FLUFXODWHG ZLWK 60 1015 CO/FP2 FRQGHQVHG RQ WKH 
EHDP VFUHHQ >10@. 

ThXV, Whe cRQdeQVaWiRQ Rf PaQ\ PRQRla\eUV Rf gaV caQ 
be haUPfXl fRU Whe RSeUaWiRQ Rf a VXSeUcRQdXcWiQg PachiQe. 
Figure 13 VhRZV Whe cRPSXWed caUbRQ PRQR[ide SaUWial 
SUeVVXUe XViQg deVRUSWiRQ \ield daWa PeaVXUed iQ Whe 
labRUaWRU\ [26]. The cXUYeV aUe calcXlaWed fRU WZR YalXeV Rf 
heaW lRad diVViSaWed RQ Whe beaP VcUeeQ.  

AV VhRZQ, fRU 25î1015 CO/cP2 cRQdeQVed RQ Whe LHC 
beaP VcUeeQ, iQ Whe SUeVeQce Rf elecWURQ clRXd, Whe CO 
SaUWial SUeVVXUe iV Zell abRYe Whe 100 h life WiPe liPiW. The 
lRZeU Whe elecWURQ clRXd acWiYiW\, Whe lRQgeU Whe WiPe iV 
UeTXiUed WR flXVh Whe caUbRQ PRQR[ide PRlecXleV fURP Whe 
beaP VcUeeQ WR Whe cRld bRUe. SeYeUal hRXUV Rf beaP 
ciUcXlaWiRQ aUe Qeeded aW a lRZ elecWURQ clRXd acWiYiW\ (P = 
0.1 W/P) 

The UePRYal Rf Whe caUbRQ PRQR[ide PRlecXleV caQ be 
VSeeded XS b\ iQcUeaViQg Whe elecWURQ clRXd acWiYiW\. 
HRZeYeU, a WRR laUge elecWURQ clRXd acWiYiW\ Zill VWiPXlaWe 
a WRR high SUeVVXUe leYel Zhich Pa\ XlWiPaWel\ lead WR a 
PagQeW TXeQch. ThiV iV Whe caVe ZheQ 1.5 W/P iV 
diVViSaWed RQ Whe beaP VcUeeQ b\ Whe elecWURQ clRXd. 

TR PiWigaWe Whe abRYe effecW, beaP VcUeeQ heaWeUV ZeUe 
iQWegUaWed iQWR Whe LHC deVigQ. WiWhRXW beaP RSeUaWiRQ, 
Whe heaWeUV allRZV WR ZaUP XS Whe beaP VcUeeQ abRYe 80 K 
Zhile PaiQWaiQiQg Whe cRld bRUe belRZ 4.5 K, WheUeb\ 
flXVhiQg PRVW Rf Whe gaVeV WRZaUdV Whe cRld bRUe, ZiWh Whe 
e[ceSWiRQ Rf Whe ZaWeU PRlecXleV [2].  

 
Figure 13: 9DFXXP WUDQVLHQW GXH WR WKH FRQGHQVDWLRQ RI 25 
1015 CO/FP2 RQ WKH EHDP VFUHHQ >10, 23@. 

AW cU\RgeQic WePSeUaWXUe, alWhRXgh WheUe iV QR WheUPal 
deVRUSWiRQ Rf ZaWeU, Whe H2O deVRUSWiRQ caQ be VWiPXlaWed 
b\ elecWURQ bRPbaUdPeQW. ThiV iV Whe caVe Rf XQbaked 
VXUfaceV RU VXUfaceV SUeYiRXVl\ e[SRVed WR hXPidiW\. FRU 
WhiV UeaVRQ, iW iV UecRPPeQded WR SXPS dRZQ aV lRQg aV 
SRVVible aQ XQbaked beaP SiSe befRUe iWV cRRliQg dRZQ WR 
eYacXaWe Whe Pa[iPXP Rf ZaWeU fURP Whe SiSe. TR dR VR, 5 
ZeekV Rf SXPS dRZQ aUe UeTXiUed iQ Whe LHC PachiQe 
befRUe cRRliQg. 

Figure 14 VhRZV Whe WRWal SUeVVXUe aQd Whe beaP VcUeeQ 
heaW lRad fRU 2î72 ciUcXlaWiQg bXQcheV. IQ Whe fiUVW SaUW Rf 
Whe VWXd\, Whe SUeVVXUe decUeaVed b\ RQe RUdeU Rf PagQiWXde 
XQWil 10-5 Pa (10-7 TRUU), cRQYeUVel\, Whe heaW lRad iQcUeaVe 
XS WR 8 W/P Zhile Whe beaP VcUeeQ WePSeUaWXUe ZaV 
dUifWiQg fURP 8 WR 20 K dXe WR Whe laUge beaP iQdXced heaW 
lRadV! AW W=100h, Whe beaP VcUeeQ ZaV ZaUPed XS WR 240 K 
Zhile keeSiQg Whe cRld bRUe aW 120 K ZiWh Whe beaP 
ciUcXlaWiQg fRU a cRXSle Rf hRXUV dXUiQg Zhich a fXUWheU 
YacXXP cRQdiWiRQiQg ZaV RbVeUYed. A W=150h, Whe beaP 
VcUeeQ aQd cRld bRUe ZeUe RQce agaiQ cRRled dRZQ WR 10 
aQd 4.2 K UeVSecWiYel\. The SUeVVXUe cRQWiQXed WR decUeaVe 
fXUWheU b\ RQe RUdeU Rf PagQiWXde Zhile Whe PeaVXUed heaW 
lRad RQ Whe beaP VcUeeQ ZaV a 0.5-1 W/P.   

CleaUl\, Whe WePSeUaWXUe e[cXUViRQ XS WR 240 K WRgeWheU 
ZiWh Whe beaP ciUcXlaWiRQ cRQWUibXWed WR Whe VWURQg 
UedXcWiRQ Rf Whe heaW lRad. PUeYiRXV VWXdieV haYe VhRZQ 
WhaW cRQdeQVed ZaWeU PRdifieV Whe VecRQdaU\ elecWURQ \ield 
Rf a VXUface. IQdeed, a Pa[iPXP VecRQdaU\ elecWURQ \ield 
aV laUge aV 2.3 ZaV PeaVXUed iQ Whe labRUaWRU\ ZiWh 
150 PRQRla\eUV [27]. SiQce ZaWeU iV deVRUbed fURP a CX 
beaP VcUeeQ abRYe 200 K, Whe RUigiQ Rf Whe SUeYiRXVl\ 
deVcUibed heaW lRad iV aWWUibXWed WR Whe ZaWeU cRQdeQVaWiRQ. 
IQdeed, befRUe Whe e[SeUiPeQW, Whe e[WUePiWieV Rf Whe 
e[SeUiPeQWal V\VWeP ZeUe baked Zhile Whe beaP VcUeeQ 
ZaV keSW aW URRP WePSeUaWXUe. AlWhRXgh Whe WheUPall\ 
deVRUbed gaV ZaV eYacXaWed b\ Whe WXUbRPRlecXlaU 
SXPSiQg, VRPe PRlecXleV, iQ SaUWicXlaU ZaWeU, ZeUe VRUbed 
RQ Whe beaP VcUeeQ. IQ Whe LHC, WhiV XQdeViUable ViWXaWiRQ 
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iV aYRided b\ addiQg a VecWRU YalYe aW each cRld WR ZaUP 
WUaQViWiRQ WR decRXSle Whe URRP WePSeUaWXUe YacXXP 
V\VWeP fURP Whe cU\RgeQic WePSeUaWXUe YacXXP V\VWeP. 

 
Figure 14: TRWDO SUHVVXUH DQG KHDW ORDG RQ WKH EHDP VFUHHQ 
IRU 2[72 FLUFXODWLQJ EXQFKHV RI 0.8 ± 1.1 1011 
SURWRQV/EXQFK >8@. 

OWheU RbVeUYaWLRQV 
IQ Whe SUeVeQce Rf elecWURQ clRXd, Whe heaW lRad PeaVXUed 

RQ Whe beaP VcUeeQ held aW cU\RgeQic WePSeUaWXUe ZaV 
cRPSaUed WR Whe heaW lRad PeaVXUed RQ a URRP WePSeUaWXUe 
CX SiSe XViQg Whe WAMPAC lRcaWed XSVWUeaP WR 
COLDEX [19]. AV e[SecWed, bRWh eTXiSPeQW VhRZed Whe 
VaPe UeVXlWV iQdicaWiQg WhaW bRWh VecRQdaU\ elecWURQ \ield 
ZeUe Whe VaPe fRU bRWh V\VWePV iUUeVSecWiYe Rf WheiU 
RSeUaWiQg WePSeUaWXUe [9, 22]. ObYiRXVl\, aV VhRZQ abRYe, 
Whe SUeVeQce Rf Sh\ViVRUbed aQd cRQdeQVed gaV Pa\ 
PRdif\ Whe VecRQdaU\ elecWURQ \ield Rf Whe cU\RgeQic 
VXUface leadiQg WR diffeUeQce beWZeeQ heaW lRadV PeaVXUed 
aW cU\RgeQic aQd URRP WePSeUaWXUe. 

SeYeUal e[SeUiPeQWV ZeUe led WR iQYeVWigaWe fXUWheU Whe 
behaYiRXU Rf a cU\RgeQic V\VWeP iQ Whe SUeVeQce Rf elecWURQ 
clRXd aQd iWV iPSacW RQ RSeUaWiRQ:  

1. The COLDEX ZaV keSW XQdeU YacXXP (P a 10-8 TRUU) 
aW RT fRU 2 PRQWhV. AfWeU cRRliQg dRZQ, QR VigQi¿caQW 
iQcUeaVe Rf Whe WRWal SUeVVXUe QRU Whe heaW lRad ZaV QRWiced. 

2. SiPilaU RbVeUYaWiRQV ZeUe alVR Pade ZheQ, Zhile held 
aW RT, COLDEX ZaV YeQWed WR aiU aQd SXPSed back befRUe 
cRRliQg dRZQ. 

3. FiQall\, Whe COLDEX ZaV keSW WR aWPRVSheUic 
SUeVVXUe fRU 2 ZeekV aQd SXPSed dRZQ WR 10-4 TRUU befRUe 
YalYiQg Rff Whe WXUbRPRlecXlaU SXPS. TheQ, Whe beaP 
VcUeeQ ZaV cRRled dRZQ WR 10 K aQd ¿Qall\ Whe cRld bRUe 
WR 3 K. ThiV SURWRcRl gaYe Whe VaPe RbVeUYaWiRQV aV abRYe. 
 

CARBON COA7ED 68RFACE 
SiQce 2010, CERN iV SUeSaUiQg Whe LHC XSgUade: Whe 

High-LXPiQRViW\ LHC (HL-LHC), a SURjecW Zhich ZaV 
aSSURYed b\ Whe CERN cRXQcil iQ JXQe 2016. ThiV SURjecW 
cRQViVWV iQ PXlWiSl\iQg b\ 5 Whe LHC lXPiQRViW\ ZiWh aQ 

RbjecWiYe Rf 3 000 fb-1 accXPXlaWed iQ Whe Pid 2030ieV 
Zhich cRUUeVSRQdV WR Whe SURdXcWiRQ Rf PRUe WhaQ 1 PilliRQ 
HiggV bRVRQV! [13].   

FRU WhiV SXUSRVe, Whe RSWicV aQd Whe LHC PaWchiQg 
VecWiRQ aUe PRdified b\ aQ eQWiUe SURdXcWiRQ Rf QeZ fiQal 
fRcXVViQg TXadUXSRle PagQeWV aURXQd ATLAS aQd CMS 
e[SeUiPeQWV. Table 2 VhRZV Whe LHC aQd HL-LHC PaiQ 
SaUaPeWeUV. The UedXcWiRQ Rf Whe QRUPaliVed ePiWWaQce aQd 
Whe dRXbliQg Rf Whe bXQch SRSXlaWiRQ Zill be RbWaiQed afWeU 
LRQg ShXWdRZQ 2 fRllRZiQg Whe LHC IQjecWRU USgUade 
(LIU) SURgUaP [17]. The iQVWallaWiRQ Rf Whe QeZ fRcXVViQg 
PagQeWV aQd Whe deSlR\PeQW Rf Whe XSgUaded PaWchiQg 
VecWiRQ Zill allRZ, afWeU LRQg ShXWdRZQ 3, iQ Whe 2Qd 
VePeVWeU Rf 2026, WR VWaUW a QeZ eUa fRU Whe LHC ePSlR\iQg 
Whe fXll caSabiliW\ Rf Whe AchURPaWic TeleVcRSic STXee]e 
RSWic WR fXUWheU UedXce Whe beaP Vi]e aW Whe cRlliViRQ SRiQW 
WheUeb\ iQcUeaViQg fXUWheU Whe lXPiQRViW\.  

The e[SecWed high lXPiQRViW\ Zill be leYelled WR 
a 5î1034 H]/cP2 iQ RUdeU WR PaiQWaiQ, aW aQ acceSWable 
leYel fRU Whe e[SeUiPeQWal deWecWRUV, Whe QXPbeU Rf 
cRlliViRQV aW Whe iQWeUacWiRQ SRiQW. AlWhRXgh Whe deWecWRU 
e[SeUiPeQWV eQcaSVXlaWed aV PXch aV SRVVible Whe cRlliViRQ 
SRiQW, a laUge aPRXQW Rf Whe SURdXced debUiV Zill eVcaSe 
fURP Whe cRlliViRQ SRiQW WRZaUdV Whe fRcXVViQg 
VXSeUcRQdXcWiQg TXadUXSRleV. FRU WhiV UeaVRQ, Whe HL-
LHC beaP VcUeeQ iV Vhielded ZiWh WXQgVWeQ, RQ iWV e[WeUQal 
Vide, WR SURWecW Whe cRld PaVV fURP SUePaWXUe ageiQg 
eQVXUiQg Whe deViUed life WiPe fRU Whe VXSeUcRQdXcWiQg 
PagQeWV [28, 13]. 

IQ RUdeU WR PiWigaWe elecWURQ PXlWiSacWiQg WheUeb\ 
UedXciQg Whe heaW lRad RQ Whe cU\RgeQic V\VWeP aQd Whe 
backgURXQd WR Whe e[SeUiPeQWV, a-C cRaWiQg, Rf Whe iQQeU 
beaP VcUeeQ Vide, iV SURSRVed aV a VecRQd PajRU XSgUade 
Rf Whe LHC-like beaP VcUeeQ deVigQ. ThiV WechQRlRg\ ZaV 
UeceQWl\ VXcceVVfXll\ deSlR\ed fRU Whe CERN SPS PachiQe 
WR PiWigaWe elecWURQ clRXd [29]. IQdeed, WhiV cRaWiQg acWV aV 
aQ aQWi-PXlWiSacWRU ViQce Whe Pa[iPXP VecRQdaU\ elecWURQ 
\ield PeaVXUed iQ Whe labRUaWRU\ eTXalV 1+/- 0.1 aW a 
SUiPaU\ elecWURQ eQeUg\ Rf 200 eV [30]. HRZeYeU, WhiV 
cRaWiQg ZaV QeYeU eYalXaWed aW cU\RgeQic WePSeUaWXUe. FRU 
WhiV UeaVRQ, Whe COLDEX e[SeUiPeQW ZaV UefXUbiVhed aQd 
eTXiSSed ZiWh a a-C cRaWed (a 400 QP Whick) beaP VcUeeQ 
aV VhRZQ iQ Figure 15 [14]. 

Table 3: LHC aQd HL-LHC beaP SaUaPeWeUV. 

PaUaPeWeUV LHC HL-
LHC 

NRPiQal UlWiPaWe NRPiQal 
EQeUg\ (TeV) 7 
LXPiQRViW\ 

([1034 H]/cP2) 1.0 2.3 5* 

CXUUeQW (PA) 584 860 1090 
PURWRQ SeU bXQch ([1011) 1.15 1.7 2.2 

NXPbeU Rf bXQcheV 2808 2736 
BXQch VSaciQg (QV) 25 
MiQiPXP ȕ* (P) 0.55 0.15 

NRUPaliVed ePiWWaQce 
(ȝP) 3.75 2.5 
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Figure 15: PLFWXUH RI COLDE; H[WUHPLW\ ZLWK D-C FRDWHG 
EHDP VFUHHQ. CRXUWHV\ RI B. JHQQLQJHU. 

FRU 2 \eaUV, VeYeUal iPSRUWaQW VWXdieV ZeUe cRQdXcWed 
ZiWhRXW aQd ZiWh SURWRQV beaPV [31]. The fiUVW RbVeUYaWiRQ 
ZaV Whe dePRQVWUaWiRQ Rf Whe laUge SRURViW\ Rf Whe a 400 QP 
Whick cRaWiQg.  IQdeed, aW cU\RgeQic WePSeUaWXUe, Whe 
cU\RVRUSWiRQ caSaciW\ Rf h\dURgeQ, PeaVXUed ZiWh aQ 
adVRUSWiRQ iVRWheUP, ZaV eVWiPaWed WR be laUgeU WhaQ 
2u1017 H2/cP2 belRZ 10 K L.e. PRUe WhaQ 100 WiPe Whe CX 
caSaciW\! A VecRQd RbVeUYaWiRQ, liQked WR Whe PRlecXlaU 
caSaciW\ Rf Whe cRaWiQg, ZaV Whe WheUPal deVRUSWiRQ Rf 
PRlecXleV aW high WePSeUaWXUe. LRZ cRYeUage Rf h\dURgeQ 
deVRUbV XQWil a 60 K ZheUeaV RWheU gaVeV deVRUbed abRYe 
80 K.  

TheUefRUe, Whe ZRUkiQg RSeUaWiQg WePSeUaWXUe Rf Whe HL-
LHC beaP VcUeeQ QeedV WR be VWXdied iQ deWail iQ a VSecific 
e[SeUiPeQWal VeW-XS eTXiSSed ZiWh a 500 QP Whick a-C 
cRaWed VaPSle WR ideQWif\ aQ acceSWable WePSeUaWXUe 
ZiQdRZ [32]. Table 4 VhRZV a cRPSilaWiRQ Rf Whe RbWaiQed 
UeVXlWV fRU Whe PaiQ gaV VSecieV iQ Whe WePSeUaWXUe UaQge Rf 
iQWeUeVW fRU Whe HL-LHC iQQeU WUiSleWV.  AV Vaid abRYe, iQ 
Whe 40-60 K WePSeUaWXUe UaQge, h\dURgeQ iV WheUPall\ 
deVRUbed fRU aQ\ VXUface cRYeUage. TheUefRUe, aQ\ 
WePSeUaWXUe YaUiaWiRQ Rf Whe HL-LHC beaP VcUeeQ Pa\ 
lead WR XQZaQWed SUeVVXUe RVcillaWiRQV WheUeb\ SURYRkiQg 
beaP iQdXced backgURXQd WR Whe e[SeUiPeQW RU PagQeW 
TXeQch iQ Whe XlWiPaWe caVe Rf YeU\ laUge SUeVVXUe 
e[cXUViRQ. FRU WhiV UeaVRQ, aQd fRU WhiV W\Se Rf cRaWiQg, aQ 
acceSWable WePSeUaWXUe UaQge ZRXld be 60-80 K iQ Zhich 
QR h\dURgeQ iV Sh\ViVRUbed, WheUeb\ QRW aYailable fRU 
deVRUSWiRQ. IQ WhiV WePSeUaWXUe UaQge, Whe RWheU gaVeV aUe 
aYailable fRU deVRUSWiRQ RQl\ ZheQ cRQdeQVed iQ laUge 
TXaQWiWieV WhXV afWeU VeYeUal PRQWh Rf beaP RSeUaWiRQ. AQ 
aSSURSUiaWe ZaUP XS aW UegXlaU iQWeUYalV Zill WheQ VXffice 
WR gXaUaQWee a lRZ eQRXgh VXUface cRYeUage [33].  

Table 4: TePSeUaWXUe UaQge Rf deVRUSWiRQ SeakV fURP a 
500 QP Whick a-C cRaWiQg [33]. 

T H2 CH4 CO CO2 

40-60 K AQ\ 
cRYeUage 

> 1017 
CH4/cP2 

> 2u1016 
CO/cP2 

> 1018 
CO2/cP2 

60-80 K NR 
cRYeUage 

> 5u1016 
CH4/cP2 

> 5u1015 
CO/cP2 

> 1017 
CO2/cP2 

 
LRQg WeUP RSeUaWiRQ Rf Whe SPS beaPV dXUiQg VcUXbbiQg 

UXQV, ZiWh aQ accXPXlaWed beaP dRVe Will 10 A.h, ZeUe 
cRQdXcWed WR VWXd\ Whe iQWeUacWiRQ Rf Whe LHC-like SURWRQ 
beaP (4u72 bXQcheV, 25 QV, XS WR 1.5u1011 SURWRQV/bXQch) 

ZiWh Whe a-C cRaWiQg held aW cU\RgeQic WePSeUaWXUe. The 
VWXdied beaP VcUeeQ WePSeUaWXUeV ZeUe aW 10, 50 aQd 80 K 
ZiWh Whe cRld bRUe held aW 3 - 4.5 K.   NR SUeVVXUe UiVe laUgeU 
WhaQ a feZ 10-10 PbaU, QR VigQificaQW heaW lRad laUgeU WhaQ 
0.2 W/P (RSSRVed WR 1.5 W/P fRU CX, aV VhRZQ iQ Figure 
7) aQd QR VigQificaQW cXUUeQW RQ Whe ceQWUal elecWURQ Sick-
XS laUgeU WhaQ 0.1 QA (RSSRVed WR a feZ �A fRU CX, Vee 
Table 2) ZeUe RbVeUYed. UQfRUWXQaWel\, Whe beaP VcUeeQ 
elecWURde ZaV QRW aYailable dXUiQg Whe a-C cRaWiQg 
TXalificaWiRQ ShaVe. 

The iPSacW Rf RSeUaWiQg WePSeUaWXUe aQd gaV abVRUSWiRQ 
ZeUe VWXdied dXUiQg dedicaWed PachiQe deYelRSPeQW 
SeUiRdV. H\dURgeQ ZaV cRQdeQVed RQ Whe beaP VcUeeQ ZiWh 
3u1016 H2/cP2 aQd VWXdied aW 10, 15, 20, 25 aQd 50 K. 
CaUbRQ PRQR[ide ZaV cRQdeQVed RQ Whe beaP VcUeeQ ZiWh 
2u1016 CO/cP2 aQd VWXdied aW 10 aQd 50 K. FiQall\, caUbRQ 
diR[ide ZaV cRQdeQVed RQ Whe beaP VcUeeQ ZiWh 
3u1016 CO2/cP2 aQd VWXdied aW 10 aQd 60 K ZiWh Whe cRld 
bRUe held, iQ all caVeV, aW 3 ± 4.5 K. SiPilaU WR Whe lRQg WeUP 
VWXdieV Rf a baUe VXUface, QR d\QaPic SUeVVXUe aWWUibXWed WR 
Whe elecWURQ VWiPXlaWed deVRUSWiRQ laUgeU WhaQ 10-9 PbaU, 
QRU elecWURQ PXlWiSacWiQg acWiYiW\ abRYe 0.1 QA ZeUe 
RbVeUYed. The PeaVXUed d\QaPic heaW lRad ZaV 0.2 +/- 0.1 
W/P iQ all caVeV.   

GiYeQ Whe difficXlW\ WR WUiggeU aQd RbVeUYe a VigQaWXUe 
VigQal Rf elecWURQ clRXd, iQ cRPSlePeQW WR Whe VWaQdaUd 
calibUaWiRQ Rf Whe iQVWUXPeQWV, a VSecific SURWRcRl ZaV 
deYelRSed WR aVVeVV Whe deWecWiRQ liPiW Rf Whe elecWURQ 
SURbeV. UViQg Whe SXPSiQg aQd deVRUSWiRQ SURSeUWieV Rf Whe 
a-C cRaWiQg, Whe WePSeUaWXUe Rf Whe beaP VcUeeQ ZaV 
iQcUeaVed XS WR 60 K dXUiQg Whe beaP ciUcXlaWiRQ. AURXQd 
40-60 K, Whe QaWXUal h\dURgeQ WheUPal deVRUSWiRQ, lead WR 
aQ eVcalaWiRQ Rf Whe beaP gaV iRQiVaWiRQ PRdif\iQg Whe 
cRllecWiRQ cXUUeQW aW Whe chiPQe\ elecWURde [31]. Figure 16 
VhRZV a VXSeUSRViWiRQ Rf WhUee SlRWV ZiWh: WRS, Whe SPS 
beaP iQWeQViW\, Piddle, Whe SUeVVXUe aW Whe COLDEX 
e[WUePiWieV (VG1, VG3) aQd COLDEX ceQWUe (VG2) aQd 
bRWWRP, Whe elecWURQ cXUUeQW PeaVXUed aW Whe COLDEX 
chiPQe\ lRcaWed aW Whe VaPe SRViWiRQ aV VG2. The 
h\dURgeQ WheUPal deVRUSWiRQ, XS WR 5u10-8 PbaU, iQdXced 
b\ Whe beaP VcUeeQ WePSeUaWXUe iQcUeaVe fURP 40 WR 60 K, 
SURYRked a cXUUeQW Uead aW Whe chiPQe\ elecWURde fURP 0.1 
WR 1.5 QA PRdXlaWed b\ Whe SaVVage Rf Whe SPS baWcheV 
WhURXgh Whe beaP VcUeeQ. ThiV RbVeUYaWiRQ cRQfiUPed a 
deWecWiRQ liPiW Rf 0.1 QA fRU RXU elecWURde. 
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Figure 16: TRS, SPS EHDP LQWHQVLW\, PLGGOH, WRWDO SUHVVXUH 
DORQJ COLDE;, ERWWRP, HOHFWURQ FXUUHQW DW WKH COLDE; 
FKLPQH\, ZKLOH LQFUHDVLQJ WKH D-C FRDWHG EHDP VFUHHQ 
WHPSHUDWXUH IURP 10 WR 60 K >31@.  

TR aVVeVV Whe Pa[iPXP VecRQdaU\ elecWURQ \ield Rf Whe 
VWXdied a-C cRaWiQg, VeYeUal P\ClRXd ViPXlaWiRQV ZeUe 
dRQe. The\ dePRQVWUaWed WhaW Whe elecWURQ cXUUeQW deWecWiRQ 
ZaV PRUe VeQViWiYe WhaQ Whe heaW lRad deWecWiRQ [15].  
Figure 17 VhRZV Whe ViPXlaWiRQ UeVXlWV XViQg a PRdel Rf Whe 
a-C VecRQdaU\ elecWURQ \ield cXUYe deUiYed fURP labRUaWRU\ 
PeaVXUePeQWV [31]. A Pa[iPXP VecRQdaU\ elecWURQ \ield 
Rf 1.1 caQ be deUiYed fURP Whe elecWUical PeaVXUePeQWV 
(< 0.1 QA), iQ agUeePeQW ZiWh SUeVVXUe aQd heaW lRadV 
RbVeUYaWiRQV. ThiV YalXe iV cRQViVWeQW ZiWh SXbliVhed a-C 
daWa [29] aQd UeceQW PeaVXUePeQW iQ Whe labRUaWRU\ aW 
cU\RgeQic WePSeUaWXUe [34].  

 
Figure 17: P\CORXG VLPXODWLRQ RI WKH HOHFWURQ DFWLYLW\ DW 
WKH COLDE; FKLPQH\ >31@. 

The abRYe UeVXlWV cRQfiUPed Whe aSSURSUiaWe chRice Rf a-
C cRaWiQg fRU Whe HL-LHC baVe liQe SURYidiQg Whe cRaWiQg 
iV RSeUaWed iQ aSSURSUiaWe cRQdiWiRQV. TRgeWheU ZiWh Whe XVe 
Rf Whe cRaWiQg aV aQ aQWi-PXlWiSacWRU WechQRlRg\ Whe SPS 
XSgUade [30] aQd iWV gRRd behaYiRXU iQ Whe LHC aW URRP 
WePSeUaWXUe [35], Whe WechQRlRg\ Zill be deSlR\ed dXUiQg 
Whe LRQg ShXWdRZQ 2 fRU a YalidaWiRQ WeVW iQ Whe LHC 
VWaQdalRQe PagQeWV Q5R2, Q6R2, Q6L8 aQd Q5R8 dXUiQg 
RUN3 befRUe HL-LHC cRQVWUXcWiRQ. 

 

LA6ER 7REA7ED 68RFACE 
LaVeU eQgiQeeUiQg VXUface ZeUe UeceQWl\ deYelRSed WR 

lRZeU Whe VecRQdaU\ elecWURQ \ield Rf PaWeUialV PXch 
belRZ 1 [36, 37]. FiUVW VWXdieV aW URRP WePSeUaWXUe ZeUe 
VXcceVVfXll\ cRQdXcWed iQ a VhRUW WeVW VecWiRQ Rf Whe SPS 
VhRZiQg UeVXlWV aV gRRd aV a-C cRaWiQg [38].  FRU WhiV 
UeaVRQ, ZiWh Whe RbjecWiYe WR deYelRS aQ alWeUQaWiYe baVe 
liQe fRU Whe HL-LHC aQd WR iQYeVWigaWe Whe SRWeQWial XVe 
ZiWh FXWXUe CiUcXlaU CRllideUV, a laVeU WUeaWed beaP VcUeeQ 
ZaV cRQVWUXcWed fRU COLDEX [18].  

DXe WR WechQRlRgical cRQVWUaiQWV, WhiV laVeU WUeaWed beaP 
VcUeeQ ZaV bXilW RXW Rf 9 VegPeQWV Zhich ZeUe SURdXced iQ 
cRllabRUaWiRQ ZiWh CERN ± STFC aQd Whe UQiYeUViW\ Rf 
DXQdee, aQd fiQall\ aVVePbled aQd WeVWed aW CERN, Vee 
Figure 18. The fiQal beaP VcUeeQ ZaV Rf Whe VaPe 
diPeQViRQV aV Whe ID 67 CX aQd a-C cRaWed beaP VcUeeQV. 

 

 
Figure 18: Left, VHJPHQWV RI ODVHU WUHDWHG WXEH EHIRUH WKHLU 
DVVHPEO\ DW CERN, ULJKW DVVHPEOHG ODVHU WUHDWHG WXEHV WR 
IRUP D EHDP VFUHHQ EHIRUH LWV LQVHUWLRQ LQWR COLDE; >18@. 

Each VegPeQW ZaV laVeU WUeaWed XQdeU QiWURgeQ 
aWPRVSheUe aW Whe UQiYeUViW\ Rf DXQdee ZiWh Whe fRllRZiQg 
laVeU SaUaPeWeUV: a ZaYeleQgWh Rf 532 QP (2.3 eV), a 
UeSeWiWiRQ UaWe Rf 200 kH], a SXlVe leQgWh Rf < 15 SV, a fRcal 
VSRW diaPeWeU Rf 12 �P, aQ iQWeQViW\ Rf 0.4 TW/cP2 
(1030 Sh/V/cP2), a URWaWiQg VSeed Rf 10 PP/V aQd aQ 
adYaQciQg VSeed Rf 1-2 �P/V. The laVeU WUeaWPeQW laVWed 3 
da\V SeU VegPeQW. DXUiQg Whe WUeaWPeQW, Whe laVeU head ZaV 
fi[ed aURXQd Zhich Whe a 25 cP lRQg VegPeQW WR be WUeaWed 
ZaV URWaWiQg. Figure 19 VhRZV Whe VcaQQiQg elecWURQ 
PicURVcRSe ShRWRgUaSh\ Rf a laVeU WUeaWed VegPeQW. The 
laVeU WUeaWPeQW SURdXceV gURRYe, Rf 10 �P deSWh, lRcaWed 
alRQg Whe diaPeWeU Rf Whe VegPeQW aQd VSaced b\ a 23 �P. 
A clRVeU lRRk WR Whe VXUface VhRZV a ³caXliflRZeU´ like 
VWUXcWXUe Rf a 3 �P Vi]e. X-Ua\ PhRWRelecWURQ SSecWURVcRS\ 
aQal\ViV iQdicaWeV Whe SUeVeQce Rf CX aQd cRSSeU R[ide, 
CXO, RQ Whe VXUface fRllRZiQg Whe WUeaWPeQW. The 
Pa[iPXP VecRQdaU\ elecWURQ \ield PeaVXUed iQ Whe 
labRUaWRU\ iV a 0.87 aW a SUiPaU\ elecWURQ eQeUg\ Rf 861 eV 
[38, 18]. AV cRPSaUed WR VWaQdaUd CX aQd a-C VecRQdaU\ 
elecWURQ \ield cXUYeV, Whe cXUYe Rf Whe laVeU WUeaWed VXUface 
haV a Pa[iPXP aW PXch higheU SUiPaU\ eQeUgieV. 
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TheUefRUe, Whe elecWURQ eQeUg\ diVWUibXWiRQ UeVXlWiQg fURP 
iQWeUacWiRQ Rf Whe elecWURQ clRXd ZiWh Whe VXUface Zill 
gUeaWl\ diffeU fURP Whe iQWeUacWiRQ Rf Whe clRXd ZiWh CX RU 
a-C VXUfaceV. 

 

 
Figure 19: SFDQQLQJ HOHFWURQ PLFURVFRSH SKRWRJUDSK\ RI D 
ODVHU WUHDWHG EHDP VFUHHQ VHJPHQW. CRXUWHV\ A. PHUH] 
FRQWHQOD, CERN EN-MME. 

FRU 2 \eaUV, VeYeUal VWXdieV ZeUe cRQdXcWed ZiWhRXW aQd 
ZiWh LHC-like beaPV, Whe PaiQ fiQdiQgV aUe VXPPaUiVed 
belRZ. DeWailed aQal\ViV aQd diVcXVViRQV Zill be SXbliVhed 
iQ a fXWXUe UeSRUW. 

AV VhRZQ iQ Figure 20, WePSeUaWXUe SURgUaPPed 
deVRUSWiRQ (TPD) VWXdieV VhRZed WhaW H2 iV deVRUbed iQ Whe 
UaQge 20-35 K, N2 aQd CO iQ Whe UaQge 20-40 K aQd CO2 
iQ Whe UaQge 110-150 K. TheVe YalXeV aUe VWURQgl\ diffeUeQW 
fURP Whe RQe RbWaiQed ZiWh a-C cRaWiQg aQd CX VXUface 
XQdeUl\iQg Whe facW WhaW Whe TPD chaUacWeUiVaWiRQ Rf 
PaWeUialV iV UeTXiUed WR VelecW Whe SURSeU PaWeUial fRU fXWXUe 
aSSlicaWiRQV [39].  

 
Figure 20: THPSHUDWXUH SURJUDPPHG GHVRUSWLRQ VSHFWUD 
IURP 10 WR 50 K RI WKH ODVHU WUHDWHG COLDE; EHDP VFUHHQ. 
CRXUWHV\ RI 9. BDGLQ. 

H\dURgeQ WUaQVPiVViRQ VWXdieV WhURXgh Whe beaP VcUeeQ 
held aW 20 K aQd Whe cRld bRUe aW 3 K, ZeUe alVR cRQdXcWed 
VhRZiQg Whe deYelRSPeQW Rf a SUeVVXUe ZaYe ViPilaU WR Whe 
LHC caVe fRU He [40]. FRU a h\dURgeQ flX[ Rf 
2î10-3 PbaU.Ɛ/V, Whe PeaVXUed VSeed Rf Whe H2 ZaYe ZaV 
12 cP/PiQ aQd a SUeVVXUe Rf 10-7 PbaU aW Whe beaP VcUeeQ 
ceQWUe. Of cRXUVe, a lRZeU h\dURgeQ flX[ ZRXld UedXce 
SURSRUWiRQall\ Whe ZaYe VSeed aQd SUeVVXUe leYel.  

Si[ SeUiRdV Rf 24 h ZeUe deYRWed WR VWXd\ Whe iQWeUacWiRQ 
Rf Whe LHC-like beaP (4u72 bXQcheV, 25 QV bXQch VSaciQg, 
0.9 ± 1.4 1011 SURWRQ/bXQch, 26 GeV) ZiWh Whe laVeU WUeaWed 
VXUface.  

WiWh Whe COLDEX cRld bRUe held aW 3 K, Whe beaP 
VcUeeQ WePSeUaWXUe ZaV VeW aW 10 aQd 50 K.  AW 10 K, QR 
SUeVVXUe UiVeV laUgeU WhaQ 10-10 PbaU ZeUe RbVeUYed iQ Whe 

ceQWUe Rf COLDEX alWhRXgh elecWURQ iQdXced SUeVVXUe UiVe 
iQ Whe 10-7 PbaU UaQge ZeUe SUeVeQW iQ Whe URRP 
WePSeUaWXUe YacXXP chaPbeUV XSVWUeaP aQd dRZQVWUeaP 
WR COLDEX. AW 50 K, Whe h\dURgeQ ZaV QR SXPSed 
aQ\PRUe b\ Whe laVeU WUeaWed beaP VcUeeQ aQd a SUeVVXUe 
iQcUeaVe Rf a 10-9 PbaU ZaV QRWiced. WheQ acWiQg RQ Whe 
VRleQRidV aW Whe e[WUePiW\, Whe SUeVVXUe iQcUeaVe ZaV 
VlighWl\ UedXced, aV e[SecWed, bXW QRW caQcelled. ThiV 
UeVidXal SUeVVXUe iQcUeaVe Pa\ be aWWUibXWed WR Whe elecWURQ 
clRXd geQeUaWed iQ Whe COLDEX cRld WR ZaUP WUaQViWiRQV. 
IQdeed, aQ elecWURQ cXUUeQW ZaV PeaVXUed RQ Whe beaP 
VcUeeQ elecWURde (0.1 �A fRU 50 V aSSlied), ZheUeaV QR 
elecWURQ VigQal ZaV PeaVXUed aW Whe ceQWUal chiPQe\ 
elecWURde.  

SeYeUal VWXdieV ZeUe Pade ZiWh CO2 cRQdeQVed RQ Whe 
VXUface SUiRU beaP ciUcXlaWiRQ. AlWhRXgh cRQdeQVed 
TXaQWiWieV ZeUe aV laUge aV 1·3î1017 CO2/cP2, QR SUeVVXUe 
RU beaP iQdXced heaW lRad iQcUeaVeV QRU elecWURQ VigQalV aV 
cRPSaUed WR Whe baUe VXUface ViWXaWiRQ ZeUe RbVeUYed 
XQdeUl\iQg Whe URbXVWQeVV Rf Whe PaWeUial agaiQVW gaV 
cRQdeQVaWiRQ. 

SSecific VWXdieV ZiWh diffeUeQW beaP VWUXcWXUeV ZeUe alVR 
SeUfRUPed WR addUeVV Whe RUigiQ Rf Whe d\QaPic heaW lRad 
RbVeUYed ZiWh Whe laVeU WUeaWed VXUface. AV VhRZQ iQ Figure 
21, a d\QaPic heaW lRad ZaV PeaVXUed iQ Whe ZaUP laVeU 
WUeaWed calRUiPeWeU ZheQ Whe beaP ZaV dXPSed (ǻT = 
0.3 K). WheQ LHC-W\Se beaPV ciUcXlaWed (4 baWcheV ZiWh 
1.3 1011 SURWRQV/bXQch), WhiV TXaQWiW\ aPRXQWV WR 
a 80 PW/P RSSRVed WR 420 PW/P fRU Whe CX VXUface. 
AlWhRXgh a VigQal ZaV QRWiceable, Whe VaPe TXaQWiW\ ZaV 
baUel\ PeaVXUable ZiWh eQRXgh accXUac\ fRU Whe laVeU 
WUeaWed beaP VcUeeQ held aW cU\RgeQic WePSeUaWXUe. 
OSeUaWiQg Whe SPS ZiWh diffeUeQW bXQch VWUXcWXUe 
iQcUeaViQg Whe VSaciQg fURP 200 QV WR 2500 QV beWZeeQ 
baWcheV RU XViQg 8b4e beaPV WR VXSUeVV Whe elecWURQ clRXd 
bXild XS iQdicaWed WhaW Whe PajRU SaUW (if QRW all) Rf WhiV heaW 
lRad ZaV dXe WR Whe SRZeU lRVVeV aWWUibXWed WR Whe VaPSle 
iPSedaQce. IQdeed, beVide Whe VXUface PRUShRlRg\ Rf a 
laVeU WUeaWed VXUface Zhich Pa\ affecW iWV iPSedaQce, Whe 
SUeVeQW VaPSle had gURRYeV SeUSeQdicXlaU WR Whe beaP SaWh 
b\ cRQVWUXcWiRQ Zhich Pa\ fXUWheU iQcUeaVe Whe SRZeU lRVV 
dXe WR iPSedaQce. 

 
Figure 21: OEVHUYDWLRQ RI G\QDPLF KHDW ORDG DW WKH ZDUP 
ODVHU WUHDWHG FDORULPHWHU ZKHQ LHC-W\SH EHDPV FLUFXODWHG. 
CRXUWHV\ B. JHQQLQJHU. 
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FiQall\, a VSecific UXQ ZaV held WR VWXd\ Whe behaYiRXU Rf 
a laVeU WUeaWed beaP VcUeeQ iQ Whe SUeVeQce Rf ³laUge SaUWial 
SUeVVXUe´. TR WhiV eQd, H2 aQd N2 ZeUe iQjecWed XS WR 
a 10-8 PbaU iQVide Whe beaP VcUeeQ (held fURP 10 WR 65 K) 
dXUiQg beaP ciUcXlaWiRQ. ASaUW fRU Whe elecWURQ VigQal 
cRllecWed aW Whe chiPQe\ elecWURde dXe WR beaP-gaV 
iRQiVaWiRQ (ViPilaU WR Figure 16), QR VigQificaQW heaW lRad 
iQcUeaVeV ZeUe RbVeUYed, dePRQVWUaWiQg Whe URbXVWQeVV Rf 
Whe laVeU WUeaWPeQW iQ Whe SUeVeQce Rf ³laUge SaUWial 
SUeVVXUe´. 
 

CONCL86ION6 
The e[SeUiPeQWal PRdelliQg Rf cU\RgeQic YacXXP 

V\VWeP iV Rf SaUaPRXQW iPSRUWaQce fRU Whe deVigQ aQd 
RSeUaWiRQ Rf VXSeUcRQdXcWiQg PachiQeV.  

FRU WhiV UeaVRQ, dXUiQg Whe LHC deVigQ ShaVe, Whe 
COLDEX e[SeUiPeQW ZaV iQVWalled iQ a b\SaVV Rf Whe SPS 
UiQg WR VWXd\ Whe elecWURQ-clRXd iQWeUacWiRQ ZiWh aQ LHC 
W\Se beaP VcUeeQ. DaWa RbWaiQed ZiWh CX PaWeUial iQ 
labRUaWRUieV cRXld be WheQ cRPSlePeQWed b\ RbVeUYaWiRQV 
ZiWh beaPV RQ aQ LHC W\Se PRck-XS. The VWXdieV 
cRQfiUPed Whe beaP cRQdiWiRQiQg effecW aQd Whe cRQWURl Rf 
Whe gaV deQViW\ leYel b\ Whe beaP VcUeeQ SeUfRUaWiRQ bXW 
highlighWed Whe iPSacW Rf Whe Sh\ViVRUbed aQd cRQdeQVed 
gaV RQ Whe PachiQe RSeUaWiRQ leadiQg WR Whe VeWWiQg-XS Rf 
VSecific SURcedXUeV fRU Whe LHC PachiQe cRRl dRZQ aQd 
beaP VcUeeQ UegeQeUaWiRQ [2].  

WiWh Whe XSgUade Rf Whe LHC PachiQe, Whe HL-LHC, WR 
be cRPPiVViRQed b\ Pid-2026, Whe eYalXaWiRQ Rf Whe 
UeceQWl\ deYelRSed aQWi-PXlWiSacWiQg VXUfaceV VXch aV a-C 
cRaWiQg ZaV Qeeded [29, 13]. QXalificaWiRQV aW cU\RgeQic 
WePSeUaWXUeV ZiWh COLDEX VhRZed QR PajRU 
VhRZVWRSSeU fRU Whe XVe Rf a-C cRaWiQg iQ VXSeUcRQdXcWiQg 
PachiQeV, aSaUW fURP a VSecific defiQiWiRQ Rf Whe RSeUaWiQg 
WePSeUaWXUe RZiQg WR Whe PaWeUial SRURViW\ [15, 16, 33]. 
TheVe VWXdieV led WR Whe SilRW deSlR\PeQW Rf Whe a-C cRaWiQg 
iQ fRXU VXSeUcRQdXcWiQg PagQeWV Rf Whe LHC PaWchiQg 
VecWiRQ fRU fiQal YalidaWiRQV dXUiQg RXQ 3 befRUe a fXll 
deSlR\PeQW dXUiQg Whe HL-LHC cRQVWUXcWiRQ ShaVe. 
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