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Developing a credible plasma-based /  collider designe+ e−

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

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

>Excellent experimental progress suggests hope for a 
plasma-based e+e– collider 

>Several proposals over the past decades: 
> Rosenzweig et al. (1996) 
> Pei et al. (2009) 
> Schroeder et al. (2010) 
> Adli et al. (2013) 

>Very useful exercises to focus R&D at the time
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Developing a credible plasma-based /  collider designe+ e−

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

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

>Excellent experimental progress suggests hope for a 
plasma-based e+e– collider 

>Several proposals over the past decades: 
> Rosenzweig et al. (1996) 
> Pei et al. (2009) 
> Schroeder et al. (2010) 
> Adli et al. (2013) 

>Very useful exercises to focus R&D at the time 

>Still one key stumbling block… positrons! 

>Plasmas = charge asymmetric ➞ no ‘blowout’ for e+
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The pragmatic approach: 

use plasma to accelerate electrons  
but RF to accelerate positrons
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Can we use asymmetric /  energies? Yes!e+ e−

>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 (γ):

e+ e−Symmetric energies

Ee + EP = γ sEeEP = s/4
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Can we use asymmetric /  energies? Yes!e+ e−

>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 (γ): 

>A reasonable (but not necessarily optimised) choice is: 
> Electrons (from PWFA):                 Ee = 500 GeV   (4x higher) 
> Positrons (from RF accelerator):    Ep = 31 GeV     (4x lower) 
> Boost:                                           γ = 2.13 

(HERA had a boost of γ ≈ 3) e+ e−Asymmetric energies

0.25x 4x

Ee + EP = γ sEeEP = s/4
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E (GeV) �z (µm) N (1010) ✏nx (µm) ✏ny (nm) �x (mm) �y (mm) L (µb�1) L0.01 (µb�1) P/P0

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 0.10 / 1.6 1.04 0.60 1.25
31.3 / 500 75 / 75 4 / 1 10 / 40 35 / 140 3.3 / 13 0.10 / 0.41 1.01 0.58 1.25
31.3 / 500 75 / 75 4 / 1 10 / 80 35 / 280 3.3 / 6.5 0.10 / 0.20 0.94 0.54 1.25
31.3 / 500 75 / 75 4 / 1 10 / 160 35 / 560 3.3 / 3.3 0.10 / 0.10 0.81 0.46 1.25

45.6 / 45.6 109 / 109 2 / 2 10 / 10 35 / 35 4.7 / 4.7 0.15 / 0.15 1.12 0.93 1
31.3 / 66.5 75 / 75 2.9 / 1.4 10 / 21 35 / 75 3.3 / 3.3 0.10 / 0.10 1.06 0.78 1.07
11.4 / 182 27 / 27 4 / 1 10 / 160 35 / 560 1.2 / 1.2 0.04 / 0.04 0.81 0.46 1.25

Table 1. GUINEA-PIG simulations showing the luminosity per bunch crossing of both symmetric and asymmetric collisions.
The first number in each pair refers to the positron bunch, the second to the electron bunch. Tabulated are, from left to
right, beam energies, bunch lengths, number of particles per bunch, normalised emittances in the horizontal and vertical
planes, interaction-point beta functions in the horizontal and vertical planes, the calculated full luminosity and that with
energy within 1% of the nominal peak in inverse microbarns, and the relative power increase required compared to symmetric
collisions. Numbers in the upper table represent HZ operation, whereas the lower table represents Z operation. The first
row in each section of the table represents ILC-like parameters. Simulations include a vertical waist shift (equal to the bunch
length), but assume zero transverse o↵sets and crossing angle.

electrons and positrons per bunch, respectively. Assum-
ing equal charges in the electron and positron bunches
(N = Ne = Np), symmetric collisions require a total en-
ergy of 2N

p
s, while asymmetric collisions, as seen from

Eq. 2, require 2�N
p
s. Thus the asymmetry chosen here

implies an increase in energy usage by a factor � = 2.13
compared to the symmetric case.

However, in the energy-asymmetric case, the loss in
energy e�ciency can be mitigated, and even fully can-
celled, by also introducing a charge asymmetry – i.e.,
reducing the number of particles in the high-energy elec-
tron beam and increasing the number in the low-energy
positron beam. To maintain luminosity, the product of
the total bunch charges (N2 = NeNp) must remain con-
stant. With this constraint, the relative increase in power
is given by

P

P0
=

NeEe +NpEp

N
p
s

, (4)

where P0 and P represent the power required in symmet-
ric and asymmetric collisions, respectively. The same
energy e�ciency can be achieved in asymmetric as in
symmetric collisions by scaling the charge of each bunch
inversely proportional to its change in energy: Ne/N =
N/Np = 2Ep/

p
s. In our case, this corresponds to a

factor 4. This may in practice be di�cult to reach
due to constraints on positron production. Using in-
stead a factor 2 (double the positrons, half the electrons)
nearly doubles the energy e�ciency compared to equal-
bunch-charge collisions, making the proposed asymmet-
ric collider only 25% less energy e�cient than an energy-
symmetric machine. However, there is a small drop in
luminosity for such a configuration, as discussed in the
next section.

In addition to increasing the asymmetry in bunch
charge, there may be scope in plasma-accelerator technol-

ogy for improving the energy e�ciency1, as beam-driven
plasma accelerators can, in principle, be more energy ef-
ficient than conventional RF technology [42, 43].

IV. EFFECT ON LUMINOSITY PER BUNCH
CROSSING

Asymmetric beam energies do not a↵ect the geometric
luminosity as long as beam sizes remain constant. Nev-
ertheless, two important di↵erences exist between a sym-
metric and an asymmetric collision for a given beam size:
the “hour-glass” e↵ect [44] and the beam–beam e↵ect
[45].
To make the appropriate comparison, beam sizes can

be kept constant by scaling the interaction-point (IP)
beta functions by the square root of the energy. Since,
compared to the symmetric case, the low-energy positron
bunch will have a larger geometric emittance, which
scales inversely with beam energy, this must be compen-
sated by a smaller beta function. Fortunately, there is
scope to decrease IP beta functions below what has been
proposed for ILC (13.0⇥ 0.41 mm), to close to what has
been proposed for CLIC (4.0⇥ 0.1 mm) [46].
The hour-glass e↵ect therefore dictates that the

positron-bunch length must be reduced by a similar fac-
tor. The inverse is true for the high-energy electron
bunch: the interaction-point beta functions can be in-
creased compared to the symmetric case, which could
reduce the complexity and cost of the beam-delivery sys-
tem (see Section V. 7). However, a far more intriguing

1
It has been suggested that the energy e�ciency in a plasma accel-

erator may be limited in practice by transverse instabilities [39] –

an issue subject to much recent research and many proposed so-

lutions [40, 41], but no consensus has yet been reached regarding

the maximum achievable e�ciency.

8

Simulating asymmetric /  collisionse+ e−

>GUINEA-PIG beam–beam simulations:

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)

e−Asymmetric energies

0.25x 4x

e+

ILC params
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E (GeV) �z (µm) N (1010) ✏nx (µm) ✏ny (nm) �x (mm) �y (mm) L (µb�1) L0.01 (µb�1) P/P0

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 0.10 / 1.6 1.04 0.60 1.25
31.3 / 500 75 / 75 4 / 1 10 / 40 35 / 140 3.3 / 13 0.10 / 0.41 1.01 0.58 1.25
31.3 / 500 75 / 75 4 / 1 10 / 80 35 / 280 3.3 / 6.5 0.10 / 0.20 0.94 0.54 1.25
31.3 / 500 75 / 75 4 / 1 10 / 160 35 / 560 3.3 / 3.3 0.10 / 0.10 0.81 0.46 1.25

45.6 / 45.6 109 / 109 2 / 2 10 / 10 35 / 35 4.7 / 4.7 0.15 / 0.15 1.12 0.93 1
31.3 / 66.5 75 / 75 2.9 / 1.4 10 / 21 35 / 75 3.3 / 3.3 0.10 / 0.10 1.06 0.78 1.07
11.4 / 182 27 / 27 4 / 1 10 / 160 35 / 560 1.2 / 1.2 0.04 / 0.04 0.81 0.46 1.25

Table 1. GUINEA-PIG simulations showing the luminosity per bunch crossing of both symmetric and asymmetric collisions.
The first number in each pair refers to the positron bunch, the second to the electron bunch. Tabulated are, from left to
right, beam energies, bunch lengths, number of particles per bunch, normalised emittances in the horizontal and vertical
planes, interaction-point beta functions in the horizontal and vertical planes, the calculated full luminosity and that with
energy within 1% of the nominal peak in inverse microbarns, and the relative power increase required compared to symmetric
collisions. Numbers in the upper table represent HZ operation, whereas the lower table represents Z operation. The first
row in each section of the table represents ILC-like parameters. Simulations include a vertical waist shift (equal to the bunch
length), but assume zero transverse o↵sets and crossing angle.

electrons and positrons per bunch, respectively. Assum-
ing equal charges in the electron and positron bunches
(N = Ne = Np), symmetric collisions require a total en-
ergy of 2N

p
s, while asymmetric collisions, as seen from

Eq. 2, require 2�N
p
s. Thus the asymmetry chosen here

implies an increase in energy usage by a factor � = 2.13
compared to the symmetric case.

However, in the energy-asymmetric case, the loss in
energy e�ciency can be mitigated, and even fully can-
celled, by also introducing a charge asymmetry – i.e.,
reducing the number of particles in the high-energy elec-
tron beam and increasing the number in the low-energy
positron beam. To maintain luminosity, the product of
the total bunch charges (N2 = NeNp) must remain con-
stant. With this constraint, the relative increase in power
is given by

P

P0
=

NeEe +NpEp

N
p
s

, (4)

where P0 and P represent the power required in symmet-
ric and asymmetric collisions, respectively. The same
energy e�ciency can be achieved in asymmetric as in
symmetric collisions by scaling the charge of each bunch
inversely proportional to its change in energy: Ne/N =
N/Np = 2Ep/

p
s. In our case, this corresponds to a

factor 4. This may in practice be di�cult to reach
due to constraints on positron production. Using in-
stead a factor 2 (double the positrons, half the electrons)
nearly doubles the energy e�ciency compared to equal-
bunch-charge collisions, making the proposed asymmet-
ric collider only 25% less energy e�cient than an energy-
symmetric machine. However, there is a small drop in
luminosity for such a configuration, as discussed in the
next section.

In addition to increasing the asymmetry in bunch
charge, there may be scope in plasma-accelerator technol-

ogy for improving the energy e�ciency1, as beam-driven
plasma accelerators can, in principle, be more energy ef-
ficient than conventional RF technology [42, 43].

IV. EFFECT ON LUMINOSITY PER BUNCH
CROSSING

Asymmetric beam energies do not a↵ect the geometric
luminosity as long as beam sizes remain constant. Nev-
ertheless, two important di↵erences exist between a sym-
metric and an asymmetric collision for a given beam size:
the “hour-glass” e↵ect [44] and the beam–beam e↵ect
[45].
To make the appropriate comparison, beam sizes can

be kept constant by scaling the interaction-point (IP)
beta functions by the square root of the energy. Since,
compared to the symmetric case, the low-energy positron
bunch will have a larger geometric emittance, which
scales inversely with beam energy, this must be compen-
sated by a smaller beta function. Fortunately, there is
scope to decrease IP beta functions below what has been
proposed for ILC (13.0⇥ 0.41 mm), to close to what has
been proposed for CLIC (4.0⇥ 0.1 mm) [46].
The hour-glass e↵ect therefore dictates that the

positron-bunch length must be reduced by a similar fac-
tor. The inverse is true for the high-energy electron
bunch: the interaction-point beta functions can be in-
creased compared to the symmetric case, which could
reduce the complexity and cost of the beam-delivery sys-
tem (see Section V. 7). However, a far more intriguing

1
It has been suggested that the energy e�ciency in a plasma accel-

erator may be limited in practice by transverse instabilities [39] –

an issue subject to much recent research and many proposed so-

lutions [40, 41], but no consensus has yet been reached regarding

the maximum achievable e�ciency.
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Asymmetries everywhere ➞ charge

>GUINEA-PIG beam–beam simulations:

e+
e−Asymmetric charges

2x
0.5x

P
P0

=
Ne−Ee− + Ne+Ee+

N s
> Power consumption increase: 

>Unchanged power usage if Ne/Np = Ep/Ee   (here: 4x more , 4x less )e+ e−

ILC params
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E (GeV) �z (µm) N (1010) ✏nx (µm) ✏ny (nm) �x (mm) �y (mm) L (µb�1) L0.01 (µb�1) P/P0

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 0.10 / 1.6 1.04 0.60 1.25
31.3 / 500 75 / 75 4 / 1 10 / 40 35 / 140 3.3 / 13 0.10 / 0.41 1.01 0.58 1.25
31.3 / 500 75 / 75 4 / 1 10 / 80 35 / 280 3.3 / 6.5 0.10 / 0.20 0.94 0.54 1.25
31.3 / 500 75 / 75 4 / 1 10 / 160 35 / 560 3.3 / 3.3 0.10 / 0.10 0.81 0.46 1.25

45.6 / 45.6 109 / 109 2 / 2 10 / 10 35 / 35 4.7 / 4.7 0.15 / 0.15 1.12 0.93 1
31.3 / 66.5 75 / 75 2.9 / 1.4 10 / 21 35 / 75 3.3 / 3.3 0.10 / 0.10 1.06 0.78 1.07
11.4 / 182 27 / 27 4 / 1 10 / 160 35 / 560 1.2 / 1.2 0.04 / 0.04 0.81 0.46 1.25

Table 1. GUINEA-PIG simulations showing the luminosity per bunch crossing of both symmetric and asymmetric collisions.
The first number in each pair refers to the positron bunch, the second to the electron bunch. Tabulated are, from left to
right, beam energies, bunch lengths, number of particles per bunch, normalised emittances in the horizontal and vertical
planes, interaction-point beta functions in the horizontal and vertical planes, the calculated full luminosity and that with
energy within 1% of the nominal peak in inverse microbarns, and the relative power increase required compared to symmetric
collisions. Numbers in the upper table represent HZ operation, whereas the lower table represents Z operation. The first
row in each section of the table represents ILC-like parameters. Simulations include a vertical waist shift (equal to the bunch
length), but assume zero transverse o↵sets and crossing angle.

electrons and positrons per bunch, respectively. Assum-
ing equal charges in the electron and positron bunches
(N = Ne = Np), symmetric collisions require a total en-
ergy of 2N

p
s, while asymmetric collisions, as seen from

Eq. 2, require 2�N
p
s. Thus the asymmetry chosen here

implies an increase in energy usage by a factor � = 2.13
compared to the symmetric case.

However, in the energy-asymmetric case, the loss in
energy e�ciency can be mitigated, and even fully can-
celled, by also introducing a charge asymmetry – i.e.,
reducing the number of particles in the high-energy elec-
tron beam and increasing the number in the low-energy
positron beam. To maintain luminosity, the product of
the total bunch charges (N2 = NeNp) must remain con-
stant. With this constraint, the relative increase in power
is given by

P

P0
=

NeEe +NpEp

N
p
s

, (4)

where P0 and P represent the power required in symmet-
ric and asymmetric collisions, respectively. The same
energy e�ciency can be achieved in asymmetric as in
symmetric collisions by scaling the charge of each bunch
inversely proportional to its change in energy: Ne/N =
N/Np = 2Ep/

p
s. In our case, this corresponds to a

factor 4. This may in practice be di�cult to reach
due to constraints on positron production. Using in-
stead a factor 2 (double the positrons, half the electrons)
nearly doubles the energy e�ciency compared to equal-
bunch-charge collisions, making the proposed asymmet-
ric collider only 25% less energy e�cient than an energy-
symmetric machine. However, there is a small drop in
luminosity for such a configuration, as discussed in the
next section.

In addition to increasing the asymmetry in bunch
charge, there may be scope in plasma-accelerator technol-

ogy for improving the energy e�ciency1, as beam-driven
plasma accelerators can, in principle, be more energy ef-
ficient than conventional RF technology [42, 43].

IV. EFFECT ON LUMINOSITY PER BUNCH
CROSSING

Asymmetric beam energies do not a↵ect the geometric
luminosity as long as beam sizes remain constant. Nev-
ertheless, two important di↵erences exist between a sym-
metric and an asymmetric collision for a given beam size:
the “hour-glass” e↵ect [44] and the beam–beam e↵ect
[45].
To make the appropriate comparison, beam sizes can

be kept constant by scaling the interaction-point (IP)
beta functions by the square root of the energy. Since,
compared to the symmetric case, the low-energy positron
bunch will have a larger geometric emittance, which
scales inversely with beam energy, this must be compen-
sated by a smaller beta function. Fortunately, there is
scope to decrease IP beta functions below what has been
proposed for ILC (13.0⇥ 0.41 mm), to close to what has
been proposed for CLIC (4.0⇥ 0.1 mm) [46].
The hour-glass e↵ect therefore dictates that the

positron-bunch length must be reduced by a similar fac-
tor. The inverse is true for the high-energy electron
bunch: the interaction-point beta functions can be in-
creased compared to the symmetric case, which could
reduce the complexity and cost of the beam-delivery sys-
tem (see Section V. 7). However, a far more intriguing

1
It has been suggested that the energy e�ciency in a plasma accel-

erator may be limited in practice by transverse instabilities [39] –

an issue subject to much recent research and many proposed so-

lutions [40, 41], but no consensus has yet been reached regarding

the maximum achievable e�ciency.
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Asymmetries everywhere ➞ emittance

>GUINEA-PIG beam–beam simulations:

>Geometric emittance scales as (energy)–1 

>  must have smaller IP beta function (lower energy): 3.3/0.1 mm (CLIC-like ➞ possible) 

>Apply similar principle for the  (normalised) emittance 
>Decrease IP beta function to allow emittance increase

e+

e−
e−Asymmetric emittances

16x

e+

ILC params
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SLAC linac
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HALHF: A Hybrid, Asymmetric, Linear Higgs Factory

>Beam-driven: Use  RF linac for producing  drivers 
>Overall footprint: ~3.3 km 

> Length dominated by  beam-delivery system 
> Fits in most major particle-physics laboratories

e+ e−

e−

RF linac
(5–31 GeV e+/drivers)

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

Beam-delivery system
 (500 GeV e–)

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

Scale: 500 m

Beam-delivery system
with turn-around loop

(31 GeV e+)

Driver source,
RF linac (5 GeV) Electron

source

Facility length: ~3.3 km

Positron transfer line
(31 GeV e+)

Interaction point
(250 GeV c.o.m.) e+ e+

Positron
source

Damping rings
(3 GeV) 

e–
e+

RF linac
(5 GeV e–) 

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

https://doi.org/10.1088/1367-2630/acf395
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HALHF: A Hybrid, Asymmetric, Linear Higgs Factory

>Beam-driven: Use  RF linac for producing  drivers 
>Overall footprint: ~3.3 km 

> Length dominated by  beam-delivery system 
> Fits in most major particle-physics laboratories

e+ e−

e−

RF linac
(5–31 GeV e+/drivers)

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

Beam-delivery system
 (500 GeV e–)

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

Scale: 500 m

Beam-delivery system
with turn-around loop

(31 GeV e+)

Driver source,
RF linac (5 GeV) Electron

source

Facility length: ~3.3 km

Positron transfer line
(31 GeV e+)

Interaction point
(250 GeV c.o.m.) e+ e+

Positron
source

Damping rings
(3 GeV) 

e–
e+

RF linac
(5 GeV e–) 

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

HALHF

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

>Motivation and concept 
>Recent progress 
>Upgrade paths 
>Conclusions
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Engagement with the community has given us a lot to think about

>A ‘realistic’ scheme provides a vehicle to push forward required R&D 

>Main challenges to ‘HALHF 1.0’ identified by the community:
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Engagement with the community has given us a lot to think about

>A ‘realistic’ scheme provides a vehicle to push forward required R&D 

>Main challenges to ‘HALHF 1.0’ identified by the community: 

>Plasma-cell cooling (heat management will be challenging) 
>Transverse instabilities (too large of an emittance growth) 
>Beam ionisation (the beam density and hence peak E-field is too high)
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Possible solution #1: Lower the plasma density (and beam density)

> Downside: Lower density reduces the accelerating gradient 
> It turns out the gradient is not so crucial (a major lesson learnt from HALHF, though this will be 

less true at multi-TeV) 
> At ~1 GV/m (x6.4 lower) the PWFA arm is ~850 m (x2 longer ➞ interstage optics dominate) 

> Upside: Everything else is easier 
> The cell cooling requirements go down (scales as Ez) from ~90 to ~15 kW/m (CLIC-like) 
> Transverse instabilities are reduced (parameter/jitter studies required to quantify exactly) 
> Ionisation potential of the beam is reduced (beam density goes down), which permits use of 

heavier gases like xenon (also desired for reduced ion motion) 
> Matching, alignment, and synchronisation tolerances reduced (beta functions are larger) 
> Bunches are longer, currents are lower (less compression/stretching required) 

> Synergy: Longer plasma cells required — starting to look a lot like AWAKE!
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Engagement with the community has given us a lot to think about

>A ‘realistic’ scheme provides a vehicle to push forward required R&D 

>Main challenges to ‘HALHF 1.0’ identified by the community: 

>Plasma-cell cooling (heat management will be challenging) 
>Transverse instabilities (too large of an emittance growth) 
>Beam ionisation (the beam density and hence peak E-field is too high) 
>High-voltage and high-power linac (technically challenging)
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Possible solution #2: Decouple the dual-purpose (  & -driver) linace+ e−

> Downside: Two linacs required instead of one 
> Footprint may increase (more tunnel, larger CO2 output in build) 

> Upside: Everything else is easier (again) 
> Low-power, high-gradient linac for  (shorter, cheaper) 

> High-power, low-gradient linac for  drivers (possibly cheaper in combination with  linac) 
> Reduced power per drive-beam dump (lower energy drivers e.g. 31 ➞ 10 GeV) 
> More flexibility over drive-beam current profiles (higher transformer ratio) 
> No turnaround loops (straighter/longer tunnels but possibly less volume in total) 

> Synergy: More compatible with laser-based upgrades — a like-for-like switch of driver 
linac for stacked high-power-laser systems

e+

e− e+
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Engagement with the community has given us a lot to think about

>A ‘realistic’ scheme provides a vehicle to push forward required R&D 

>Main challenges to ‘HALHF 1.0’ identified by the community: 

>Plasma-cell cooling (heat management will be challenging) 
>Transverse instabilities (too large of an emittance growth) 
>Beam ionisation (the beam density and hence peak E-field is too high) 
>High-voltage and high-power linac (technically challenging) 
>Flat beams (emittance mixing from transverse coupling)
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> More info: 
> S. Diederich’s talk tomorrow morning 
> S. Diederichs et al., “Resonant emittance mixing of flat beams in plasma accelerators”, 

arXiv:2403.05871 (2024)

Possible solution #3: Flat beam drivers?
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Outline

>Motivation and concept 
>Recent progress 
>Upgrade paths       ➞  
>Conclusions

Lindstrøm, D'Arcy, Foster, arXiv:2312.04975 (2024)
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Upgrade: Polarised positrons

>Produce e+ polarisation via ILC-like scheme: 
> Pro: minimally disrupted electron beam 
> Pro: ideas exist for E(e-) 500 GeV 
> Con: wiggler probably longer and more expensive  

>Cost increase of 5–10% of original (+ ~100M€)

RF linac
(5–31 GeV e+/drivers)

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

Beam-delivery system
 (500 GeV e–)

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

Scale: 500 m

Beam-delivery system
with turn-around loop

(31 GeV e+)

Driver source,
RF linac (5 GeV) Electron

source

Facility length: ~3.3 km

Positron transfer line
(31 GeV e+)

Interaction point
(250 GeV c.o.m.) e+ e+

Positron
source

Damping rings
(3 GeV) 

e–
e+

RF linac
(5 GeV e–) 

Source: Lindstrøm, D'Arcy, Foster, arXiv:2312.04975 (2024)

https://arxiv.org/abs/2312.04975
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Upgrade: 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 γ, lower efficiency)  
➞ +1 km PWFA linac 

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

>Second option preferred 
> Increased length ~10% 
> Added cost ~10% 
> ~25% more power overall

Option 2
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Upgrade: Two interaction points

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

> Overlap/reuse the high-energy-electron BDS tunnel 
> Overall footprint increases only marginally 

>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)

IP #1
(250 GeV c.o.m. e+–e–)

IP #2
(250 GeV c.o.m. e+–e–)

IP #1
(250 GeV c.o.m. e+–e–)

IP #2
(250 GeV c.o.m. e+–e–)

IP #1
(250 GeV c.o.m. e+–e–)

IP #2
(250 GeV c.o.m. e+–e–)
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Upgrade: TeV γ–γ collider (optical laser version)

>Collide high-energy γ beams (up to 1 TeV c.o.m. with original HALHF scheme) 
>γ produced from Compton backscattering off lasers 
>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 γ–γ collider (XFEL version)

31 GeV e-31 GeV e-

63-70 GeV e- 63-70 GeV e-

2 mrad

cryo RF gun cryo RF gun

C3 Linac C3 Linac

XFEL XFEL

FF FF

~ 2.5 km

Figure 1: Schematic of XCC including cryogenic RF injector, C3 Linac, electron beam final focus (FF)
and XFEL.

1 Introduction

1.1 Concept Overview

To date, �� collider Higgs factory designs have utilized optical wavelength lasers[1][2][3][4][5]. The center-
of-mass energy of the electron–photon system is usually constrained to x < 4.82, where x = 4Ee!0/m

2
e,

me is the electron mass and Ee (!0) is the electron (laser photon) energy. Larger x values are problematic
due to the linear QED thresholds of x = 4.82 (x = 8.0) for the processes ��0 ! e

+
e
� (e��0 ! e

�
e
+
e
�),

where � and �0 refer to the Compton-scattered and laser photon, respectively. Larger x values, however,
also carry advantages. As x is increased, the �� luminosity distribution with respect to center-of-mass
energy is more sharply peaked near the maximum center-of-mass energy value. Such a distribution
increases the production rate of a narrow resonance relative to �� background processes when the peak
is tuned to the resonance mass.

A schematic of the �� collider, or XFEL Compton Collider (XCC), is shown in Fig. 1. A low emittance
cryogenic RF gun produces 90% polarized electrons with 0.62⇥ 1010 electrons per bunch and 76 bunches
per train at a repetition rate of 240 Hz. The normalized horizontal and vertical gun emittances are 0.12
microns each. A linear accelerator (Linac) utilizing cold copper distributed coupling (C3) technology[6]
accelerates the electron bunches with a bunch spacing of 5 ns and a gradient of 70 MeV/m. At the
31 GeV point every other bunch is diverted to the XFEL line where a helical undulator produces circular
polarized 1 keV X-ray light with 0.7 Joules per pulse. The remaining bunches continue down the Linac
until reaching an energy of 62.8 GeV, after which they pass through a final focus section that squeezes the
geometric horizontal and vertical spot sizes to 5.4 nm at the primary e

�
e
� interaction point (IP). The

e
�
e
� geometric luminosity is 9.7⇥ 1034cm2 s�1. At the Compton interation point (IPC), the 62.8 GeV

electrons collide with the X-ray laser light from the opposing XFEL line to produce 62.5 GeV photons.
The X-ray light has been focused at this point from 9 µm at the end of the XFEL to a waist radius of
a�=30 nm using a series of Kirkpatrick-Baez (KB) mirrors.

The distribution of �� luminosity versus �� center-of-mass energy E�� as calculated with the CAIN
Monte Carlo[7] is shown in Fig. 2 for 2Pc�e = +0.9, where Pc = +1 and �e = +0.45 are the helicities
of the laser photon and electron, respectively. For comparison, the corresponding distribution from an
x=4.82 optical laser �� collider (OCC) is also shown. The OCC – presented here solely as an optical
laser �� collider counter-example to the XCC – has the same parameters as XCC except that the XFEL
is replaced with the optical laser in [8], the electron beam energy is increased from 62.8 GeV to 86.5 GeV,
the distance dcp between the IPC and IP has been increased from 60 µm to 1800 µm, and 2Pc�e = �0.9.
The distribution for x=1000 has an asymmetric peak at the Higgs boson mass with a leading edge width
of 0.3 GeV. In contrast, the x = 4.82 distribution has a peak at the Higgs boson mass with a leading edge
width of 3.5 GeV and a long high-side tail due to multi-photon non-linear QED Compton scattering,

3

XCC: An X-ray FEL-based γγ Collider Higgs Factory 
Barklow et al., arXiv:2203.08484 (2022)

?
>New concept from C3/SLAC colleagues 

> Use X-rays instead of optical laser 
>Somewhat advanced but has benefits:  

we already have the high-power laser source 
>Would be the most powerful XFEL ever: 

photon scientists may wish to collaborate
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Conclusions — HALHF Foster, D’Arcy, & Lindstrøm, New J. Phys. 25, 093037 (2023)

> The HALHF concept proposes a compact, cheaper, greener, possibly quicker Higgs factory 
> HALHF benefits from maximal asymmetry:  energy — charge — emittance 
> Upgrade path to higher energy and output:  not just a one-trick pony! 
> Challenges outlined by the community identify issues requiring more R&D and help guide 

design decisions towards HALHF 2.0 
> Continued community engagement required to discuss and conclude on the path forward 

towards a pre-CDR

RF linac
(5–31 GeV e+/drivers)

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

Beam-delivery system
 (500 GeV e–)

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

Scale: 500 m

Beam-delivery system
with turn-around loop

(31 GeV e+)

Driver source,
RF linac (5 GeV) Electron

source

Facility length: ~3.3 km

Positron transfer line
(31 GeV e+)

Interaction point
(250 GeV c.o.m.) e+ e+

Positron
source

Damping rings
(3 GeV) 

e–
e+

RF linac
(5 GeV e–) 

https://doi.org/10.1088/1367-2630/acf395
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Come and join us…

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

> HALHF Monthly meetings (online) 
> 18/12/23, 29/01/24, 04/03/24 

> HALHF Workshop (Oslo, Norway) 
> 04-05/04/24 

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

remote participation still possible


