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‣ HOFI plasma channels 
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‣ One proposed set of parameters for ALIC 

• Nb: channel considered here is hollow

Table 2.4: LWFA single stage parameters operating at a plasma density of n0 = 10
17 cm�3.

Plasma density (wall), n0[cm�3] 10
17

Plasma wavelength, �p[mm] 0.1
Plasma channel radius, rc[µm] 25
Laser wavelength, �[µm] 1
Normalized laser strength, a0 1
Peak laser power, PL[TW] 34
Laser pulse duration (FWHM), ⌧L[fs] 133
Laser energy, UL[J] 4.5
Normalized accelerating field, Ez/E0 0.14
Peak accelerating field, EL[GV/m] 4.2
Plasma channel length, Lc[m] 2.4
Laser depletion, ⌘pd 23%
Bunch phase (relative to peak field) ⇡/3
Loaded gradient, Ez[GV/m] 2.1
Beam beam current, I[kA] 2.5
Charge/bunch, eNb = Q[nC] 0.15
Length (triangular shape), Lb[µm] 36
Efficiency (wake-to-beam), ⌘b 75%
e�/e+ energy gain per stage [GeV] 5
Beam energy gain per stage [J] 0.75

been performed, based on order-of-magnitude scaling laws that govern some of the important physics
considerations for an LWFA, as well as assumptions on the efficiencies (energy transfer from laser to
plasma and from plasma to electron beam) that could be obtained in principle.

An example of single LWFA stage parameters operating at a plasma density of 1017 cm�3 is shown
in Table 2.4. Operating at a plasma density of n0 ⇠ 10

17
cm

�3 reduces the power costs / n1/2
0 while

providing for a high accelerating gradient / n1/2
0 and acceptable beamstrahlung background / n�1/2

0 .
These designs are based on the use of hollow-plasma channels (to control emittance growth via scattering
and ion motion) [13]. Novel methods for beam-breakup instability mitigation will be required in this
configuration. Table 2.5 shows possible configurations for 0.25, 1, 3, and 30 TeV center-of-mass collider
designs based on the LWFA stage parameters in Table 2.4. These examples assumed a wall-to-laser
efficiency of 40% for the 250 GeV and 1 TeV examples, as well as a laser energy recovery efficiency
of 90%. The 3 TeV and 30 TeV examples assumed a wall-to-laser efficiency of 50% and a laser-energy
recovery efficiency of 95%.

The collider requirements on average laser power, rep-rate, and laser efficiency are beyond the
current state-of-the-art for short-pulse, high-peak-power laser systems (e.g., currently at the ⇠ 100 W
average power level). However, high-efficiency diode-pump lasers and fiber lasers are rapidly evolving
technologies that offer some promise in closing this large technology gap within the upcoming years.

Realizing the parameters shown in Table 2.5 will require the development of sources of ultra-low
emittance, ultra-short (sub-100 fs) electron and positron beams, with shaped current distributions, and
novel beam manipulation and cooling methods will need to be developed. Development of methods
to stage LWFAs with high beam emittance preservation is critical. Beyond state-of-the-art methods to
deliver, focus, and align beams, with sub-nm size, at the IP will also need to be developed.
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Table 2.5: Example parameter sets for 0.25, 1, 3, 30 TeV center-of-mass LWFA-based colliders.
Energy, center-of-mass, Ucm[TeV] 0.25 1 3 30
Beam energy, �mc2 = Ub[TeV] 0.125 0.5 1.5 15
Luminosity, L[1034 s�1cm�2 ] 1 1 10 100
Beam power, Pb[MW] 1.4 5.5 29 81
Laser repetition rate, fL[kHz] 73 73 131 36
Horiz. beam size at IP, �⇤

x[nm] 50 50 18 0.5
Vert. beam size at IP, �⇤

y[nm] 1 1 0.5 0.5
Beamstrahlung parameter, ⌥ 0.5 2 16 2890
Beamstrahlung photons, n� 0.6 0.5 0.8 2.8
Beamstrahlung energy spread, �� 0.06 0.08 0.2 0.8
Disruption paramter, Dx 0.07 0.02 0.05 3.0
Number of stages (1 linac), Nstage 25 100 300 3000
Distance between stages [m] 0.5 0.5 0.5 0.5
Linac length (1 beam), Ltotal[km] 0.07 0.3 0.9 9.0
Average laser power, Pavg[MW] 0.3 0.3 0.6 0.17
Efficiency (wall-to-beam)[%] 9 9 13 13
Wall power (linacs), Pwall[MW] 30 120 450 1250

5 ALIC Machine components

5.1 e-/e+ sources, cooling

The injector parameters are determined by the choice of main accelerator stage and by the perfor-
mance of the beam transport from the injector to the main accelerator. This section gives an overview
of established methods to achieve electron sources based on mechanisms injecting a fraction of plasma
electrons into the laser generated plasma wave, or “injection methods”, and a summary of their current
performance. Laser-plasma-based electron sources are expected to reach the 10 pC per MeV charge den-
sity for an energy of the order of a few hundred MeV and bunch duration of a few fs, which would make
them suitable for injection in a plasma accelerator provided their emittance can be controlled. The main
limitation in the progress of any plasma-based injection method is currently the low average power of
existing laser and linac facilities, which severely impairs the luminosity of a future plasma-based collider.
However, existing facilities can be used to test injection strategies until appropriate drivers are available.

5.1.1 Electron sources

Several strategies exist for moving background plasma electrons onto trapped orbits, allowing energy
exchange between the plasma wakefield and the electrons.

Self-injection: In the nonlinear blow-out regime, which occurs typically for strong laser pulses
with a normalized amplitude a0 & 2.5, the plasma wave may “break” and a portion of plasma elec-
trons can be injected into the bubble (co-moving ion cavity). Due to its dependence on nonlinear laser
evolution, which might be subjected to shot-to-shot variations and the nonlinear interaction between the
bunch’s space-charge and the wakefield, it is difficult to control the injected beam parameters in self-
injection. In particular, the continuous nature of the process leads to different final energies of electrons
injected at different positions along the accelerator and hence a broad spectrum.

Ionisation assisted injection: This scheme has attracted attention recently as a means for injecting
into a nonlinear wave without the need for wavebreaking (operating in the self-trapping regime), and
much more stable electron beams can be generated. To that end, typically, the Hydrogen or Helium
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Motivation

‣ Multi-GeV stages require decrease in plasma density 
from ne ≈ 1018 cm-3 to ne ≈ 1017 cm-3 

‣ ALIC requires increase in repetition rate to kHz range 

‣ Capillary discharges: 

• Successfully operated at ne ≈ 1017 cm-3  

• frep = 1 kHz demonstrated [A. J. Gonsalves et al. J. 
Appl. Phys. 119 033302 (2016)] 

• Use of additional laser heater gives deeper 
channels [A. J. Gonsalves et al. PRL 122 084801 
(2019)]

Simon Hooker,  University of Oxford 
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‣ However, long-term guiding of multi-joule laser 
pulses at kHz rep. rates will clearly still be 
challenging!
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Hydrodynamic plasma waveguides

‣ Create & heat column of hot plasma 

• ~ 100 ps laser pulse creates and heats 
plasma 

• Expansion into surrounding cold gas / 
plasma drives cylindrical blast wave 

• Plasma channel formed within expanding 
shell 

‣ Attractive for high rep rate since free-
standing and “indestructible” 

‣ To date, plasma column has been heated 
collisionally: 

• Durfee & Milchberg, PRL 71 2409 (1993) 

• Volbeyn et al.  POP 6 2269 (1999) 

‣ Requires high density for fast heating 

• Limits axial density to ~ 1018 cm-3 Simon Hooker,  University of Oxford 
ALEGRO workshop, 26 - 29 March 2019
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Hydrodynamic OFI (HOFI) plasma channels

‣ Optical field ionization gives 

• Hot electrons & cold ions 

• Electron energy controlled by polarization 

‣ Heating independent of density ⇒ low density 

channels

Simon Hooker,  University of Oxford 
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‣ IST & Strathclyde groups have generated short 
high-density channels with a spherical lens 

• Channels with ne(0) ≈ 1 × 1018 cm-3 [POP 20 
063102 (2013) & POP 20 103109 (2013)] 

• Low-intensity guiding over ~ 4ZR [Nat. Sci. Rep. 8 
3165 (2018)] 

• Do not seem to have considered using this as a 
route to generating low density channels…



Simulations of HOFI channels

‣ Simulations show: 

• On-axis density: 

• 4 × 1017 cm-3 (1 ns) 

• 0.9 × 1017 cm-3 (10 ns) 

‣ Matched spot: 

• WM ≈ 10 - 40 µm (1 - 10 ns) 

• Lattn 100s mm (1/e power) 

‣ Only ~1 mJ of laser energy 
required per cm of channel!

Simon Hooker,  University of Oxford 
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HOFI channels generated by a spherical lens
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HOFI channels generated by a spherical lens
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HOFI channels generated by an axicon lenses

‣ Channel-forming beam focusing with 
axicon (2.5 degree approach angle) 

‣ Guided beam focused with f/25 OAP 

‣ Longitudinal (400 nm) & transverse (800 
nm) interferometry of channels

Simon Hooker,  University of Oxford 
ALEGRO workshop, 26 - 29 March 2019

R.J. Shalloo et al. arXiv:1902.05596

EL: 430 mJ (total) 

τ: 45 fs  
Poln: Linear → Circular



Experiment set-up
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R.J. Shalloo et al. arXiv:1902.05596



Axicon HOFI channels: Guiding results

‣ Guided beam injected into channel 
after delay τ = 1.5 ns 

‣ P = 60 mbar 

‣ On-axis density ne(0) ≈ 6.5 x 1017 cm-3 

‣ Guiding over 14.5 Rayleigh ranges (16 
mm) 

‣ Energy throughput 40-60%

Simon Hooker,  University of Oxford 
ALEGRO workshop, 26 - 29 March 2019

Channel input z = 16mm

R.J. Shalloo et al. arXiv:1902.05596
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Axicon HOFI channels: Guiding results
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Low-power guiding at 5 Hz 
N: 165 consecutive shots
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Axicon HOFI channels: Guiding results
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High-power guiding at 5 Hz 
N: 489 consecutive shots 

I0: 4 × 1017 W cm-2 

5 Hz: 12 shots every 45 s

R.J. Shalloo et al. arXiv:1902.05596

Low-power guiding at 5 Hz 
N: 165 consecutive shots



Axicon HOFI channels: Interferometry

‣ Evolution of plasma channel over ns 
timescales observed 

‣ Properties of channel can be controlled by 
adjusting initial pressure and delay 

‣ Channel properties seem well suited to 
multi-GeV stages

Simon Hooker,  University of Oxford 
ALEGRO workshop, 26 - 29 March 2019

R.J. Shalloo et al. arXiv:1902.05596
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R.J. Shalloo et al. arXiv:1902.05596

τ = 1.5 nsP = 120 mbar



What determines repetition rate (in principle)?

‣ In a static cell the plasma needs to: 

• Recombine 

• Redistribute to uniform density 

• Cool?

Simon Hooker,  University of Oxford 
ALEGRO workshop, 26 - 29 March 2019
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rapid flow

‣ In worst case scenario would have to remove all gas & plasma before next shot 

• Suppose heated & “damaged” region extended for 1000 µm 

• Cs = 348 m/s for H2 at T = 300 K 

• Flow gas at 100 m/s (i.e. sub-sonic) 

• Time between shots is 10 µs → 100 kHz rep. rate!



HOFI channels: Future work

‣ Generation of longer channels 

• In principle the axicon used could generate 570 mm 
long channel 

• However, coupling channel-forming and driver 
beams non-trivial 

• Experimenting with “reflexicons” & other optical 
arrangements 

‣ Coupling and transmission losses 

‣ Demonstration of higher rep. rate operation 

‣ Demonstration of electron acceleration

Simon Hooker,  University of Oxford 
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Summary

‣ HOFI plasma channels appear to be promising 
candidates for multi-GeV stages operating at multi-kHz 
rep rates 

‣ In recent work we have generated plasma channels 
with: 

• ne(0) ≈ 1.5 × 1017 cm-3 

• 20 µm ≲ WM ≲ 40 µm 

• Length of 16 mm (14 zR) 

• 1 mJ / mm of channel (simulations suggest 1 mJ / cm) 

‣ We have demonstrated high-quality guiding: 

• Ipeak =  4 × 1017 W cm-2 

• @ 5 Hz
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