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Scope of FCC Special Accelerator Technologies
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Aims of the Initial phase of R&D

Study the special technologies at conceptual aspects
required for the FCC accelerators and identify the possible
design and performance limitations.

Establish collaborations in order to address the R&D
challenges.

Provide feasible solutions for the FCC CDR.

|dentify opportunities for technological breakthroughs.




Collaborations to address the R&D
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Some selected highlights from the
Initial phase of R&D

Beam vacuum systems

Injection and extraction systems
Beam related machine protection
Special IR magnets

Beam instrumentation system

Radiation environment assessment




Beam vacuum systems:
HTS coated conductors for FCC-hh beam screen impedance reduction

| %1072 T=50K , f=8.05 GHz )
Solderlgye HTS tapes 1 ' 3x improvement at 8 GHz
C
/ 6 oppet compared to copper, expected
iy 20x improvement at 1 GHz (f32)
) CC providers 1 -5
eam ;n 47 T

All experiments on samples, supported by theoretical
modelling, indicate that the Coated Conductors solution

ﬂleM‘ attains FCC-hh performance goals (impedance
vig ) N -
reduction in high magnetic field) and accelerator
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Beam vacuum systems:
HTS TI-1223 coatings for FCC-hh beam screen impedance reduction

—e—Sample 1

First RF test shows Tc ~110 K S
and better than copper surface +|leSampie
resistance (no applied B field)

§ Coating of TI-HTS demonstrated on SrTiO; and on Ag /fj ]
@ z\ textured substrates, Tc > 110 K. e
P / perature [K]
B

Road paved for experimental assessment in RF at high
E C

o

Resistance [{2]

]
N

magnetic field, optimization and scaling to larger sizes.
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on TI-HTS coated on Ag
indicate large critical currents




Beam vacuum systems:

* Proposal for further development 2020-2022

WICMAB & IEAEY

SSTITLT DE CIENCIA DE MATERIALS DE BARCELONA

[ ] pener L CGIC AL B A W Alies Energies

lessons learned

Similar consortium, well balanced in background and opportunities; capabilities,
knowledge and well-trained people thanks to the first project.

Further develop soldering technology, mechanical testing, ancillaries and all
needed DC & RF test equipment

In-depth study and assessment of persistent currents effects and mitigations

= UNVERSITAT
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Next goal: optimization of T1-1223 coating on Ag substrate.

Profit from established unique collaboration, and the tight links between the
participating institutes.

RF testing to assess surface resistance at high magnetic field

Explore scalability, also through other precursor deposition techniques (ink-jet, etc.)




Injection and extraction systems:
New Spiral Beam Screen Design for the FCC-hh Injection Kicker Magnets

Development of Injection
Kicker Magnet

Metallic Ferrite  Screen
cylinder CMD10 conductors

Development of new concept o
of a spiral beam screen

and
circulating

beam Grounded
Vacuum

Main features of the new spiral beam “w oeinen cylinder
screen design

improved high voltage performance

low longitudinal impedance

flexibility in terms of different design options
possibility to tune transverse resonant modes
no quadrupolar component

good field homogeneity (Opera simulations)
fast field rise and fall times (Pspice simulations)

37 MHz 4710 900 MHz, 142 @ —

(21 MHZ 444 Q 1044 MHz, 1770 — gt:?;gllh’t\’condlictors
1 MHz 442 O 1039 MHz, 175 O P t
1 MHz 4420 1033 MHz, 167 QO — Spiral, Neum = 2

— Spiral, Ngyrn =3
Spiral, Nyym = 3, connected

1576.MHz, 79 Q
1849 MHz, 53 Q
1845 MHz, 53 Q
1583 MHz, 56 Q

PRI SN N SRS R T [t
250 500 750 1000 1250 1500 1750 2000
Freq. [MHz]

Spiral beam screen, with possible tweaks is the only solution to fit into FCC
transverse impedance budget
no heating issues expected for the FCC-hh injection kickers
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Injection and extraction systems:
New Spiral Beam Screen Design for the FCC-hh Injection Kicker Magnets

* Proposal for further development

* Proof of concept on a model of spiral beam
screen
* Field rise-time measurements
+ Sensitivity of influence of small errors in
induced voltage upon field rise time
* High-voltage tests
« Analysis of "tuning" of frequency
* Impedance measurements:

« Concept of "switch" to connect all
screen conductors to the beam pipe,
once injection is complete = verify low
beam coupling impedancel.

* Concept of "tuning" of frequency of
transverse impedance resonances

* Possibly in atest facility, e.g. CLEAR

Prototype alumina tube with spiral
screen conductors

* Prototyping, test and measurement of an FCC
injection kicker magnet with spiral beam screen.

C\@ Courtesy of Agnieszka Chmielinska




Injection and extraction systems:
Development of novel FCC SuShi septum magnet: current achievements
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0% circulating beam Fextracted beam
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Simplified “block coil”
simulation
e design coils,
e estimate B,
e L=142 mH

CAD design
well advanced

Displacements within acceptable 50 gm
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profiting from
Hi-lumi CCT
corrector
design
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-0.04
-0.05
-0.06
-0.07
-0.08

Project schedule is ok so far.
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(j\ Courtesy of D. Barna and M. Novak



Injection and extraction systems:
Development of novel FCC SuShi septum magnet: current achievements

%44’ * 1 . e

* Proposal for further development

1. NbTi/Cu multilayer sheet manufacturing R&D
(Wigner RCP, Univ. Miskolc)
o Part of project description, without details
& coverage
o Need CERN support (consultation with
material experts & political)
o Grant request submitted

2. MgB2
o Develop large bulk shields
(one piece or joining)
o Improve stability against flux jumps
m Doping

: First single-sequence
m Preparation under vacuum g .

Cu-Nb-NbTi-Nb-Cu
_ sheet rolled
3. Construction of magnet demonstrator prototype @ Miskolc Univ.

expected to start next year

\3/ Courtesy of D. Barna and M. Novak



Injection and extraction systems:
Development of novel GSI/FCC s.c. truncated cosine-theta septum magnet

- current achievements FCC.hh extraction Tcos
v truncated cosine-theta concept developed SCNSS
v theoretical studies
v know-how of 2D electromagnetic design

MKD QF MSD

Concept of truncated

v 2D optimisation with software (Roxie) cosine -theta
v 4 T septum, NbTi cable, 30 mm septum
thickness r=oll &
isrggtzaeggi(lj for image current of Stray field / Main field Analytical
@ i (Preliminary optimisation) calculation with
g H 0.040 100 000 line currents
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Injection and extraction systems:
Development of novel GSI/FCC s.c. truncated cosine-theta septum magnet

- recent achievements plock cotl desian

Flat Rutherford cable Racetrack coil

Saddle coil

v preliminary mechanical analysis
v several coil end designs are proposed

Proposal for further development

mechanical and cryogenic design studies

- iteration of electromagnetic design
and engineering design

prototyping
collaborations

- CERN-GSI collaboration meeting will
be held on 2nd July.

- Discussion, suggestion, collaboration

proposal are very welcome. Surface winding Nuclotron cable

j Courtesy of K. Sugita and E. Fischer

(for fast ramped, high heat

(for medical accelerator) load magnet)




Beam-related Machine Protection Studies:
FCC-hh beam impact and damage studies of superconducting materials

Challenge for FCC-hh: stored beam energy is ~20 times higher than at LHC (> 8 GJ per
beam), while energy density is ~150 times higher (> 100 GJ/mm?).

Beam-impact studies are essential to ensure a reliable and efficient machine protection:
. Beam-induced degradation of s.c. strands measured (HiRadMat) at rt and at cold (4.5 K).

. Inside the cold environment, plastic deformation of Nb;Sn strands observed for local heating above
550 K, while Nb-Ti showed no visible damage up to 1100 K. I, measurements ongoing.

Relevant beam-related failures include:
. Fast failures: UFOs, failures of magnets with short time constant and at large beta function, ...

. Ultrafast failures: extraction failures, missing beam-beam kick, crab cavities failures, quench heater
firing on the circulating beam, ...

HiRadMat

First experimental proof of the
hydrodynamic tunnelling effect

N.A. Tahir, F. Burkart et al.

Y. Nie et al.

Energy deposition [GeV/(cm? p)]

T T T = T T T T
) 5 10 15 20 25 30 35 40
Target axis (cm)

Simulated energy deposition per impacting
proton on a copper target for 0 =0.2 mm.

HiRadMat
A. Will et al.

Deformation of Nb,Sn strand after impact of 440 GeV proton
beam (top) and impact marks on Cu sample holder (bottom).



http://inspirehep.net/record/1616015/files/10.1103_PhysRevAccelBeams.20.081001.pdf
https://ipac2019.vrws.de/papers/thpts066.pdf
https://www.sciencedirect.com/science/article/pii/S0168583X18302465

Beam-related Machine Protection Studies:
FCC-hh machine Protection System (MPS)

«  The MPS for FCC-hh will be based on the successful strategy adopted for LHC.
It’s main requirements are: reliability, availability and fast reaction time.

. An estimated >100 000 elements will have to be connected to the Beam
Interlock System.

«  Challenging trade-off between machine protection and high availability required
—> option of using voting logic on redundant interlock channels (e.g. 2003).

«  Compared to LHC, improvements in several key areas are needed:
. Reduced MPS reaction time.

. Improved control of the time constants for the magnetic field decay.
Efficient control and/or monitoring of the transverse beam profile.

Beam dumping
system informed system informed

begins after
waiting for beam-
free abort gap

Fault / dangerous
situation occurs

Beam dump

Beam Software Operator EraETE Collimation Cryogenic Beam S_creensi
nterlocks ons stel e ifetime mirrors, etc Timing System

iming Syste!
Beam

of failures of dump request completed

Dumping DETECT COMMUNICATE SYNCHRONISE DUMP
System
> 40 ps for BLMs <300 ps <326 ps 326 ps For FCC
~100.000 (1 s for diamond BLMs) i?”“‘__h;f :“j;‘)f}; 140 13 {(save 244 ps if 4 abort gaps| (40% time saved)
...... T 1o
Powering and RF al Personnel | Vacuu Injection \ I\ < 100 us I < 89 us 89 us | ForLHC
circuit Protection system Monitors Safety System System Protection Y |

User system process Beam interlock system process  Beam dumping system process

Reaction time of the MPS from fault detection to beam dump.




Beam-related Machine Protection Studies:

Proposal for further R&D Work Measured and simulated beam orbit offset

during Crab Cavity ramp at the CERN SPS

Beam-related failures

. Study of new fast and ultra-fast beam-related failure
scenarios and their mitigation measures.

Next-generation interlock systems

. Study of new technologies for the beam and related
machine interlock systems and inclusion of new failure Damaged YBCO tape due to a
scenarios. 440 GeV proton beam impact.

Beam impact and damage studies

. Study the damage limits of superconducting materials,
including sample coils.

. Investigation of hydrodynamic-tunnelling effects in A. Will et al.

accelerator materials.
. Study the feasibility and limitations of new materials and Hydrodynamic tunneling effect for a 40 Tev
proton beam impacting on a copper target.

mechanisms for beam-intercepting devices. RN

Density (g/cm’)

Develop and test radiation-tolerant cold bypass "
diodes

Availability

. Investigate novel architectures for reliability and
availability critical systems; develop advanced simulation 20

0 100 200 300 400 5000.83

tools and failure prediction models via machine learning. Cylinder Lenath (6m) 50y, nches with 1e11 p+

B. Lindstrom et al.

Temperature (K)

[ ]
N.A. Tahir et al.

=

Cylinder Diameter (cm)

Courtesy of Christoph Wiesner



https://ipac2019.vrws.de/papers/thpts066.pdf
https://ipac2019.vrws.de/papers/mopmp036.pdf
http://inspirehep.net/record/1479506/files/10.1103_PhysRevAccelBeams.19.081002.pdf

Special IR magnets:
FCC-ee Final Focus and corrector CCT superconducting magnets

Unlike linear colliders the FCC e-e is facing the
challenge of Final Focus quads inside the detector!

0.1
0
0.1~ <]
1
P 0.5

Voo 0

The stringent requirements of the final focus
guadrupoles are satisfied by using a canted-
cosine theta design with iron-free coils and field
guality of better than 0.1 units for all multipoles.

Dipole and skew quadrupole correctors can be
incorporated without increasing the length of the
magnetic system.

A full magnetic analysis has been performed, : ' —
including a misalignment analysis. "

gwge QC1R1




Special IR magnets:
FCC-ee Final Focus prototype CCT superconducting magnets

- Recent achievements

Magnetic design

Magnetic field on surface of model

z-axis [mm]

8 o B

Rapid prototyping



Special IR magnets:
FCC-ee Final Focus and corrector CCT superconducting magnets

« Proposal for further R&D work

« Currently on prototype no. 1; need to test it and possibly build prototype 2 with
lessons learned (both single aperture)

- The wish for the next prototype is to use HTS tape instead of NbTi. The price of
the conductor has gone down in recent years (in the case of our prototype the
price of the HTS tape according to the quote we have today would be
O(10kCHF)

- Atwin aperture prototype is next

« The very strong crabbing sextupoles of FCC-ee are next. Very compact (30cm
length) and max. field at the conductor of 11T. HTS tape is a must for these
sextupoles

 Prototype octupoles and decapoles which most probably will be needed for good
performance at FCC-ee

Courtesy of Mike Koratzinos



Beam instrumentation system:
R&D on ionisation profile monitors for FCC-hh and FCC-ee

Supersonic nitrogen Gas jet

- Recent achievements s
| B Beam induced (Electron beam: . -
fluorescence PrEsi o e
currently under s T e
developmentas | calibration = 0.0147mm/pixel
diagnostic for o Integration time : 400 S
hollow electron
lenses

Photon Number

FWHM = 1.2mm

A TR e e e e
Beam Gas Vertex demonstrator

Secondary

Target gas volume (tank)
Neon @ 10E-7 mBar

. o

1'5 20 25 Proton beam °

Inelastic

lonisation profile monitoring on the PS Interaction —

(Vertex)

|mage Of |Onlsed Neon gaS. Particle Tracking station




Beam instrumentation system:
Direct beam imaging using Cherenkov diffraction radiation

Example of direct beam imaging Using Cherenkov Diffraction radiation

as measured at ATF2/KEK Prism in fused silica
Cherenkov
Diffraction
* Proposal for further R&D work Radiation
« Radiation environment in FCC is considerably worse
than in LHC and will require R&D on radiation hard
electronic design
- R&D on focused gas jets as an alternative to wire Charged Particle (electron in this case)
scanners for calibration
16000
« R&D on beam gas vertex detector to provide an online 14000
beam monitoring from injection to top energy 12000
¢ 10000
« R&D on synchrotron light monitors using X-ray imaging 8000
techniques (i.e. pinhole cameras) or interferometry in the 500 [ 6000
visible range 0 1000 20008 4000
: : : : : : 2000
« R&D on direct imaging using Cherenkov Diffraction 0

Radiation




Radiation environment assessment:
Status of RADIATION TO ELECTRONICS CALCULATIONS

Mo,
it
2 Car/o m
€the,
o

* Proposal for further R&D work

Status of simulations

« Radiation environment in the FCC e-e FCCohh arc !

needs to be calculated in more details
as radiation levels are relatively high
and severely impacting on electronics

FCC-hh Experimental IR (detector and machine) 2
FCC-hh betatron cleaning insertion 3

FCC-ee arc*
« Limitations of existing simulation
tools:

- Managing big geometries and
scaling to the FCC (ee or hh)

« Need of co-simulation framework

FCC-hh extraction region 3

HE-LHC betatron cleaning insertion 3
HE-LHC arc!

HE-LHC Experimental IR

Y V V ¥V V VY V VY

Courtesy of F. Cerutti and S. Gilardoni
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available
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Some personal remarks and
outlook for the next phase of R&D

We are at a transitory period for the FCC R&D programme.

Decisions that are expected to be taken early next year will
certainly impact on the scope and priorities of the future R&D
activities related to the special accelerator technologies.

Established collaborations ought to be preserved in order to
complete the ongoing and prepare the future activities.

Proposals for further development are already defined for the
majority of R&D projects (bottom-up approach).

|dentified opportunities for technological breakthroughs are in
principle project-independent and should continue.




Conclusions

Very successful collaborative R&D effort,
iInvolving dozens of universities, scientific
Institutions and industrial partners.

All required contributions to the FCC CDR have
been provided.

Several important challenges were spotted, but no
major showstopper has been identified.

Several promising technology breakthroughs
were preliminarily explored.

Looking forward for the next phase !!!




Thank you for your attention.







