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Particle colliders have been growing in size
Magnet technology and synchrotron radiation cause unfavorable scaling to higher energies

2

ISR (1971): 75 m 
p+/p+, 62 GeV CM

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

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

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

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

Tevatron (1992): 0.95 km 
p+/p-, 2 TeV CM
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Particle colliders have been growing in size
Magnet technology and synchrotron radiation cause unfavorable scaling to higher energies

2

ISR (1971): 75 m 
p+/p+, 62 GeV CM

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

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

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

FCC (?): 14.4 km 
e+/e-, > 365 GeV CM 

p+/p+, up to 100 TeV CM

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

Tevatron (1992): 0.95 km 
p+/p-, 2 TeV CM
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The next step for electron/positron colliders could be linear

• Linear colliders scale favorably for energies beyond LEP 
- Size limited by achievable gradients in 

radio-frequency (RF) accelerator modules (~100 GV/m) 
- Main RF-options: ILC, CLIC, C3 

• Still a significant investment 𝓞 (1010 Euro) and scale (10’s km)

3

ILC / 500 GeV / 31 km
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ILC / 500 GeV / 31 km

Plasma accelerator (> 1 GV/m) mission for particle physics
• Reduce the size of future colliders (gradient) 
→ potential for reduced construction cost, environmental impact 

• Potential for reduced operation cost (higher luminosity/power) 
• Provide an upgrade path for Higgs-factory LCs 

(repurposing of ILC/CLIC/C3 infrastructure)

4
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HALHF / 250 GeV / 3.3 km
Foster, D’Arcy, and Lindstrøm, NJP 25, 093037 (2023)
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Energy Frontier Collider / 15 TeV / 6.6 km*  

*for the linac, not including the BDS

C.B. Schroeder et al., JINST 18 T06001 (2023)
HALHF / 250 GeV / 3.3 km

Foster, D’Arcy, and Lindstrøm, NJP 25, 093037 (2023)
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Straw-person collider concepts have been under development for decades
A useful exercise to guide component R&D
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What goes into collider design?
Let’s ask those that know, and learn!

6

Symposium on Advanced Accelerator Concepts, Madison, WI, 1986
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Symposium on Advanced Accelerator Concepts, Madison, WI, 1986

Environmental 
impact
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Environmental impact: a constraint of ever increasing importance

8

Environmental considerations are an explicit 
constraint on future colliders designs.


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


The carbon impact of colliders comes from:

• Construction

• Operation 
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Environmental impact: a constraint of ever increasing importance

9

ITF Report, JINST (2023)

The key metric is “luminosity-per-beam-power”

Environmental considerations are an explicit 
constraint on future colliders designs.


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


The carbon impact of colliders comes from:

• Construction

• Operation 

~ physics per $$$
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Basic considerations on luminosity-per-power optimization
For a given luminosity and energy target, we can place strong constraints on collider designs

10

Geometric Luminosity Figure of Merit:

Luminosity per power

10 TeV collider: Eb = 5 TeV and ℒ = 1035 cm-2 s-1

Fixed
Maximize

Minimize

Limited 
(order ~10% realistic?)

Limited to ≳ σz 

and by Oide effect
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Operational plasma density [cm-3]

[GV/m]

[1034 cm-2 s-1  / 100 MW] 
at 1 TeV <latexit sha1_base64="CWACNfxXf3gmll08IMEYDn0NraM=">AAAB+XicbVBNSwMxEJ2tX7V+rXr0EiyCp7pbpHosiuCxgv2Adi3ZNG1Ds9mQZAtl6T/x4kERr/4Tb/4b03YP2vpg4PHeDDPzQsmZNp737eTW1jc2t/LbhZ3dvf0D9/CooeNEEVonMY9VK8SaciZo3TDDaUsqiqOQ02Y4up35zTFVmsXi0UwkDSI8EKzPCDZW6rruXUeqWJoYiafUvyhPu27RK3lzoFXiZ6QIGWpd96vTi0kSUWEIx1q3fU+aIMXKMMLptNBJNJWYjPCAti0VOKI6SOeXT9GZVXqoHytbwqC5+nsixZHWkyi0nRE2Q73szcT/vHZi+tdByoRMDBVksaifcGQfncWAekxRYvjEEkwUs7ciMsQKE2PDKtgQ/OWXV0mjXPIrpcrDZbF6k8WRhxM4hXPw4QqqcA81qAOBMTzDK7w5qfPivDsfi9ack80cwx84nz+zI5MR</latexit>

E → n1/2

<latexit sha1_base64="/FkjGks462Qeaim33pFGT9FdoGc=">AAACFXicbVBNSwMxFMz6bf2qevQSLIIHbXeLqEfRiwcPFWwtdGvJpmkbmk2W5K1Ylv0TXvwrXjwo4lXw5r8xW/eg1oHAMPMeLzNBJLgB1/10pqZnZufmFxYLS8srq2vF9Y2GUbGmrE6VULoZEMMEl6wOHARrRpqRMBDsOhieZf71LdOGK3kFo4i1Q9KXvMcpASt1int+SGBAiUgu0gqudXxgd6DDBBSk2I+0ikBheZPse5Vq2imW3LI7Bp4kXk5KKEetU/zwu4rGIZNABTGm5bkRtBOigVPB0oIfGxYROiR91rJUkpCZdjJOleIdq3RxT2n7JOCx+nMjIaExozCwk1kG89fLxP+8Vgy943bCZRQDk/T7UC8W2CbNKsJdrhkFMbKEUM3tXzEdEE0o2CILtgTvb+RJ0qiWvcPy4eVB6eQ0r2MBbaFttIs8dIRO0DmqoTqi6B49omf04jw4T86r8/Y9OuXkO5voF5z3L2oLnvg=</latexit>

L/Ptot → n→1/2

Trade-off between L/Ptot and 
acceleration gradient has to be made

Basic considerations on luminosity-per-power optimization
For a given luminosity and energy target, we can place strong constraints on collider designs

11

10 TeV collider: Eb = 5 TeV and ℒ = 1035 cm-2 s-1

For a fixed luminosity and collision energy, 
higher bunch charge, lower emittance are favored

Fixed
Maximize

Minimize

Limited 
(order ~10% realistic?)

Limited to ≳ σz 

and by Oide effect
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10 TeV collider: Eb = 5 TeV and ℒ = 1035 cm-2 s-1

For a fixed luminosity and collision energy, 
higher bunch charge, lower emittance are favored

But wait! What about Beamstrahlung...?

Fixed
Maximize

Minimize

Limited 
(order ~10% realistic?)

Limited to ≳ σz 

and by Oide effect
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Plasma accelerators mitigate Beamstrahlung
Short particle bunches save power

12

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

Number of emitted photons per particle:
<latexit sha1_base64="hd2JlFpVsPCvZKLY/XbOCnnGybk=">AAACIXicbVDNSgMxGMz6W+vfqkcvwSJ4se5WUY9FL56kglWh2y7fpmkNTbJLkhXq0lfx4qt48aBIb+LLmNY9aOtAYDLzfSQzUcKZNp736czMzs0vLBaWissrq2vr7sbmjY5TRWidxDxWdxFoypmkdcMMp3eJoiAiTm+j3vnIv32gSrNYXpt+QpsCupJ1GAFjpdA9lWHQBSEAB4mKExPjy1ZWOTgc4ECzroDwsZX542tuy1a27x9UBqFb8sreGHia+DkpoRy10B0G7ZikgkpDOGjd8L3ENDNQhhFOB8Ug1TQB0oMubVgqQVDdzMYJB3jXKm3ciZU90uCx+nsjA6F1X0R2UoC515PeSPzPa6Smc9rMmExSQyX5eaiTcmyTjurCbaYoMbxvCRDF7F8xuQcFxNhSi7YEfzLyNLmplP3j8vHVUal6ltdRQNtoB+0hH52gKrpANVRHBD2hF/SG3p1n59X5cIY/ozNOvrOF/sD5+ga37qKc</latexit>

nω → N2/3ω1/3
z → n→1/2 P. Chen and K. Yokoya (1995) 

C.B. Schroeder et al., 
PRASTB 13, 101301 (2010)

<latexit sha1_base64="9VqAqkAr2A6zsXOyOYHDrZMhH+A="></latexit>

L
E2
cm

→ n3/2
ω Pbeam

ω1/2
z ε5/2

Short beams in wakefield accelerators 
mitigate beamstrahlung and save power.

C.B. Schroeder et al., 
PRASTB 15, 051301 (2012)

Traditionally, linear colliders desire low beamstrahlung:

• Upper limit for charge per bunch, lower limit for plasma density. 

• Flat beams are favored.

<latexit sha1_base64="vyNbpCsWqJXZNsty4U1Y7u1qeuk=">AAAB/HicbVBNS8NAEN3Ur1q/oj16WSyCp5KIVI9FLx4r2FpoQphsN+3S3U3Y3Qgl1L/ixYMiXv0h3vw3bj8O2vpg4PHeDDPz4owzbTzv2ymtrW9sbpW3Kzu7e/sH7uFRR6e5IrRNUp6qbgyaciZp2zDDaTdTFETM6UM8upn6D49UaZbKezPOaChgIFnCCBgrRW5VRsEAhAAccKq1ZgL7kVvz6t4MeJX4C1JDC7Qi9yvopyQXVBrCQeue72UmLEAZRjidVIJc0wzICAa0Z6kEQXVYzI6f4FOr9HGSKlvS4Jn6e6IAofVYxLZTgBnqZW8q/uf1cpNchQWTWW6oJPNFSc6xSfE0CdxnihLDx5YAUczeiskQFBBj86rYEPzll1dJ57zuN+qNu4ta83oRRxkdoxN0hnx0iZroFrVQGxE0Rs/oFb05T86L8+58zFtLzmKmiv7A+fwBGQ+UbQ==</latexit>

nω ↭ 1

WarpX simulation, 
A. Formenti (LBNL)

electron 
density

positron

density

magnetic field 
streamlines

also: beam disruption (shape), secondary e+/e- pair creation
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Plasma collider components and challenges

~ km scale for ~ TeV
47 kHZ LASER SOURCE

47 kHZ LASER SOURCE

BEAM DELIVERY SYS TEM

e- SOURCE

e+ SOURCE

DAMPING

DAMPING

INTERACTION REGION
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Beam sources 
- Higgs factory: LC solutions exist 

opportunity - compact (cheaper) 
sources from plasmas


- 10 TeV collider: undefined, 
potentially a key issue
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Plasma stages + coupling 
- Focus and key charge for our field, no roadblocks known 

critical - beam quality (incl. polarization), efficiency, stability, longevity, 
resilience to jitter (in time, space, and momentum), resilience to 
catastrophic errors (one bad shot)


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


- Staging: requires detailed concepts, additional test facilities  
+ critical - driver in-/out-coupling, geometric gradient
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Driver technology 

- Beams: technology exists in principle 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Full system integration 
- Turn components into 

self-consistent machine

- Optimization of the system for 

cost, efficiency, environmental 
impact, physics performance, 
resiliency (jitter budget)
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- 10 TeV collider: no design exists 
critical - HF designs scale poorly with energy 
(geo. gradient) → 20 (CLIC) to 90 (ILC) km

Driver technology 
- Beams: technology exists in principle 

cost, gradient, efficiency, distribution optimization

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

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

Interaction region 
- Higgs factory: designed for other LCs

- 10 TeV collider: studies critical to define 

collider type and machine parameters 
critical - valid codes for beam/beam studies
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Plasma stages + coupling 
- Focus and key charge for our field, no roadblocks known 

critical - beam quality (incl. polarization), efficiency, stability, longevity, 
resilience to jitter (in time, space, and momentum), resilience to 
catastrophic errors (one bad shot)


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


- Staging: requires detailed concepts, additional test facilities  
+ critical - driver in-/out-coupling, geometric gradient
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Adopted from S. Harris 
and C. Lindstrøm
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Plasma accelerators enable high-quality, high-gradient electron acceleration
The positron challenge is created by plasma charge asymmetry

15

Linear focusing fields

Wake driver

Ion background

Strong accelerating fields
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Only the electron spike at the back of the wake supports e+ acceleration
The positron challenge is created by charge asymmetry (high mobility of plasma electrons vs. ions)

16

High-density electron cusp Focusing field for positrons

Wake driver



The pragmatic approach: 

use plasma to accelerate electrons  
but RF to accelerate positrons



HALHF
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Can we use asymmetric e+/e– energies to reduce cost?

19

>Minimum centre-of-mass energy required for Higgs factory:  

e+ e−Symmetric energies
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Can we use asymmetric e+/e– energies to reduce cost?
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>Minimum centre-of-mass energy required for Higgs factory:  

>Electron (Ee) and positron energies (Ep) must follow:  
> However, the collision products are boosted (γ): 

e+ e−Symmetric energies
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Can we use asymmetric e+/e– energies to reduce cost?

19

>Minimum centre-of-mass energy required for Higgs factory:  

>Electron (Ee) and positron energies (Ep) must follow:  
> However, the collision products are boosted (γ): 

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

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

0.25x 4x
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Consequences of asymmetric e+/e– collisions
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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.

Use shorter bunches to compensate

for smaller IP beta functions

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.

Use shorter bunches to compensate

for smaller IP beta functions

>β functions are scaled to maintain the beam size at the IP 
>Asymmetric energies lead to a slight reduction in luminosity (from GUINEA-PIG)

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.

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)

ILC params
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ℒ ∼ Ne−Ne+
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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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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.

P
P0

=
Ne−Ee− + Ne+Ee+

N s
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>The luminosity scales as:
>Can more (low-energy) positrons and less (high-energy) electrons be used?    Yes 

> Power usage increase:      

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

> But, producing positrons is problematic—instead use 2x more , 2x less 
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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.

e+ e−Symmetric chargesP
P0

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

> Power usage increase:      

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

> But, producing positrons is problematic—instead use 2x more , 2x less 
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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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Going all-in: asymmetric emittances ease plasma beam-quality needs
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>Geometric emittance scales as (energy)–1 ➞ does that help?

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.
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>Geometric emittance scales as (energy)–1 ➞ does that help?

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

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.
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>Geometric emittance scales as (energy)–1 ➞ does that help?

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

>  can afford increased (normalised) emittance 
> Significantly reduces emittance requirements from PWFAs!

e−

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.

e+
e−Symmetric emittances
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>Geometric emittance scales as (energy)–1 ➞ does that help?

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

>  can afford increased (normalised) emittance 
> Significantly reduces emittance requirements from PWFAs!

e−

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.

e+ e−Asymmetric emittances

16x
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Utilizing plasma technology for a compact and cost-effective Higgs factory
The Hybrid Asymmetric Linear Higgs Factory (HALHF) Concept
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e- 
e+ 
e+ BDS 
e- BDS• Exploit high gradient of e- acceleration in PWFA and 

avoid difficulty of e+ acceleration by using conventional RF linac, reducing cost by 
low E(e+) (31 GeV) and high E(e-) (500 GeV), boost γ ~ 2.7 ➞ ECM ~ 250 GeV. 

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

• Requires innovations in positron source (2x charge of ILC), high-efficiency (heavily beam-loaded) RF linac, 
BDS (small beta functions 3.3 x 0.1 mm2), driver distribution, plasma modules and staging (see earlier slides), 
boosted-frame Higgs-factory detectors

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

Lindstrøm, D’Arcy, and Foster, arXiv:2312.04975
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µm

µm

(a)

(b)

Simulated with Wake-T 
Plasma density: 7 x 1015 cm-3


Driver/witness charge: 4.3/1.6 nC

At the core: a multistage plasma-based linac

26

>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

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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Rough cost estimates for HALHF
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>Estimated power usage is ~100 MW (similar to ILC and CLIC): 
>21 MW beam power + 27 MW losses + 2×10 MW damping rings + 50% for cooling/etc.

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 (“TPC”):             $2.3–3.9B    ($4.6B from ITF model for RF accelerators) 

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

The reference currency (the “ILCU”) is the 
United States dollar (USD) as of January, 2012
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Upgrade options are being investigated
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> e+ polarization via ILC-like scheme

> 380 GeV c.o.m.: length +10%, power +25% 

> 550 GeV c.o.m.: PWFA linac length +64%, 
RF linac length doubled, power +90%
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Upgrade options are being investigated

28

> e+ polarization via ILC-like scheme

> 380 GeV c.o.m.: length +10%, power +25% 

> 550 GeV c.o.m.: PWFA linac length +64%, 
RF linac length doubled, power +90%

> Two Interaction Points (IPs)

- Single IP seen as weakness of LCs 
- Politically important (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–)
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Making HALHF whole again: returning to symmetry for TeVs

29

> Third IP for 𝛾-𝛾 collisions

- Laser and XFEL options are discussed
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Making HALHF whole again: returning to symmetry for TeVs

30

e+ e-
1 TeV c.o.m. e+−e- IP

> HALHF does not scale to the energy frontier 

- a multi-TeV collider 

will have to be symmetric again
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Timeline (approximate / aggressive / aspirational)
0–5 years 5–10 years 10–15 years 15–20 years 20+ years

Pre-CDR & CDR (HALHF) 

Simulation study 
to determine 

self-consistent parameters 
(demonstration goals)


First proof-of-principle 
experimentation

Demonstration of: 
Scalable staging, driver distribution, 

stabilisation (active and passive)

Multistage tech demonstrator 
Strong-field QED experiment 

(25–100 GeV e–)

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

cell cooling

Avg. power tech demonstrator 
X-ray FEL (20 GeV e–)

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


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

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

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.)

Rough timeline for HALHF (and beyond)

31

>Short term (0–5 yrs): Pre-CDR & CDR 
>Near term (5–15 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)

(Facility upgrade)

(Facility upgrade)

HEP facility (earliest start 
of construction)

R&D (exp. & theory)

Feasibility study

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

R&D (exp. & theory)

Feasibility study



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

33

“All options for a 10 TeV pCM 
collider are new technologies 
under development and R&D is 
required before we can embark 
on building a new collider” 
P5 Report (2023), p. 17

Key needs: high field magnets, detectors Key needs: targets, cooling Key needs: discussed before
Proton collider Muon collider

Linear wakefield 
lepton collider
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Beyond the SM physics: reasonable natural mass 
target for dark matter candidates, if weakly interacting, 
can be set. Such machines would explore this.


Why a 10 TeV pCM collider?
A high priority for P5 and a discovery machine to explore nature far beyond the capabilities of HL-LHC.

34

Needed to measure Higgs potential. 
Compatible with the minimal assumption of the SM?

Electroweak symmetry breaking can be explored.

[C
ap

de
vi

lla
, M

el
on

i, 
Zu

rit
a 

24
05

.0
88

58
]



|  Jens Osterhoff  |  EuPRAXIA_PP  |  September 24, 2024 Page

A new paradigm for particle collisions at the 10 TeV scale
Vector Boson Fusion (VBF) to dominate s-channel annihilation

35

Simone Pagan Griso (LBNL) 
and  

Muon Collide Forum Report
arXiv:2209.01318

Luminosity dominated by cross-sections from the 
VBF process at 10 TeV, rather than 
s-channel annihilation traditionally associated with 
electron-positron linear colliders.


Advantageous for luminosity requirements at 10 TeV.


VBF provides the largest production channels for 
high-energy e+e-, e-e-, 𝛾𝛾, and 𝜇+𝜇- colliders.

A 10 TeV linear collider may not have 
to be an electron-positron collider.
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Beamstrahlung at 10 TeV must be revisited incl. quantum effects

36

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

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

IP needs to be studied together with particle and detector physicists

Average fractional 
particle energy loss:

Beam energy [TeV]

5x1035 s-1 cm-2

1035 s-1 cm-2

1034 s-1 cm-2

Reduce IP 
beam size 
(emittance) 
to achieve 
luminosity 

σy/σx = 50

σy/σx = 20

σy/σx = 16

CLIC

10 TeV pCM
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Beamstrahlung at 10 TeV must be revisited incl. quantum effects

36

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

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

IP needs to be studied together with particle and detector physicists

• Quantum: mean beam field in beam rest frame large compared to Schwinger field 
Unclear whether approximations/models in GUINEA-PIG, CAIN are valid for this regime

Also note: quantum 
beamstrahlung theory 
breaks down for Υ > α-3/2 ~ 1000

Beamstrahlung parameter (mean field strength of beam normalized to Schwinger field): Round beams, 10nm x 10nm at IP

10 TeV pCM, charge = 1 nC

Length = 10 µm 

Average  fractional energy 
radiated of particles: 
δb > 1 for all energies

Y = 24

Y = 117

Y = 289

Average fractional 
particle energy loss:

Beam energy [TeV]

5x1035 s-1 cm-2

1035 s-1 cm-2

1034 s-1 cm-2

Reduce IP 
beam size 
(emittance) 
to achieve 
luminosity 

σy/σx = 50

σy/σx = 20

σy/σx = 16

CLIC

10 TeV pCM
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A new regime. We will consider: 
• e+e-, e-e-, 𝛾𝛾 collisions 
• Round beam collisions in addition to flat beam collisions

Beamstrahlung at 10 TeV must be revisited incl. quantum effects

36

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

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

IP needs to be studied together with particle and detector physicists

• Quantum: mean beam field in beam rest frame large compared to Schwinger field 
Unclear whether approximations/models in GUINEA-PIG, CAIN are valid for this regime

Also note: quantum 
beamstrahlung theory 
breaks down for Υ > α-3/2 ~ 1000

Beamstrahlung parameter (mean field strength of beam normalized to Schwinger field): Round beams, 10nm x 10nm at IP

10 TeV pCM, charge = 1 nC

Length = 10 µm 

Average  fractional energy 
radiated of particles: 
δb > 1 for all energies

Y = 24

Y = 117

Y = 289

Average fractional 
particle energy loss:

Beam energy [TeV]

5x1035 s-1 cm-2

1035 s-1 cm-2

1034 s-1 cm-2

Reduce IP 
beam size 
(emittance) 
to achieve 
luminosity 

σy/σx = 50

σy/σx = 20

σy/σx = 16

CLIC

10 TeV pCM
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A New Study

37

6.4.1 Particle Physics Accelerator Roadmap 

Wakefield concepts for a collider are in the early stages of development. A 
critical next step is the delivery of an end-to-end design concept, including cost 
scales, with self-consistent parameters throughout. This will provide an important 
yardstick against which to measure progress along this emerging technology path.

P5 (2023), 
p. 85

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

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

- environmental impact considered throughout.

- close partnership with 

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


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

The study will 
• guide continued development of advanced accelerators 
• identify demonstrator facilities beyond established needs
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The study will yield a unified design concept that points a path forward

38

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

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


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


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


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


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

- We do not yet know which accelerator technologies are the most feasible.
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We invite you to join the effort!

39

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


• This initiative was triggered by the 2023 US P5 Report, but it is a global undertaking.

• This effort is launched by the advanced accelerator concepts (AAC) community with a goal 

to strongly engage the particle physics and broad accelerator communities worldwide. 
• The details of this study are under development. 

We hope you join and help to define and conduct the study!

Join us! 
Click here or scan:

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

https://docs.google.com/forms/d/1PAPKeaLVKSSTG1Ey9arVo2Eup-R7weWLIG4gnBNbhlc/edit?ts=66a07716
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Tentative working groups are assessing 
and are connecting collider components

40

Green = Broader accelerator community

Orange/blue/purple = AAC specific

Red = HEP and broader community

• System integration and optimization

• Beam sources (incl. damping rings)

• Drivers


- Laser

- Beams - SWFA

- Beams - PWFA


• Linacs

- LWFA

- SWFA

- PWFA


• Beam delivery system

• Beam-beam interactions

• Beam diagnostics

• Machine-detector interface

• HEP detector

• HEP physics case

• Environmental impact

• Simulations/computing/AI

Working group structure and convenorship 
not finalized yet, but will be soon. 
Your participation is appreciated!
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Example: Beam Sources working group

41

Technology metrics: 
• Bunch charge

• Emittance

• Brightness

• Stability

• Experimental demonstrations


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


Working groups will then reconsider their 
technologies based on global metrics.

Possible technologies:
RF photocathodes

Trojan Horse

Downramp injection

Ionization injection

Damping rings
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Tentative Study Timeline

42

Ongoing

Solicit input from HEP 
physicists on e+e-, e-e-, 
𝛾𝛾 collisions.

Year 1

Unified study of SWFA/
PWFA/LWFA for 
electron arm of linac

Intensify engagement 
on non-AAC systems 
and begin work on 
BDS, sources, etc

Year 2

Review tech options 
and converge on 
accelerator concepts.

Review options and 
converge on HEP 
collider type 
(e+e-, e-e-, 𝛾𝛾) 

Intensify engagement 
with HEP on detectors

Year 3

Collaboration on 
designs and self-
consistent parameters. 

Identification of required 
R&D and demo facilities

Year 4

End-to-end design 
study report due 
sometime in 2028.

Study organization.

Provide community 
input for the next ESPP, 
March 2025

Engagement beyond AAC
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Tentative Deliverables
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Year 1: 
- WG metrics and technology options.

- Global metrics determined by community.

- Input to ESPP.


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


Year 3: 
- R&D and facilities roadmap.

- Design report updates.


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

https://arxiv.org/pdf/2407.12450
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ALEGRO goal is a compact energy frontier collider
Community required a forum to globally coordinate their R&D for particle physics

44

• ALEGRO was created as an outcome 
of the ANAR2017 workshop at CERN


• Mandate by ICFA: “to coordinate the preparation of a proposal 
for an advanced linear collider in the multi‐TeV energy range.”


- also looking at upgrade paths for a future linear collider 
and repurposing of facilities


- intermediate energy facilities (Higgs/nonlinear QED/fixed target/…)


• ALEGRO brings the community together

- runs a workshop series: 

Oxford (2018), CERN (2019), DESY (2020 ➞ 2023), Lisbon (2024)

- next at SLAC (March 4-6, 2025) 
- provides strategic input 

for decision makers 
(e.g. to the ESPP, …)

Coordinated by B. Cros & P. Muggli
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Conclusion

45

Plasma accelerator technology is of high interest for the future of particle physics

• Reduce the size of future colliders (reduced construction cost, environmental impact)

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

• Upgrade path for Higgs-factory LCs (repurposing of ILC/CLIC/C3 infrastructure - LCVision)


The community is making progress to deliver self-consistent concepts

• Higgs Factory → HALHF collaboration is pioneering system integration and optimization

• Energy Frontier → 10 TeV pCM wakefield collider end-to-end design effort launched in US


What is needed for these studies to be successful?

• Strong AAC community engagement. 

• Close partnership with particle physics theorists & experimentalists 

(physics case, detectors).

• Close partnership with experts from the broad accelerator community 

(sources, BDS, system integration and optimization, upgrade paths).

Join us! 
Click here to sign up, or scan:

https://docs.google.com/forms/d/1PAPKeaLVKSSTG1Ey9arVo2Eup-R7weWLIG4gnBNbhlc/edit?ts=66a07716


Backup material
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Advanced accelerator research is a global enterprise

49

A non-exhaustive map of global institutions working on laser-driven plasma 
acceleration (black) and beam-driven plasma/structure acceleration (green).

arXiv:1904.09205

UMD

Number of Institutions
US: 23

Europe: 42
Asia: 18

CU

Cal Poly

SBU

Cornell
MIT

NIU
IIT

U Chicago

3

founded in 2017
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Stanford, CU Boulder,  
Cal Poly, UC Irvine

Universities with WFA programs

NIU, IIT, MSU, 
U Chicago, UT Austin, 
Nebraska, Michigan

Stony Brook, Cornell, 
MIT, Maryland, Rochester

Large Beam Test Facilities 
Universities 

National Labs

UCLA

Advanced accelerator research in the US

50
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New promising positron acceleration concepts are emerging
New plasma-based schemes could provide pathway to high beam quality, stability, high efficiency

53

Finite plasma channels 
and electron filaments

Asymmetric drive beams in a 
hollow core plasma channel 

Finite plasma channels: 
Diederichs et al., PRAB 22, 081301 (2019) 
Diederichs et al., PRAB 23, 121301 (2020) 
Diederichs et al. PoP 29, 043101 (2022) 
Diederichs et al. PRAB 25, 091304 (2022)

Hollow core plasma channels: 
Zhou et al., PRL 127, 174801 (2021) 
Zhou et al., PRAB 25, 091303 (2022) 
Silva et al., PRL 127, 104801 (2021)

More concepts: 
Lotov, PoP 14, 023101 (2007) 
Zhou et al. arXiv:2211.07962v1 (2022) 
Wang et al. arXiv. 2110.10290 (2021) 
Liu et al., PRAppl 19, 044048 (2023)

➞ Need a test facility!
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Discovery and mitigation of emittance mixing for flat beams

54

Discovery and mitigation of emittance mixing for flat beams

S. Diederichs et al., under review at PRL (2024)

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

• Most severe for resonant betatron motion 
• Breaking resonance mitigates beam-quality degradation 
• Flat drive beams (Nonlinear force is non-axisym.), 

laser drivers (ion motion is negligible) mitigate effect
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Conceptual physics considerations determine parameter ranges
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C.B. Schroeder et al., 
JINST 18 T06001 (2023)

• Based on component 
simulations/scaling laws


• Working toward full 
self-consistency

Basic design choices driven by system optimization 
• Minimizing linac length (gradient > GV/m) 
• Maximizing energy efficiency (luminosity/power)

• Plasma density sets bunch charge (also limited by Beamstrahlung), 

luminosity requires repetition rate

Restricts plasma density range, 
energy gain per stage → staging}

Operational plasma density [cm-3]

UL[J]

Tfwhm[fs]

f[kHz]

1 µm
2 µm

E[GV/m]

L/P [1034 cm-2 s-1  / 100MW]

@1TeV

Conceptual collider parameter sets 
derived during Snowmass 

T. Barklow et al., JINST 18 P09022 (2023);

C.B. Schroeder et al., JINST 18 T06001 (2023)

LPA
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Staging of plasma modules comes with many challenges
Further R&D essential → next generation experiments start in 2025

57

Challenges 
> In- and out-coupling of drivers

> Synchronization of drivers at fs-scale

> Isochronicity (R56) cancellation/control 

(for correct beam loading)

> Emittance preservation between stages:


- Matching of beta function 
for all energies


- Transverse alignment 
and stability


- Dispersion cancellation

- Coulomb scattering


> Driver distribution scheme

> CSR management

> Compactness 

(for a TeV/km average accelerating gradient)

> Tolerances & jitter

S. Steinke et al., 
Nature 530, 
190 (2016)

Staging 
proof-of-principle

C.A. Lindstrøm, arXiv:2104.14460 (2021)
Temporal 

self-correction 
in staging
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Capability gap in laser driver technology exists, 
coherent combination of fibers most promising, kBELLA to scale up 
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NSF OPAL 
(Rochester, 
planned; 
OPCPA)

MEC-U (SLAC, 
planned; glass)

do not address collider 
avg. power needs

~100kW 
~100TW 

> 30% effic.

collider requirements

technically 
feasible  
near-term

peak laser power [TW]
av

er
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e 
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ZEUS (Michigan)

L3-HAPLS (ELI-BL) 
DPSSL EPAC (STFC)

CoReLS (Korea)

BELLA (LBNL)

existing 
laser 
systems

Ti:Sa perf. ceiling 
(quantum defect, cooling)

KALDERA (DESY) – Ti:Sa

~30 mJ 
 fiber lasers

fibers scalable, 
efficient

J-class kHz systems 
kBELLA (LBNL) – fiber

coherent combination 

scale-up

addresses collider 
avg. power needs 

Novel laser technology needed 
to fulfill collider demands
in repetition rate (Hz → ~50 kHz), efficiency (0.1% → 10s %)

Promising emerging laser architectures
• Cryo-cooled Yb:YAG (λ = 1 µm), R&D at CSU
• Tm:YLF (λ = 1.9 µm), R&D at LLNL
• Coherent combination of fiber lasers (λ = 1 µm), 

R&D at LBNL, Michigan, Jena, École Polytechnique
- potential for highest efficiency
- 1 µm to minimize # of accelerator stages
- monolithic design for robustness, serviceability

kBELLA addresses the driver rate, efficiency gap

DOE 
Stewardship

DOE ECRP 
& Moore

kBELLA 
1GeV

Collider 
drivers

Type

Energy

Duration

Power

Research (funded)

0.1 J

100 fs

1 kW

Research (funded)

0.2 J

30-50 fs

1 kW

Facility

3 J

30 fs

3-30 kW

Facility

6 J

30/100 fs

300 kW
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Efficient, high power, ultrafast fiber lasers offer path to kHz and future colliders
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Collider need: Joules at 30-100fs

■ Efficiency circa 30%

■ Rates of 10-100 kHz


Technology: Coherent addition of fiber lasers

■ Most efficient laser technology: meets need

Solution: Combine pulses in space, 
	 	    in color, and in time

■ Combine 100’s fibers → Joules, 100’s kW

■ Combine 3 spectral bands for 30 fs

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

Challenge: Fibers < mJ each, typically > 100fs

Demonstrated: 
❏ Temporally combined 81 pulses

❏ Spatially combined 81 beams (CW)

❏ Spectrally combined to 42 fs

❏ Spatial-temporally combined to 27mJ, kHz 


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


