
Stephen Gibson et al – Beyond the LHC – IoP PABG, RAL - 26.4.2019 1

Stephen Gibson – JAI @ Royal Holloway
on behalf of the UK accelerator community

FCC-UK: discussion on UK involvement in the FCC project
11th September 2020

Accelerator opportunities



Stephen Gibson et al – Beyond the LHC – IoP PABG, RAL - 26.4.2019 2Stephen Gibson  – Accelerator opportunities  – FCC-UK 11.9.20

Overview

2

• FCC design study
– Motivation and brief review of UK participation to date

• IR optics design, energy deposition, dynamic aperture & ion collimation for FCC-hh

– Remaining technical challenges for FCC

• Relevant UK accelerator expertise and enabling technologies:
– Superconducting RF, cryogenics & vacuum, klystrons.
– Accelerator simulations, beam dynamics, beam diagnostics.
– Machine protection, novel collimation, IR design & accelerator backgrounds.

• Opportunities and synergies with ongoing accelerator projects:
– e.g HL-LHC, Linear Collider, Diamond-II, XFEL & FEL test facilities, ESS, PIP-II/LBNL, EIC, etc…
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Future Circular Collider

Design Study

3
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FCC Design Study: motivation

4

• EU Strategy 2013: “CERN should undertake design studies for accelerator projects in a global context, 
with emphasis on proton-proton and electron-positron high-energy frontier machines. 
These design studies should be coupled to a vigorous accelerator R&D programme, 
including high-field magnets and high-gradient accelerating structures, in 
collaboration with national institutes, laboratories and universities worldwide.”

• Stimulated launch of FCC Design Study:
– 2014 kick of meeting in Geneva, + FCC weeks in Brussels, Amsterdam

• UK accelerator community contributed via EU H2020 EuroCircCol
UK led WP3:
– IR design & inner triplet optics
– Machine detector interface

• Culminated in FCC Conceptual Design Reports published in 2019:
– EPJ C: Vol 1 Physics  &  EPJ ST:  Vol 2 FCC-ee; Vol 3 FCC-hh; Vol 4 HE-LHC.
– https://fcc-cdr.web.cern.ch/

https://fcc-cdr.web.cern.ch/
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FCC Week 2015 
  International Future Circular Coll ider Conferenc e 
 March 23 - 27, 2015 | Washington DC, USA 

G. Apollinari (FNAL) 
N. Arkani-Hamed (IAS, Princeton) 
A. Ball (CERN) 
T. Barklow (SLAC) 
W. Barletta (MIT) 
M. Benedikt (CERN) 
A. Blondel (U. Geneva) 
F. Bordry (CERN) 
L. Bottura (CERN) 
O. Bruning (CERN) 
W. Chou (FNAL,IHEP) 
P. Collier (CERN) 
E. Delucinge (CERN) 
M. D'Onofrio (U. Liverpool) 
J. Ellis (King’s College) 
F. Gianotti (CERN) 
B. Goddard (CERN) 
S. Gourlay (LBNL) 
C. Grojean (ICREA) 
J. Gutleber (CERN) 
G. Hoffstaetter (Cornell U.) 
J. Incandela (UCSB) 
P. Janot (CERN) 
E. Jensen (CERN) 
J.M. Jimenez (CERN) 
M. Klein (U. Liverpool) 
M. Klute (MIT) 
A. Lankford (UCI) 
D. Larbalestier (NHFML) 
P. Lebrun (CERN) 

L.K. Len (DOE) 
E. Levichev (BINP) 
J. Lykken (FNAL) 
M. Mangano (CERN) 
S. Nagaitsev (FNAL) 
T. Ogitsu (KEK) 
K. Oide (KEK) 
V. Palmieri (INFN LNL) 
A. Patwa (DOE) 
F. Perez (ALBA-CELLS) 
C. Potter (CERN) 
Q. Qin (IHEP) 
R. Rimmer (JLAB) 
T. Roser (BNL) 
L. Rossi (CERN) 
D. Schulte (CERN) 
M. Seidel (PSI) 
A. Seryi (JAI) 
B. Strauss (DOE) 
S. Strauss 
R. Sundrum (U. Maryland) 
S. Su (U. Arizona) 
M. Syphers (MSU) 
L. Tavian (CERN) 
E. Todesco (CERN) 
R. Van Kooten (Indiana U.) 
P. Vedrine (CEA) 
J. Wenninger (CERN) 
U. Wienands (SLAC) 
F. Zimmermann (CERN) 

Organising & Scientific Program Committee: 

Jamieaddams99 

Further information and registration 

http://cern.ch/fccw2015  

5

FCC weeks 2015 - 2019
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FCC Design Study

6

LHC
27 km, 8.33 T
14 TeV (c.m.)

FCC-hh (alternative)
80 km, 20 T

100 TeV (c.m.)

FCC-hh (baseline)
100 km, 16 T
100 TeV (c.m.)

“HE-LHC”
27 km, 20 T
33 TeV (c.m.)

Geneva

PS

SPS

LHC

parameter FCC-hh HE-LHC HL-LHC LHC

collision energy cms [TeV] 100 27 14 14
dipole field [T] 16 16 8.33 8.33
circumference [km] 97.75 26.7 26.7 26.7

beam current [A] 0.5 1.1 1.1 0.58

bunch intensity  [1011] 1 1 2.2 2.2 1.15
bunch spacing  [ns] 25 25 25 25 25
synchr. rad. power / ring [kW] 2400 101 7.3 3.6
SR power / length [W/m/ap.] 28.4 4.6 0.33 0.17
long. emit. damping time [h] 0.54 1.8 12.9 12.9
beta* [m] 1.1 0.3 0.25 0.15 (min.) 0.55 (0.25)
normalized emittance [mm] 2.2 2.5 2.5 3.75
peak luminosity [1034 cm-2s-1] 5 30 28 5 (lev.) 1
events/bunch crossing 170 1000 800 132 27
stored energy/beam [GJ] 8.4 1.3 0.7 0.36

hadron collider parameters 

parameter FCC-hh HE-LHC HL-LHC LHC

collision energy cms [TeV] 100 27 14 14
dipole field [T] 16 16 8.33 8.33
circumference [km] 97.75 26.7 26.7 26.7

beam current [A] 0.5 1.1 1.1 0.58

bunch intensity  [1011] 1 1 2.2 2.2 1.15
bunch spacing  [ns] 25 25 25 25 25
synchr. rad. power / ring [kW] 2400 101 7.3 3.6
SR power / length [W/m/ap.] 28.4 4.6 0.33 0.17
long. emit. damping time [h] 0.54 1.8 12.9 12.9
beta* [m] 1.1 0.3 0.25 0.15 (min.) 0.55 (0.25)
normalized emittance [mm] 2.2 2.5 2.5 3.75
peak luminosity [1034 cm-2s-1] 5 30 28 5 (lev.) 1
events/bunch crossing 170 1000 800 132 27
stored energy/beam [GJ] 8.4 1.3 0.7 0.36

hadron collider parameters 

Full parameters:
FCC-ee à talk by

Tessa Charles

FCC-hh à talk by
Michael Benedikt

FCC-he à talk by
Max Klein
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FCC week in Amsterdam, 2018:

7

“What might the largest particle 

accelerator on earth look like?”

Big article in Dutch press:
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UK contributions to FCC-hh Design Study (e.g. i)

8

• Design of an alternative IR 
– Final focus triplet optimised for length/cost

– Validated new triplet optics and energy deposition for both 
round beams (!*=30 cm) and flat beams (!*=1.2 x 0.15 m) 

Scan of parameters
(L. Van Riesen-Haupt)

Iterative check of energy 
deposition (J. Abelleira)

Resulting alternative triplet (down) 
compared to nominal (up). 4 m shorter
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UK contributions to FCC-hh Design Study (e.g. ii)

9

• Study stability of different lattices designs (baseline, different β*, alternative, flat) (E. Cruz)
– Study impact of linear and non-linear errors on interaction region
– Analyse dynamic aperture for different lattices
– Determine where non-linear correctors in the interaction region are needed. 

Study dynamic aperture for the alternative design Explore β* options for the baseline design 
(β*=0.15, 0.2, 0.3, 1.1 m)
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UK contributions to FCC-hh Design Study (e.g. iiii)

10

• Ion-collimation studies (A. Abramov)
– FCC-hh has ion operation in the baseline, however, ions can 

fragment in the collimation system, producing multi-species 
ion secondaries.

– Detailed studies of ion collimation have been performed for 
the most challenging collimation scenarios:

• betatron cleaning at top energy
• off-momentum cleaning at injection energy 

– Betatron loss maps are shown for the FCC-hh B1V with 
208Pb82+ ions at collision energy, for the full ring (top) and a 
zoom of the betatron cleaning insertion IRJ.

– A. Abramov, “Ion Beam Collimation for Future Hadron Colliders’, 
PhD thesis 2020.

3.3. Results

IRJ IRLIRB IRG IRHIRA IRD IRF
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Figure 3.10: Betatron loss map for the FCC-hh B1V with 208Pb82+ ions at collision energy,
showing the full ring (top) and a zoomed-in view of the betatron cleaning insertion IRJ
(bottom).

128
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ESPP20 update and next steps for FCC

11

• EU Strategy 2020: "Europe, together with its international partners, should investigate the technical and 
financial feasibility of a future hadron collider at CERN with a centre-of-mass energy of 
at least 100 TeV and with an electron-positron Higgs and electroweak factory as a 
possible first stage. Such a feasibility study of the colliders and related infrastructure 
should be established as a global endeavour and be completed on the timescale of the 
next Strategy update." 

• FCC Innovation Study (FCCIS) kickoff meeting in 9-13 November 2020 at CERN, including 4th

Physics & Experiments workshop, to begin to address the ESPP20 mandate.
– https://indico.cern.ch/event/923801/

– FCCIS will deliver a conceptual design and an implementation plan for a new research infrastructure, consisting of a 100 
km long, circular tunnel and a dozen surface sites. It will initially host an electron-positron particle collider. With an 
energy frontier hadron collider as a second step, it can serve a world-wide community through the end of the 21st 
century. This project will validate the key performance enablers at particle accelerators.

• Important technical challenges for FCC can be addressed by UK core accelerator expertise.

https://indico.cern.ch/event/923801/
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Core UK expertise in accelerators & enabling technology

12

The UK accelerator community has broad range of relevant expertise ready to deploy, 
including and not limited to:
• Beam dynamics simulations; optical lattice design & optimisation
• Novel collimation techniques: crystal, hollow electron lens.
• Machine detector interface & accelerator backgrounds
• Superconducting RF cavities + crab-cavities.
• Beam diagnostics, including non-invasive profile & bunch instability monitoring
• Nanobeam control and fast feedback
• Cryogenic systems, cold powering.
• Vacuum systems & electron cloud mitigation
• Accelerator alignment systems
• Operational experience of low emittance electron storage rings & FEL test facilities…

ESPP2020 “Innovative accelerator technology underpins the physics reach of high-energy 
and high-intensity colliders. … The European particle physics community must intensify 
accelerator R&D and sustain it with adequate resources. 
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HL-LHC-UK phase I (2015-2020)

13

§ Lower beta* (~15 cm)

§ New inner triplets - wide aperture Nb3Sn
§ Large aperture NbTi separator magnets
§ Novel optics solutions

§ Crossing angle compensation

§ Crab cavities
§ Long-range beam-beam compensation

§ Dealing with the regime

§ Collision debris, high radiation
§ Beam from injectors

§ Major upgrade of complex (LIU)
§ High bunch population, low emittance, 25 ns 

beam
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HL-LHC-UK phase I (2015-2020)

14

FundingFunding

UK institutes on HL-LHC-UK
£8M CERN-STFC investment in UK

UK delivered crab cavity prototype to SPS

IR beam 
diagnostics

+ new injector 
diagnostics

Major simulation/design effort
UK built prototypes

Crab Cryomodule design and construction summary 

Complete thermal 
shield

Complete Crab Cavity Cryomodule installed 
on SPS

• The design, build and installation of the Double Quarter Wave SPS 
Demonstrator module is now complete.

• Work has began on the design of the RF Dipole Cryomodule which will be 
suitable for SPS and LHC installation. 

• Design of the tooling and infrastructure required for module build at the 
Daresbury Laboratory has also started. Oversight committee meeting, April 2018 7
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HL-LHC-UK phase II announced today by STFC

15

https://stfc.ukri.org/news/project-to-upgrade-the-large-hadron-collider-now-underway/

https://stfc.ukri.org/news/project-to-upgrade-the-large-hadron-collider-now-underway/
https://stfc.ukri.org/news/project-to-upgrade-the-large-hadron-collider-now-underway/
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Machine Protection at the LHC, HL-LHC and FCC-hh

16

• Efficient cleaning of proton beam halo is vital to protect the sc magnets

Status of FCC-hh
collimation studies

R. Bruce

On behalf of many colleagues…

2 / 150

Machine Protection

Superconducting coil:
T = 1.9 K, quench limit

~15 mJ cm-3

Proton beam: ~350 MJ

Factor 9.7 x 109

Fractional Loss Limit:
1 turn: 1x10-9

Continuous: 1x10-12

Damage: 1x10-6

Protecting The Large Hadron Collider

3 / 150

LHC Collimation System
• Collimation system used to:

― protect the machine from the beam
― protect the experiments
― remove halo

• 7 TeV protons just don't stop
• 3 stage collimation system
• Highly efficient but not 100%

― some leakage

Stored beam energy:
– LHC ~ 350 MJ
TGV at 150km/h
– FCC-hh = 8.4 GJ 
Equivalent to AirBus A380 
at 850 km/h
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BDSIM model of LHC collimation

17

• BDSIM automatically builds a 3D, Geant4 model, from generic accelerator components.

Example halo distribution

• LHC stores unprecedented energy in beams: 350 MJ  (80kg of 
TNT) stored per beams at design energy.

• Halo efficiently cleaned by collimation system
• LHC model developed to simulate collimation and energy 

deposition. Requires 1:106 precision

B1 4TeV energy deposition map

straight sections
ATLAS

beam 1

losses in cryogenic section

betatron collimation

S. Walker, L. Nevay et al
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Active halo control & novel collimation

18

• How can we remove halo particles without affecting the core?
• Novel collimation techniques being developed for HL-LHC:

L. Nevay, H. Garcia-Morales et al

RHIC Elens

• Crystal collimation

6 / 150

What Happens?
• If the transverse momentum is sufficiently low it will channel

8 / 150

LHC Crystals
• There are 4x crystals in the LHC just now for experiments
• B1 horizontal and vertical, same for B2

― single sided, i.e. only 1 crystal on each side

• Crystal mounted on gonionmeters
• Experiments for protons and ions
• No simulation possible for ions currently!

• Hollow electron lens

7 / 150

Before & After
• Looking before and after a crystal we can see the 

deflection caused by it

incoming angle w.r.t. crystal planes

change in angle
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Superconducting RF capabilities

19

• ASTeC @ Daresbury hosts major facility for SRF
design & fabrication for many projects

Peter McIntosh, STFC Daresbury Laboratory

DESY TESLA Superstructure Cornell Manufacture and Test

STFC Coupler Test

STFC, Cornell and TRIUMF 
Assembly @ DL

Stanford Outer Cryomodule
STFC Integration and 
Installation on ALICE

STFC Tuner Test STFC and Cornell HOM 
Absorber Preparation

STFC, LBNL and Cornell 
Cavity Design

19

1 ERL SRF Linac
Optimised, high current, flexible CM development

2 Crab Cavity Cryomodule
Collaborative cavity, CM development and infrastructure

3 PIP-II SRF Contributions
Cavity testing, CM integration and infrastructure

5 EIC Opportunities

3 ESS SRF Contributions
High beta cavity testing and infrastructure

4 UK Industry SRF Developments
Cavity pressing, machining and EBW
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Crab-cavity cryomodules for HL-LHC:

20

Graeme 
Burt et al

Cleanroom Assembly

Cryomodule Assembly

• UK contributing cryomodules for crab-cavities, which rotate 
the colliding bunches to increase the luminosity.

Crab Cavity
• Operates in a TE/TEM-like

mode
• Deflecting/Crabbing mode is

the lowest operating mode
• Net deflection is mainly due to

the transverse electric field

E Field H Field
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Crab-cavity cryomodules for HL-LHC:

21

• First prototype cryomodule (DQW) tests completed on SPS in mid 2018. Graeme Burt et al

• First ever evaluation of crab cavities with a proton beam!

• A 2-cavity pre-series RFD cryomodule design being                 
developed and manufactured at Daresbury (2021).

• Also providing 4 production DQW cryomodules for LS3
UK team responsible for key elements of the design: cold shield, 
magnetic shield, thermal shield, vacuum vessel, transport modules, 
HOM coupler + SPS test: machine physics, impedance, diagnostics and 
played major roles in other areas (LLRF)
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UK Delivery of PIP-II HB650 Cryomodules
HB650 CavityHB650 Cryomodule

5-cell high-purity 
Niobium cavity

Helium jacket

Tuner

Coupler interface

Cryomodule (CM) PIP-II
Operating Temperature (K) 2

Number of Cavities 6
Energy Gain (MeV) ~110
Dynamic Load (W) 130

Static Load (W) 32

CM Length (m) 9.8
Number of Cryomodules 3

Cavity PIP-II
Frequency (MHz) 650

Cavity Beta 0.92

Gradient (MV/m) 19.9
Quality Factor Qo 3 x 1010 (N2 Doped)
Number of Cells 5

Cavity Dynamic Load (W) <22

Cavity Length (m) 1.42
Number of Cavities 18 (+2)

Develop UK industry SRF 
fabrication capability
First ever complete UK SRF 
cavity manufacture

Partnership with:
The Welding Institute
Nuclear Advanced 
Manufacturing Research 
Centre
Shakespeare Engineering

Proton Improvement Plan for LBNF/DUNE Peter McIntosh
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High efficiency Kylstron design for FCC-ee

Jinchi Cai & Graeme Burt

• FCC requires 105 MW of RF 
power, but the DC power is much 
higher due to limited efficiency

• Increasing the efficiency by just 
20% would save CERN 9 MCHF / 
year by saving 149 GWh of 
electricity

• CERN and Lancaster are 
investigating new methods of 
increasing klystron efficiency
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Beam diagnostics for FCC-hh (developed for HL-LHC)

25

• Fully characterizing FCC-hh circulating beams with high intensity requires similar 
diagnostics to those being developed for HL-LHC. Examples include:

• Beam-gas interactions:
– Continuous, non-invasive 2D beam profile monitoring by a supersonic gas jet monitor for the hollow 

electron lens collimation.

• Electro optics techniques:
– Electro-optic BPM diagnostics for measurement of crabbed rotation of the hadron bunch [RHUL].
– For FCC-ee, the electron bunch will require sub-ps e-o techniques, as pioneered at ASTeC.

HIPACE 300L/S 
Turbo-molecular pump

HIPACE 700L/S 
Turbo-molecular pump

Nozzle 
Chamber

Skimmer 
Assembly

Gas 
Separator

Skimmer 
Chamber

Imaging 
System

Interaction 
Chamber

Moveable 
Gauge 
Chamber

Dump 
Chamber

Third 
Skimmer

Integration time : 400 s
Calibration = 0.0147mm/pixel

FWHM = 1.2mm

Gas jet 

Electron beam

z

C Welsch et al
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Beam diagnostics for FCC-ee

26

• Developments for 3rd generation light sources and LC are feasible for FCC-ee, though there
are opportunities for further R&D:

• Small electron bunches at high energy, and sub ps resolution require novel approaches:
– To measure small transverse beam sizes, SR interferometric measurements are under development at 

LHC, though need to be demonstrated for X-ray wavelengths.
– Bunch lengths of ps, with resolution of 10 fs pose difficulties for streak cameras and e-o sampling

techniques due to the relatively long bunch.
– Non-invasive techniques based on Čerenkov diffraction radiation may results in a directional beam 

position monitor and for fast intra-bunch transverse instabilities.

• FCC-ee requires polarimetry based on inverse-
Compton scattering (see talk by Tessa Charles)
– Similar to implementation at LEP and could 

leverage expertise on electron laserwires 
developed for Linear Collider at ATF2 in KEK.

dispersion corrections applied using four upstream skew
quadrupoles in combination.
The CBPM system provides high resolution position

measurement at 45 locations through the extraction line,
matching section, and final focus section of the ATF2. The
majority of the CBPMs are mounted to the pole faces of the
quadrupoles in the matching and final focus sections, with
the remainder at other points in the extraction line. There
are CBPMs in the quadrupoles before and after the LWIP;
however, the CBPM afterwards is on the far side of the
quadrupole, and so the trajectory cannot be treated as
ballistic between the two. A high resolution CBPM,

MFB2FF, is attached to the laserwire vacuum chamber
and moves with it during laserwire scans. MFB2FF has a
typical resolution of 70 nm at the bunch charge used during
laserwire operations over a limited range of< 100 nm [15].
The scanning range of the laserwire exceeds this range and
the mechanical offset and tilt of MFB2FF in relation to the
laserwire vacuum chamber introduced x-y coupling and
degraded the resolution. Therefore, the electron beam
position from MFB2FF was not suitable for spatial jitter
subtraction during laserwire operation.

FIG. 2. Photograph of the laserwire installation in the ATF2
beam line. The electron beam travels from right to left and the
laser beam enters behind the vacuum chamber and exits towards
the reader. The manipulator for the OTR and alignment screen
can be seen on top of the vacuum chamber. The avalanche
photodiode (APD) used for timing and the laser pulse energy
meter can be seen in the foreground. The high resolution CBPM
MFB2FF is also shown attached to the laserwire vacuum
chamber. The small optical breadboard (OTR switch) allows
one to switch between the high power laser path for laserwire and
the low intensity OTR path.

TABLE I. ATF2 parameters.

Parameter Symbol Value Units

Beam energy E 1.30 GeV
Horizontal emittance γϵx 4 × 10−6 m rad
Vertical emittance γϵy 4 × 10−8 m rad
Bunch repetition rate fbunch 3.12 Hz
Bunch length σez ∼30 ps
Electrons per bunch Ne 0.5–10 × 109 e−

Fractional momentum spread Δp=p 0.001

FIG. 3. Electron beam amplitude functions for the end of the
extraction line, matching section and beginning of the final focus
section. These are shown for normal ATF2 operation (top) and for
laserwire operation (bottom). The laserwire and laserwire de-
tector locations are shown by (red) dot-dashed and (blue) dotted
vertical lines, respectively.

FIG. 4. Electron beam amplitude functions about the laserwire
interaction point for normal ATF2 operation (top) where the
vertical waist is located at the MFB2FF cavity BPM, and for
laserwire operation (bottom), where the waist is moved to the
laserwire location.

LASERWIRE AT THE ACCELERATOR TEST FACILITY 2 … Phys. Rev. ST Accel. Beams 17, 072802 (2014)

072802-3

PRSTAB 17, 072802 (2014)on the chamber position measurement. The coordinate axes
of the interaction point are shown in Fig. 6.
A screen for both OTR and alignment is mounted on a

vacuum manipulator arm that enters the vacuum chamber
through the top access port. Manual micrometers allow the
manipulator arm and therefore the screen to be moved in
the x and z axes, while motorized actuators control the
angle of the screen θOTR and its vertical position in the
y axis.
After the interaction point (post-LWIP), the laser beam

exits the vacuum chamber through the vacuum window and
is directed by two mirrors onto a laser energy meter. A
plano-convex lens is used to bring the laser beam inside the
active area of the energy meter. The post-LWIP optics are
required to deal with the safe disposal of gigawatt peak
power laser pulses, but also to image OTR, which is ∼1010
lower in intensity. To accomodate this, two separate
switchable optical paths are used. Mirrors for each optical
path are fixed on to a small optical breadboard that is
mounted on top of a translation stage. Figure 7 shows the
layout schematically.
An avalanche photodiode is used to simultaneously

detect the laser light when strongly attenuated and a
combination of OTR, optical diffraction radiation, and
reflected synchrotron radiation [17] from the electron
beam, allowing synchronization of both. The first post-
LWIP high reflectivity dielectic-coated mirror is used to
attenuate the laser pulses without affecting the broad-
band OTR.

E. Detector

The laserwire detector is placed after the BH5X dipole
magnet in the ATF2 lattice, which is the first bend after the
LWIP and constitutes a bend of 2.927°. The box-shaped
vacuum pipe in the dipole has an aluminum window 26 mm

in diameter and 200 μm in thickness at the end that allows
the Compton-scattered photons from the laserwire to be
detected.
The detector consists of a 4 × 4 × 0.6 cm3 (x × y × z)

lead sheet that acts as a converter of photons to electron-
positron pairs, followed by a 4 × 4 × 5 cm3 block of SP15
Aerogel. The Aerogel acts as a Cherenkov radiator for the
electron-positron pairs and the Cherenkov light is guided in
a light tight pipe, internally coated with aluminumized
mylar, to a shielded photomultiplier tube out of the
accelerator plane. The detector linearity was verified in
[10]. Synchrotron radiation background was expected to be
negligible as the synchrotron photon energy at the peak of
its spectrum is ∼0.3 keV, which is insufficient to generate
electron-positron pairs in the lead converter plate.

F. Data acquisition system

The data acquisition system is based around
Experimental Physics and Industrial Control System
(EPICS) database software [18]. This provides an easily
extendable common interface level for all devices that are
part of the experimental system as well as a graphical user
interface using the Extensible Display Manager (EDM) and
Python software for control, data storage, and data analysis.
Individual devices are controlled through LabView or C
software directly, which monitor command variables in the
EPICS database and publish data and measurements to
other variables. A suite of Python programs provides high
level control of the laser system and laserwire experiment.

FIG. 6. Schematic of the beam geometry at the laserwire
interaction point, including the OTR screen at 45° to the electron
beam direction, incoming electron bunch, outgoing electron
bunch, OTR path, laser beam path, and Compton-scattered
photons (γ).

FIG. 7. Schematic of the laserwire (LW) interaction point in
plain view showing the lens and vacuum windows attached to the
vacuum chamber, the laser beam path (green), and post-LWIP
optical switch for the OTR. The laser beam enters at the top of the
diagram and is absorbed in the energy meter. The APD is used for
timing purposes.

L. J. NEVAY et al. Phys. Rev. ST Accel. Beams 17, 072802 (2014)
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• Electron cloud mitigation:
– intense electric field of the proton bunch can accelerate electrons into the beam pipe walls, 

which liberates secondary electrons. Exponential growth in electrons creating a cloud which 
heats the superconducting magnets and limits the machine intensity.

• Secondary electron yield can be suppressed by modifying the surface walls with a 
laser, creating channels to trap the electrons.

• Automated robot for in-situ treatment of beam-screens at HL-LHC:

to a high-purity RRR ≈ 300 bulk niobium ring by melting
their interfaces by e-beam, reliably achieving a UHV tight
seam. This is in turn e-beam welded to a bulk niobium
cylinder (RRR ≈ 40) which was previously brazed to
a 6” conflat stainless steel flange with a copper filler
[see Fig. 2(b)]. All weldings are performed after a chemical
etching of about 20 μm. The samples are then finished with
a standard surface chemical polishing treatment for copper,
removing about 150 μm. A similar surface treatment,
limited to 60 μm, was performed also prior to LESS2, in
order to erase the traces of LESS1.
Prior to the rf test, the surface of all samples except the

a-C-coated one has been rinsed with ultrapure water at 3 bar
in a clean room and kept in nitrogen atmosphere once dry,
as is standard practice for superconducting rf test devices
and components in order to remove any dust particles.
The a-C-coated sample has instead only been blown
with purified nanofiltered nitrogen, to avoid possible

degradations or peel-off of the film. It has been verified
on witness samples that the rinsing does not substantially
alter the surface of LESS, changing the maximum SEY of
less than 0.1 units, as illustrated in Fig. 3(a). Details of the
SEY measurement technique are discussed elsewhere [6].
The SEY of a typical Ti- or a-C-coated Cu sample is also
shown for reference in Fig. 3(a).

C. Laser treatment

The laser surface structuring was carried out using a
linearly polarized 10-ps pulsed laser with a wavelength of
532 nm at a repetition rate of 200 kHz. The laser beam had
a Gaussian intensity profile (M2 < 1.3) and was focused
onto the surface using a telecentric lens that allowed
for offsetting the off-axis deflection of the beam through
the focusing lens system. The diameter of the focused
spot—between the points where the intensity has fallen to
1=e2 of the central value—was measured to be ∼12 μm.
Throughout the experiments, an average laser pulse energy
of 5 μJ was used, leading to a laser energy fluence of
approximately 4.2 J cm−2 and a laser beam intensity of
∼0.4 TWcm−2 in the focus for the required laser surface
structuring. Using these laser beam parameters, a ring on
the QPR samples with an outer diameter of 62 mm and an
inner diameter of 22 mm, corresponding to the region
where >99% of the rf power is dissipated [21], was filled
with the required structures exhibiting low SEY. The
structures were created using a line pattern with the
distance between consecutive lines kept at approximately
24 μm. The surface was laser structured at the scanning
speed of 10 mm=s, leading to approximately 240 pulses
per spot being fired onto the target. All these values are
equivalent to what was used for earlier accelerator vali-
dation experiments [12,20], to which the reader is referred
for a detailed discussion of the laser parameter choices.
A scanning electron microscope (SEM) image of a typical
copper surface with LESS is shown in Fig. 3(b), where both
the deep grooves created by the laser scanning and the fine

FIG. 2. The four characterized sample surfaces. Cu_A or Cu_B,
pristine OFE copper; LESS1, copper with a radial laser pattern;
LESS2, copper with a circular laser pattern; a-C coating, copper
with an amorphous carbon coating.
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FIG. 3. (a) SEY measurement of LESS witness samples, before (blue line) and after water rinsing (black line), and of a typical a-C-
coated Cu sample (red line). (b) SEM image of a cross section of a LESS sample (reproduced from Ref. [20] with STM permissions).
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to a high-purity RRR ≈ 300 bulk niobium ring by melting
their interfaces by e-beam, reliably achieving a UHV tight
seam. This is in turn e-beam welded to a bulk niobium
cylinder (RRR ≈ 40) which was previously brazed to
a 6” conflat stainless steel flange with a copper filler
[see Fig. 2(b)]. All weldings are performed after a chemical
etching of about 20 μm. The samples are then finished with
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limited to 60 μm, was performed also prior to LESS2, in
order to erase the traces of LESS1.
Prior to the rf test, the surface of all samples except the
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as is standard practice for superconducting rf test devices
and components in order to remove any dust particles.
The a-C-coated sample has instead only been blown
with purified nanofiltered nitrogen, to avoid possible

degradations or peel-off of the film. It has been verified
on witness samples that the rinsing does not substantially
alter the surface of LESS, changing the maximum SEY of
less than 0.1 units, as illustrated in Fig. 3(a). Details of the
SEY measurement technique are discussed elsewhere [6].
The SEY of a typical Ti- or a-C-coated Cu sample is also
shown for reference in Fig. 3(a).

C. Laser treatment

The laser surface structuring was carried out using a
linearly polarized 10-ps pulsed laser with a wavelength of
532 nm at a repetition rate of 200 kHz. The laser beam had
a Gaussian intensity profile (M2 < 1.3) and was focused
onto the surface using a telecentric lens that allowed
for offsetting the off-axis deflection of the beam through
the focusing lens system. The diameter of the focused
spot—between the points where the intensity has fallen to
1=e2 of the central value—was measured to be ∼12 μm.
Throughout the experiments, an average laser pulse energy
of 5 μJ was used, leading to a laser energy fluence of
approximately 4.2 J cm−2 and a laser beam intensity of
∼0.4 TWcm−2 in the focus for the required laser surface
structuring. Using these laser beam parameters, a ring on
the QPR samples with an outer diameter of 62 mm and an
inner diameter of 22 mm, corresponding to the region
where >99% of the rf power is dissipated [21], was filled
with the required structures exhibiting low SEY. The
structures were created using a line pattern with the
distance between consecutive lines kept at approximately
24 μm. The surface was laser structured at the scanning
speed of 10 mm=s, leading to approximately 240 pulses
per spot being fired onto the target. All these values are
equivalent to what was used for earlier accelerator vali-
dation experiments [12,20], to which the reader is referred
for a detailed discussion of the laser parameter choices.
A scanning electron microscope (SEM) image of a typical
copper surface with LESS is shown in Fig. 3(b), where both
the deep grooves created by the laser scanning and the fine
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-  
Figure 1: Manufacturing phases (left to right): LESS treatment, lateral and central treated segments, final assembled BS. 
diameter of the focused spot, measured between the points 
where the intensity falls to 1/e2 of the central value, was 
calibrated to ~13 µm prior start of each laser structuring. 
The depth of focus – the distance either side of the beam 
waist determining a beam diameter grow by 5% – was es-
timated ~60 µm. Laser treatment was performed with a 
fixed laser system. Each BS segment was installed on a 
gear-driven rotary stage, itself mounted on a precision ball-
screw linear stage, both driven by brushless servomotors. 
Prior to laser treatment, the entire inner surface of each BS 
segment was scanned, by rotation at 100 q/s, using a laser-
optical displacement sensor to obtain the surface profile. 
This was used during the laser structuring to adjust the fo-
cusing distance by an in-house designed automated optical 
system. The extrusions presented by the BS chimneys ports 
could be partially treated thanks to this automatism. The 
treatment was performed in air at room temperature, under 
a ~3 l/min blow of N2 flowing at the laser focus point. The 
structures were obtained writing a line pattern along the 
pipe circumference. The resulting pattern is Line Hatched 
(LH), perpendicular to the pipe (and accelerator proton 
beam) axis. The rotating (17 q/s) stage assured a surface 
scanning speed of 10 mm/s leading to approximately 240 
pulses being fired per spot. Obtained a full circle, the linear 
stage stepped such that the distance between consecutive 
lines was kept at ~24 µm. In such configuration, the total 
laser processing accounted ~60 h/segment. The experi-
mentally assessed ablation depth was 36±6 µm [6]. The 
LESS treatment was performed at average laser pulse en-
ergy of 5 µJ (laser beam intensity of ~0.4 TW∙cm-2). Neg-
ligible heat deposition, consequently no thermal defor-
mation, was observed.  

PRE-SERIES CHARACTERIZATION  
Samples obtained by destructive methods from pre-se-

ries BS LESS segments, treated according to the developed 
methodology, were surface characterized. Based on the 
phenomenological modeling of the SEY energy depend-
ence, δ(E), described in [8] and [9], in the window R0 = 
[0.7:1.0] and for an arbitrary E0 = 150 eV, the following 
SEY parameters were measured at room temperature: δmax 
≈ 0.87, Emax(δmax) ≈ 861 eV, s ≈ 1.19. Compared to Cu (Emax 
≈ 200 eV, s ≈ 1.35 when conditioned) and a-C coatings 
(Emax ≈ 270 eV, s ≈ 1.75), the measured δ(E) laid entirely 
below the unity and its energy dependence had a smoother 

peak (s closer to unity), shifted to higher energies, as ex-
pected [5, 6]. The same study was repeated on two, 2 mm 
thick, Cu OFE strips, butt welded with 100% penetration 
after LESS treatment. The analysis revealed no significant 
increase in surface SEY far from the weld. A marginal in-
crease was measured on the zones impacted by heat and 
copper projections during the weld. In these portions, the 
XPS analysis showed an increase (< 40%) of C1s peak. 
Overall, the XPS spectrum indicated absence of any other 
significant surface elemental modification or contamina-
tion. Electron beam welding was not impairing the overall 
UHV quality of the assembled BS surfaces. Considering 
the partial penetration set to weld the BS segments and the 
intrinsic transversal nature of beam induced multipacting, 
the presence of delimited (about 2% by surface) portions 
of degraded SEY was expected by design and deemed ac-
ceptable. The positive feedback obtained by pre-character-
ization validated the series treatment. During the produc-
tion phase, tight follow-up of the laser parameters was en-
sured for quality assurance. 

ACCEPTANCE TESTS 
Vacuum qualification and pre-acceptance tests of two 

LESS treated segments were carried before their final 
welding. Their vacuum pump-down exhibited a linear be-
haviour in logarithmic time/total pressure scale, with slope 
of -0.75. This pointed to presence of high roughness and 
open porosity. The specific H2O outgassing rate at 10 h was 
~1u10-8 mbar∙l∙s-1∙cm-2, ~30 times the reference for un-
baked, untreated, copper. A decrease of about half from re-
sults obtained on the first batch of LESS treated surfaces 
dating back to 2016 [6] was noted. The Residual Gas Anal-
ysis after 24 h of pumping was readily within CERN ac-
ceptance criteria for unbaked components [10]. The same 
tests were conducted on the welded strips with similar, sat-
isfactory results. Both studies proved preservation of 
cleanliness and fitness to UHV performance. 

At reception, the full welded BS was dressed with a new, 
calibrated, CERNOX™ temperature sensor, 23 BS pump-
ing slot shields (untreated), the BS electrode (untreated), 
the fixed point plate, the gravity support screws. The same 
316LN stainless steel grids (geom. transparency: ~0.56) 
used in 2003-16 were mounted on the new BS chimneys 
ports to ensure consistency. Following the short circuits 
suffered in 2014-16 cryogenic operation [3], ascribed to a 
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treatment depth depends directly on the chosen laser 
fluence and number of pulses per spot. However, lowering 
of the laser fluence results in a smaller area to be effectively 
covered by the micro-structures and this can produce an 
increased SEY. The solution is to compensate this effect by 
varying the hatch distance. For each chosen fluence, there 
exists an optimal distance between the grooves. A too small 
hatch distance causes partial reflection of the laser beam by 
the already-treated surface that reduces the effective power 
deposited on the surface, whereas a too large hatch distance 
results in untreated areas in between the grooves that 
increases the SEY. Optimization of the process for the 
ALICE and LHCb beam screens is currently ongoing. 

 
Figure 3: Cross-section of LESS treated surface. 

In-situ Treatment 
Finally yet importantly, the in-situ treatment must be 

carried out in relatively long (up to 15 meters) and narrow 
pipes, which means that the laser light must be delivered 
over long distances in a very limited space. For the in-situ 
treatment of the LHC magnets, the access to the beam 
screens is limited to a 15-cm long entry slot created by 
dismantling part of removable interconnection unit called 
plug-in module. Additionally, the chosen pattern of 
grooves requires high precision in treatment head 
movement. All these requirements led to a sophisticated 
hardware and software development, namely the optical 
fibre with the beam delivery system, the robot that carries 
the fibre and provides the treatment inside the beam screen 
and the control system that manages the whole process. 

The optical fibre selected for a first-trial basis was a 6m-
long photonic crystal fibre with a mode-field diameter of 
14µm. The fibre loss at 532 nm wavelength is 250 dB/km. 
The laser beam was coupled into the fibre at approximately 
80% transmission efficiency via a bespoke Beam Delivery 
System (BDS) which allowed for the evacuation of the 
entire fibre in order to reduce transmission instabilities and 
optical nonlinearities. The fibre was terminated with a 
bespoke lens which allowed for a fully collimated beam to 
be utilised within the robot. This collimation lens, situated 
at the focal length from the fibre tip, was encased in a 
bespoke fibre head, designed to be installed within the 
robot. 

The LESS treatment robot is a novel solution designed 
and manufactured by an industrial contractor for the in-situ 
treatment of the LHC beam screens (Fig. 4). The 
dimensions of the robot are limited longitudinally by the 
interconnection entry slot and by the beam screen cross-
section shape. The robot moves along the beam screen 
using the inchworm movement principle, by means of a 
pneumatically-driven clamping system. The robot 
movement along the beam screen is disentangled from the 
treatment head movement that is carried out by an 
electrical motor coupled with a precision driving screw. 
During LESS structuring the robot remains rigidly clamped 
to the beam screen and only the rotating treatment head 
moves longitudinally engraving the spiral pattern in the 
beam screen.  

 
Figure 4: The LESS treatment robot. 

IN-SITU TREATMENT SET-UP 

The in-situ LESS set-up is composed of the laser, the 
BDS, the optical fibre and the robot. An integrated control 
system allows the enabling of the laser when the robot is 
clamped in stable position and provides the interlock ma-
trix to catch anomalies and avoid damages. 

The whole LESS treatment system was commissioned at 
the University of Dundee and a first trial treatment was per-
formed in the biggest of LHC beam screens, so called Type 
74, with the diameter of round parts of 70.65 mm and dis-
tance between the flat parts of 60.95 mm (Fig. 5). 

 
Figure 5: The first treatment of the LHC beam screen. 
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treatment depth depends directly on the chosen laser 
fluence and number of pulses per spot. However, lowering 
of the laser fluence results in a smaller area to be effectively 
covered by the micro-structures and this can produce an 
increased SEY. The solution is to compensate this effect by 
varying the hatch distance. For each chosen fluence, there 
exists an optimal distance between the grooves. A too small 
hatch distance causes partial reflection of the laser beam by 
the already-treated surface that reduces the effective power 
deposited on the surface, whereas a too large hatch distance 
results in untreated areas in between the grooves that 
increases the SEY. Optimization of the process for the 
ALICE and LHCb beam screens is currently ongoing. 
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bespoke lens which allowed for a fully collimated beam to 
be utilised within the robot. This collimation lens, situated 
at the focal length from the fibre tip, was encased in a 
bespoke fibre head, designed to be installed within the 
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The LESS treatment robot is a novel solution designed 
and manufactured by an industrial contractor for the in-situ 
treatment of the LHC beam screens (Fig. 4). The 
dimensions of the robot are limited longitudinally by the 
interconnection entry slot and by the beam screen cross-
section shape. The robot moves along the beam screen 
using the inchworm movement principle, by means of a 
pneumatically-driven clamping system. The robot 
movement along the beam screen is disentangled from the 
treatment head movement that is carried out by an 
electrical motor coupled with a precision driving screw. 
During LESS structuring the robot remains rigidly clamped 
to the beam screen and only the rotating treatment head 
moves longitudinally engraving the spiral pattern in the 
beam screen.  
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formed in the biggest of LHC beam screens, so called Type 
74, with the diameter of round parts of 70.65 mm and dis-
tance between the flat parts of 60.95 mm (Fig. 5). 
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Technical challenges for FCC

28

• Some of the key technologies required:
• For FCC-ee:

– Synchrotron radiation & beam screen design
– Superconducting RF cavities
– Crab waist scheme 
– Nanobeam control, bunch-to-bunch feedback
– Single & multi-bunch instabilities
– Electron bunch diagnostics, inverse-Compton polarimetry
– Electron cloud mitigation

• For FCC-hh:
– Machine protection for unprecedented stored energy (8.4 GJ)
– Cavities for crab-crossing
– Non-invasive, high intensity hadron beam diagnostics
– High-field (>16 T) superconducting magnets
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Operation of electron machines in UK pertinent to FCC-ee / he

29

• Vast experience at ASTeC, Daresbury + STFC RAL in the operation of ERL and FEL test 
facilities and low emittance electron storage rings:

Module 2 install 

Dogleg install in CLARA

Module 1 &  2 offline ETC

Diamond-II upgrade

ERL cryomodule validation on ALICE
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Summary
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• The UK accelerator community has begun to contribute to the FCC design, with studies of 
inner triplet layout, energy deposition, dynamic aperture, ion collimation…

• The UK has many more capabilities in accelerator physics and enabling technologies, that 
can help to underpin the FCC programme.

• There are strong synergies with ongoing developments for other major accelerators that 
will develop novel technologies and techniques, which will also benefit FCC.
– Only some topics could be covered here: novel collimation, SRF, cryogenics, vacuum, klystron, beam 

diagnostics, LESS...
– Strategic longer term capacity building in relevant technologies (e.g. high field magnets) could be 

considered in the UK Accelerator Roadmap.

• Discussion... Thank you to all contributors!
particularly P. Ratoff, P. Burrows, P. McIntosh 


