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major beam frontier challenges

1.synchrotron radiation

2.bending magnetic field
3.accelerating gradient

4.(rare) particle production — e* and
5.cost and sustainabillity

6.exploring novel directions




challenge #1: synchrotron radiation (SR)
circular colliders

2 ,,4
energy loss per 0= ey
s particle per turn 380 p

\4 -
L. Rivkin . Ipeam
: SR power PSR — UO
e

Accelerated charge ===p| Electromagnetic radiation

e*. Psp =23 MW for LEP (former e+e- collider in the LHC tunnel),
100 MW for FCC-ee (imposed as design constraint),

protons: P;r, = 0.01 MW for LHC,
5 MW for FCC-hh - this requires >100 MW cryoplant power
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SR In the arcs: possible mitigations (challenge #1)

mitigations:

* large bending radius p

- large circular collider —> next slide
* linear collider

- "almost” no arcs, but beamstrahlung = next next slides
 muon collider

- L ~200 heavier than e* - ~10x less radiation

at same energy and radius, but u’s decay - [gter

e shaping beam vacuum chamber or the beam itself

- tiny vacuum chamber in large ring, A4, ~ 2+/d3/p with d: pipe diameter
- beam shaping to suppress radiation; a DC beam does not radiate!

explored in EU projects ARIES & I.FAST — not part of ESPPU 20



SR - size of circular ete  colliders (challenge #1)

lepton ring circumference versus beam energy
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Serendipitously, 90-100 km is exactly the size
required for a 100 TeV hadron collider and
optimum tunnel size in the Lake Geneva basin !
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SR - linear collider beam delivery (challenge #1)

linear colliders SR in bending magnets of the beam-delivery system

0.5 i i

. \oe’a‘“ .\o\e““
istoric X\ 2nd 500-GeV beam
delivery Qa ct al., 2003, CLIC-Note-551

5R in bendi €O ‘agnets caused a factor ~2
loss in luminosity in 2003 CLIC BDS design at 3
TeV; similarly for the SLC at 91 GeV c.m. (!)
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Other footprints of CLIC 3-
TeV and 500-GeV beam
delivery systems (G.
Zamudio, R. Tomas, 2011,
CLIC-Note-882)

final quadrupole lens



challenge #1: synchrotron radiation - cont’d

linear synchrotron radiation in the strong field of the opposing beam

colliders (=“beamstrahlung”) degrades the luminosity spectrum
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challenge #2: bending magnetic field
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— MDP: 14.5 T magnet tested at FNAL
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e Staged approach: In first step pre-stressed for
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CERN Nb,Sn progress: FRESCA2 & eRMC

RMC/eRMC (2-decks, no aperture), 16.5T

Block dipoles
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High-Field Magnets - R&D Program Goals
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Nuclear Fusion Magnet R&D Progress

RESEARCH & APPLICATIONS Se ptember 2021

MIT ramps 10-ton magnet up to 20 tesla in proof of | |
concept for commercial fusion toroidal model coil

Fri, Sep 10, 2021, 6:59PM Nuclear News
5 - ~

RO

This large-bore, full-scale high-temperature superconducting magnet designed and built by Commonwealth Fusion Systems and MIT’s Plasma Science
and Fusion Center is the strongest fusion magnet in the world. (Photo: Gretchen Ertl, CES/MIT-PSFC)



challenge #3: accelerating gradient

Gradient growth Superconducting RF linac RE Accelerators
accelerating gradient achievements and > 30,000 operational — many serve for Health

applications since 1970. CERN Courier 2020 30 million Volt per meter
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High-Gradient Acceleration (Plasma/Laser)

This accelerator fits into a human hair |

Bubble (€, ~ 100 GV/m)

Trapped electron beam
Laser Pulse (E__ ~ TV/m)
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plasma acceleration of positrons ? (required for e*e- collider)

“ballistic injection”:
a ring-shaped laser
beam and a
coaxially
propagating
Gaussian laser
beam are
employed to create
donut and center

bubbles in the
plasma, resp.

FIG. 1. The concept of the positron ballistic injection scheme.
The blue and green colors are contour surfaces of electron
densities of donut and center bubbles, respectively. The red
color represents injected positrons. The x—y and x—z planes are
transverse slices of the density distribution and the longitudinal
electric field E,. The red curve in the x—y plane is the trajectory
of an injected positron (corresponding to the projection of red
balls in the 3D model). The leading oscillating colors (amber
and grey) denote the laser beams in the x—z plane. The y—z plane
is the projection of electron density (blue) and injected positron
density (red).
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PHYSICAL REVIEW ACCELERATORS AND BEAMS 23, 091301 (2020)

New injection and acceleration scheme of positrons
in the laser-plasma bubble regime

Z.Y. Xu,' C.F. Xiao,' H. Y. Lu®,">" R.H. Hu,"' 1.Q. Yu,"* Z. Gong®,' Y.R. Shou,'

J.X. Lin,! C.Z. Xie

LS. Y. Chen,' H.G. Lu,' T.Q. Xu,' R. X. Li,* N. Hafz®’
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ZY. Xu



challenge #4: particle production —e*, u
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fallure of SLC e* target after 5 years of operation (challenge #4)

SLC target analysis at LANL: Failed SLC positron target was cut into pieces and
metallographic studies were carried out to examine level of deterioration of
material properties due to radiation exposure.
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2000 4000 6000 8000 10000 12000 14000 16000 18000

Distance (microns)

Radiation damage, work hardening, or temperature cycling? Bavid Sefuliz
Snowmass, July 10, 2001



2 particle production: Gamma factory (chalienge #4)

resonant scattering of laser photons off partially stripped heavy-ion
beam in LHC (or FCC): high-stability laser-light-frequency converter
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¢ source of e* (101°-1017/s) , u (1011-10%%/s),
, etc. — sufficient for LEMMA type pu collider
Pb+81 beam.lii H doppler laser cooling of high-energy beams

f ~38 hours (andfirst HL-LHC w. laser-cooled isocalar ion beams

electrons in the LHC...) W. Krasny




Muon Collider schemes & challenges

~1.6x10° x less SR than e*e, no beamstrahlung problem
two production schemes proposed

US-MAP (2015) p-driven | Italian LEMMA (2017) e*-annihilation
Proton Driver Front End gCooling Acceleration collider F.Qing ositron Beam ?@
= Linacs, RLA or FEAG, RCS ;i g i < E o é _§ _g
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challenges P> by 10° (6D) mitigating p decay || oM E R tﬁillenges ~10" 1 / sec from e*e y+u— |
, . | i e |N€€dSs large
u's decay within a few 45 GeV e* ring
100 - 1000 turns: == -
N ¥ orat . like FCC-ee,
Y .
rapida acceleration . p055|ble
(perhaps plasma?) " upgrade path

.. )
% V rad_latlon hazard o, < E, flux o E“ (Lorentz boost) to Fcc_uu
(limits maximum p energy) solution beyond 10 TeV unclear



post FCC-ee option: feeding 14 TeV u collider

14 TeV p collider LHC-uu with FCC-ee u* production

Y : i
1 production target u*p

& (~20 GeV) (747 TeV)
—>
O LHC-pp

SPS-pp (pulsed)

P, Raimondi, M. Antonelli, M. Boscol (fast ramping
. Ralmonail, . ANtoneilll, . bOSCOIO.
M. Antonelli, et al., NIM A 807, 101 (2016) from 20 to 450 GeV)

M. Boscolo et al., PRAB 23, 051001 (2020)

e* (45 GeV)

FCC-ee e*ring
for u production




after FCC-hh: FCC-pup, a 100 TeV u collider?

FCC-hh PSI ring laser excitation

for pu productiop e* production

target

e* stacking and

\O accelerating ring

*
.
*
*
.
*
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(50+50 TeV)

L

“
.
‘O
*

LHC-pup
(pulsed)

W. Krasny, https://arxiv.org/abs/1511.07794
PSI: partially stripped ion (“Gamma Factory”)

u



challenge #5: cost / sustainability

Specific cost vs center-of-mass energy of CERN accelerators

P. Lebrun, RFTech 2013
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“green” energy efficient technologies
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Energy Recovery Linacs (ERLs) — Landscape

E. Accelerating bunch
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Possible Future Colliders based on ERLs
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reappraisal of historical ERL collider proposals
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eff|C|ency and upgrade of super -beam facilities
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challenge #6: exploring novel directions

Very large hadron collider on the Moon (CCM), C~11 Mm, E_, ~14 PeV

(1000x LHC’s), 6x10° dipoles with 20 T field, either ReBCO, requiring ~7-13 k tons rare-earth
elements, or IBS, requiring ~a million tons of IBS. Many of the raw materials required to
construct machine, injector complex, detectors, and facilities can potentially be sourced
directly on the Moon. 11000-km tunnel a few 10 to 100 m under lunar surface to avoid lunary
day-night temperature variations, cosmic radiation damage, and meteoroid strikes. Dyson band
or belt to continuously collect sun power. Required: <0.1% sun power incident on Moon surface.

North pole centered

J. Beacham, F. Zimmermann, 2022 New J. Phys., https://doi.org/10.1088/1367-2!

South pole centered

- (single polarity)

Top-Up Booster

CCM doi
Dyson patch of

\ \ transfe ~6700 km?2

Pre-Booster

Dyson belt of
~100 km width
circling entire
lunar equator



https://doi.org/10.1088/1367-2630/ac4921

storage rings as tools to detect or generate gravitational waves

ARIES workshop 2021

&
Gravitational Waves

SRGW2021
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Accelerators meet gre
Courier

J. Ellis et al (2021),
https://arxiv.org/abs/2105.00992
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https://arxiv.org/abs/2105.00992
https://indico.cern.ch/event/982987/
https://cerncourier.com/a/accelerators-meet-gravitational-waves/
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Coming together is a beginning; keeping together
IS progress; working together Is success.
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