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Particle colliders have been growing in size

Magnet technology and synchrotron radiation cause unfavorable scaling to higher energies

SppS (1981): 1.1 km radius
p*/p-, 900 GeV CM

HERA (1992): 1.0 km
p*/(e- or e*), 320 GeV CM

Tevatron (1992): 0.95 km
p*/p-, 2 TeV CM

LEP (1989): 4.3 km
et/e-, 209 GeV CM

LHC (2008): 4.3 km
p*/p*, 13.6 TeV CM

ISR (1971): 75 m
p*/p*, 62 GeV CM
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Particle colliders have been growing in size

Magnet technology and synchrotron radiation cause unfavorable scaling to higher energies
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The next step for electron/positron colliders could be linear
g

.//

//

/

\\\\"““y

/*‘/ e Linear colliders scale favorably for energies beyond LEP
" // - - Size limited by achievable gradients in
\,,.V radio-frequency (RF) accelerator modules (~100 GV/m)
- Main RF-options: ILC, CLIC, C3
~ ILC /500 GeV /31 km e Still a significant investment O (101° Euro) and scale (10’s km)
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Plasma accelerator (> 1 GV/m) mission for particle physics
g

* Reduce the size of future colliders (gradient) P
— potential for reduced construction cost, environmental impact W““y/

e Potential for reduced operation cost (higher luminosity/power) s

* Provide an upgrade path for Higgs-factory LCs /,//

(repurposing of ILC/CLIC/C3 infrastructure)
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Plasma accelerator (> 1 GV/m) mission for particle physics
g

* Reduce the size of future colliders (gradient) P
— potential for reduced construction cost, environmental impact “‘““y/

e Potential for reduced operation cost (higher luminosity/power) e

* Provide an upgrade path for Higgs-factory LCs e

(repurposing of ILC/CLIC/C:3 infrastructure) R e
O

ILC / 500 GeV / 31 km HALHF / 250 GeV / 3.3 km

ﬂ:}lﬂ Foster, D'Arcy, and Lindstrem, NJP 25, 093037 (2023)
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Plasma accelerator (> 1 GV/m) mission for particle physi\cs

* Reduce the size of future colliders (gradient) o P
— potential for reduced construction cost, environmental impact \w\&/”

e Potential for reduced operation cost (higher luminosity/power) i

e Provide an upgrade path for Higgs-factory LCs /,,,//
(repurposing of ILC/CLIC/C3 infrastructure) ] &\“@mﬁ % o 205l

ILC / 500 GeV / 31 km HALHF / 250 GeV / 3.3 km Energy Frontier Collider /15 TeV / 6.6 km*

f}lﬂ Foster, D’Arcy, and Lindstrem, NJP 25, 093037 (2023) C.B. Schroeder et al., JINST 18 TO6001 (2023)
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Straw-person collider concepts have been under development for decades

A useful exercise to guide component R&D

\

Schematic of Gamma-Gamma Collider Based on

a Plasma Wake-field Accelerator

Wale-field modules Gamma converter and Detector

Rosenzweig, Snowmass 1996

Seryi, PAC 2009

P
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Figure 1: Concept for a multi-stage PWFA-based Linear Collider.

\

Figure 1: Layout of a 1 TeV PWFA Linear Collider
~4.5 km

New concept for a PWFA-LC
CW option with recirculation

Maine- beam (CW) :
0=1.0x 10%- @ 15 kHz

Po = 12 MW =
~MBLea! [— B -()e-source e+ sourcel -

20plasma stages, AE=25 GeV each stage

B p P p p
>
BDS and final focus,

Magnetic chicanes: 4 ns delay (3.5 km)

Main e-plasma acceleration (0.5 km) Injection every halfturn, Main e+ plasma acceleration (0.5 km)
C=1000m, Efjf/PDB =8%

Drive beam after accumulation:
Trains of 20 bunches, 4 nsapart @ 15kHz

>

Each linac: 3.16GV, 19 MV/m, 250m
Eacharc:437.5m

> —
Drive beam (CW) :
o0 E=25Gey,
MB bunch Matching o Q=2.0% 10% @ 15x40 kHz
@ 15kHz injection to B lem ump PD5(£1='= 2x 24 MW
hd Main beam structure
e- source

Plasma cell < - b b

Azpmwn ” 187Um AE=25 GeV =7 _
@ injection Ay Drive beam structure out of linac
im @ @ e @ -
TE7

DB 20-bunchtrain
@ 15kHz Drive beam structure out of acc.ring

w 66.7us
>

Fastkicker

Main e+ beam (CW) -
Q=1.0 x 10*%* @ 15 kHz

4passes Recirculating SCRF CW linacs.

Leamans,
Physics Today 2009

Schroeder, NIM A 2016

Beam-driven

Schroeder, JINST 2023
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What goes into collider design?

Let’s ask those that know, and learn!

CONCLUDING TALK - SEMINAR ON CRITICAL ISSUES
IN DEVELOPMENT OF NEW LINEAR COLLIDERS”

WOLFGANG K. H. PANOFSKY

Stanford Linear Accelerator Center
Stanford University, Stanford, California, 94305

Presented at University of Wisconsin
August 29, 1986

e T

Symposium on Advanced Accelerator Concepts, Madison, WI, 1986
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Environmental impact: a constraint of ever increasing importance

Environmental considerations are an explicit
constraint on future colliders designs.

Carbon Footprint of Construction

B Linear
| W Circular

—
o

O
co

The fluctuations in energy prices and climate
change have brought energy consumption
considerations to the foreground of the upcoming
European Strategy for Particle Physics (ESPP).

o o
= (@)

PRX ENERGY 2, 047001 (2023)

Global Warming Potential (Mton CO.e)

The carbon impact of colliders comes from: |
° ConStru Ction / 3§)L(I}SV 250 anfi:3550 Ge\éoﬁ??dirid%jgjgng 88F—(§(§:5-(§ev 91(2:51;((): GeV
* (QOperation

o
o

Compact colliders use less concrete!

)

f:hlﬂ
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Environmental impact: a constraint of ever increasing importance

Environmental considerations are an explicit _ ITF Report, JINST (2023)
constraint on future colliders designs.
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The fluctuations in energy prices and climate
change have brought energy consumption
considerations to the foreground of the upcoming
European Strategy for Particle Physics (ESPP).
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The carbon impact of colliders comes from:

 Construction e e
* Operation The key metric is “luminosity-per-beam-power”
~ physics per $4$4

)

f:hlﬂ
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Basic considerations on luminosity-per-power optimization

For a given luminosity and energy target, we can place strong constraints on collider designs

Geometric Luminosity Lu;i‘ggg‘ft ;L'Z'reg(t;wer 10 TeV collider: £, = 5 TeV and £ = 10% cm2 s
N?
[ — / L  nN Limited to = o
Ao Oy P 47T(7x(7y Ey and by Oide effect
\ 4 Minimize
41/ Be€x/ ByEy
Pyot = LEy ‘ -
N NN - Maximize
Fixed \

Limited

(order ~10% realistic?)
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Basic considerations on luminosity-per-power optimization

For a given luminosity and energy target, we can place strong constraints on collider designs

Geometric Luminosity Figure of Merit: 10 TeV collider: E, =5 TeV and £ = 1035 cm-2 s-
Luminosity per power
fN?
— L 7N Limited to = o,
47‘-0‘% Uy P, dmo., oy E, and by Oide effect N
47r\/ﬁmem‘\/ﬁ
Ftot :@ nN - Maximize
, Beam Power at fixed Luminosity and Energy for Round Beams ‘
10 ' ' T T | | —————— 1 t
| —ezim | Fixed \
10’ e Limited

(order ~10% realistic?)

For a fixed luminosity and collision energy,

higher bunch charge, lower emittance are favored

10° 10° 10'°
Bunch Charge (N)
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Basic considerations on luminosity-per-power optimization

For a given luminosity and energy target, we can place strong constraints on collider designs

10
10 TeV collider: E, =5 TeV and £ = 1035 cm-2 s
8
6 Limited to = o;
and by Oide effect
4 \ 4 Minimize
_ AT/ Bo€xr/ Byey
Pyot = LEy g -
2 \/ A Maximize
Fixed \
0 Limited
10" 10'6 107 1018 1019 (order ~10% realistic?)

Operational plasma density [cm-3]

Trade-off between L/Piot and For a fixed luminosity and collision energy,
acceleration gradient has to be made higher bunch charge, lower emittance are favored
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Basic considerations on luminosity-per-power optimization

For a given luminosity and energy target, we can place strong constraints on collider designs

10
10 TeV collider: E, =5 TeV and £ = 1035 cm-2 s
8
6 Limited to = o;
and by Oide effect
4 \ 4 Minimize
_ AT/ Bo€xr/ Byey
Pyot = LEy g -
2 \/ A Maximize
Fixed \
0 Limited
10" 10'6 107 1018 1019 (order ~10% realistic?)

Operational plasma density [cm-3]

Trade-off between L/Piot and For a fixed luminosity and collision energy,

acceleration gradient has to be made higher bunch charge, lower emittance are favored

/Aﬁﬂ But wait! What about Beamstrahlung...?
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Plasma accelerators mitigate Beamstrahlung

Short particle bunches save power

Beamstrahlung (radiation during collisions)
reduces the energy of the colliding particles, ===
broadens luminosity spectrum.

Number of emitted photons per particle:

P. Chen and K. Yokoya (1995)
‘Z\IZ/SO';/3 0.4 n—1/2 C.B. Schroeder et al.,

PRASTB 13, 101301 (2010)

N~ X . magnetic field

! g1\ |\ streamlines
electron
’densﬂv

Traditionally, linear colliders desire low beamstrahlung: 7+ 3 <1

* Upper limit for charge per bunch, lower limit for plasma density.
* Flat beams are favored.

Short beams in wakefield accelerators
mitigate beamstrahlung and save power.

r 3/2

Pbeam C.B. Schroeder et al.,
5 X 1 5 PRASTB 15, 051301 (2012)
) E /2,.5/2
cm o)

positron
density

WarpX simulation,
A. Formenti (LBNL)
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Plasma collider components and challenges

)

f:hlﬂ
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Plasma collider components and challenges

Beam sources

- Higgs factory: LC solutions exist
opportunity - compact (cheaper)
sources from plasmas

- 10 TeV collider: undefined,
potentially a key issue
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- 10 TeV collider: undefined,
potentially a key issue
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Plasma stages + coupling

- Focus and key charge for our field, no roadblocks known
critical - beam quality (incl. polarization), efficiency, stability, longevity,
resilience to jitter (in time, space, and momentum), resilience to
catastrophic errors (one bad shot)

- Plasma stage: requires demonstration of collider parameters
+ critical - rep. rates & bunch structure (CW vs. burst), power handling

- Staging: requires detailed concepts, additional test facilities
+ critical - driver in-/out-coupling, geometric gradient
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- Higgs factory: optimized LC designs exist
optimizations for plasmas needed/possible?
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critical - HF designs scale poorly with energy

Interaction region
- Higgs factory: designed for other LCs
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collider type and machine parameters
critical - valid codes for beam/beam studies

e

Driver technology
- Beams: technology exists in principle

cost, gradient, efficiency, distribution optimization

- Lasers: do not exist, R&D paths identified

critical - rep. rate & power, efficiency, robustness, cost
opportunity - simple energy recovery (photovoltaics)

(geo. gradient) = 20 (CLIC) to 90 (ILC) km

Beam sources
- Higgs factory: LC solutions exist

opportunity - compact (cheaper)
sources from plasmas

- 10 TeV collider: undefined, -
potentially a key issue
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Plasma stages + coupling

Focus and key charge for our field, no roadblocks known
critical - beam quality (incl. polarization), efficiency, stability, longevity,
resilience to jitter (in time, space, and momentum), resilience to
catastrophic errors (one bad shot)

- Plasma stage: requires demonstration of collider parameters

+ critical - rep. rates & bunch structure (CW vs. burst), power handling

- Staging: requires detailed concepts, additional test facilities

+ critical - driver in-/out-coupling, geometric gradient

Full system integration

- Turn components into
self-consistent machine

- Optimization of the system for
cost, efficiency, environmental
iImpact, physics performance,
resiliency (jitter budget)
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Plasma collider components and challenges

Beam delivery system

- Higgs factory: optimized LC designs exist
optimizations for plasmas needed/possible?

- 10 TeV collider: no design exists
critical - HF designs scale poorly with energy

Interaction region Driver technology
- Higgs factory: designed for other LCs - Beams: technology exists in principle
- - 10 TeV collider- studies critical to define cost, gradient, efficiency, distribution optimization
collider type and machine parameters e Lasers: do not exist, R&D paths identified
critical - valid codes for beam/beam studies critical - rep. rate & power, efficiency, robustness, cost

opportunity - simple energy recovery (photovoltaics)

(geo. gradient) = 20 (CLIC) to 90 (ILC) km

Beam sources
- Higgs factory: LC solutions exist

- No concept exists (yet) that fulfills needs
critical - beam quality, efficiency, resilience

opportunity - compact (cheaper)

sources from plasmas Plasma stages + coupling

- 10 TeV collider: undefined, -
potentially a key issue

BERKELEY LAB

- Plasma stage: requires demonstration of collider parameters

/\lﬂ - Staging: requires detailed concepts, additional test facilities

Focus and key charge for our field, no roadblocks known Full system integration

critical - beam quality (incl. polarization), efficiency, stability, longevity, - Turn components into
resilience to jitter (in time, space, and momentum), resilience to self-consistent machine

catastrophic errors (one bad shot) - Optimization of the system for

cost, efficiency, environmental
iImpact, physics performance,
resiliency (jitter budget)

+ critical - rep. rates & bunch structure (CW vs. burst), power handling

+ critical - driver in-/out-coupling, geometric gradient
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ADMA?
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Plasma accelerators enable high-quality, high-gradient electron acceleration

The positron challenge is created by plasma charge asymmetry

lon background Linear focusing fields
2 | 10 2 |
— 8
1 \ 1
Wake driver .
% oo- - D) < % o-
—1- / —1
/ 2
—2 . 0 —2
-12 -10 -8 -6 -4 =2 0 -2 —10

Strong accelerating fields
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Only the electron spike at the back of the wake supports e+ acceleration

The positron challenge is created by charge asymmetry (high mobility of plasma electrons vs. ions)

High-density electron cusp Focusing field for positrons

2 10 2 1.0 1.0
v '05

\\.
»\\\ 1 7] v B 0 . 5

1_ \
Wake driver . =
30+ - ) < % o- 0.0 = | Fo.0 Qf
S =

1 - o /// - - 0. -—0.5

-—1.0 —1.0

0 12 —10 -8
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The pragmatic approach:

use plasma to accelerate electrons
out RF to accelerate positrons



HALHF



Can we use asymmetric et/e- energies to reduce cost”?

Minimum centre-of-mass energy required for Higgs factory: /s ~ 250 GeV

€ Symmetric energies €

>

©

P
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Can we use asymmetric et/e- energies to reduce cost”?

Minimum centre-of-mass energy required for Higgs factory: /s ~ 250 GeV

Electron (Ee) and positron energies (Ep) must follow:

However, the collision products are boosted (y):

P

BERKELEY LAB | Jens Osterhoff | EUPRAXIA_PP | September 24, 2024 | Material by Richard D’Arcy, Brian Foster, Carl Lindstrom

E.E, = s/4
_1(2E, /s
T \\s " 2E,
€ i Symmetric energies
9 )

Page 19



Can we use asymmetric et/e- energies to reduce cost”?

Minimum centre-of-mass energy required for Higgs factory: /s ~ 250 GeV

Electron (Es) and positron energies (E») must follow: E.E, =s/4
However, the collision products are boosted (y): 1 (2E, /s
=3 (VE+ )
A reasonable (but not necessarily optimized) choice is:
Electrons (from PWFA): Ee = 500 GeV (4x higher)
Positrons (from RF accelerator): Ep =31 GeV  (4x lower)
Boost: v=213 N |
(HERA had a boost of y = 3) € Asymmetric
Q )
0.25x

”N
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Consequences of asymmetric e+/e- collisions

ILC params
E(GeV) | o.(um) | N(107) | e (0m) | eny (nm) | Bz (mm) | By (mm) | £ @b ) [Loo (wb™ )| P/ /
125 / 125 | 300 / 300 2 /2 10 / 10 35 / 35 13 /13 | 0.41 / 0.41 1.12 0.92 1

)

ﬁ}m
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Consequences of asymmetric e+/e- collisions

ILC params
E(GeV) | o (mm) | N (0™ [ e m) | €y (om) | B (mm) | B, (mm) | £ (@b ) [Loo @b D[P/ /
125 / 125 | 300 / 300 2 /2 10 / 10 35 / 35 13 /13 | 0.41 / 0.41 1.12 0.92 1
31.3 / 500 | 300 / 300 2 /2 10 / 10 35 / 35 3.3/52 | 0.10 / 1.6 0.93 0.71 2.13

3 functions are scaled to maintain the beam size at the |IP

Asymmetric energies lead to a slight reduction in luminosity (from GUINEA-PIG)

”N
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Consequences of asymmetric e+/e- collisions

ILC params
E(GeV) | oo m) | N (10™) [ éuw (um) | eny (am) | B (mm) | B, (mm) | £ (@b ) [Loor (wb D[P/ /
125 / 125 | 300 / 300 2 /2 10 / 10 35 / 35 13 /13 | 0.41 / 0.41 1.12 0.92 1
31.3 / 500 | 300 / 300 2 /2 10 / 10 35 / 35 3.3/52 | 0.10 /1.6 0.93 0.71 2.13
31.3 /500 | 75/ 75 2 /2 10 / 10 35 / 35 3.3/52 | 0.10 / 1.6 1.04 0.71 2.13

Use shorter bunches to compensate
for smaller IP beta functions

Asymmetric energies give similar luminosity

However, more power is required (to boost the collision products)

)

f}m
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Mitigating the power-efficiency problem: asymmetric charge

E (GeV) | o (um) | N (10°) | €na (pm) | eny (nm) | Bo (mm) | By (mm) | £ (ub™ ") [Loo1 (b™ )| P/Po

125 /125 | 300 / 300 2 /2 10 / 10 35 / 35 13 /13 [0.41 /0.41 1.12 0.92 1

31.3 /500 | 300 / 300 2 /2 10 / 10 35 / 35 3.3/52 | 0.10 /1.6 0.93 0.71 2.13

31.3 /500 | 75/ 75 2 /2 10 / 10 35 / 35 3.3/52 | 0.10 /1.6 1.04 0.71 2.13
The luminosity scales as: < ~ N,-N,,

P
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Mitigating the power-efficiency problem: asymmetric charge

E (GeV) | o (um) | N (10°) | €na (pm) | eny (nm) | Bo (mm) | By (mm) | £ (ub™ ") [Loo1 (b™ )| P/Po

125 /125 | 300 / 300 2 /2 10 / 10 35 / 35 13 /13 [0.41 /0.41 1.12 0.92 1

31.3 /500 | 300 / 300 2 /2 10 / 10 35 / 35 3.3/52 | 0.10 /1.6 0.93 0.71 2.13

31.3 /500 | 75/ 75 2 /2 10 / 10 35 / 35 3.3/52 | 0.10 /1.6 1.04 0.71 2.13
The luminosity scales as: < ~ N,-N,,

Can more (low-energy) positrons and less (high-energy) electrons be used”? Yes

”N

Power usage increase:

P Ne—Ee— + N€+E€+

P—O_

Ny/s
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Mitigating the power-efficiency problem: asymmetric charge

E (GeV) | o (um) | N (10°) | €na (pm) | eny (nm) | Bo (mm) | By (mm) | £ (ub™ ") [Loo1 (b™ )| P/Po

125 /125 | 300 / 300 2 /2 10 / 10 35 / 35 13 /13 [0.41 /0.41 1.12 0.92 1

31.3 /500 | 300 / 300 2 /2 10 / 10 35 / 35 3.3/52 | 0.10 /1.6 0.93 0.71 2.13

31.3 /500 | 75/ 75 2 /2 10 / 10 35 / 35 3.3/52 | 0.10 /1.6 1.04 0.71 2.13
The luminosity scales as: < ~ N,-N,,

Can more (low-energy) positrons and less (high-energy) electrons be used”? Yes

Power usage increase:

P Ne—Ee— + N€+E€+

P—O_

Ny/s

Unchanged power usage if Ne/N, = Ep/Ee

”N

€+

. >

Symmetric charges

But, producing positrons is problematic —instead use 2x more e, 2x less e~
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Mitigating the power-efficiency problem: asymmetric charge

E(GeV) | o.(um) | N (107) | eno (pm) | ény (nm) | B (mm) | By (mm) | £ @b ) [Loo1 (wb™ )| P/Po

125 /125 | 300 / 300 2 /2 10 / 10 35 / 35 13 /13 [0.41 /0.41 1.12 0.92 1

31.3 /500 | 300 / 300 2 /2 10 / 10 35 / 35 3.3/52 | 0.10 /1.6 0.93 0.71 2.13

31.3 /500 | 75/ 75 2 /2 10 / 10 35 / 35 3.3/52 | 0.10 /1.6 1.04 0.71 2.13

31.3 /500 | 75 /75 4 /1 10 / 10 35 / 35 3.3/52 | 010/ 1.6 1.04 0.60 1.25
The luminosity scales as: < ~N, N,

Can more (low-energy) positrons and less (high-energy) electrons be used”? Yes

Power usage increase:

P Ne—Ee— + N€+E€+

P—O_

Ny/s

Unchanged power usage if Ne/N, = Ep/Ee

”N

Asymmetric

But, producing positrons is problematic —instead use 2x more e, 2x less e~
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Going all-in: asymmetric emittances ease plasma beam-quality needs

E (GeV) | 0. (um) | N (107) | ene (m) | eny (nm) | B (mm) | By (mm) | £ (wb™") |Lo.o1 (ub” )| P/F
125 / 125 | 300 / 300 2 /2 10 / 10 35 / 35 13 /13 ] 0.41 / 0.41 1.12 0.92 1

31.3 /500 | 300 / 300 2 /2 10 / 10 35 / 35 33/52 | 0.10 /1.6 0.93 0.71 2.13
31.3 /500 | 75/ 75 2 /2 10 / 10 35 / 35 33 /52 | 0.10 /1.6 1.04 0.71 2.13
31.3 /500 | 75/ 75 171 10 / 10 35 / 35 33 /52 | 0.10 /1.6 1.04 0.60 1.25

Geometric emittance scales as (energy)-! = does that help®

P
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Going all-in: asymmetric emittances ease plasma beam-quality needs

E (GeV) | 0. (um) | N (107) | ene (m) | eny (nm) | B (mm) | By (mm) | £ (wb™") |Lo.o1 (ub” )| P/F
125 / 125 | 300 / 300 2 /2 10 / 10 35 / 35 13 /13 ] 0.41 / 0.41 1.12 0.92 1

31.3 /500 | 300 / 300 2 /2 10 / 10 35 / 35 33/52 | 0.10 /1.6 0.93 0.71 2.13
31.3 /500 | 75/ 75 2 /2 10 / 10 35 / 35 33 /52 | 0.10 /1.6 1.04 0.71 2.13
31.3 /500 | 75/ 75 171 10 / 10 35 / 35 33 /52 | 0.10 /1.6 1.04 0.60 1.25

Geometric emittance scales as (energy)-! = does that help®

e’ must have smaller IP beta function (lower energy): 3.3/0.1 mm (CLIC-like = possible)

”N
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Going all-in: asymmetric emittances ease plasma beam-quality needs

E (GeV) | 0. (um) | N (107) | ene (m) | eny (nm) | B (mm) | By (mm) | £ (wb™") |Lo.o1 (ub” )| P/F
125 / 125 | 300 / 300 2 /2 10 / 10 35 / 35 13 /13 ] 0.41 / 0.41 1.12 0.92 1

31.3 /500 | 300 / 300 2 /2 10 / 10 35 / 35 33/52 | 0.10 /1.6 0.93 0.71 2.13
31.3 /500 | 75/ 75 2 /2 10 / 10 35 / 35 33 /52 | 0.10 /1.6 1.04 0.71 2.13
31.3 /500 | 75/ 75 171 10 / 10 35 / 35 33 /52 | 0.10 /1.6 1.04 0.60 1.25

Geometric emittance scales as (energy)-! = does that help®

e’ must have smaller IP beta function (lower energy): 3.3/0.1 mm (CLIC-like = possible)

¢ can afford increased (normalised) emittance

”N

Significantly reduces emittance requirements from PWFAS!
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Going all-in: asymmetric emittances ease plasma beam-quality needs

E (GeV) | 0. (um) | N (107) | ene (m) | eny (nm) | B (mm) | By (mm) | £ (wb™") |Lo.o1 (ub” )| P/F
125 / 125 | 300 / 300 2 /2 10 / 10 35 / 35 13 /13 ] 0.41 / 0.41 1.12 0.92 1
31.3 /500 | 300 / 300 2 /2 10 / 10 35 / 35 33/52 | 0.10 /1.6 0.93 0.71 2.13
31.3 /500 | 75/ 75 2 /2 10 / 10 35 / 35 33 /52 | 0.10 /1.6 1.04 0.71 2.13
31.3 /500 | 75/ 75 171 10 / 10 35 / 35 33 /52 | 0.10 /1.6 1.04 0.60 1.25
31.3 /500 | 75/ 75 171 0/40 | 35/140 | 33 /13 | 0.10 /0.41 1.01 0.53 1.25
31.3 /500 | 75/ 75 171 10 /80 | 35/280 | 3.3/65 |0.10/0.20 0.9 0.54 1.25
31.3 /500 | 75/ 75 171 10 /160 | 35/560 | 3.3 /3.3 |0.10 /0.10 0.81 0.46 1.25

Geometric emittance scales as (energy)-! = does that help®

e’ must have smaller IP beta function (lower energy): 3.3/0.1 mm (CLIC-like = possible)

¢ can afford increased (normalised) emittance

)

fhlﬂ

Significantly reduces emittance requirements from PWFAS!
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Utilizing plasma technology for a compact and cost-effective Higgs factory
The Hybrid Asymmetric Linear Higgs Factory (HALHF) Concept

Foster, D’Arcy, and Lindstram, New J. Phys. 25, 093037 (2023)
Lindstram, D’Arcy, and Foster, arXiv:2312.04975

Facility length: ~3.3 km
Turn-around loops

Positron Damping rings (31 GeV e*/drivers)
source (3 GeV) Driver source, |
Interaction point < RF linac (5 GeV) 31 (I;{Fvlln?/% . Electron
(250 GeV c.0.m.) S— (=91 ev eyanvers) source
(2222222222222 22222222222222222222222222222 e
RF linac
- - Beam-delivery system Plasma-accelerator linac 5GeV e
Beam-delivery system Positron transfer line (500 GeV &) L g ; (5 GeV e)
with turn-around loop (31 GeV e7) (16 stages, ~32 GeV per slage)
+ e-
Saetai Ly Scale: 500 m — O+

« Exploit high gradient of e- acceleration in PWFA and
avoid difficulty of e* acceleration by using conventional RF linac, reducing cost by

low E(e*) (31 GeV) and high E(e-) (500 GeV), boosty ~ 2.7 = E)y ~ 250 GeV.

- s .. e'BDS

* Reduce running costs by increasing current I(e*) and reducing I(e");
this & asymmetric emittance (increased for e-) ease PWFA requirements.

 Requires innovations in positron source (2x charge of ILC), high-efficiency (heavily beam-loaded) RF linac,
BDS (small beta functions 3.3 x 0.1 mm?2), driver distribution, plasma modules and staging (see earlier slides),
/\\lﬂ boosted-frame Higgs-factory detectors

rrrrrr
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At the core: a multistage plasma-based linac

7.5 1
Length: 16 PWFA stages (5-m long): ~400 m total length g L
S .
O
Gradient: 6.4 GV/m (in plasma)—1.2 GV/m (average) e 7
= 0.0
Efficiency: 38% = 72% (wake input) x 53% (wake extraction) = -2
% ~5.0
No damping ring required due to high-emittance electrons ER
e 8 w0 20 w0 a0 500
PWFA linac parameters # tHm)
Turn-around IOOpS Number of stages 16 14 -
(31 Gev e+/dr|ve I‘S) E?sg:n?: I;iictgleration gradient g\n/;; - Zi( 41 o 12 -
' Average gradient (incl. optics) GV/m 1:2 _
Electron  osthrrstse @ S
source  pitamecioncms Gy 5 : o
Driver bunch population 10*° 2.7 ; 6 -
Drtver svorage b ower MW 14 g
Driv:r iu(il:}%(;eparatilz)n ns 5. " 49
RF “n ac Driver-to-wai(f efﬁciierrllcy % 74 S
Plasma-accelerator linac (5 GeV e) Drver t-beam fcioncy ; 5
Walljplug-to-beam efficiency % 19.5 O_ 1' 00 (') 1 (!) 0 5 (') 0 3 (') 0 4 (') 0 =00
(1 6 Stages, ~32 Gev per Stage) Cooling req. per stage length kW /m 100 2 (um)
Simulated with Wake-T
= Plasma density: 7 x 101> cm-3
:'}lﬂ Driver/witness charge: 4.3/1.6 nC
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Rough cost estimates for HALHF

Scaled from existing collider projects (ILC/CLIC) where possible — not exact

US accounting (“TPC”):

—uropean accounting (2022 $):

~$1.9B
$2.3-3.9B

(~1/4 of ILC TDR cost @ 250 GeV)
($4.6B from ITF model for

Dominated by conventional collider costs (97%) — PWEFA linac only ~3% of the cost

Estimated power usage is ~100 MW (similar to ILC and CLICO):
21 MW beam power + 27 MW losses + 2x10 MW damping rings + 50% for cooling/etc.
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Subsystem Original | Comment Scaling | HALHF | Fraction
cost factor cost
(MILCU) (MILCU)
Particle sources, damping rings| 430 | CLIC cost [76], halved for e™ damping rings only® 0.5 215 14%
RF linac with klystrons 548 | CLIC cost, as RF power is similar 1 548 35%
PWPFA linac 477 | ILC cost [46], scaled by length and multiplied by 6° 0.1 48 3%
Transfer lines 477 | ILC cost, scaled to the ~4.6 km required® 0.15 72 5%
Electron BDS 91 ILC cost, also at 500 GeV 1 91 6%
Positron BDS 91 ILC cost, scaled by length® 0.25 23 1%
Beam dumps 67 ILC cost (similar beam power) + drive-beam dumps® 1 80 5%
Civil engineering 2,055 |ILC cost, scaled to the ~10 km of tunnel required 0.21 476 31%
Total 1,553 100%

The reference currency (the “ILCU”) is the

United States dollar (USD) as of January, 2012

RF accelerators)

Page 27



Upgrade options are being investigated

Additional cost

Fraction of original

(MILCU) HALHF cost
Polarised positrons 185 12%
tt threshold (380 GeV c.o.m.) 350 23%
Higgs self-coupling (550 GeV c.o.m.) 750 48%
Two IPs 300 19%
Two IPs + additional linac 689 44%
Two IPs 4+ additional linac & positron source 804 52%
~v— collider (laser-based) 250 17%
et—e~ collider, symmetric (assuming e™ PWFA) ~0 ~0
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Upgrade options are being investigated

Additional cost

Fraction of original

(MILCU) HALHF cost
Polarised positrons 185 12%
tt threshold (380 GeV c.o.m.) 350 23%
Higgs self-coupling (550 GeV c.o.m.) 750 48%
Two IPs 300 19%
Two IPs + additional linac 689 44%
Two IPs 4+ additional linac & positron source 804 52%
~v— collider (laser-based) 250 17%
et—e~ collider, symmetric (assuming e™ PWFA) ~0 ~0
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> et polarization via ILC-like scheme

Photon

collimator Pre-accelerator
(pol. upgrade) (125-400 MeV)

Target
Flux concentrator

(0.4-5 GeV)
»

'

SCRF booster

to Damping Ring

/4

r— Energy
\ comp. RF
{ <——spin rotation
solenoid

150-250 GeV -
SC helical undulator phdton
Capture RF s dump
(125 MeV) e- dump
150-250 GeV
—>> e- beam to BDS
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Upgrade options are being investigated

Additional cost

Fraction of original

(MILCU) HALHF cost
Polarised positrons 185 12%
tt threshold (380 GeV c.o.m.) 350 23%
Higgs self-coupling (550 GeV c.o.m.) 750 48%
Two IPs 300 19%
Two IPs + additional linac 689 44%
Two IPs 4+ additional linac & positron source 804 52%
~v— collider (laser-based) 250 17%
et—e~ collider, symmetric (assuming e™ PWFA) ~0 ~0
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e+ polarization via |LC-like scheme

Photon
collimator
(pol. upgrade)

aux. source (500 MeV) Target

Pre-accelerator /

(125-400 MeV)

— Energy
SCRF booster . comp. RF
| 3 @ 8 } Flux concentrator (0.4-5 GeV) /
% ‘ . -—— Spin rotation
"\ ! ' solenoid
150-250 GeV 1 > peemm 8 B HTTOIITOIY
o-boam  — T— > ——

SC helical undulator
Capture RF y dump
(125 MeV)
e-du
pp 150-250 GeV
e- beam to BDS

photon

dump

380 GeV c.o.m.:
550 GeV c.o.m.:

ength +10%, power +25%
PWEFA linac length +64%,

RF linac length doubled, power +90%
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Photon
collimator Pre-accelerator

' n i n e+ polarization via ILC-like scheme
Upgrade options are being investigated i ;

s ' ' solenoid
;.5?,;3:,26%5 ‘ |
Additional cost Fraction of original e e_dﬁgég;gﬁ,ggegos
(MILCU) HALHF cost
Polarised positrons 185 12%
= . o) o)
Higgs self-coupling (550 GeV c.o.m.) 750 48% 550 GeV c.0.m.: PWFA linac length +64%
m 1D 0y, )
fwole s o bk RF linac length doubled, power +90%
I'wo IPs + additional linac 689 44%
Two IPs + additional linac & positron source 804 52%
~v— collider (laser-based) 250 17%
et—e~ collider, symmetric (assuming e™ PWFA) ~0 ~0 Two Interaction Points (IPs)

Single IP seen as weakness of LCs
Politically important (systematics, 2x physicists)

< <
= Py 222
# F€LLLLLLde

fLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLZA LALZLKLL KX ZKLLALAL x/ ,
(22222222 [ 22222222222202220222220202020202202022020220202202022020220202202020202020202020202020202020202020202020202020202020202020202020202020202020202

IP #1 IP #2
(250 GeV c.o.m. e*—e") (250 GeV c.o.m. e*—e")
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Making HALHF whole again: returning to symmetry for TeVs

Additional cost Fraction of original
(MILCU) HALHF cost
Polarised positrons 185 12%
tt threshold (380 GeV c.o.m.) 350 23%
Higgs self-coupling (550 GeV c.o.m.) 750 48%
Two IPs 300 19%
Two IPs + additional linac 689 44%
Two IPs 4+ additional linac & positron source 804 52%
~v— collider (laser-based) 250 17%
et—e~ collider, symmetric (assuming e™ PWFA) ~0 ~0 Third IP for y-y collisions

Laser and XFEL options are discussed

< <

/\ —= DN e P [€CLCCLL«e
— (€L€LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLL L L ««a [ 222222222222222202220222222220222022202222202222 -——/

* ————————————————————————————————————————————————————————————————————————— J ! - ’

~rYY . > e e | <<l
R e —— —
’ IP #2

(250 GeV c.o.m. e*—e")

(250 GeV c.0.m. e*—e")

Optical laser Optical laser

IP #3
(1 TeV c.o.m. y-y)
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Making HALHF whole again: returning to symmetry for TeVs

Additional cost

Fraction of original

(MILCU) HALHF cost
Polarised positrons 185 12%
tt threshold (380 GeV c.o.m.) 350 23%
Higgs self-coupling (550 GeV c.o.m.) 750 48%
Two IPs 300 19%
Two IPs + additional linac 689 44%
Two IPs 4+ additional linac & positron source 804 52%
~v— collider (laser-based) 250 17%
et—e~ collider, symmetric (assuming e™ PWFA) ~0 ~0
¢
— >0 | 222 [€€€LLL«e

(250 GeV c.0.m. e*—e")

(€L€LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLL L L ««a

1 TeV c.o.m. e+—-e-IP
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[ 222222222222222202220222222220222022202222202222
N R R R R R R R R R T I — R R R R R R R R R R R R R R R R R R R R R R BRI -

e R —— r—

HALHF does not scale to the energy frontier

a multi-TeV collider

will have to be symmetric again

IP #2
(250 GeV c.o.m. e*—e")

u ;—‘4
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Rough timeline for HALHF (and beyond)

Short term (0-5 yrs): Pre-CDR & CDR
Near term (6—15 yrs): Tech. Demonstrators — strong-field QED, X-ray FEL, and beyond

Long term (15-20 yrs):
Upgrades (20+ yrs): Upgrade path for HALH

0-5 years

Pre-CDR & CDR (HALHF)

Simulation study
to determine
self-consistent parameters
(demonstration goals)

First proof-of-principle
experimentation

Delivery of HALHF — intense R&D required

- (Mmany options available)

Timeline (approximate / aggressive / aspirational)

5-10 years

Demonstration of:
Scalable staging, driver distribution,
stabilisation (active and passive)

10-15 years

Multistage tech demonstrator

Strong-field QED experiment
(25-100 GeV e)

Demonstration of:
Preserved beam quality, high rep.
rate, plasma temporal uniformity &

cell cooling

Avg. power tech demonstrator
X-ray FEL (20 GeV €")

15-20 years

(Facility upgrade)

(Facility upgrade) l

Demonstration of:
High wall-plug efficiency (e~ drivers) & spin polarisation

R&D into conventional-accelerator & particle-physics concepts

Higgs factory (HALHF)
Asymmetric, plasma-RF hybrid
collider (250-380 GeV c.o.m.)

20+ years

Feasibility study
R&D (exp. & theory)

HEP facility (earliest start
of construction)

(Facility upgrade) l

Demonstration of:

Energy-efficient positron acceleration in plasma, high wall-plug efficiency (laser drivers),
ultra-low emittances, energy recovery schemes, compact beam-delivery systems

Multi-TeV e+—e-/y-y collider
Symmetric, all-plasma-based
collider (> 2 TeV c.o.m.)
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10 TeV pCM wakefield collider




P5 prioritizes accelerator R&D toward a future 10 TeV pCM collider

Recommendation 4: Support a comprehensive effort to develop the resources—the-

Exploring Pathways to Innovation
the and Discovery

Quantum in Particle Physics oretical, computational and technological—essential to our 20-year vision for the field.

UNIVEISE ottt 200 pate s rofoct st e

This includes an aggressive R&D program that, while technologically challenging, could
yield revolutionary accelerator designs that chart a realistic path to a 10 TeV pCM collider.

Investing in the future of the field to fulfill this vision requires the following:

a. Support vigorous R&D toward a cost-effective 10 TeV pCM collider based on proton,
muon, or possible wakefield technologies, including an evaluation of options for US
siting of such a machine, with a goal of being ready to build major test facilities and
demonstrator facilities within the next 10 years (sections 3.2, 5.1, 6.5 and Recom-

mendation 6).

Linear wakefield
Proton collider Muon collider lepton collider
“All options for a 10 TeV pCM Key needs: high field magnets, detectors Key needs: targets, cooling Key needs: discussed before
- - (il .
collider are new technologies “
under development and R&D is

required before we can embark @)

On building a new collider” i .............................. .G ' Z\

P5 Report (2023), p. 17 | I 5 i === A AN I
& &

BERKELEY LAB | Jens Osterhoff | EUPRAXIA_PP | September 24, 2024 Page 33



Why a 10 TeV pCM collider?

A high priority for P5 and a discovery machine to explore nature far beyond the capabilities of HL-LHC.

x: X production, w*u" collisions, Vs =3 TeV, 1 ab”

| | | e | L L L I | L L I LI L L I LI I LI I L I LI L I LI L L I | l UL L L I | EI
IS |t the SM H |ggS? ﬁ 10° Disappearing Tracks Soft Tracks (this work) g
S —50 :=-95% CL limit —50 £=-95% CL limit <
102 4 Higgsino (100% @h?) [ Wino (10% Qh?) A 5-plet (1% Qh?) 0
N
10 =
HL-LHC i 1 =
1 95% CL limit ~ >
= N
10-'| Asisvay S
e S N g
_D 344 Me
107 P
10| 3
‘ a
-4 L1 11 | L 111
(10 TeV) 19500 600 700 800 900 1000 1100 1200 1300 1400 1500 (>
m(x:) [GeV]
Needed to measure Higgs potential. Beyond the SM physics: reasonable natural mass
Compatible with the minimal assumption of the SM? target for dark matter candidates, if weakly interacting,
Electroweak symmetry breaking can be explored. can be set. Such machines would explore this.
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A new paradigm for particle collisions at the 10 TeV scale

Vector Boson Fusion (VBF) to dominate s-channel annihilation

Luminosity dominated by cross-sections from the e

VBF process at 10 TeV, rather than 107,
s-channel annihilation traditionally associated with

10°
electron-positron linear colliders. 2 |
S 10°,
Advantageous for luminosity requirements at 10 TeV. g8
VBF provides the largest production channels for 10° 7 kil
high-energy ete-, e-e-, yy, and u+u- colliders. o2l A
5 10 15
Eem [TeV
A 10 TeV linear collider may not have : { -
to be an electron-positron collider. =
_ JV=wgz
\\
= o~1/5 o ~ log 8
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Beamstrahlung at 10 TeV must be revisited incl. quantum effects

10 TeV linear colliders will operate in the high (quantum) beamstrahlung regime

Large beamstrahlung effects hard to avoid, can we deal with it?
IP needs to be studied together with particle and detector physicists

Average fractional
particle energy loss:

550(

N2/3U;/3

(02 + Uy)z/g yi/3

1.0

0.8}

0.6}

0.0

0.4}

0.2}

Reduce IP
_ beam size

10 TeV pCM | (emittance)
1 to achieve

1 luminosity
5x1035 s-1 ecm2 |

: Oy/0x= 16

------------------ : Oy/OX — 20

:E/ _____________________________________ Oy/OxZSO
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Beamstrahlung at 10 TeV must be revisited incl. quantum effects

10 TeV linear colliders will operate in the high (quantum) beamstrahlung regime

Large beamstrahlung effects hard to avoid, can we deal with it?

IP needs to be studied together with particle and detector physicists

Quantum: mean beam field in beam rest frame large compared to Schwinger field

Average fractional

particle energy loss:

550(

N2/30;/3

(02 + Uy)z/g yi/3

1.0

0.8}

0.6}

0.0l

0.4}

0.2}

Y =289
5x1035 s-1 cm2 |

L ’—__——————————————————————-————————————

Unclear whether approximations/models in GUINEA-PIG, CAIN are valid for this regime

Beamstrahlung parameter (mean field strength of beam normalized to Schwinger field):

Also note: quantum
beamstrahlung theory
breaks down for Y > a-32 ~ 1000

T=~(EF+B)/E.~
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6a(or + o)) 0,
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radiated of particles:
O, > 1 for all energies
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Beamstrahlung at 10 TeV must be revisited incl. quantum effects

10 TeV linear colliders will operate in the high (quantum) beamstrahlung regime

Large beamstrahlung effects hard to avoid, can we deal with it?

IP needs to be studied together with particle and detector physicists

Quantum: mean beam field in beam rest frame large compared to Schwinger field

Average fractional

particle energy loss:

550(
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Unclear whether approximations/models in GUINEA-PIG, CAIN are valid for this regime

Beamstrahlung parameter (mean field strength of beam normalized to Schwinger field):

Also note: quantum
beamstrahlung theory
breaks down for Y > a-32 ~ 1000

T=~(EF+B)/E.~

A new regime. We will consider:

ete-, e-e-, yy collisions

Hrey

6a(or + o)) 0,

Round beam collisions in addition to flat beam collisions
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6.4.1 Particle Physics Accelerator Roadmap
A NeW StUdy Wakefield concepts for a collider are in the early stages of development. A
critical next step is the delivery of an end-to-end design concept, including cost
P35 (2023),  gcales, with self-consistent parameters throughout. This will provide an important
p- 85 yardstick against which to measure progress along this emerging technology path.

Responding to the P5 call, we propose a study for a 10 TeV pCM wakefield collider with:
- self-consistent beam parameters throughout the machine.

- an end-to-end design (not CDR-level) with reduced models where appropriate.

- environmental impact considered throughout.

- close partnership with

- HEP theorists and experimentalists
to define a physics program with commensurate machine and detector parameters.

- specialists from the broad accelerator community
to build on existing know how in collider design and subsystems (e.g. sources and BDS);
to examine and incorporate upgrade paths of existing linear collider designs with wakefield technology.

The study will
* guide continued development of advanced accelerators
/A\Iﬂ  Identify demonstrator facilities beyond established needs
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The study will yield a unified design concept that points a path forward

The 10 TeV pCM Design Study is a unified activity with a unified product:
A paper study on the end-to-end design concept of a (L/P/S)WFA collider.

The unified concept is a 10 TeV machine that collides e+e-, e-e-, or yy at target luminosity.

- Our methodology is consistent with a design based on different technology options,
or a collider that is comprised of multiple advanced accelerator technologies.

- Significant parts of the machine will be based on non-AAC accelerator technologies.

- The study will take into account staging / upgrade paths.

Multiple paths are a strength and acknowledges the current TRL-level.

-  We do not yet know which accelerator technologies are the most feasible.

”N
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We invite you to join the effort!

» This is the start of a Design Study of a 10 TeV parton-center-of-momention (pCM) collider
based on wakefield accelerator (WFA) technology.

» This initiative was triggered by the 2023 US P35 Report, but it is a global undertaking.

 This effort is launched by the advanced accelerator concepts (AAC) community with a goal
to strongly engage the particle physics and broad accelerator communities worldwide.

» The details of this study are under development.
We hope you join and help to define and conduct the study!

Initiated by E. Esarey, C. Geddes, S. Gessner, G. Ha, M. Hogan, Join us! E
C. Jing, X. Lu, R. Margraf-O’Neal, B. O’Shea, J. Osterhoff, Click here or scan: X:-
P. Piot, J. Power, C. B. Schroeder, J. van Tilborg, J.-L. Vay

. r.r'_
o i-l-"' : FE
e E= e
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https://docs.google.com/forms/d/1PAPKeaLVKSSTG1Ey9arVo2Eup-R7weWLIG4gnBNbhlc/edit?ts=66a07716

Tentative working groups are assessing
and are connecting collider components

» System integration and optimization
» Beam sources (incl. damping rings)

* Drivers

- Laser

- Beams - SWFA

- Beams - PWFA PLASVIA RECOVERY
- Linacs .’ZB-’.-

_ LWF A v PIGILFS’IEASMACHANNEL

] Swgﬁ Green = Broader accelerator community
- Beam delivery system Orange/blue/purple = AAC specific
 Beam-beam interactions Red = HEP and broader Community
» Beam diagnostics

 Machine-detector interface

+ HEP detector Working group structure and convenorship
» HEP physics case

* Environmental impact

([ ]
P
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not finalized yet, but will be soon.
Simulations/computing/Al Your participation is appreciated!




Example: Beam Sources working group

Damping rings

Central Region

Technology metrics: Possible technologies:

* Bunch charge

* Emittance

* Brightness

« Stability

* EXxperimental demonstrations

RF photocathodes

Detector not to scale

Trojan Horse

The development of metrics by each
working group will inform the global
design metrics for the collider.

lonization injection

Working groups will then reconsider their =~ .~ s T, 2) b)
technologies based on global metrics. o

Electrons from N* to N>+

Electrons from N©&*

B B ) t(fs)
BERKELEY LAB | Jens Osterhoff | EUPRAXIA_PP | September 24, 2024 | Material by Spencer Gessner raye <1




Tentative Study Timeline

Ongoing Year 1 Year 2 Year 3 Year 4
Study organization. Unified study of SWFA/ Review tech options Collaboration on End-to-end design
PWFA/LWFA for and converge on designs and self- study report due

electron arm of linac

Solicit input from HEP Intensify engagement
physicists on e*e-, ee-, on non-AAC systems

yy collisions. and begin work on
: - BDS, sources, etc

Provide community

~ input for the next ESPP,
/ March 2025

Engagement beyond AAC

BERKELEY LAB | Jens Osterhoff | EUPRAXIA_PP | September 24, 2024

accelerator concepts.

Review options and
converge on HEP
collider type

(ete, ee, vy)

Intensify engagement
with HEP on detectors

consistent parameters. sometime in 2028.

|dentification of required
R&D and demo facilities
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Tentative Deliverables

Year 1:
- WG metrics and technology options.

- Global metrics determined by community.
- |Input to ESPP.

Year 2:
- Interim “metric-aware” design report.

Year 3:
- R&D and facilities roadmap.
- Design report updates.

arX1v:2407.12450v1 [physics.acc-ph] 17 Jul 2024

Year 4:
- End-to-end design study on 10 TeV collider.

”N
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Interim report for the
International Muon Collider Collaboration

C. Accettura®, S. Adrian?, R. Agarwal®, C. Ahdida!, C. Aimé*, A. Aksoy'®, G. L. Alberghi®, S. Alden’,
N. Amapane®?, D. Amorim!, P. Andreetto!?, F. Anulli'!, R. Appleby'2, A. Apresyan'3, P. Asadi'4, M. Attia
Mahmoud'®, B. Auchmann!®:!, J. Back!?, A. Badea!®, K. J. Bae!?, E. J. Bahng?®, L. Balconi?!?2, F. Balli?3,

L. Bandiera??, C. Barbagallo!, R. |
M. Begel??, J. S. Berg??, A. Bersa
M. Bianco!, W. Bishop!”?°, K. Bl
de Sousal, S. Bottaro®?, L. Bottur;
L. Buonincontri®>:1°, P. N. Burrows
S. Calzaferri**, D. Calzolari!, C.
M. Casarsa®®, L. Castelli*?>!!, M
L. Celona*®, A. Cemmi*!, S. Ceravo
N. Charitonidis®, M. Chiesa*, P. Chi,
E. Collamati!!, M. Costa®2, N. Crai
J. de Blas®, S. De Curtis®®, H. De
R. Dermisek®, P. Desiré Valdor!,
Sarcina?!, E. Diociaiuti’®, T. Do1
M. Fabbrichesi?3, S. Farinon?8, G.
R. Franceschini®?-%®, R. Franqueir
R. Gargiulo*?, C. Garion!, M. V. C
E. Gianfelice-Wendt'®, S. Gibson?,
A. Gorzawski™1, M. Greco®®, C. (
C. Han™, T. Han"®, J. M. Haupt
S. Homiller™®, S. Jana™, S. Jindaria
R. Kamath®, A. Kario®, I. Karpo
K. C. Kong®, J. Kosse'®, G. Krii
K. Lane®”, A. Latina!, A. Lechner!
P. Li*®, Q. Li*, T. Li%, W. Li%,

A. Lombardi!, S. Lomte®?, K. L
D. Lucchesi®*!%, T. Luo®, A. Lupat
T. Madlener™, L. Magaletti®644,

C. Marchand??, F. Mariani?242, S. M
A. Mazzolari®*%?, B. Mele!!, F. Mel
D. Moll®>, A. Montella'®!, M. Mo
E. Nardi®®, D. Neuffer'®, D. New
J. Osborne!, S. Otten®*, Y. M. O
M. Palmer?’, A. Pampaloni?®, P. I
A. Passeri®®, N. Pastrone?, A. Pellex
K. Potamianos'?, J. Potdevin'%%:1, S,
E. Radicioni**, R. Radogna®!*¢,

C. Riccardi®**, S. Ricciardi??, T.
K. Ronald®3%, B. Rosser'®, C. R
Queiroz!4!11 S Saini*”!, F. Sala?
C. Santini®?, A. Saputi?*, 1. Sarra

1 Overview of collaboration goals, challenges and R&D programme

The International Muon Collider Collaboration (IMCC) [1] was established in 2020 following the recommen-
dations of the European Strategy for Particle Physics (ESPP) and the implementation of the European Strategy
for Particle Physics—Accelerator R&D Roadmap by the Laboratory Directors Group [2], hereinafter referred to
as the the European LDG roadmap. The Muon Collider Study (MuC) covers the accelerator complex, detectors
and physics for a future muon collider. In 2023, European Commission support was obtained for a design study
of a muon collider (MuCol) [3]. This project started on 15* March 2023, with work-packages aligned with the
overall muon collider studies. In preparation of and during the 2021-22 U.S. Snowmass process, the muon col-
lider project parameters, technical studies and physics performance studies were performed and presented in great
detail. Recently, the P5 panel [4] in the U.S. recommended a muon collider R&D, proposed to join the IMCC
and envisages that the U.S. should prepare to host a muon collider, calling this their “muon shot”. In the past the
U.S. Muon Accelerator Programme (MAP) [5] has been instrumental in studies of concepts and technologies for
a muon collider.

1.1 Motivation

High-energy lepton colliders combine cutting edge discovery potential with precision measurements. Because
leptons are point-like particles in contrast to protons, they can achieve comparable physics at lower centre-of-mass
energies [6-9]. However, to efficiently reach the 10+ TeV scale recognized by ESPP and PS5 as a necessary target
requires a muon collider. A muon collider with 10 TeV energy or more could discover new particles with presently
inaccessible mass, including WIMP dark matter candidates. It could discover cracks in the Standard Model (SM)
by the precise study of the Higgs boson, including the direct observation of double-Higgs production and the
precise measurement of triple Higgs coupling. It will uniquely pursue the quantum imprint of new phenomena
in novel observables by combining precision with energy. It gives unique access to new physics coupled to
muons and delivers beams of neutrinos with unprecedented properties from the muons’ decay. Based on physics
considerations, an integrated luminosity target of 10ab~! at 10 TeV was chosen. However, various staging options
are possible that allow fast implementation of a muon collider with a reduced collision energy or the luminosity
in the first stage and reaches the full performance in the second stage.

In terms of footprint, costs and power consumption a muon collider has potentially very favourable prop-
erties. The luminosity of lepton colliders has to increase with the square of the collision energy to compensate
for the reduction in s-channel cross sections. Figure 1.1 (right panel) compares the luminosities of the Compact
Linear Collider (CLIC) and a muon collider, based on the U.S.Muon Accelerator Programme (MAP) parame-
ters [7], as a function of centre-of-mass energy. The luminosities are normalised to the beam power. The potential

1.2
11 clic —— ]
‘3| MuColl -

L/Ppeam [10%%cm™s™ MW

s,
s

-,

i "4 GeV Target, xDecay pi Cooling  Low Energy &
© Proton & pBunching Channel pAcceleration
i Swme  Channel ;

Ecm [TeV]

Fig. 1.1: Left: Conceptual scheme of the muon collider. Right: Comparison of CLIC and a muon
collider luminosities normalised to the beam power and as a function of the centre-of-mass energy.

https://arxiv.org/pdf/2407.12450
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ALEGRO goal is a compact energy frontier collider ALEGRO

Community required a forum to globally coordinate their R&D for particle physics

° ALEGRO was Created as an outcome Coordinated by B. Cros & P. Muggll Advanced LinEar collider study GROup
of the ANAR2017 workshop at CERN

Somerville & ! |

) /
- Mandate by ICFA: “to coordinate the preparation of a proposal Sk © i w e radar

for an advanced linear collider in the multi-TeV energy range.” gtff;:o 2018workshopat = 4 o  —~

- also looking at upgrade paths for a future linear collider 225 W20, oot K %yl
and repurposing of facilities

- Intermediate energy facilities (Higgs/nonlinear QED/fixed target/...)

- ALEGRO brings the community together

- runs a workshop series:
Oxford (2018), CERN (2019), DESY (2020 — 2023), Lisbon (2024)
- next at SLAC (March 4-6,2025) "~ A Fs - o
- provides strategic input
for decision makers
= (e.g. to the ESPP, ...)

-2y : j - / .
W ~ )\ S i o ~ - W
3 1N - 4 g {5 -t
‘ ) OB . = p ¥ R &y -
- “‘A - L e ~ -l P H ! Nl |
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“. ] 1 N . : B | S ey .
| = y & s 3 | Pa— b . | ;  — | .
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B - ' “Location: DESY Hamburg, Germany
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Conclusion

Plasma accelerator technology is of high interest for the future of particle physics
- Reduce the size of future colliders (reduced construction cost, environmental impact)
- Potential for reduced operation cost (higher luminosity/power)
- Upgrade path for Higgs-factory LCs (repurposing of ILC/CLIC/C3 infrastructure - LCVision)

The community is making progress to deliver self-consistent concepts

- Higgs Factory =@ HALHF collaboration is pioneering system integration and optimization
- Energy Frontier = 10 TeV pCM wakefield collider end-to-end design effort launched in US

What is needed for these studies to be successful?

- Strong AAC community engagement.

- Close partnership with particle physics theorists & experimentalists
(ohysics case, detectors).

- Close partnership with experts from the broad accelerator community
(sources, BDS, system integration and optimization, upgrade paths).
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fﬁﬂ Join us!
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Advanced accelerator research is a global enterprise

MBI LLC HZDR
ELI-CZ @

= A SLIC —
_s+C0mell - CELIA
LBNL LLE g5, CESTA
SLAC UDel B
"ALLNL A NRL =
::c Cal Poly ‘ " OSU umD CERN CLPU
¥ ucLa 'l D N UMed
LANL U ~N ‘ " _' \ UMil
SNL ’
UTex
NIU - LNF
1h)
U Chicago
Number of Institutions
US: 23 arXiv:1904.09205
Europe: 42
Asia: 18 | v,
~ . A non-exhaustive map of global institutions working on laser-driven plasma
/ﬁﬂ acceleration (black) and beam-driven plasma/structure acceleration (green).
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Large Beam Test Facilities

Advanced accelerator research in the US Universities

National Labs

FAST/IOTA AWA

) Stony Brook, Cornell,
# Ferm“ab Arggg‘nslg MIT, Maryland, Rochester

f Y’ M ZBUS<:
et 4

Stanford, CU Boulder, | ;
Cal POly, UC Irvine ] | , o h ATF

BELLA

”~

rrrrrr

L:.\ Brookhaven

National Laboratory

%1 A S NATIONAL

— ACCELERATOR

&P b ™A\ L A50RATORY

FACET-II

NIU, IIT, MSU,

U Chicago, UT Austin,
Nebraska, Michigan

___ELL
N Nebraska

Lincoln

Universities with WFA programs
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New promising positron acceleration concepts are emerging

New plasma-based schemes could provide pathway to high beam quality, stability, high efficiency
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More concepts:

Lotov, PoP 14, 023101 (2007)

Zhou et al. arXiv:2211.07962v1 (2022)
Wang et al. arXiv. 2110.10290 (2021)

)
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Finite plasma channels
and electron filaments

|(a)

elec}fn\beam

|(b)
10 _5 0
kC

Finite plasma channels:

10

Diederichs et al., PRAB 22, 081301 (2019)
Diederichs et al., PRAB 23, 121301 (2020)
Diederichs et al. PoP 29, 043101 (2022)
Diederichs et al. PRAB 25, 091304 (2022)
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— Need a test facility!

Asymmetric drive beams in a
hollow core plasma channel
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Hollow core plasma channels:

Zhou et al., PRL 127, 174801 (2021)
Zhou et al., PRAB 25, 091303 (2022)
Silva et al., PRL 127, 104801 (2021)

Page 53



Discovery and mitigation of emittance mixing for flat beams

Transverse wakefields with ion motion

-9.50
- 9.25
€eyl0 = [160,0.54]um | g
(I) Z In m 2
(d) €ry0 = [9-3,9.3] nm

Coupled nonlinearity: r = \/x2 + y?
facilitates x-y coupling and emittance growth

C. Benedetti et al., PRAB 20, 111301 (2017)

NL trans. wakefields couple motion in trans. planes
— can lead to emittance exchange

Most severe for resonant betatron motion 100 -

€:€, [Nm]

Breaking resonance mitigates beam-quality degradation

Flat drive beams (Nonlinear force is non-axisym.),
laser drivers (ion motion is negligible) mitigate effect

NNl 6
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Conceptual physics considerations determine parameter ranges

Basic design choices driven by system optimization

Minimizing linac length (gradient > GV/m) } Restricts plasma density range, .
Maximizing energy efficiency (luminosity/power) energy gain per stage — staging ;
Plasma density sets bunch charge (also limited by Beamstrahlung), 8
luminosity requires repetition rate or

E[GV/m]
C.B. Schroeder et al.,

JINST 18 T06001 (2023)

10'18- 10'°

ION REGION

INTE
Based on component

LASER PULSE PLASMA
| . '. MIRROR
simulations/scaling laws | |

- =)
- vy
Working toward full

self-consistency - 0.1L

10"° 107° 10" 1078 10"
Conceptual collider parameter sets Operational plasma density [cm-]
~ derived during Snowmass
fﬁﬂ T. Barklow et al., JINST 18 P09022 (2023);
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Staging of plasma modules comes with many challenges

Further R&D essential & next generation experiments start in 2025

/\

Stage |: Plasma S. Steinke et al., A
Challenges Staging gas jet lens  Plasma-mirror Nature 530, A ‘
> In- and out-coupling of drivers proof-of-principle J\ tape [EORCOISIMN BERKELEY LAB
> Synchronization of drivers at fs-scale \
Magnetic
> Isochronicity (Rse) cancellation/control spectrometer
(for correct beam loading)
. . 0.10 -
> Emittance preservation between stages: s le v .
_ _ E N i / . 5 Lanex screen f.; = |
- Matching of beta function BoostS | = e aser (removable) 1=
. 6 g ~ . 120 MeV
for all energies e Le,”‘)gegé},];;; L anex screen
- Transverse alignment P800 o0z 004 006 008
g
i (m)
and stability o
- Dispersion cancellation C.A. Lindstrom, arXiv:2104.14460 (2021)
. Temporal a b c d e f ]
- COUIOmb Scatte”ng p - 10 GeV 12 GeV 12 GeV 40 GeV 120 GeV 500 GeV
self-correction z | | | | |
. . . . . . g 2|
> Driver distribution scheme in staging So - - - > - —
> CSR management g’j °a=0'50% ms | oy = 1.30% rms -_ oy = 1.30% rms I oy =0.42% rms I o, =0.17% rms | oy =0.07% rms g
> Compactness e . ¥
(for a TeV/km average accelerating gradient) S A A A A L
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Capability gap in laser driver technology exists,
coherent combination of fibers most promising, KBELLA to scale up

1000
Novel laser technology needed collider requirements
to fulfill collider demands ooy
. - . 100 o off
in repetition rate (Hz = ~50 kHz), efficiency (0.1% — 10s %) > 307% effic
P . : | hi - fibers scalable,
romising emerging laser architectures E 0 efficient
o - . — — J-class kHz systems :
Cryo-cooled Yb:YAG (A = 1 uym), R&D at CSU . | o KBELLA (LENL) - fiber ]’Eech_nbllcally
e Tm:YLF (}\ -109 Um) R&D at LLNL = mﬁ\(\a\\oﬂ "~ KALDERA (DESY) - Ti:Sa neeaasr| teerm
| Q nere™ G(\)e—\N ® \Ec.u(SLAC -
 Coherent combination of fiber lasers (A = 1 pm), N P lanned; glass)
- cT) ® Ti:Sa perf. ceiling ’ glass
R&D at LBNL, Michigan, Jena, Ecole Polytechni - ' '
o _Iga Je .a., cole Folytechnique % fi?f)%m;sers (quantum defect, cooling) @ L3-HAPLS (ELI-BL)
- potential for highest efficiency — DPSSL EPAC (STFC) existing
- 1 pm to minimize # of accelerator stages % 0.10 CoReLS (Korea) @ 'as‘ir
systems
- monolithic design for robustness, serviceabillity E_, BELLA (LBNL) @ 4
©
: P 0.01 NSF OPAL
kBELLA addresses the driver rate, efficiency gap (Rochestor.
planned;
DOE ZEUS (Michigan) OPCPA)
i’@gﬁi’w o
1 10 100 1000 104 10°
Type Research (funded) Research (funded) Facility Facility
Energy ~ 0.1J 0.2J 3J 6J addresses collider peak laser power [TW] do not address collider
Duration 100 fs 30-50 fs 30 fs 30/100 fs d d
Power 1 KW 1 KW 3-30 KW 300 kW avqg. power needs avdg. power neeas
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Efficient, high power, ultrafast fiber lasers offer path to kHz and future colliders

Split channels & Amplify Combine to Joules energy
)

Collider need: Joules at 30-100fs

— ‘ﬁ‘f‘ m m Efficiency circa 30%
— — K/?_ | m Rates of 10-100 kHz
front pre- aplifier spatiql. spectra! tempc_)rgl grating nonlinear laser-plasma
" o e;mp“ﬁer a:: combining  combining combining Compressor(focror:zzrrisésrﬂ*?Cceleramr Technology: Coherent addition of fiber lasers

amplifiers * Stepping-stone lasers for laser-plasma
amplifier acceleration at Joule-class (kBELLA):

m Most efficient laser technology: meets need

<30 fs pulses for resonant excitation
(Tpulse~ Ee—1/2)

Challenge: Fibers < mJ each, typically > 100fs

I
U
llllll

i spectral
., I8, combining

| S | temporal

s Solution: Combine pulses in space,
AeA A In color, and in time

grating compressor
Demonstrated:

Jd  Temporally combined 81 pulses
d Spatially combined 81 beams (CW)
4 Spectrally combined to 42 fs

1 Spatial-temporally combined to 27mJ, kHz m Combine 3 spectral bands for 30 fs

m Combine 100 pulses from 1 fiber
into a single energetic pulse

m Combine 100’s fibers — Joules, 100’s kW

Under construction: 10% kBELLA prototype
27 spatial beams, 81 temporal pulses, 3 spectral bands (200mJ, 1kW, 30 fs)
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