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10 TeV Wakefield Collider Design Study
~~~ Joint meeting: LWFA linac + Sources ~~~
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Joint 
meeting

Topics for today: 
1. Present parameters of particle beams required for a 10 TeV LWFA collider.
2. Can these beams be generated and how?



Optimal LWFA performance for collider applications requires beams with 
longitudinally tapered current profiles

Channel-guided LWFA (quasi-linear regime)

Current profile, 
Ib/IA(f=0.5)

Emax

f Emax

Emax (linear extra-
polation is used)

f Emax

l Linear regime (i.e., Ez/E0<<1) → triangular profile (Katsouleas et al., Part. Accel., 1987)
l Blowout regime (requires δn~n0, i.e., a0>8-10) → trapezoidal profile (Tzoufras PRL 2009; Dalichaouch POP 2021)   
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Laser, |a|
– unloaded, Ez/E0

– unloaded, Ez/E0
.. loaded, Ez/E0

Laser, |a|

f → fraction of the max accelerating field (Emax) experienced by the bunch

Current profile, 
Ib/IA(f=0.5)

→ Characteristic current profile depends on LWFA regime (can be computed numerically)

High efficiency à bunch absorbs wake energy à bunch current profile “flattens” wakefield within bunch

a0=1, kpw0=4, kpL=1.8

LaserBunch

Self-guided LWFA (nonlinear / bubble regime)

a0=4.5

Laser
Bunch

.. loaded, Ez/E0



Production of beams with a small energy spread requires flattening 
the wakefield AVERAGED over the LPA length  
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Self-guided LPA (bubble/nonlinear): U=50 J [a0=4.5, λ0=0.8 μm], f=0.75 

–  initial unloaded
–  initial loaded (flattened)
.. averaged over LPA length

Bunch current 
profile, Ib/IA

Flattening initial wakefield, 
Qb=0.77 nC 5.5% rms energy 

spread → 

Wakefield

l Current profile that flattens initial wake not optimal to minimize energy spread
 → bunch acquires energy chirp (= energy spread) because of laser evolution and beam-driver slippage



Production of beams with a small energy spread requires flattening 
the wakefield AVERAGED over the LPA length  
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Self-guided LPA (bubble/nonlinear): U=50 J [a0=4.5, λ0=0.8 μm], f=0.75 

–  initial unloaded
–  initial loaded (flattened)
.. averaged over LPA length

Bunch current 
profile, Ib/IA

Flattening initial wakefield, 
Qb=0.77 nC

Bunch current 
profile, Ib/IA

Flattening average wakefield,
Qb=1.09 nC

–  initial unloaded
–  initial loaded (overloaded)
.. averaged over LPA length

5.5% rms energy 
spread → 

0.1% rms
energy spread → 

Wakefield

Wakefield

l Current profile that flattens initial wake not optimal to minimize energy spread 
 → bunch acquires energy chirp (= energy spread) because of laser evolution and beam-driver slippage

l Optimal beam profile: energy chirp imparted initially (overloading) compensated during acceleration
 →  minimum energy spread achieved at the end of the stage



Example of LWFA stage operating in the bubble regime providing high-
gradient, high-charge, and high-efficiency
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Energy considerations:
l Wake-to-bunch energy transfer = 40%

l Laser driver depletion = 20% → remaining laser driver energy 
could be returned to the grid with photovoltaic 

Schroeder et al., 
JINST (2022)

ΔWbunch=  3.08 GeV (100 GV/m) 
Qbunch= 1.3 nC – Lbunch =9.3 µm – Ibunch =49 kA
Energy spread = 0.1% (with shaped bunch current)

Laser: U=50 J, λ0=1.0 µm, a0=4.5, T0=80 fs, w0=36 µm  
Plasma: n0= 3.4x1017 cm-3, stage length = 3.1 cm, linear taper (+74%)

à ~320 LPA stages/TeV

à Stable (w/ ion motion) + no emittance growth from Coulomb 
scattering + negligible synchrotron radiation-induced energy spread

à Not suitable for positrons

à Strong focusing yields small bunch size (~nm @ ~ TeV energies for 
collider-relevant emittances): challenging for inter-stage transport and alignment!



Example of LWFA-based gamma-gamma collider parameters developed to guide R&D 
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Laser driver parameters
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Schroeder et al., JINST 18 T06001 (2023)

In addition to high charge (w/ current tapering) normalized emittances on the order of 10-100 nm are needed 



If background ion motion is present emittance preservation requires 
slice-dependent transverse beam phase-space tailoring/1
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Low emittance + high charge + high energy:
 
→ small matched beam size and high beam density 

→ large beam space charge fields
 
                → background ion motion

Rosenzweig et al., PRL (2005) 
An et al., PRL (2017)
Benedetti et al., PRAB (2017) 

Bunch quality 
degradation:
→ emittance 
     growth

Projected emittance evolution

Bunch: E=25 GeV, εn,0=0.6 um, Lb=20 um, Qb=1.6 nC
Background plasma: Hydrogen, n0=1017 cm-3  



If background ion motion is present emittance preservation might require 
slice-dependent transverse beam phase-space tailoring/2
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Slice-by-slice matching of the bunch in presence of ion motion requires longitudinally tailoring the bunch 
transverse phase-space distribution:
 → slice emittance is kept constant; 
 → arbitrary longitudinal current profile possible;                                             

Bunch: E=25 GeV, εn,0=0.6 um, Lb=20 um, Qb=1.6 nC
Background plasma: Hydrogen, n0=1017 cm-3  

corresponding slice emittance measured for kβz ¼ 12. No
emittance growth is observed in this case, and the slice
emittance is constant along the bunch.
The experimental realization of the matched equilibrium

solution requires an exact preparation of the initial trans-
verse phase space of the bunch, and this can be difficult to
achieve in practice. For instance, the transverse bunch
shape given by Eq. (23) changes continuously along the
bunch and is, in general, non-Gaussian. We investigated the
behavior of an approximate equilibrium solution with a
bunch structure much simpler compared to the exact
equilibrium case. The approximate solution is such that,
at any longitudinal location, the transverse density profile is
Gaussian with the same rms properties of the exact
equilibrium. The blue line in Fig. 2(a) shows the emittance
evolution for the approximate equilibrium bunch. In Fig. 2
(b) we show (blue curve) the corresponding slice emittance
measured for kβz ¼ 12. As expected, we observe some
emittance growth in this case. However, the final emittance

increase is very moderate (∼3%), and the slice emittance
shows a maximum increase ≲10%, much smaller compared
to the nontailored Gaussian case (black curve). The pos-
sibility of generating a tapered, low-emittance electron
bunch via ionization injection [25] using a laser pulse with
a properly tailored evolution is currently under investigation.

VI. CONCLUSIONS

In this article we analyzed ion motion and the associated
emittance growth of a relativistic bunch propagating in an
ion column for parameters relevant to the design of next
generation PA-based LCs. The model derived here well
describes the transverse dynamics of a bunch in the
nonlinear wakefield generated by a particle or a laser
driver in a PA. We provided analytical expressions, valid
in the regime of nonrelativistic ion motion, for the structure
of the transverse wake, and for the corresponding ion-
motion-induced bunch emittance growth. The analytical
results are in good agreement with numerical modeling. We
proposed and analyzed a solution that completely elimi-
nates ion-motion-induced emittance growth. This solution
requires a head-to-tail shaping of the bunch distribution.
Controlling emittance growth is critical to high-energy
physics applications of plasma accelerators.
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(a)

(b)

FIG. 4. (a) Normalized rms bunch size measured along the
bunch, ½x̄2ðζÞ%1=2=σx, for the matched equilibrium solution
obtained for different values of the bunch peak density. (b) 2D
snapshot of the bunch density for the equilibrium solution
obtained for nb;0=n0 ≃ 12 000. All the other bunch and plasma
parameters are the same as in Fig. 2.
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→ Tapered bunch profile
→ Transverse distribution is, in 
general, non-Gaussian 

Projected emittance evolution

(untapered)
Gaussian

Equilibrium

(untapered)
Gaussian

Equilibrium

Be
ne

de
tti

 e
t a

l.,
 

PR
AB

 (2
01

7)
 ← No emittance growth!

[for matched solution slice 
emittance ≠ projected 
emittance]



Example of LWFA stage operating in the quasi-linear regime providing high-
gradient, high-charge, and high-efficiency
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ΔWbunch=  5.05 GeV (6.5 GV/m) 
Qbunch= 0.24 nC – Lbunch=30 µm – Ibunch =5 kA   
Energy spread = 0.8% (with shaped bunch current)

Laser: U=8.9 J, λ0=1.0 um, a0=1.8, T0=73 fs , w0=41 µm 
Plasma (hollow channel): n0=0.96x1017 cm-3, Rc=24 µm, stage length = 78 cm w/ optimal taper

Energy considerations:
l Wake-to-bunch energy transfer = 68%

l Laser driver depletion = 20% → remaining laser driver energy 
could be returned to the grid with photovoltaic 

à ~200 LPA stages/TeV

à Negligible emittance growth from Coulomb scattering + no 
energy spread from synchrotron radiation + suitable for positrons
 
à Unstable w/o strong focusing: potential stabilization mechanisms 
are currently being investigated

à Hollow-channel allows for large (~um-scale) beam size: 
relaxed constraints on inter-stage transport and alignment! 

Schroeder et al., 
NIMA (2016)

Schroeder et al., PRL (1999)
Gessner et al., Nat. Comm (2016)

Lindstrøm et al., PRL (2018)



Example of LWFA-based electron-positron collider parameters developed to 
guide R&D 

.
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Laser driver parameters
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Discussion points
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• Should we consider plasma-based injectors on the electron arm of the collider (e.g., 
Dalichaouch et al., https://arxiv.org/pdf/2406.04585, optimized two-color laser ionization injection,  
optimized density gradient injection, etc.) 

• Can positron beams be generated with the required emittances and tailored current profiles? (N.B.: 
we currently do not have a viable scheme for a positron linac)

• ….

Summary of electron (and positron) beam parameters of collider applications:
• Qb ~ 100 pC – 1 nC  w/ optimally tailored current profile
• Lb ~ 10 um
• eb ~ 0.1 um 

https://arxiv.org/pdf/2406.04585

