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

Toward a credible plasma-based e+e– collider

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

Source: Adli et al., Proc. Snowmass (2013)
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>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 the R&D 
>Some key topics have been identified: 

>Positron acceleration 
>Energy efficiency

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

Toward a credible plasma-based e+e– collider

Source: Pei et al., Proc. PAC (2009)
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The HALHF strategy: Design based on current constraints
> Design decision #1: only accelerate electrons in plasma (and positrons using RF) 

> Plasmas are charge asymmetric → e– acceleration does not imply e+ acceleration. 
> e+ acceleration schemes exist, but are not currently both efficient and quality-preserving.
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The HALHF strategy: Design based on current constraints
> Design decision #1: only accelerate electrons in plasma (and positrons using RF) 

> Plasmas are charge asymmetric → e– acceleration does not imply e+ acceleration. 
> e+ acceleration schemes exist, but are not currently both efficient and quality-preserving. 

> Design decision #2: use electron bunches to drive the plasma wakefields 
> CLIC demonstrates that electrons can be produced efficiently. 
> PWFA experiments have shown high energy-transfer efficiency.
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The HALHF strategy: Design based on current constraints
> Design decision #1: only accelerate electrons in plasma (and positrons using RF) 

> Plasmas are charge asymmetric → e– acceleration does not imply e+ acceleration. 
> e+ acceleration schemes exist, but are not currently both efficient and quality-preserving. 

> Design decision #2: use electron bunches to drive the plasma wakefields 
> CLIC demonstrates that electrons can be produced efficiently. 
> PWFA experiments have shown high energy-transfer efficiency. 

> The basis of these decisions could change in the near future (with continued R&D): 
> Promising ideas for positron acceleration (Diederichs et al. +++) 
> Promising developments toward high-efficiency lasers: fibre-lasers, BAT, etc.
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Can we use asymmetric e+/e– energies?

>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):
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Can we use asymmetric e+/e– energies?

>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 choice is: 
>Electrons (from PWFA):                 Ee = 500 GeV   (4 times higher) 
>Positrons (from RF accelerator):    Ep = 31 GeV     (4 times lower) 
>Boost:                                           γ = 2.13 

(HERA had a boost of γ ≈ 3)
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Simulating asymmetric e+/e– collisions

>GUINEA-PIG beam–beam simulations: 
>Asymmetric energies give similar luminosity 
>However, more power is required (to boost the collision products)

3

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.

(Use shorter bunches to match for smaller IP beta functions)



>The luminosity scales as: 
>Can we use more (low-energy) positrons and less (high-energy) electrons?    Yes 

>Power usage increase:       
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Mitigating the power efficiency problem: asymmetric charge

ℒ ∼ NpNe



>The luminosity scales as: 
>Can we use more (low-energy) positrons and less (high-energy) electrons?    Yes 

>Power usage increase:       

>Unchanged power usage if Ne/Np = Ep/Ee   (in our case: 4x more e+, 4x less e–) 
>However, producing positrons is problematic—instead go for 2 times more e+
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Mitigating the power efficiency problem: asymmetric charge

ℒ ∼ NpNe

3
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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
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=
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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
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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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Going all-in: Asymmetric emittances ease beam-quality needs
> Geometric emittance scales inversely with energy. 
> To achieve same beam size at IP: 

> Positrons (lower energy) must have smaller IP beta function:  
use 3.3/0.1 mm (similar to CLIC)
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Going all-in: Asymmetric emittances ease beam-quality needs
> Geometric emittance scales inversely with energy. 
> To achieve same beam size at IP: 

> Positrons (lower energy) must have smaller IP beta function:  
use 3.3/0.1 mm (similar to CLIC) 

> However, electrons can have a larger IP beta function 
> More interestingly, we can increase the e– (normalised) emittance. 
> Significantly reduces emittance requirements from PWFAs! 3

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
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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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Schematic layout of HALHF

>Overall length: ~3.3 km ⇒ fits in ~any major particle-physics lab 

>Length dominated by e– beam-delivery system

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 & Lindstrøm, preprint at arXiv:2303.10150 (2023)
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Rough cost estimates for HALHF

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

10

Subsystem Original
cost

(MILCU)

Comment Scaling
factor

HALHF
cost

(MILCU)

Fraction

Particle sources, damping rings 430 CLIC cost [76], halved for e+ damping rings onlya 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 6b 0.1 48 3%
Transfer lines 477 ILC cost, scaled to the ⇠4.6 km requiredc 0.15 72 5%
Electron BDS 91 ILC cost, also at 500 GeV 1 91 6%
Positron BDS 91 ILC cost, scaled by lengthd 0.25 23 1%
Beam dumps 67 ILC cost (similar beam power) + drive-beam dumpse 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%
a
Swiss deflator from 2018 ! 2012 is approximately 1. Conversion uses Jan 1st 2012 CHF to $ exchange rate of 0.978.

b
Cost of PWFA linac similar to ILC standard instrumented beam lines plus short plasma cells & gas systems plus kickers/chicanes.

The factor 6 is a rough estimate of extra complexity involved.
c
The positron transfer line, which is the full length of the electron BDS, dominates; this plus two turn-arounds, the electron transport

to the positron source plus small additional beam lines are costed.

d
The HALHF length is scaled by

p
E and the cost assumed to scale with this length.

e
Length of excavation and beam line taken from European XFEL dump.

Table III. Estimated capital construction cost of the HALHF collider, broken down by subsystem. The costing is based on
an appropriate scaling of the estimated costs of the equivalent CLIC, ILC or European XFEL subsystem. The total of 1.553
billion ILCU is equivalent to ⇠$1.9 billion today.

as an increase in the baseline cavity acceleration gradi-
ent, would not. Even the smallest cost estimate for ILC
remains much larger than that for HALHF.

A crude estimate of the HALHF cost ”today” can be
obtained by simply using the GDP deflator for the USA
to update ILCUs into $ of 2022 using a factor of 1.25.
The capital cost of the HALHF collider “today” would
then be approximately $1.9B.

The Implementation Task Force (ITF) report prepared
for the Snowmass process [37] examines details of many
proposed collider projects. In particular, it presents cost-
ings that are evaluated using a careful and sophisticated
parameterisation process derived from the known costs
of successful past projects and information from current
component costs. The ITF quotes the Total Project
Cost (TPC) as required by the US Department of En-
ergy, sometimes known as “US accounting”. The costs
given above for HALHF are in “European accounting”,
where personnel costs, escalation etc. are dealt with sep-
arately. Although the ITF report does give figures for
several PWFA-based concepts, none are useful for com-
parison with HALHF as they are for much higher energy.
However, the ITF TPC for an ILC Higgs factory, which is
within the range $7–12B, can be scaled in the same way
as was done to estimate the capital cost of HALHF. This
gives a TPC for HALHF of $2.3–3.9B in 2021 dollars.

2. Running costs

The HALHF running costs are dominated by the power
used to produce the drive beams. The power required to
produce and maintain the plasma is negligible. Accel-
erating 100 trains of 16 electron drivers (one for each
plasma stage, see Section V. 4), each of which has 4.3 nC

of charge, plus the positron bunches with 6.4 nC, oper-
ated at a repetition rate of 100 Hz and 50% wall-plug e�-
ciency, requires around 48 MW of total wall-plug power.
Damping rings, of which there are two, add about 10 MW
each [76].
In addition to the high-level RF power, substantial

cooling power is required, particularly for the PWFA
linac. Without any detailed design for PWFA cells that
can deal with the remnant power unavoidably deposited
in the plasma, we assume that the system is similar to
that of CLIC, which also drives one beam with another,
although with very di↵erent technology. Excluding RF
and magnets, the CLIC power budget is dominated by
cooling, which adds roughly 50% of the RF power re-
quirement to the total. We assume a similar fraction for
HALHF. On this estimate, the cooling requirement per
meter of RF structure is approximately 20 kW/m, which
is similar to that of the CLIC drive-beam linac.
The power requirement for HALHF from the sources

mentioned above would therefore be ⇠92 MW. Making a
guess for magnet power, which will be substantially less
than for CLIC, we round this up to 100 MW, roughly
similar to ILC and CLIC Higgs Factories.

VIII. POSSIBLE STAGING AND UPGRADE
SCHEMES

Clearly any accelerator of HALHF’s complexity needs
to have a sizeable prototype. This needs to concen-
trate on the technologically advanced part, the PWFA
linac. A scaled-down version of a few cells would first
be constructed. This could immediately be applied
in experiments in strong-field quantum electrodynamics
(SFQED) [77–80], for which a multi-100 GeV electron

> Scaled from existing collider projects (ILC/CLIC) where possible—not exact. 
> European accounting (2022 $):        ~$1.9B        (~1/4 of ILC TDR cost @ 250 GeV) 
> US accounting (“total project cost”): $2.3–3.9B 
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Rough cost estimates for HALHF

> Dominated by conventional collider costs (97%) — PWFA linac only ~3% of the cost 
> Estimated power usage is ~100 MW (similar to same-energy ILC and CLIC): 

> 21 MW beam power + 27 MW power loss + 2 x 10 MW damping rings + 50% facility overhead

10

Subsystem Original
cost

(MILCU)

Comment Scaling
factor

HALHF
cost

(MILCU)

Fraction

Particle sources, damping rings 430 CLIC cost [76], halved for e+ damping rings onlya 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 6b 0.1 48 3%
Transfer lines 477 ILC cost, scaled to the ⇠4.6 km requiredc 0.15 72 5%
Electron BDS 91 ILC cost, also at 500 GeV 1 91 6%
Positron BDS 91 ILC cost, scaled by lengthd 0.25 23 1%
Beam dumps 67 ILC cost (similar beam power) + drive-beam dumpse 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%
a
Swiss deflator from 2018 ! 2012 is approximately 1. Conversion uses Jan 1st 2012 CHF to $ exchange rate of 0.978.

b
Cost of PWFA linac similar to ILC standard instrumented beam lines plus short plasma cells & gas systems plus kickers/chicanes.

The factor 6 is a rough estimate of extra complexity involved.
c
The positron transfer line, which is the full length of the electron BDS, dominates; this plus two turn-arounds, the electron transport

to the positron source plus small additional beam lines are costed.

d
The HALHF length is scaled by

p
E and the cost assumed to scale with this length.

e
Length of excavation and beam line taken from European XFEL dump.

Table III. Estimated capital construction cost of the HALHF collider, broken down by subsystem. The costing is based on
an appropriate scaling of the estimated costs of the equivalent CLIC, ILC or European XFEL subsystem. The total of 1.553
billion ILCU is equivalent to ⇠$1.9 billion today.

as an increase in the baseline cavity acceleration gradi-
ent, would not. Even the smallest cost estimate for ILC
remains much larger than that for HALHF.

A crude estimate of the HALHF cost ”today” can be
obtained by simply using the GDP deflator for the USA
to update ILCUs into $ of 2022 using a factor of 1.25.
The capital cost of the HALHF collider “today” would
then be approximately $1.9B.

The Implementation Task Force (ITF) report prepared
for the Snowmass process [37] examines details of many
proposed collider projects. In particular, it presents cost-
ings that are evaluated using a careful and sophisticated
parameterisation process derived from the known costs
of successful past projects and information from current
component costs. The ITF quotes the Total Project
Cost (TPC) as required by the US Department of En-
ergy, sometimes known as “US accounting”. The costs
given above for HALHF are in “European accounting”,
where personnel costs, escalation etc. are dealt with sep-
arately. Although the ITF report does give figures for
several PWFA-based concepts, none are useful for com-
parison with HALHF as they are for much higher energy.
However, the ITF TPC for an ILC Higgs factory, which is
within the range $7–12B, can be scaled in the same way
as was done to estimate the capital cost of HALHF. This
gives a TPC for HALHF of $2.3–3.9B in 2021 dollars.

2. Running costs

The HALHF running costs are dominated by the power
used to produce the drive beams. The power required to
produce and maintain the plasma is negligible. Accel-
erating 100 trains of 16 electron drivers (one for each
plasma stage, see Section V. 4), each of which has 4.3 nC

of charge, plus the positron bunches with 6.4 nC, oper-
ated at a repetition rate of 100 Hz and 50% wall-plug e�-
ciency, requires around 48 MW of total wall-plug power.
Damping rings, of which there are two, add about 10 MW
each [76].
In addition to the high-level RF power, substantial

cooling power is required, particularly for the PWFA
linac. Without any detailed design for PWFA cells that
can deal with the remnant power unavoidably deposited
in the plasma, we assume that the system is similar to
that of CLIC, which also drives one beam with another,
although with very di↵erent technology. Excluding RF
and magnets, the CLIC power budget is dominated by
cooling, which adds roughly 50% of the RF power re-
quirement to the total. We assume a similar fraction for
HALHF. On this estimate, the cooling requirement per
meter of RF structure is approximately 20 kW/m, which
is similar to that of the CLIC drive-beam linac.
The power requirement for HALHF from the sources

mentioned above would therefore be ⇠92 MW. Making a
guess for magnet power, which will be substantially less
than for CLIC, we round this up to 100 MW, roughly
similar to ILC and CLIC Higgs Factories.

VIII. POSSIBLE STAGING AND UPGRADE
SCHEMES

Clearly any accelerator of HALHF’s complexity needs
to have a sizeable prototype. This needs to concen-
trate on the technologically advanced part, the PWFA
linac. A scaled-down version of a few cells would first
be constructed. This could immediately be applied
in experiments in strong-field quantum electrodynamics
(SFQED) [77–80], for which a multi-100 GeV electron

> Scaled from existing collider projects (ILC/CLIC) where possible—not exact. 
> European accounting (2022 $):        ~$1.9B        (~1/4 of ILC TDR cost @ 250 GeV) 
> US accounting (“total project cost”): $2.3–3.9B 
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The foundation: A main RF linac

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–) 

>Length = ~1.3 km / gradient = 25 MV/m 
>Assumes 50% efficient acceleration
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The foundation: A main RF linac

>Length = ~1.3 km / gradient = 25 MV/m 
>Assumes 50% efficient acceleration 
>Bunch-train pattern must be compatible with 

PWFA (both NCRF/SCRF possible): 
>Burst-mode (100 bunch-train at 100 Hz) 
>Continuous wave (10 kHz)

Main RF linac

Particle sources
Drivers
Colliding electrons
Electrons for positrons
Positrons

Damping rings (DR)
DR emptying
Pre-DR to DR transfer
Pre-DR filling

PWFA stages
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Possible bunch-train pattern for HALHF.
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(5–31 GeV e+/drivers)

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

Beam-delivery system
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(16 stages, ~32 GeV per stage)
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Driver source,
RF linac (5 GeV) Electron

source
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Positron transfer line
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RF linac
(5 GeV e–) 
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The novelty: A multistage plasma-based linac
>No damping ring required (due to high-emittance electrons)

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–) 
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The novelty: A multistage plasma-based linac
>No damping ring required (due to high-emittance electrons) 
>16 PWFA stages (each 5 m long) 

>Length: ~400 m total (80 m of plasma) 
>Gradient: 6.4 GV/m (in plasma) / 1.2 GV/m (average) 
>Energy efficiency: 39%  

          (74% driver-to-plasma, 53% plasma-to-beam)

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–) 

µm

µm

(a)

(b)

µm

µm

(a)

(b)

(Simulation based on reduced model)
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The novelty: A multistage plasma-based linac
>No damping ring required (due to high-emittance electrons) 
>16 PWFA stages (each 5 m long) 

>Length: ~400 m total (80 m of plasma) 
>Gradient: 6.4 GV/m (in plasma) / 1.2 GV/m (average) 
>Energy efficiency: 39%  

          (74% driver-to-plasma, 53% plasma-to-beam)

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–) 

µm

µm

(a)

(b)

µm

µm

(a)

(b)

(Simulation based on reduced model)

Key R&D topic:  
Energy-efficiency vs. instability 

Several promising mitigation strategies exist 
(ion motion, quasi-linear regime, etc.) 

More detailed study required to determine stable and  
self-consistent parameters → pre-CDR
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Innovations required: Plasma-accelerator R&D
>Toward high energy: 

>Compact staging optics with quality preservation 
>Multi-stage driver distribution

From: Pfingstner et al. (Proc. IPAC 2016) From: Steinke et al., Nature 530, 190 (2016).
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Innovations required: Plasma-accelerator R&D
>Toward high energy: 

>Compact staging optics with quality preservation 
>Multi-stage driver distribution 

>Toward high beam quality: 
>Transverse and longitudinal stability 
>Emittance and energy-spread preservation 
>Spin-polarization preservation

From: Maier et al., Phys. Rev. X 10, 031039 (2020).
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From: Lindstrøm (arXiv: 2104.14460).

�����������	
����

�� � �� ���
������
����	�������������������	��������

�

�

��

��

��

�
��
�
��
��
��
��
��
��
��
���
	�
��
���
�
��
��
�
�

�

 �

!�

���

�"�

�
��
�
��
��
��
��
��
��
��
��
���

��
��
�
�

#	�������		��$�����������������������%����&������� ��������	�
��
#	�������		������������
������������%����&������� �������	�
��
'(�	
������)��
�)�
���)���	�������		��#*+����
	������

#	�������		��$�������

��"�

��,�

��!�

��-�

����

'
��
��
.�
�/

�0
�

#	�������		���������

�

��

��

1�

�
��
��
��
	��
��
��
�.
���

+
�/
�0

�
�

� ��  �
����+�

� �2� �2 
������3�456/�

 � �� � ��  �
7�������	��������

�

�2�

�

�2�

�

��
��

�
�

��  � "� !� ���
7�������	��������

�

���

 ��

"��

!��

+
)�
��
��
��
��
��.
���

+
��
�

�
�

�

���
��
�����

� �

� �
Plasma cell

From: Lindstrøm et al. (submitted)
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Innovations required: Plasma-accelerator R&D
>Toward high energy: 

>Compact staging optics with quality preservation 
>Multi-stage driver distribution 

>Toward high beam quality: 
>Transverse and longitudinal stability 
>Emittance and energy-spread preservation 
>Spin-polarization preservation 

>Toward high beam power: 
>High-overall efficiency (wall-plug to beam) 
>Repetition rate 
>Plasma-cell cooling

From: Litos et al., Nature 515, 92 (2014).

From: Peña et al. (arXiv:2305.09581)

From: D'Arcy et al., Nature 603, 58 (2022).
From: Zgadzaj et al., 

Nat. Commun. 11, 4753 (2020)

(Must be 
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Innovations required: Conventional accelerator R&D
>High-charge positron source (2x charge compared to ILC) 

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–) 

Sketch of ILC positron source
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Innovations required: Conventional accelerator R&D
>High-charge positron source (2x charge compared to ILC) 
>Detector optimised for asymmetric energies (see Brian’s talk)

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
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Driver source,
RF linac (5 GeV) Electron

source
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Positron transfer line
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Interaction point
(250 GeV c.o.m.) e+ e+

Positron
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Damping rings
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ZEUS detector at HERA
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Innovations required: Conventional accelerator R&D
>High-charge positron source (2x charge compared to ILC) 
>Detector optimised for asymmetric energies (see Brian’s talk) 
>Beam-delivery systems: 

>Small beta functions (3.3 x 0.1 mm) 
>Can it be made shorter if the emittance is much higher? (Not assumed for HALHF)

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
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e–
e+

RF linac
(5 GeV e–) 

From: Raimondi & Seryi, PRL 86, 3779 (2001)
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Innovations required: Conventional accelerator R&D
>High-charge positron source (2x charge compared to ILC) 
>Detector optimised for asymmetric energies (see Brian’s talk) 
>Beam-delivery systems: 

>Small beta functions (3.3 x 0.1 mm) 
>Can it be made shorter if the emittance is much higher? (Not assumed for HALHF) 

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

>Conventional accelerator  
expertise required!
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Rough timeline for HALHF (and beyond)
> A “pre-CDR” (feasibility study) is necessary to find self-consistent parameters

Timeline (approximate/aspirational)
0–5 years 5–10 years 10–15 years 15–25 years 25+ years

Pre-CDR (HALHF) 
Simulation study 

to determine 
self-consistent parameters 

(demonstration goals)

Demonstration of: 
Scalable staging, driver distribution, 

stabilisation (active and passive)

Multistage tech demonstrator 
Strong-field QED experiment 

(25–100 GeV e–)

Demonstration of: 
High wall-plug efficiency (e– drivers), preserved beam quality & spin 

polarization, high rep. rate, plasma temporal uniformity & cell cooling

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

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–/γ–γ collider 
Symmetric, all-plasma-based 

collider (> 2 TeV c.o.m.)

(Facility upgrade)
HEP facility (earliest start 
of construction)

R&D (exp. & theory)

Feasibility study

(Facility upgrade)
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Rough timeline for HALHF (and beyond)
> A “pre-CDR” (feasibility study) is necessary to find self-consistent parameters 
> Need a near-term technology demonstrator (similar to EU-XFEL for ILC): e.g. strong-field QED 

> In parallel (not directly relevant to HEP): Plasma-based FELs (EuPRAXIA, KALDERA, etc.)

Timeline (approximate/aspirational)
0–5 years 5–10 years 10–15 years 15–25 years 25+ years

Pre-CDR (HALHF) 
Simulation study 

to determine 
self-consistent parameters 

(demonstration goals)

Demonstration of: 
Scalable staging, driver distribution, 

stabilisation (active and passive)

Multistage tech demonstrator 
Strong-field QED experiment 

(25–100 GeV e–)

Demonstration of: 
High wall-plug efficiency (e– drivers), preserved beam quality & spin 

polarization, high rep. rate, plasma temporal uniformity & cell cooling

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

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–/γ–γ collider 
Symmetric, all-plasma-based 

collider (> 2 TeV c.o.m.)

(Facility upgrade)
HEP facility (earliest start 
of construction)

R&D (exp. & theory)

Feasibility study

(Facility upgrade)
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Rough timeline for HALHF (and beyond)
> A “pre-CDR” (feasibility study) is necessary to find self-consistent parameters 
> Need a near-term technology demonstrator (similar to EU-XFEL for ILC): e.g. strong-field QED 

> In parallel (not directly relevant to HEP): Plasma-based FELs (EuPRAXIA, KALDERA, etc.)

Timeline (approximate/aspirational)
0–5 years 5–10 years 10–15 years 15–25 years 25+ years

Pre-CDR (HALHF) 
Simulation study 

to determine 
self-consistent parameters 

(demonstration goals)

Demonstration of: 
Scalable staging, driver distribution, 

stabilisation (active and passive)

Multistage tech demonstrator 
Strong-field QED experiment 

(25–100 GeV e–)

Demonstration of: 
High wall-plug efficiency (e– drivers), preserved beam quality & spin 

polarization, high rep. rate, plasma temporal uniformity & cell cooling

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

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–/γ–γ collider 
Symmetric, all-plasma-based 

collider (> 2 TeV c.o.m.)

(Facility upgrade)
HEP facility (earliest start 
of construction)

R&D (exp. & theory)

Feasibility study

(Facility upgrade)

> Upgrade path toward multi-TeV relies on concepts that need ongoing parallel R&D 
> e+ acceleration, high-efficiency lasers, nm-level emittances, more compact BDS
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Important note: Most R&D toward HALHF is driver-agnostic

>Key to continue funding existing 
plasma-accelerator test facilities 
(regardless of driver technology) 

>Most R&D can be performed 
independent of driver used 

>Too many R&D topics for one 
facility to focus on simultaneously 

>If high-efficiency lasers become 
available, these can be highly relevant 
to multi-TeV colliders

21Community Report on Accelerators Roadmap - Frascati | 12 July 2023 | Wim Leemans & Rajeev Pattathil

Timelines for R&D on plasma-based 
colliders 

R&D on light sources based on single stage LPA and e-PFWA will de-risk HALHF and other plasma-based collider concepts 
considerably



Page 33Dr. Carl A. Lindstrøm  |  12 July 2023  |  Community Report on Accelerators Roadmap  |  Frascati, Italy

Important note: Most R&D toward HALHF is driver-agnostic
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R&D required for future colliders
Demonstrable in Single Stage Demonstrable in Multi-stage

Proton-driven Electron-driven Laser-driven Electron-driven Laser-driven

Electron beams with HEP relevant energies 3.2 1.1, 1.2 1.3

Acceleration in very long plasma 3.2

Plasma uniformity (long. & trans.) 3.2 3.1, 2.3 2.3, 2.4

Preserving  injected beam quality: emittance, 
charge, energy spread, spin polarisation 3.1 1.5, 2.4 3.1 1.5, 2.4

Stabilisation (active and passive) 3.1 2.4 3.1 2.4

Ultra-low emittance beams

Advanced beam-delivery systems 1.6 1.6 1.6 1.6 1.6

External injection and timing 3.1 2.4 3.1 2.4

Positron beams for collider 1.4 1.4 1.4

High rep-rate targetry with heat management 2.3, 3.1 2.1, 2.3, 2.4

Facility sustainability 1.7 1.7 1.7 1.7 1.7

Temporal plasma uniformity & stability 3.2

Driver removal 3.1 2.4 3.1 2.4

High rep-rate, high wall plug efficiency drivers 2.1, 2.2 2.1, 2.2

Inter-stage beam coupling and timing 3.1 2.4

Driver coupling and removal (plasma mirrors) 3.1 2.4

Total system design with end-to-end 
simulations 1.1, 1.2 1.3

Not applicable 

Technically feasible

Not feasible

Not part of the 
program

Work packages aim to address some of the 
major R&D challenges towards future colliders 

• Some of the key R&D 
challenges for future plasma-
based colliders will be 
addressed by the laser-, 
electron- and proton-driven 
schemes

• Work packages aim to 
address a number of them

• The CDR will exploit the 
synergies amongst these 
developments

• Some key developments will 
be beyond the scope of this 
roadmap
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Conclusions

> The HALHF concept proposes a compact, more cost-effective Higgs factory: 
> Asymmetric energy (for compactness), asymmetric charge (for power efficiency),  

and asymmetric emittance (for reduced requirements)

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–) 

Preprint: Foster, D’Arcy & Lindstrøm, arXiv:2303.10150 (2023)

https://doi.org/10.48550/arXiv.2303.10150
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Conclusions

> The HALHF concept proposes a compact, more cost-effective Higgs factory: 
> Asymmetric energy (for compactness), asymmetric charge (for power efficiency),  

and asymmetric emittance (for reduced requirements) 
> Higher risk, but also higher reward (innovative and cost effective): 

> HALHF aims to increase the TRL of plasma-based accelerators,  
but is currently not at the level of ILC/CLIC or even FCC. 

> Part of a longer-term technology development of plasma-accelerators
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Conclusions

> The HALHF concept proposes a compact, more cost-effective Higgs factory: 
> Asymmetric energy (for compactness), asymmetric charge (for power efficiency),  

and asymmetric emittance (for reduced requirements) 
> Higher risk, but also higher reward (innovative and cost effective): 

> HALHF aims to increase the TRL of plasma-based accelerators,  
but is currently not at the level of ILC/CLIC or even FCC. 

> Part of a longer-term technology development of plasma-accelerators 
> Much targeted R&D still required (e.g., staging, beam quality, beam power) 

> Continued funding of existing test facilities (regardless of driver technology) is key
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