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Motivation: Realising the next generation of HEP machines

~ Post-LHC era approaches (~2040)
> Next: Electron—positron collider

> Precision studies of the
Standard Model (Higgs, etc.)

Future Circular Collider. Source: CERN
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Motivation: Realising the next generation of HEP machines

~ Post-LHC era approaches (~2040)
> Next: Electron—positron collider

> Precision studies of the
Standard Model (Higgs, etc.)

> Estimated cost (Snowmass ITF):
~ FCC-ee = $14.6B
> |ILC = $7.3B

Future Circular Collider. Source: CERN
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Challenge: Current accelerator technology at a performance plateau

Radio-frequency cavity

Size of high-energy machines driven by RF
accelerating gradient (<100 MV/m) — expensive!

International Linear Collider (ILC)
30 km footprint ,. e
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Challenge: Current accelerator technology at a performance plateau

Radio-frequency cavity

International Linear Collider (ILC)
30 km footprint e

—U Strategy for

Gasd  UNIVERSITY OF

OXFORD R.D’Arcy | RAL Particle Physics Seminar | May 2024 | Rutherford Appleton Laboratory

Particle

Size of high-energy machines driven by RF
accelerating gradient (<100 MV/m) — expensive!

Physics 2020:

e “ . intensification of R&D is required.”

¢ c.g. “Development and exploitation of
plasma acceleration techniques”
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Plasma Accelerators

Solution
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Solution: Plasma Accelerators

Charge-density wave in plasma electron (o) + ion () ‘soup’

- wi 0 o
energy transfer ©- witness o O ° 0o 0 °
o L
A oo 0O o o .. ® o o
, } ‘ e-driver L.® o o © %o ©00C0
accelerating ' snowplow effect

beam

awin

Harnesses the enormous fields experienced at
INnter-atomic scales

ENERGY ENERGY
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Solution: Plasma Accelerators

Charge-density wave in plasma

energy transfer

. N\
L B

100 pm accelerating
W et beam

Harnesses the enormous fields experienced at
INnter-atomic scales

Higher gradients (GV/m or higher) = shorter and
cheaper accelerators!
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Particle physicists have requirements in addition to high energy

High repetition rate & High power-transfer
average power efficiency

g wall

2
8727/}1 C /ﬂxﬁy € ny

Low energy spread Low emittance
(luminosity spectrum, final focusing)

Collider Luminosity
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Particle physicists have requirements in addition to high energy

High repetition rate & High power-transfer
average power efficiency

g wall

2
871771 C /ﬂxﬁy € x ny

Low energy spread Low emittance
(luminosity spectrum, final focusing)

Collider Luminosity

—xcellent experimental progress made In recent years

In particular at cutting-edge facllities such as FLASHFORWARD»» (DESY, Hamburg)
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Recent progress in Plasma Accelerator R&D at FLASHFORWARD

C.A. Lindstrom et al., PRL 126, 014801 (2021)
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C.A. Lindstrom et al., (under review at Nat. Commun.)
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Recent progress in Plasma Accelerator R&D at FLASHFORWARD

[2]

pbeam

celer thUVG SEET

Towards high power-transfer efficiency:

[1] Drive Beam — Wakefield (”500/0) \ F. Peiia et al., (under review at PRL)
- - (~40%) e =1

2] Wakefield = Accelerating Beam

(c) _.... Absolute bounds from measurement
X Estimate based on charge-loss model
‘; 3 O T .
O !
[ ot Charge lost at min.
L e observed energy
qq: 60 — _-" ]
o | e
C ‘,"
RS, 3o
) .*°
Y 401 ° _
Q
]
? Charge lost at
¢ initial energy
E 20 \l' —
= R b L PO P e SRS Rt S
Charge-loss model not applicable
0 |

0.7 0.80.9 1 2 3
B NIVERSITY OF Plasma density (10 cm™3)
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Recent progress in Plasma Accelerator R&D at FLASHFORWARD

R. D’Arcy et al., Nature 603 (2022)
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Towards high repetition rate and average power: /

Rapid p\as_ma recovery time (10 MHz — higher olasma recovery at 63 ns
than required for ILC)
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Outline

>
~ Concept

>

vV V. VvV V
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Developing a credible plasma-based ete- collider design

Excellent experimental progress suggests
hope for a plasma-based ete- collider

Several proposals over the past decades:

Saed  UNIVERSITY OF

«2J) OXFORD

Rosenzweig et al. (1996)
Pei et al. (2009)
Schroeder et al. (2010)
Adli et al. (2013)
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RF gun Drive beam accelerator

/ RF separator
bunch compressor
Drive beam distribution
! /I \\ \\
Beam Delivery and IR
QWZ»:%;

PWEFA cells ' PWEFA cells

main beam e-

Injector e+ injector

Source: Pei et al., Proc. PAC (2009)

~4.5 km

New concept for a PWFA-LC
CW option with recirculation
E..=1TeV, L=1.6x10°¢,T=1.0

Main e- beam (CW) :
Q=1.0 x 10*%- @ 15 kHz
P fina = 12 MW

Main e+ beam (CW) :

Ge- source e+ source. >

20 plasma stages, AE=25 GeV each stage

e P et e
/e

BDS and final focus,

Magnetic chicanes: 4 ns delay (3.5 km) p S

Main e- plasma acceleration (0.5 km) 'niectioneveryhalfturn, Main e+ plasma acceleration (0.5 km)

C=1000 m, P,.../Pps =8%

Drive beam after accumulation: Y 4 ccu-i

Trains of 20 bunches, 4 ns apart @ 15 kHz ulator Each linac:3.16GV, 19 MV/m, 250m
rin Eacharc:437.5m

4passes Recirculating SCRFCW linacs

A" 4 —-
Drive beam (CW) :
< 2om > E= 25 GeV,
MB bunch Mat-c~h|ng oB Q=2.0 x 10*% @ 15x40kHz
@ 15kHz injection F P ~1cm Pumg Ppsnai = 2 X 24 MW
e- source

rirrmrma |
S \, P A Main beam structure
Az 187 Plasma ce ! - o v -
DEWSE ~ um - 85.7
@ injection AE=25 G Drive beam structure out of linac
cim \{ﬁ) w W
DB 20-bunch train 4 ns delay 187
@ 15kHz §~10 mrad Drive beam structure out of acc.ring
~0.Grt— e v v w v
s Fastkicker cans S5.7us

Source: Adli et al., Proc. Snowmass (2013)

Q=1.0x 10*%*@ 15 kHz
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Developing a credible plasma-based ete- collider design

RF gun Drive beam accelerator

Excellent experimental progress suggests LT
_ +A— | |
hope for a plasma-based ete- collider ( bt i )

PWEFA cells

Several proposals over the past decades:

main beam e-
injector

Rosenzweig et al. (1996)
Pei et al. (2009)

. Main e- beam (CW) : f e\ CW option with recirculation [ et
Q=10x 10%-@ 15 kitz DR E.. = 1TeV, L=1.6x10%,T=1.0
P final = 12 MW Qe- source e+ sourcel

[
/ t / 2 O 7 3 20 plasma stages, AE=25 GeV each stage
A > = v
O / e a [ | _Pr’ PFLH&.'QH P
N ‘BDS and final focu,s,

s: 4 ns delay (3.5 km)

Source: Pei et al., Proc. PAC (2009)

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

Magnetic chic

:}/&]

" Main celeration (0.5 km) ? Injection every halftur Main e+ plasma acceleration (0.5 km)
c 1000m Piess/Pos 89’

D b am after accumulatio 4passes Recirculating SCRFCW linacs
of 20bun h 4 apa rt@15kH mu It Each linac: 316GV 19 MV/m, 250m
Eacharc:437.5m
- -+
Drive be m(CW]
Very useful exercises to focus R&D —= ot g >
Matching
e- source

Q=20x 10 e @ 15x40kHz
M8 bunch o p™~1cm

dum
@ 15kHz injection 0 P Pogina = 2 X 24 MW

s

identified...

Source: Adli et al., Proc. Snowmass (2013)
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Main problem: Positron acceleration in plasma

>Plasma = charge asymmetric

~ No ‘blowout regime’ for e™

UNIVERSITY OF

) OXFORD
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Beam density (5.0 X 10'® cm=3)
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Main problem: Positron acceleration in plasma

Beam density (5.0 X 10'® cm=3)

>Plasma = charge asymmetric

Plasma density (8.0 x 10'® cm ~3)
_5 4 -3 -2 -1

~ No ‘blowout regime’ for e™

‘ 60F PIasrkna - _:4
~Positron acceleration has been wE L o 158
demonstrated Tl }’ e R
~ Several schemes proposed Bl P * o 1is
to improve beam quality K ™S D

— but lack of e™ test facilities | ; 0y,
=~ Currently, luminosity per power N B o [N
' _ Na 16 — TE:: , direitlch ’@ §
still ~1000x below RF and e I SRR
Trailingiounch Drivebuich _2 40 10 : i

-200 -150 : (l::n())o -50 0 -200 -150 : (;:n(;o -50 0

Source: Litos et al. Nature 515, 92 (2014), Corde et al. Nature 524, 442 (2015).
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Main problem: Positron acceleration in plasma

Beam density (5.0 X 10'® cm=3)

>Plasma = charge asymmetric I S U S L

Plasma density (5.0 x 10'® cm3) Plasma density (8.0 x 10'® cm ~3)
-5 4 -3 ) - 0 -5 4 -3 -2 -1

~ No ‘blowout regime’ for e™

>Positron acceleration has been V0 ! c
i > - _ ° Bunch
demOnStrated < O . ‘ i Né _:6 - } ,' dlrectlon
~ Several schemes proposed S bTéVc?
to Improve beam quality o '
— but lack of e™ test facilities  » _ s
> Currently, luminosity per power & P \ i | B
: — —~ ) ! NGL: 1s — A direitlcﬁm
still ~1000x below RF and e 5 m 13 . .
~Main challenge: Electron motion ¢
(equivalent to ion motion for e mo o e se o R
bUt p\aSFT“ a e‘eCtrOnS are Ig hter) Source: Litos et al. Nature 515, 92 (2014), Corde et al. Nature 524, 442 (2015).
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The pragmatic approach:
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The pragmatic approach:
use plasma to accelerate electrons




The pragmatic approach:
use plasma to accelerate electrons

out RF to accelerate positrons




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

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

€ Symmetric energies €

>

©
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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

—lectron (Ee) and positron energies (Ep) must follow:

However, the collision products are boosted (y):
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E.E, = s/4
_1(2E, /s
T \\s " 2E,
€ i Symmetric energies

>
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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

“lectron (Ee) and positron energies (Fp) must follow: E.E, =s/4
However, the collision products are boosted (y): 1 (2E, /s
T ( Js 2Ep>
A reasonable (but not necessarily optimized) choice is:
“lectrons (from PWFA): e = 500 GeV (4x higher)
Positrons (from RF accelerator): Ep =31 GeV  (4x lower)
S00st: y=2.13 . |
(HERA had a boost of y = 3) € Asymmetric

e .

0.25x




Simulating asymmetric ¢ /e~ collisions

GUINEA-PIG beam—-beam simulations:

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
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Simulating asymmetric ¢ /e~ collisions

GUINEA-PIG beam—-beam simulations:

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

Asymmetric energies lead to a slight reduction in the geometric luminosity

3 functions are scaled accordingly to maintain the beam size at the IP
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Simulating asymmetric ¢ /e~ collisions

GUINEA-PIG beam-beam simulations:

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)
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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,,
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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 we use more (low-energy) positrons and less (high-energy) electrons”? Yes
P Ne—Ee— + N€+E€+

Py M/

Power usage increase:
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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 we use more (low-energy) positrons and less (high-energy) electrons”? Yes

+ .
e Svymmetric charges
P B N, E,_+N,E,. y g

Py Ny/s . )

Unchanged power usage if Ne/Np = Ep/E-c

Power usage increase:

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

E (GeV) | o:(um) | N (107°) | ene (tm) | eny (nm) | Bz (mm) | By (mm) | £ (ub™") [Lo.o1 (ub™ )| 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 we use more (low-energy) positrons and less (high-energy) electrons”? Yes
P N_E_+N_.E . €+ Asymmetric
Power usage increase: — =2 ¢ c < >
Py Ny/s :

Unchanged power usage if Ne/Np = Ep/E-c

But, producing positrons is problematic —instead use 2x more ¢, 2x less ¢~
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Going all-in: Asymmetric emittances ease 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)-! = can this help us”
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Going all-in: Asymmetric emittances ease 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)-! = can this help us”

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

Conversely, electrons can have a larger IP beta function . Symmetric emittances

€

vVvy
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Going all-in: Asymmetric emittances ease 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)-! = can this help us”

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

Conversely, electrons can have a larger [P beta function

Apply similar principle for the ¢ (normalised) emittance

Significantly reduces emittance requirements from PWFAS!
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> Design
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Guiding strategy: Minimise the required innovation

Risks multiply — need to keep the overall risk as low as possible
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Guiding strategy: Minimise the required innovation

Risks multiply — need to keep the overall risk as low as possible
There has been a great deal of technology development for colliders already
Focused on replacing the main linac with minimal (out not zero) changes elsewhere

Explicitly chose not to ‘plasma-ify’ everything (injectors, drivers, final focusing, etc.)




HALHF: A Hybrid, Asymmetric, Linear Higgs Factory

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) QFV“”?/C _ Electron
(250 GeV c.0.m.) e* STSTSSSS (5-31 GeV e'/drivers) source
""""" (D222 220222022022002202022022202002002202222202220) e
w, el
RF linac
- - Beam-delivery system Plasma-accelerator linac 5 GeV e
Beam-delivery system Positron transfer line (500 GeV &) oy (5 GeV e)
with turn-around loop (31 GeV e7) (16 stages, ~32 GeV per stage)
(31 GeV er) Scale: 500 m

Source: Foster, D’Arcy and Lindstrom, New J. Phys. 25, 093037 (2023)
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HALHF: A Hybrid, Asymmetric, Linear Higgs Factory

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) RF linac - Electron
GeV . (5—31 GeV et/drivers) source
(250 GeV c.o.m.) e SSSSSSSI
""""" PIIDIDIIIIIIIIIDIIIDIIIDIDIDIDIDIDIDIDIIIIDDDD3DDDDDDD] e
) g I |
RF linac
- - Beam-delivery system Plasma-accelerator linac 5 GeV e-
Beam-delivery system Positron transfer line (500 GeV e") 5 GeV (5 GeVe)
with turn-around loop (31 GeV e7) (16 stages, ~32 GeV per stage)
(31 GeV ) Scale: 500 m

Source: Foster, D’Arcy and Lindstrom, New J. Phys. 25, 093037 (2023)

Beam-driven: Use e™ RF linac for producing e~ drivers

Gasd  UNIVERSITY OF

OXFORD R.D’Arcy | RAL Particle Physics Seminar | May 2024 | Rutherford Appleton Laboratory Page 28



https://doi.org/10.1088/1367-2630/acf395

HALHF: A Hybrid, Asymmetric, Linear Higgs Factory

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) RF linac - Electron
GeV . (5—31 GeV et/drivers) source
(250 GeV c.o.m.) e SSSSSSSI
""""" PIIDIDIIIIIIIIIDIIIDIIIDIDIDIDIDIDIDIDIIIIDDDD3DDDDDDD] e
) g I |
RF linac
- - Beam-delivery system Plasma-accelerator linac 5 GeV e-
Beam-delivery system Positron transfer line (500 GeV e") 5 GeV (5 GeVe)
with turn-around loop (31 GeV e7) (16 stages, ~32 GeV per stage)
(31 GeV e)

Scale: 500 m
Source: Foster, D’Arcy and Lindstrom, New J. Phys. 25, 093037 (2023)

Beam-driven: Use e™ RF linac for producing e~ drivers

Overall footprint: ~3.3 km
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HALHF: A Hybrid, Asymmetric, Linear Higgs Factory

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) RF linac - Electron
GeV . (5—31 GeV et/drivers) source
(250 GeV c.o.m.) e SSSSSSSI
""""" PIIDIDIIIIIIIIIDIIIDIIIDIDIDIDIDIDIDIDIIIIDDDD3DDDDDDD] e
) g I |
RF linac
- - Beam-delivery system Plasma-accelerator linac 5 GeV e-
Beam-delivery system Positron transfer line (500 GeV e") 5 GeV (5 GeVe)
with turn-around loop (31 GeV e7) (16 stages, ~32 GeV per stage)
(31 GeV e)

Scale: 500 m
Source: Foster, D’Arcy and Lindstrem, New J. Phys. 25, 093037 (2023)

Beam-driven: Use e™ RF linac for producing e~ drivers

Overall footprint: ~3.3 km

Length dominated by ¢  beam-delivery system
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HALHF: A Hybrid, Asymmetric, Linear Higgs Factory

Facility length: ~3.3 km
Turn-around loops

Positron Damping rings (31 GeV e*/drivers)
source (3 GeV) Driver source, |
- - p RF linac (5 GeV) RF linac Electron
';teracuon Pomn! (5-31 GeV e*/drivers)
(250 GeV c.o.m.) et 333335333 source
""""" (D222 222222222220222222222222200020202020202220) e
X el
Beam-delivery system | RF linac
Beam-delivery system Positron transfer line (500 GeV &) . 621232:'2295:\1;0!:”32 o) (5 GeV e)
with turn-around loop (31 GeV e7) 9°s, P J
(31 GeV e) Scale: 500 m
Source: Foster, D’Arcy and Lindstrem, New J. Phys. 25, 093037 (2023)
Beam-driven: Use e™ RF linac for producing e~ drivers
Overall footprint: ~3.3 km
Length dominated by e~ beam-delivery system SLAC -
DM\

-Its In most major particle-physics laboratories
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HALHF: A Hybrid, Asymmetric, Linear Higgs Factory

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) £ a1 ngl'n?/% _ Electron
(250 GeV c.0.m.) e* STSTSSSS (5-31 GeV e'/drivers) source
""""" (2222002020220 000222000220220000222022000222220200) e
X oy
Beam-delivery system R linac
Beam-delivery system Positron transfer line (500 GeV &) . 621232:'2295:\1;0!:”32 o) (5 GeVe)
with turn-around loop (31 GeV e*) 9es, P 9
(31 GeVe?) Scale: 500 m
Source: Foster, D’Arcy and Lindstrem, New J. Phys. 25, 093037 (2023)
_ | n | | . | S
Beam-driven: Use e ' RF linac for producing e  drivers |

aaaaaaaaaaaa

ccccccccccc
Rosewood - = & = = Laboratory

Overall footprint: ~3.3 km

Length dominated by ¢  beam-delivery system

-Its In most major particle-physics laboratories
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The foundation: A dual-purpose RF linac

Positron Damping rings

source (3 GeV) Driver source, _
Interaction point < < RF linac (5 GeV) RF linac |
250 Geveom) { e (5-31 GeV evlrivers

RF linac parameters IR N

—pPlL2 220 1 PIIDDDIIIIIIIDIIIIIIIIDIIIIIIII333II3ID3D3D)].
Average gradient MV /m 25 o — -
Wall-plug-to-beam efficiency % 50 ‘ Beam-delivery system o)
| Beam_deliver svstem POSitron ’[I‘anSfer ||ne - asma-acc
RF power usage MW 47.5 _ y sy . (500 GeV e) (16 stages, ~3:
Peak RF power per length MW /m 21.4 —~ with turn-around loop (31 Geve) |
: p P . (31 GeV e*) ¢
Cooling req. per length kW /m 20 -

Gradient. 25 MV/m
RF linac length: ~1.25 km

Assumes 50% efficient acceleration
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The foundation: A dual-purpose RF linac

Positron Damping rings

Interaction point

source (3 GeV) Driver source,
< RF linac (5 GeV)
* 55555555
—> D3> D]

(250 GeV c.0.m.)

-
="
-

RF linac parameters

Average gradient MV /m 25 T — —_— . . =
Wall-plug-to-beam efficiency Y% 50 | | Beam-delivery system
RF power usage MW 47.5 Beam-delivery system POS“(%":SS\"}S;?; line (500 GeV )
Peak RF power per length MW /m 21.4 with t(gqngg\)/ugij) loop
Cooling req. per length kW /m 20
2 2 W Dri
Gradient: 25 MV/m 1 T | poivons
RF Iinac Iength ~1 25 km ® ‘ e . Main RF I -
— Main RF linac
Assumes 50% efficient acceleration o x
ts I liding slectrons
Bunch-train pattern must be compatible with PWFA = =—m—— e
stages — active research topic at Oxford: % E = e
_— e
Normal-conducting RF? Burst-mode (100
bunches @ 100 Hz)?
' . : § J AAAAA ‘_> RF linac
Super-conducting RF? Continuous wave (10 kHz)? gt B [
= OXEOR R. D’Arcy | RAL Particle Physics Seminar | May 2024 | Rutherford Appleton Laboratory Page 30
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RF linac

(5—31 GeV e*/drivers)
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The novelty: A multistage plasma-based linac

Length: 16 PWFA stages (5-m long): ~400 m total length

Turn-around loops
(31 GeV e*/drivers)

Electron
source

o
-------- T el

RF linac
Plasma-accelerator linac (5 GeV e)
(16 stages, ~32 GeV per stage)

Swucd  UNIVERSITY OF

PWFA linac parameters

Number of stages
Plasma density

cm_3

In-plasma acceleration gradient GV/m
Average gradient (incl. optics) GV/m

Length per stage®

Energy gain per stage®
Initial injection energy
Driver energy

Driver bunch population
Driver bunch length (rms)
Driver average beam power
Driver bunch separation
Driver-to-wake efficiency
Wake-to-beam efficiency
Driver-to-beam efficiency
Wall-plug-to-beam efficiency
Cooling req. per stage length

m
GeV
GeV
GeV
1010

pm
MW
ns
%
%
%
%
kW /m

19.5
100
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The novelty: A multistage plasma-based linac

Length: 16 PWFA stages (5-m long): ~400 m total length
Gradient: 6.4 GV/m (in plasma)—1.2 GV/m (average)
Efficiency: 38% = 72% (wake input) x 53% (wake extraction)

Turn-around loops
(31 GeV e*/drivers)

2 2222222222222

Plasma-accelerator linac
(16 stages, ~32 GeV per stage)

Saed  UNIVERSITY OF

Electron
source

re ]

RF linac
(5 GeV e)

@ 7.5

£

N 5.0

<

o 2.5 -

U

= 0.0

O

Q

o =25

'©

£

'§ -5.0

2

S _75

-

_100 H T T T T T |
—100 0 100 200 300 400 500
z (um)
PWFA linac parameters (b) 14
Number of stages ’ 16
Plasma density cm? 1.5 x 10'° 12 -
In-plasma acceleration gradient GV/m 6.4
Average gradient (incl. optics) GV/m 1.2 < 10
Length per stage® m 5 ff
Energy gain per stage® GeV 31.9 S g -
Initial injection energy GeV 5 g
Driver energy GeV 31.25 o 6 -
Driver bunch population 10*° 2.7 %
Driver bunch length (rms) pm 27.6 2
Driver average beam power MW 21.4 4
Driver bunch separation ns 5)
Driver-to-wake efficiency % 74 2 -
Wake-to-beam efficiency % 53
Driver-to-beam efficiency % 39 0 . . . . .
Wall-plug-to-beam efficiency % 19.5 —100 0 100 200 300 400 500
Cooling req. per stage length kW /m 100 z (m)
Simulated with Wake-T
Plasma density: 7 x 105 cm-3
Driver/witness charge: 4.3/1.6 nC
Page 31
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The novelty: A multistage plasma-based linac

Length: 16 PWFA stages (5-m long): ~400 m total length
Gradient: 6.4 GV/m (in plasma)—1.2 GV/m (average)

Efficiency: 38% = 72% (wake input) x 53% (wake extraction)

No damping ring required due to high-emittance electrons

Turn-around loops
(31 GeV e*/drivers)

= —

2 2222222222220

Plasma-accelerator linac
(16 stages, ~32 GeV per stage)
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Electron
source

RF linac
(5 GeV e)

Longitudinal electric field (GV/m) &

PWFA linac parameters

Number of stages

Plasma density cm ™ 1.5 x 10*°
In-plasma acceleration gradient GV/m 6.4
Average gradient (incl. optics) GV/m 1.2
Length per stage® m 5
Energy gain per stage® GeV 31.9
Initial injection energy GeV 5
Driver energy GeV 31.25
Driver bunch population 10*° 2.7
Driver bunch length (rms) pm 27.6
Driver average beam power MW 21.4
Driver bunch separation ns 5
Driver-to-wake efficiency % 74
Wake-to-beam efficiency % 53
Driver-to-beam efficiency % 39
Wall-plug-to-beam efficiency % 19.5
Cooling req. per stage length kW /m 100

16
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5.0 A

2.5 A

0.0 A

0 100 200 300
z (um)

400

500

0 100 200 300
z (um)

Simulated with Wake-T
Plasma density: 7 x 105 cm-3
Driver/witness charge: 4.3/1.6 nC

400

500
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Rough cost estimates for HALHF

Scaled from existing collider projects (ILC/CLIC) where possible — not exact
~$1.9B (~1/4 of ILC TDR cost @ 250 GeV)
$2.3-3.9B ($4.6B from ITF model for RF accelerators)

—uropean accounting (2022 $):
US accounting (“TPC”):

Gasd  UNIVERSITY OF
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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%
PWFA 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%




Rough cost estimates for HALHF

Scaled from existing collider projects (ILC/CLIC) where possible — not exact
—uropean accounting (2022 $): ~$1.9B (~1/4 of ILC TDR cost @ 250 GeV)
US accounting (“TPC”): $2.3-3.9B ($4.6B from ITF model for RF accelerators)

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

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%
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Rough cost estimates for HALHF

Scaled from existing collider projects (ILC/CLIC) where possible — not exact
—uropean accounting (2022 $): ~$1.9B (~1/4 of ILC TDR cost @ 250 GeV)
US accounting (“TPC”): $2.3-3.9B ($4.6B from ITF model for RF accelerators)

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

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%

Estimated power usage is ~100 MW (similar to ILC and CLIO):
21 MW beam power + 27 MW losses + 2x10 MW damping rings + 50% for cooling/etc.
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Upgrades: Polarised positrons

Produce e+ polarisation via ILC-like scheme:

C;:;g‘tg{:" Pre-accelerator /
Pro: minimally disrupted electron beam N
. y p l '@ B \\‘ lg Flux concentrator

| |

Pro: ideas exist for E(e-) 500 GeV = i

SCRF booster comp. RF
(0.4-5 GeV) ,
~ - Spin rotation
' solenoid

photon

Capture RF dump

(125MeV) oo

Con: wiggler probably longer and more expensive > Rk
Cost 5-10% of original cost (+ ~100M€)

Facility length: ~3.3 km
Turn-around loops

Positron Damping rings | (31 GeV e*/drivers)
source (3 GeV) Driver source, _
( RF linac (5 GeV) RF linac Electron
onift pniaffsa of (5_31 Gev e+/drivers)
yeen3d by (VeM 002) sowoz .xus ')))))))’ 7 ‘ Sou rce
o U - e - P33333333333333333333333333333333333333333], e
Bl e — R : ~\~\\\\\\\ — Fe
5 i RF linac
eam-delivery system Plasma-accelerator linac (5 GeV e)

Beam-de”very System Positron transfer line (500 GeV e_)
with turn-around loop (31 GeV e7)
(31 GeV eY)

(16 stages, ~32 GeV per stage)

Scale: 500 m

Source: Foster, D’Arcy and Lindstrem, New J. Phys. 25, 093037 (2023)
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Upgrades: 380 GeV centre of mass

Operation at the t-tbar threshold (346 GeV) typically motivates a c.o.m. up to 380 GeV
... which is in fact the minimum energy proposed for CLIC

Two options:

31 GeV positrons / 1165 GeV electrons (more plasma stages, higher vy, lower efficiency)
— +1 km PWFA linac

47.5 GeV positrons / 760 GeV electrons (same # of [longer] stages, same y as original)
— +130 m PWFA linac

Second option preferred | -
Positron =~ Damping rings
source (3 GeV) Driver source, ' Turn-around loops
_ _ B B RF linac (5 GeV) RF linac (47.5 GeV e*/drivers) Electron
O Interaction point (5—47.5 GeV e*/drivers) source
Increased length ~10% @80 Gev com) (o
(53533 71351 2= 033333333353333333333333333333333333333333333333333333333333>I3III>: : e
o e R 4 —_— [T e
Ad d d 't "I O (y . _ Beam-delivery system " | RF linac
e COS -~ O Beam-delivery system Positron transfer line (760 GeV e") Plasma-accelerator linac (5 GeV e)

with turn-around loop (47.5GeV e) (16 stages, ~49 GeV per stage)
(47.5 GeV e*)

~25% more power overall

Option 2
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Upgrades: Two interaction points

Single IP traditionally seen as problematic for linear colliders
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Upgrades: Two interaction points

Single IP traditionally seen as problematic for linear colliders
Opportunity for HALHF:
Overlap/reuse the high-energy electron BDS

Overall footprint increases only marginally

< <

—> D>y 222 —

# [€CCCCCCe

fLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLL L £14
([ 22222222 ([ D2022022022020220220220202020220202020202020002020200020202002002022002000020220020020202202202020220220200 )

(250 GeV c.o.m. e*—e") (250 GeV c.o.m. e*—e")
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Upgrades: Two interaction points

Single IP traditionally seen as problematic for linear colliders
Opportunity for HALHF:
Overlap/reuse the high-energy electron BDS

Overall footprint increases only marginally

Requires either a transverse linac for shared power (
cost) or two RF linacs for 2x power (+35% cost)

< <

P3>3 222 ——

#
£€LLLLLLd

fLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLL L £14
([ 22222222 ([ D2022022022020220220220202020220202020202020002020200020202002002022002000020220020020202202202020220220200 )

IP #1 IP #2
(250 GeV c.o.m. e*—e") (250 GeV c.o.m. e*—e")
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Upgrades: Two interaction points

Single IP traditionally seen as problematic for linear colliders
Opportunity for HALHF:

Overlap/reuse the high-energy electron BDS

Overall footprint increases only marginally

. . " C\ — \ — \
Requires either a transverse linac for shared power (+15% %
cost) or two RF linacs for 2x power (+35% cost)

—

May be important politically (systematics, 2x physicists)

< <

—> D>y 222 ——

# [€CCCCCCe

fLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLL L £14
([ 22222222 ([ D2022022022020220220220202020220202020202020002020200020202002002022002000020220020020202202202020220220200 )

(250 GeV c.o.m. e*—e") (250 GeV c.o.m. e*—e")
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Upgrade: TeV y-y collider (optical laser version)

<

P3>3 220 [€CLLLLLe

[€€LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLL L L« «««a

(250 GeV c.o.m. e*—e")

(2222222222222 22202222222202222222202222222222

L T - e @ W 2w m = =
- - B
- - - -
- e " owmom e - mm wm W W =
- - - e -
- o o o - mm o wm W =™
— T s w W 2w = -

IP #1 — «— IP #2

(250 GeV c.o.m. e*—e")

Optical laser Optical laser

IP #3
(1 TeV c.o.m. y-y)

Collide 500 GeV y beams (up to 1 TeV c.o.m. with original HALHF scheme)
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Upgrade: TeV y-y collider (optical laser version)

<

P3>3 220 [€CLLLLLe

[€€LLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLLL L L« «««a (2222222222222 22202222222202222222202222222222
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(250 GeV c.o.m. e*—e")

Optical laser Optical laser

IP #3
(1 TeV c.o.m. y-y)

Collide 500 GeV y beams (up to 1 TeV c.o.m. with original HALHF scheme)

v produced from Compton backscattering off lasers — technology does not yet exist
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Upgrade: TeV y-y collider (optical laser version)
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IP #1 — «— IP #2

(250 GeV c.o.m. e*—e")

Optical laser Optical laser

IP #3
(1 TeV c.o.m. y-y)

Collide 500 GeV y beams (up to 1 TeV c.o.m. with original HALHF scheme)
v produced from Compton backscattering off lasers — technology does not yet exist

Several additional challenges:

Requires lower emittances (but can have round beams)

Requires shorter BDS

Laser technology (very high power) currently does not exist
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Upgrade: TeV y-y collider (XFEL version)
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XFEL
(1 TeV c.o.m. y-y)

New concept from C3/SLAC colleagues

Use X-rays instead of optical laser
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XCC: An X-ray FEL-based yy Collider Higgs Factory
Barklow et al., arXiv:2203.08484 (2022)
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Upgrade: TeV y-y collider (XFEL version)
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XFEL
(1 TeV c.o.m. y-y)

IP #3 XFEL

l,
New concept from C3/SLAC colleagues
Use X-rays instead of optical laser oo e 2 N\uowve
Somewhat advanced but has benefits: o BT ST
we already have the high-power laser source / -

cryo RF gun cryo RF gun

XCC: An X-ray FEL-based yy Collider Higgs Factory
Barklow et al., arXiv:2203.08484 (2022)
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Upgrade: TeV y-y collider (XFEL version)
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XFEL IP #3 XFEL
(1 TeV c.o.m. y-y)
\?
New concept from C3/SLAC colleagues
Use X-rays instead of optical laser 1 Geve st eve

Somewhat advanced but has benefits: o BT ST
we already have the high-power laser source / \
Would be the most powerful XFEL ever:

- - . XCC: An X-ray FEL-based yy Collider Higgs Factory
photon scientists may wish to collaborate Barklow et al., arXiv:2203.08484 (2022)
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Outline

R&D plan
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Innovations required: Conventional accelerator R&D

High-charge positron source (2x charge compared to [LC)

Capture Section i Booster Linac ECS
Target / icane @
e — HB BE =

AWD Capture Linac

Sketch of ILC positron source

Facility length: ~3.3 km

_ _ . Turn-around loops
Positron Damping rings (31 GeV e*/drivers)
source (3 GeV)

Driver source,

RF linac (5 GeV) RF linac Electron
(5—-31 GeV e*/drivers)

i

Interaction point

(250 GeV c.o.m.) SSSSSSSS] source
- (DD DDIIDDDDIIDIIDDDDIIIDDDDDPPDDD22222220200) — e
= esee . seeo-ccseos-scoe e — : \ | | g
RF linac
- - Beam-delivery system Plasma-accelerator linac 5GeV e
Beam-delivery system Positron transfer line (500 GeV &) 6 il (5 GeV e)
with turn-around loop (31 GeV e*) (16 stages, ~32 GeV per stage)

(31 GeV e) Scale: 500 m
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Innovations required: Conventional accelerator R&D

High-charge positron source (2x charge compared to [LC)
High-efficiency (heavily beam loaded) RF linac with PWFA-compatible beams

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) £ a1 (EF\/Ima/il . Electron
(250 GeV c.o.m.) e SSSS555S (531 GeV e'/drivers) source
""""" —pPL2 o2 >3 (D222 22D222D222220220202220222022220220222222220)
W o = = o = = = s == = = == = o e = ~O=o==oo |-<-|_I
\
Beam-delivery system RF linac
Beam-delivery system Positron transfer line (500 GeV &) . 62![?@:-3%;6'(?;6\1;0!:?(2 o) (5 GeV e7)
with turn-around loop (31 GeV e*) ges, P 9
(31 GeVer) Scale: 500 m
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Innovations required: Conventional accelerator R&D

High-charge positron source (2x charge compared to [LC)
High-efficiency (heavily beam loaded) RF linac with PWFA-compatible beams

Beam-delivery systems: AT s

Small beta functions (3.3 x 0.1 mm) - e |
R Y §

Could it be shorter since the emittance is much higher? .| » A o~ /L™

(would reduce HALHF footprint considerably) W[ A

T e R S

From: Raimondi & Seryi, PRL 86, 3779 (2001)

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) RF I'n?c _ Electron
(250 GeV c.0.m.) * PIIIIIIN (5-31 GeV ev/drivers) source
b ——————————————————— D D D D DD DD DD IDDIDDDIDDIIDIIDDIIDIIIDIIDIIDD)] — e
*. O e S B B = O W = == W B == = = == = = = =< = = = === = W W = = = O = === = = = W= W= = == W= W= = e ee=re n.,,,7._.,,,.,,,:7.43:.::;;_.7:“.‘». — | =3 |
RF linac
- - Beam-delivery system Plasma-accelerator linac 5GeV e
Beamlelivery system Positron transfer line (500 GeV &) ek (5 GeV e)
with tfin-around loop (31 GeV e") (16 stages, ~32 GeV per stage)

1 GeV &) Scale: 500 m
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Innovations required: Conventional accelerator R&D

High-charge positron source (2x charge compared to [LC)

High-efficiency (heavily beam loaded) RF linac with PWFA-compatible beams

Beam-delivery systems: LR s K

Small beta functions (3.3 x 0.1 mm) o e v b o
e | ,E -oosg

Could it be shorter since the emittance is much higher? <. &) A Bk

(would reduce HALHF footprint considerably) ol NN S

e R v

From: Raimondi & Seryi, PRL 86, 3779 (2001)

Facility length: ~3.3 km

Positron Damping rings

Conventional accelerator souce  (3GeV) - Driver source, A inac

Interaction point
(250 GeV c.0o.m.) * * " S5SSSSSS

(5—-31 GeV e*/drivers)

ex p e rt i S e re q u i re d ! s D355555555555555555555555555555555 55> 2 ewwwerTeree e

_ _ Beam-delivery system
Beam-delivery system Positron transfer line (500 GeV e)

with turn-around loop (31 GeV e*)
31 GeV e*
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Turn-around loops
(31 GeV et/drivers)

Electron
source

1

RF linac

Plasma-accelerator linac (5 GeV e)
(16 stages, ~32 GeV per stage)

Scale: 500 m
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Innovations required: Plasma-accelerator R&D

Towards high energy:
Staging with full beam transmission

Multi-stage driver distribution

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) 5 a (EFV“”?/% _ Electron
(250 GeV c.0.m.) DR (5-31 GeV ev/drivers) source
""""" (D222 222222222020220220222022222222222222 2 S e
A O R I O e e O O R O R R R R R R R R R R R R R R R E RO REI R I R TR ORI, el
< < <
Beam-delivery system RF linac
Beam-delivery system Positron transfer line (500 GeV &) . 6':[{2“::3%?5?\‘;“;:”;2 o) (5 GeV e7)
with turn-around loop (31 GeV e*) ges, P 9

(31 GeV eY)

Scale: 500 m
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Innovations required: Plasma-accelerator R&D

Towards high energy:

Gasd  UNIVERSITY OF

«2) OXFORD

Staging with full beam transmission

Multi-stage driver distribution

l

L L) L) L L) . i . >
main beam
drive beam train
plasma cell B

— N .

From: Pfingstner et al. (Proc. IPAC 2016)
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Plasma
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110 MeV .
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Lanex screen

From: Steinke et al., Nature 530, 190 (2016).

Page 45



Innovations required: Plasma-accelerator R&D

Run time (hours)
0:00 2:00 4:00 600 8:00 1000 1200 1400 1600 1800 2000 2200 2400 2600

_—
&

> [owards high energy:

=
4
2 40
3
L% 200 - Spectral densnty (counts/MeV)

> Staging with full beam transmission

(b) <

——#= — Drift -
' . s|ng|esho‘ta;

100 000

> Multl-stage driver distribution

Energy deviation (%)
el A :
- W - .
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- Towards high beam quality: i et

From: Maier et al., Phys. Rev. X 10, 031039 (2020).

> [ransverse and longitudinal stability
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From: Lindstrom (arXiv: 2104.14460).
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Innovations required: Plasma-accelerator R&D

> [owards high energy:
> Staging with full beam transmission
> Multi-stage driver distribution

> [owards high beam quality:

> [ransverse and longitudinal stability

> Emittance and energy-spread preservation
> Spin-polarisation preservation

> Towards high beam power:
> High-overall efficiency (wall-plug to beam)

-~ Repetition rate ————

> Plasma-cell cooling — research at Oxford
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From: Pena et al. (arXiv:2305.09581)
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Innovations required: Physics / Detector Studies

~Asymmetric beam energies = boosted topologies (y ~ 2)

~Lower than HERA boost (y ~3)... but different physics

ZEUS detector at HERA

< — >
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) 5 af (EF\/“n?/fj _ Electron
(250 GeV c.0.m.) e* SSSSSSSS (5-31 GeV ev/drivers) SRl
D T P3>3 55> D33II33333333I3333II333IIIIIIIIIIIIIIIINDD] s — e
e = rea e o =
= » » — =
RF linac
_ _ Beam-delivery system i - _
eam-delivery system Positron transfer line (500 GeV &) . 6:![28':: ig(;eg:\‘;or;'rn;‘; o) (5 GeV e7)
with turn-around loop (31 GeV e*) ges, P 9
(31 GeV e*) ; '

Scale: 500 m
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Innovations required: Physics / Detector Studies

Asymmetric beam energies — boosted topologies (y ~ 2) ' ILD@ILC ’

n
b

- ILD@HALHF
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=
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Lower than HERA boost (y ~3)... but different physics

-
o =el

10° J g
- o od
3 nm

ILD with a long barrel shows promise

Preliminary investigation of the HALHF parameters for the .. W
;_[L“m IL H"" T S T B S

A ‘real’ detector design required Y g o

Source: A. Laudrain, talk at EPS-HEP Conference (2023)

Facility length: ~3.3 km
Turn-around loops

Positron Damping rings (31 GeV e*/drivers)
source (3 GeV) Driver source, _

) ) RF linac (5 GeV) RF linac Electron
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(250 GeV c.0.m.) SSSSSSSS] source
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Beam-delivery system R linac
y Sy (500 GeV &) (16 stages, ~32 GeV per stage)
with turn-around loop (31 GeV e*) ges, P 9
(31 GeV eY)

Scale: 500 m
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Innovations required: Physics / Detector Studies

Asymmetric beam energies — boosted topologies (y ~ 2) . ILD@ILC .
. - ILD@HALHF  jk
Lower than HERA boost (y ~3)... but different physics oL © IR
'j L;E:M*-“«m
10% Iw,&fljj
Preliminary investigation of the HALHF parameters for the ok
LD with a long barrel shows promise ﬂ"
2 1 T T A
A ‘real’ detector design required o 1S 10 A2 430 S

Source: A. Laudrain, talk at EPS-HEP Conference (2023)

Facility length: ~3.3 km
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(3 GeV)

Driver source,

source
< RF linac (5 GeV)

Interaction point
(250 GeV c.0.m.)

Particle physics

[ 2222222 0]

RF linac
(5—-31 GeV e*/drivers)

Plasma-accelerator linac
(16 stages, ~32 GeV per stage)

- - ' — -t 5553555555555 5555555555555555553555555 5> Sy
expertise required! = e
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Scale: 500 m
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Electron
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Outline

Timeline & Staging
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Rough timeline for HALHF (and beyond)

Short term (0-5 yrs): Pre-CDR* & CDR .,
European Strateg)

*Feasibility study to be submitted as input to the next ESPP Strategy Update
(deadline 31st March 2025)

Timeline (approximate / aggressive / aspirational)

0-5 years 5-10 years 10-15 years 15-20 years 20+ years

Feasibility study
R&D (exp. & theory)

HEP facility (earliest start
of construction)

Pre-CDR & CDR (HALHF)

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

First proof-of-principle
experimentation

5“;'25% UNIVERSITY OF
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Rough timeline for HALHF (and beyond)

Short term (0-5 yrs): Pre-CDR* & CDR
Near term (0-10 yrs): Much Plasma R&D required!

0-5 years

Timeline (approximate / aggressive / aspirational)

Pre-CDR & CDR (HALHF)

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

First proof-of-principle
experimentation

5-10 years 10-15 years 15-20 years 20+ years
Demonstration of: Feasibility study
Scalable staging, driver distribution, R&D (exp. & theory)
stabilisation (active and passive), HEP facility (earliest start
of construction)

preserved beam quality, high rep.
rate, plasma temporal uniformity &
cell cooling, high wall-plug
efficiency (e~ drivers), and spin
polarisation

Sawd  UNIVERSITY OF
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Stepping stone facilities: Plasma tech Demonstrators for HALHF

=/ GeV
100 kW 10 MW
103 O
1 kW /
102 Problem: huge single
performance leap
107 - @ plasma accelerators today

101 102 103 104
# bunches / s
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Stepping stone facilities: Plasma tech Demonstrators for HALHF

=/ GeV Decouple the challenge:

Free-electron lasers (FELs) need ‘low’
energy (single stage) at high repetition rate

103

X-ray FEL

AN 7
b W\ /.\ 74

102

101 -

Image source: G. Stewart/SLAC.

101 102 103 104
# bunches / s
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Stepping stone facilities: Plasma tech Demonstrators for HALHF

=/ GeV Decouple the challenge:

Free-electron lasers (FELs) need ‘low’
energy (single stage) at high repetition rate

103

X-ray FEL

AN 7
: W\ /. 74

102

101 -

Image source: G. Stewart/SLAC.

101 102 l 108 104

v v f#bunches/ s
FACET-II CLARA FLASHForward
SLAC Daresb DES N .
( ) (Daresbury) (PESY) test facilities exist
LWFA (worldwide) —
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Stepping stone facilities: Plasma tech Demonstrators for HALHF

=/ GeV Decouple the challenge:

Free-electron lasers (FELs) need ‘low’
energy (single stage) at high repetition rate

103

Strong-field QED needs ‘high’ energy
(multiple stages) at low repetition rate

102
Strong-field QED

[

101 -

| No test facilities exist

‘ )

|

|

|
P

N

‘

101 102 108 104

Source: Blackburn et al., Phys. Plasmas

# bunches / s1 25, 083108 (2018)

A dedicated staging facility is required to realise the necessary progress
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Stepping stone facilities: Plasma tech Demonstrators for HALHF

=/ GeV Decouple the challenge:
Free-electron lasers (FELs) need ‘low’
o 10 energy (single stage) at high repetition rate
F Strong-field QED needs ‘high’ energy
pi (multiple stages) at low repetition rate
= 102
E Intermediate infrastructure for HEP use:
o Test-beam facility for detector development
> 10" Fixed-target exp for dark-matter search

10 102 108 104 Plasma-based electron linac for LHeC

# bunches / s

A dedicated staging facility is required to realise the necessary progress




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

Timeline (approximate / aggressive / aspirational)

5-10 years 10-15 years 15-20 years 20+ years

0-5 years
Demonstration of: Multistage tech demonstrator Feasibility study
Scalable staging, driver distribution,| Strong-field QED experiment R&D (exp. & theory)
stabilisation (active and passive) (25-100 GeV e HEP facility (earliest start
of construction)

Pre-CDR & CDR (HALHF)

Demonstration of:
Preserved beam quality, high rep. |Avg. power tech demonstrator

rate, plasma temporal uniformity & X-ray FEL (20 GeV e")
cell cooling

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

First proof-of-principle
experimentation
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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): Delivery of HALHF — intense R&D required

Timeline (approximate / aggressive / aspirational)

0-5 years 5-10 years 10-15 years 15-20 years 20+ years

Feasibility study
R&D (exp. & theory)

(Facility upgrade) HEP facility (earliest start

of construction)

Demonstration of: Multistage tech demonstrator

Scalable staging, driver distribution,| Strong-field QED experiment
stabilisation (active and passive) (25-100 GeV e")

Pre-CDR & CDR (HALHF)

Demonstration of:
Preserved beam quality, high rep. |Avg. power tech demonstrator

Simulation study | !
to determine rate, plasma temporal uniformity & X-ray FEL (20 GeV e") (Facility upgrade) l
cell cooling

self-consistent parameters
(demonstration goals) Demonstration of: _
High wall-plug efficiency (e~ drivers) & spin polarisation Higgs .faCtory Inkeidals, :
. . Asymmetric, plasma—RF hybrid
First proof-of-principle R&D into conventional-accelerator & particle-physics concepts | collider (250-380 GeV c.0.m.)

experimentation
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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): Delivery of HALHF — intense R&D required

Upgrades (20+ yrs): Upgrade path for HALHF (many options available)

Timeline (approximate / aggressive / aspirational)

0-5 years 5-10 years 10-15 years 15-20 years 20+ years
Demonstration of: Multistage tech demonstrator Feasibility study
Scalable staging, driver distribution,| Strong-field QED experiment B R&D (exp. & theory)
stabilisation (active and passive) (25-100 GeV e (Facility upgrade) HEP zasctilgé/tl(gi)rliest start

Pre-CDR & CDR (HALHF)
Demonstration of:

Simulation study Preserved beam quality, high rep. |Avg. power tech demonstrator
to determine rate, plasma temporal uniformity & X-ray FEL (20 GeV e) (Facility upgrade) l
cell cooling

self-consistent parameters
(demonstration goals) Demonstration of: _
High wall-plug efficiency (e~ drivers) & spin polarisation Asyl-r::?nge?rif:c;re)l ;ym(elt-iARII;T:/z)ri d

First proof-of-principle R&D into conventional-accelerator & particle-physics concepts | collider (250-380 GeV c.0.m.)
experimentation

(Facility upgrade) l

Demonstration of: Multi-TeV e+—e-/y-y collider
Energy-efficient positron acceleration in plasma, high wall-plug efficiency (laser drivers), Symmetric, all-plasma-based
ultra-low emittances, energy recovery schemes, compact beam-delivery systems collider (> 2 TeV c.o.m.)
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HALHF Collaboration

HALHF Kick-off meeting (DESY)
23/10/23

HALHF Monthly meetings (online)
18/12/23, 29/01/24, 26/02/24 PR WO

HALHF Workshop (Oslo, Norway) —p s
04-05/04/24

HALHF ‘Experts’ meeting (Erice, Sicily)
03-08/10/24

Soria Moria Hotel and Conference Centre

Interested? Get in touch!
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Conclusions — HALHF

The HALHF concept proposes a compact, cheaper, greener, possibly quicker Higgs factory

HALHF benefits from maximal asymmetry: energy — charge — emittance

High risk/high reward: less mature than RF technology but cost is only ‘national-scale’ (few $B)

Upgrade path to higher energy and output possible: not just a one-trick pony
Much targeted (plasma and RF) R&D still required: a decade of significant work

Challenges outlined by the community identify issues requiring more R&D: help to guide
design decisions towards ‘HALHF 2.0

Foster, D’Arcy, & Lindstrom, New J. Phys. 25, 093037 (2023)
Facility length: ~3.3 km

Turn-around loops

Positron Damping rings (31 GeV et/drivers)

source (3 GeV) Driver source, |

Interaction point < — RF linac (5 GeV) nglln?/C | Electron
(250 GeV c.o.m.) e’ 55555555} (5-31 GeV evfdrivers) source
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Beam-delivery system RF linac

-deliv - .

Beam-delivery svstem Positron transfer line y sy Plasma-accelerator linac (5 GeV e)

y Y (500 GeV e) (16 stages, ~32 GeV per stage)
with turn-around loop (31 GeV e*) 9es, P 9
(31 GeV eY)

Scale: 500 m
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