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The Scale for a TeV Linear Collider

31 km

Today’s technology LC 
– a 31km tunnel:

Plasma Accelerator Technology LC:

The Luminosity Challenge:

4 km

GeV/m accelerating gradient
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…and must do it for positrons too!

High-efficiency



Laser-plasma Accelerator Based Collider Concept 
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Laser,plasma/accelerator,based/collider/concept

Leemans & Esarey, Physics Today (2009)
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Laser technology development required: 
 High luminosity requires high rep-rate lasers (10’s kHz)
 Requires development of high average power lasers (100’s kW)
 High laser efficiency (~tens of %)

 Plasma density scalings (minimize construction and 
operational costs) indicates:  n ~ 1017 cm-3

 Quasi-linear wake (a~1): e- and e+
 Staging & laser coupling into tailored plasma channels:

‣ ~30 J laser energy/stage required
‣ energy gain/stage ~10 GeV in ~1m

Thursday, 25 July 2013



State of the Art: 
BELLA Laser at Lawrence Berkeley Lab (LBNL)

Petawatt laser at 1Hz (40J/40fs) 
State of the art: 8GeV, 10-100pC, <10% Efficiency, 1-10% dE/E, ~mm-mrad emitt.
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S. Barber et al.. “Measured Emittance Dependence 
on the Injection Method in Laser Plasma 

Accelerators” Phys. Rev. Lett. 119, 104801 (2017)

A. J. Gonsalves et al.. “Petawatt Laser 
Guiding and Electron Beam 

Acceleration to 8 GeV in a Laser-
Heated Capillary Discharge Waveguide” 

Phys. Rev. Lett. 122, 084801 (2019)



Next Steps in LWFA

• Compact multi-GeV LWFA staging with 100% capture 
• Laser-triggered injection for high brightness electron beam generation
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L.-L. Yu et al., "Two-Color Laser-Ionization 
Injection", Phys. Rev. Lett. 112, 125001 (2014)

Two-color ionization injection method could generate ultralow 
emittance beams

• Two-color ionization injection: uses two lasers of different 
wavelengths to separate plasma wave excitation (long wavelength) 
and ionization (short wavelength)

21

L.-L. Yu et al,  PRL (2014)

FPMF = mec
2ra2/2

• Peak laser electric field 
determines ionization

• Laser ponderomotive 
force (laser intensity) 
drives plasma wave:

E = (2⇡mec
2/e)
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C. B. Schroeder et al., PR ST-AB (2014)

Simulations using BLAST: WARP

• Normalized beam emittance tens of nm
• Proof of principle experiment planning underway 

Two-color ionization injection method could generate ultralow 
emittance beams

• Two-color ionization injection: uses two lasers of different 
wavelengths to separate plasma wave excitation (long wavelength) 
and ionization (short wavelength)
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Simulations using BLAST: WARP

• Normalized beam emittance tens of nm
• Proof of principle experiment planning underway 

BELLA PW staging design shows 100% bunch capture and acceleration

23

Bunch energy

Relative energy 
spread

Bunch dynamics in LPA1
delay=-434.6 fs
delay=-430.8 fs
delay=-426.9 fs

Relative energy 
spread

Bunch dynamics in LPA2

Bunch energy

← injector

after LPA1

after LPA2

Energy spectra

→ Assuming laser matching (heater) in LPA1 and LPA2 and operating in a quasi linear regime (i.e., less wake evolution) 
Wm = 70 um W0= 53 um, density 2.2x1017cm-3

→ Assuming following injector parameters: 
- E=400 MeV, dE/E= 4% (rms)
- Q=10 pC, Lb=2 um, x' < 1 mrad (rms)

→ Producing and maintaining low energy spread is key element for 100% bunch capture S. Steinke PoP 23, 056705 (2016)

S. Steinke et al., “Staging of laser-plasma 
accelerators” Physics of Plasmas 23, 056705 (2016)

A second beamline will be installed at BELLA for multi-GeV staging experiments

24BELLA’s Second Beamline highlighted in orange

BELLA 2nd Beamline – Installation 2020:

Longer term – kHz rep rate @ kBELLA



Beam Driven Plasma Accelerator Based Collider Concepts
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allow for the counter-propagation distribution of the drive 
beam, the distance between PWFA cells must be equal to 

half of the distance between mini-trains, i.e. 600 ns/2 or 
about 90 m.  

 
Figure 1: Concept for a multi-stage PWFA-based Linear Collider. 

 
Main beam: bunch population, bunches per train, rate 1×1010, 125, 100 Hz 
Total power of two main beams 20 MW 
Drive beam: energy, peak current and active pulse length 25 GeV, 2.3 A, 10 µs 
Average power of the drive beam 58 MW 
Plasma density, accelerating gradient and plasma cell length 1×1017cm-3, 25 GV/m, 1 m 
Power transfer efficiency drive beam=>plasma =>main beam 35% 
Efficiency: Wall plug=>RF=>drive beam 50% × 90% = 45% 
Overall efficiency and wall plug power for acceleration 15.7%, 127 MW 
Site power estimate (with 40MW for other subsystems) 170 MW 
Main beam emittances, x, y 2, 0.05 mm-mrad 
Main beam sizes at Interaction Point, x, y, z 0.14, 0.0032, 10 µm 
Luminosity 3.5×1034 cm-2s-1 
Luminosity in 1% of energy 1.3×1034 cm-2s-1  

Table 1: Key parameters of the conceptual multi-stage PWFA-based Linear Collider. 

 
Properties of the drive and main beam bunches have 

been optimized by particle-in-cell simulations using the 
code QUICKPIC [5,13]. The main beam bunch charge is 
1.0×1010 particles with a Gaussian distribution. A plasma 
density of 1017cm-3 and a drive bunch charge of 2.9×1010 
were chosen to achieve a power transfer efficiency from 
the drive beam to the main beam of 35% with a gradient 
of roughly 25 GV/m.  The drive beam bunch length is 30 
µm while the main beam bunch length is 10 µm and the 
drive-main beam bunch separation is 115 µm. The 
separation between the two bunches must be 
approximately equal to the plasma wavelength. 

The parameters and luminosity at the interaction 
point (IP) were optimized for the high beamstrahlung 
regime, which is inherent to short bunch length colliders 
[6]. The luminosity within 1% of the nominal center-of-
mass energy is 1.3×1034 cm-2s-1

, which is similar to that in 

the International Linear Collider (ILC) design [7].  The 
relative energy loss due to beamstrahlung is about δB = 
30%. The main beam emittances are typical for TeV 
collider designs, and the β-functions at the IP are βx/y = 
10/0.2 mm. These IP parameters are quite close to those 
for CLIC [8]. Previous physics studies for the interaction 
region and detector design, background and event 
reconstruction techniques [9] are all applicable.  

The main beam generation complex could be 
similar to that of the CLIC design with a polarized 
electron source and a conventional positron source. The 
plasma acceleration process maintains beam polarization, 
and would also accommodate a polarized positron beam. 
The damping rings would store multiple trains of 
bunches, one of which would be extracted on each 100 Hz 
machine cycle. The extracted beams would be 
compressed in multi-stage bunch compressors before 

FACET 

Rosenzweig et al (1998)

Seryi et al (2008)

Adli et al (2013)• Assume SLC/NLC/ILC/
CLIC made smart choices 
that we can start from for 
main beam and driver

• Focus on the accelerator module 
itself (the plasma) 

• For luminosity – Power efficiency and 
beam quality are critical!



9 GeV 
Energy Gain in 1.3m

PPCF 9 GeV Paper 7

Figure 1. (a) and (c) show the energetically dispersed transverse charge density profile
of the highest peak energy shot from the data set as observed on the wide-field of view
(FOV) Cherenkov screen and the Lanex screen, respectively. The left-axis displays the
energy calibration of the screen, and the right and bottom axes display the physical
size of the beam on the screen. The color axis corresponds to the charge density in
units of pC/mm2, represented on a linear scale. The horizontal lines represent centroid
energy (red), the peak energy (solid black), and the values corresponding to the rms
energy spread about the peak energy (dashed black). All of these values were calculated
for the Cherenkov screen shown in (a). (b) and (d) show the horizontally integrated
spectral charge density profiles from (a) and (c), respectively.

Table 1. Statistical analysis of accelerated beam spectra, including the standard
deviation (s.d.) of each measured quantity. Values are given for calculation techniques
using both the centroid energy and spectral peak energy.

Measured Quantity Centroid Energy Spectral Peak Energy

Mean Energy Gain 4.7 GeV (1.1 GeV s.d.) 5.3 GeV (1.4 GeV s.d.)
Mean RMS Energy Spread 5.9% (1.3% s.d.) 5.1% (2.3% s.d.)
Mean Accelerated Charge 140 pC (55 pC s.d.) 120 pC (47 pC s.d.)

of about five. This di↵erence can be accounted for by the ratio of the length of the two

plasma sources (3.6) and the ratio of accelerated charge (1.6), the combination of which

would lead to a rough estimate of an improvement in energy transfer of about a factor

SLAC FACET

State of the Art: 
E-200/E-210 Experiments @ FACET National User Facility
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9GeV, ~30% instantaneous efficiency, 2% dE/E, ~100µm emittance. 
Deflection and betatron motion have been observed but never observed hosing

Nature 2007

Nature 2014
PPCF 2015

Energy
Injection

Efficiency

Plasma Photocathode

Nature Physics 2019



Next Steps in PWFA: Simultaneously achieve pump depletion, 
high-efficiency, narrow energy spread and preserved emittance
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10 GeV e- & e+ beams, 2nC/1nC @ 30/5Hz, ~µm emittance, Ipk > 10kA

Commissioning & User Programs with e- 2020-2026 
Planning for e+ to be available in 2022

FACET-II Technical Design Report SLAC-R-1072

the very front and the very back of the bubble. To make
progress analytically, we take the ultrarelativistic limit,
where the normalized maximum radius of the ion channel
is !pRb=c ! 1. The equation for the innermost particle
trajectory reduces to (see Ref. [13]):

rb
d2rb
d!2 þ 2

!
drb
d!

"
2
þ 1 ¼ 4"ð!Þ

r2b
; (1)

where we adopt normalized units, with length normalized
to the skin-depth c=!p, density to the plasma density np,
charge to the electron charge e, and fields to mc!p=e. The
term on the right-hand side of Eq. (1) can describe the
charge per unit length of an electron beam driver or a
trailing beam (an additional term for the pondoromotive
force of the laser can also be included [13]). Here we are
interested in the back half of the bubble, where the wake-
field is accelerating and the quantity 2#"ð!Þ, with "ð!Þ ¼R1
0 rnbdr, is the charge per unit length of the beam load.
We define ! ¼ 0 at the location where rb is maximum,

i.e., drb
d! j!¼0 ¼ 0. In Ref. [13], it was shown that for

!pRb=c ! 1, the wakefield is Ez ’ 1
2 rb

drb
d! ; therefore,

Ezð! ¼ 0Þ ’ 0. For !> 0, the electrons are attracted by
the ion channel back toward the !-axis with drb

d! j!>0 < 0

until ! ¼ !s where beam loading starts. For ! & !s, the
electrons feel the repelling force from the charge of the
accelerating beam, in addition to the force from the ion
channel. The additional repelling force decreases the slope
of the sheath drb

d! , thereby lowering the magnitude of Ez.

This can be seen in the simulation results in Fig. 1, where
the trajectory of the innermost electron for an unloaded

wake is drawn on top of the electron density for a loaded
wake, and the corresponding wakefield for the two cases is
also plotted. The method for choosing the charge profile of
the load is described below.
If the repelling force is too large and the beam too long,

the electrons in the sheath will reverse the direction of their
transverse velocity at some !r, where

drb
d! j!¼!r

¼ 0, and,

consequently, Ezð!rÞ ¼ 0. This is a very undesirable con-
figuration because it implies that the front of the bunch
feels a much stronger accelerating force than the back.
We are interested in trajectories for which rbð!> 0Þ

decreases monotonically. " may then be expressed as a

function of rb: "ð!Þ ¼ lðrbÞ. Substituting r00b ¼ r0b
dr0b
drb

,

where the prime denotes differentiation with respect to !,

Eq. (1) reduces to
dr0b
drb

¼ 4lðrbÞ'r2b½2ðr0bÞ2þ1)
r3
b
r0b

, which can be

integrated to yield
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1

2
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2
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16

R
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r4b
' 1

s
(2)

First we comment on salient features of the unloaded
case ðlðrbÞ ¼ 0Þ. Evaluating the constant in Eq. (2) from
the condition Ezðrb ¼ RbÞ ¼ 0, we obtain:

EzðrbÞ ’
1

2
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¼ ' rb
2

ffiffiffi
2

p
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R4
b
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' 1

s
; Rb & rb > 0:

(3)

Equation (3) can be integrated from the top of the bubble
rbð! ¼ 0Þ ¼ Rb to yield the innermost particle trajectory
for 0< rb * Rb:

!
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¼ 2E

$
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%
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whereFð’jmÞ,Eð’jmÞ are the incomplete elliptic integrals
of the first and second kind [18].
To minimize the energy spread on the beam, we seek the

beam profile that results in Ezðrb * rsÞ ¼ 1
2 rb

drb
d! jrb¼rs ’

const + 'Es within the bunch. The shape of the bubble in
this case is described by the parabola r2b ¼ r2s ' 4Esð!'
!sÞ. For 0 * ! * !s, Ez is given by Eq. (3). Es is found by
requiring that the wakefield is continuous at !s: Es ¼
rs
2
ffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffi
R4
b

r4s
' 1

r
. For !s * ! * !s þ r2s

4Es
, where !s þ r2s

4Es
is

the location at which the sheath reaches the !-axis, the
profile of "ð!Þ that leads to a constant wakefield is trape-

zoidal with maximum at "ð!sÞ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E4
s þ R4

b

24

q
and minimum

at "ð!s þ r2s
4Es

Þ ¼ E2
s

"ð!Þ ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
E4
s þ

R4
b

24

s
' Esð!' !sÞ (5)

and the total charge Qs ¼ 2#
Rr2s=ð4EsÞ
!s

"ð!Þd! is

FIG. 1 (color online). The electron density from a PIC simu-
lation with OSIRIS [19] for kpRb ¼ 5 is presented. The beams
move to the right. The broken black line traces the blowout
radius in the absence of the load. On the bottom, the red (black)
line is the lineout of the wakefield Ezð!; rb ¼ 0Þ when the beam
load is present (absent).

PRL 101, 145002 (2008) P HY S I CA L R EV I EW LE T T E R S
week ending

3 OCTOBER 2008

145002-2

Answer the question: Is it possible to strongly load the 
longitudinal wake without strong transverse wakes and BBU?

FACET-II
Photoinjector for ~mm-

mrad emittance and 
plasma injectors longer 
term as proxy for DR 

level emittance beams

See:	M.	Tzoufras	et	al,	Phys.	Plasmas	16,	056705	(2009);	W.	Lu	et	al.,	Phys.	Rev.	Lett.	96,	
165002	(2006),	V.	Lebedev	et	al.,	PRST-AB	20,	121301	(2017)	and	References	therein

C	Joshi	et	al	2018	Plasma	Phys.	Control.	Fusion	60	034001	



Benchmark theoretical and 
numerical predictions and 

testing mitigations will be an 
important part of upcoming 

experimental programs

E-302: Transverse Wakefields and Instabilities in Plasma 
Wakefield Accelerators (physics common for accelerated beams)

Many mechanisms of emittance growth have 
been put forward, e.g. ion motion, hosing…

9M. J. Hogan, HEP GARD ABP Workshop #1 @ LBNL, December 9-10, 2019

D. Whittum et al. PRL 67, 991 (1991) LBNL/SLAC 
J. Rosenzweig et al., 95, 195002 (2005) UCLA 
C. Huang et al., PRL 99, 255001 (2007) UCLA 
V. Lebedev et al., PRST-AB 20, 121301 (2017)  FNAL

W. An et al. PRL 118, 244801 (2017) UCLA 
A. Burov et al., arXiv:1808.03860 FNAL

ALEGRO 2018 workshop, Oxford, UK 
Tue March 27, 2018 16

Divergence reduction in an adiabatic 
plasma-to-vacuum-taper experimentally 
demonstrated for LWFAs:

Sears, et al. PRST-AB 13, 092803 (2010).

Experimental demonstration

- Plasma target design for transitions >> 1 mm not demonstrated

- Demonstration: adiabatic/optimized matching/extraction in PWFAs

- Adiabatic transition length > stage length for great energies

- Stability study for optimized matching (phase-dependence)

- Conceptual study of misalignment mitigation

Remaining challenges/To do’s

Reduction of spatial hosing seeds

in tapered vacuum-to-plasma

transitions.

Reduction of hosing seed

“Adiabatic alignment” ~ 
reduction of hosing seed for 
witness beam.

Mitigation of misalignmentn
/n
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Plasma-to-vacuum transitions:  
“Swiss army knife” for quality preservation?

+ … ?

Mehrling et al. PRL 118, 174801 (2017).

Plamsa ramps

7

Mitigating Hosing Instability 

Head Center Tail

ξ = -σz ξ = 0 ξ = σz

10% Energy Chirp Overloading the Wake can 
compensate the chirp.

Energy Spread

10

Killing the Hosing Instability

Head Center Tail

ξ = -σz ξ = 0 ξ = σz

Trailing Beam: E = 10 GeV, Ipeak=9 kA 

σr = 0.516 µm, σz = 6.38 µm , 
N =4.33 x 109 (0.69 nC), εN = 1 µmrad 
(transversely offset by 1 µm)

Drive Beam: E = 10 GeV, Ipeak=15 kA 

σr = 0.516 µm, σz = 12.77 µm , 
N =1.0 x 1010 (1.6 nC), εN = 1 µmrad

Ion Motion

T. Mehrling et. al., PRL 118, 174801 (2017) DESY/IST 
T. Mehrling et. al., PRL 121, 264802 (2018) LBNL

Note – requires generations of new 
diagnostics capable of characterizing 
individual bunches with µm position 

and fs resolution, slice emittance etc..



Accelerator Physics Topics in An AAC-based Linear Collider

Acceleration issues 
• Beam loading for efficiency and % level energy spread 
• Longitudinal beam shaping to maximize transformer ratio (minimize number of stages) 
• Transverse shaping for quasi-linear regime or positrons 
• Precise timing to provide acceleration in many sections 
• Interstage optics designs to maximize average gradient 
• Positron acceleration (plasma concepts) – see next slide 

Emittance preservation 
• CSR (and inter bunch correlation) suppression 
• Section by section alignment, corrections and feedbacks 
• Inter-stage focusing, dispersion control 
• Applicability of plasma lenses 
• Multiple Coulomb Scattering, ion motion, mismatch… 
• Transverse/longitudinal drive beam jitter <1um (same reqs as for main beam) 

IP: Control of head-on collision < 1 nm for single bunch 
• Ground motion, vibrations (jitter in beam position) 
• Flat beams collision 

Technical issues: 
• Plasma response time and heat removal, Synchrotron Radiation and activation

10M. J. Hogan, HEP GARD ABP Workshop #1 @ LBNL, December 9-10, 2019

More holistic view beginning to 
be discussed in presentations 
and some publications, e.g. 
C. Lindstrom PhD Thesis 
“Emittance Growth and 
Preservation in a plasma-based 
linear collider” https://
www.duo.uio.no/handle/
10852/66134

Initial slide courtesy of S. Nagaitsev
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Quasi-linear Wakefield Acceleration 
• > 1 GeV energy gain

Corde et al., Nature August 2015 Gessner et al., Nature Communications 2016 
Lindstrom et al., Phys. Rev. Lett. 2018 Doche et al., Scientific Reports 2017
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Non-linear wakes (4 GeV energy gain) 
• New self-loaded regime of PWFA

Hollow Channel Plasma 
Wakefield Acceleration

FACET/FACET-II Have a Unique Role in Addressing Plasma 
Acceleration of Positrons for Linear Collider Applications

New regime for positron 
PWFA has been proposed 
• Finite-channel plasmas are 

predicted to preserve 
emittance 

• Concepts are testable at 
FACET-II 

• LBNL, DESY and SLAC 
collaboration

Worldwide theoretical 
studies focused on beam 
parameters that will be 
achievable at FACET-II: 

e.g. see talks at EAAC2019 
and 2019 FACET-II 
Science Workshop

S. Diederichs et al., Phys. Rev. Accel Beams 22, 081301 (2019)



Addressing Elements of the Grand Challenges But Not Yet 
Pushing to the Extremes Mentioned (e.g. quantum degeneracy)

Grand Challenge #2: Beam quality 
• Pushing on brightness and quality preservation during acceleration and hope 

to demonstrate order(s) of magnitude improvement in next few years 
Grand Challenge #3: Beam control  

• Beam shaping for high-transformer ratios and better beam loading 
• Transverse shaping for accelerated beams in LWFA collider concepts in quasi-

linear regime and certain positrons acceleration concepts 
Grand Challenge #4: Beam prediction 

• Need for better code integration between beams and plasma PIC 
• Beam codes need validation of CSR models (hosing seed) and effects at low 

emittance and high-peak currents (see Glen White talk) 
• Reduced models work well when appropriate (e.g. quasi-static in QuickPIC, 

HighPACE) 
• Codes that scale to Exascale for modeling multiple stages and parameter 

scans (Warp-X Exascale development)

12M. J. Hogan, HEP GARD ABP Workshop #1 @ LBNL, December 9-10, 2019



Addressing ABP Challenges for Plasma Acceleration Will 
Enable Synergistic Applications for non-HEP Agencies

HEP (non-Linear Collider) 
• Injector for CEPC (softer targets for emittance etc) 

BES 
• All optical LWFA FEL e.g. Jeroen ECA @ LBNL, efforts in Europe 

(EuPRAXIA, Angus, Apollon) 
• PWFA injector as brightness transformer (e.g. PLEASE concepts at SLAC) 

- Attosecond science, TW peak power, Harder X-ray photons 
FES 

• LWFA betatron source for X-ray pump at MEC instrument @ LCLS 
DOE-NNSA 

• LWFA ICS gamma ray source at LBNL 
HEP-FES 

• Exploration of bunch compression techniques for plasma injectors 
synergistic with push to mega-Amp SFQED collider concepts

13M. J. Hogan, HEP GARD ABP Workshop #1 @ LBNL, December 9-10, 2019



Timeline, Milestones and Roadmap

• Milestones for LWFA, PWFA and DWFA defined in 2016 roadmaps 
• ABP issues will be addressed hand in hand with experiments in interactive process 
• Capability to test theories drives progress, e.g. positrons

14M. J. Hogan, HEP GARD ABP Workshop #1 @ LBNL, December 9-10, 2019

 
 

 

DOE Advanced Accelerator Concepts Research Roadmap Workshop 

February 2–3, 2016 

 
 

Image credits: lower left LBNL/R. Kaltschmidt, upper right SLAC/UCLA/W. An 

https://www.osti.gov/biblio/1358081-advanced-accelerator-development-strategy-report-doe-advanced-accelerator-concepts-
research-roadmap-workshop
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PWFA Roadmap  
The physics program at the Large Hadron Collider (LHC) will end around 2035. If plasma based 
accelerators are to meet the needs of international High Energy Physics Community, the R&D 
Roadmap must arrive at a design with a sufficient level of maturity to be considered as the next 
candidate machine. Consequently, PWFA R&D spanning the next 25 years is outlined in the long 
range roadmap presented in Fig. 4. 

The concepts for plasma accelerator based colliders should continue to be developed to help 
focus R&D. In addition, plasma accelerators are still in a period of rich discovery and a broad 
program of research at both Universities and National Laboratories should continue to ensure 
that the best techniques are identified. Some high level challenges common to all advanced 
accelerator concepts have been identified and summarized in the introductory portion of this 
document. The two areas of beam-plasma physics considered most pressing for research in the 
next decade are emittance preservation and positron acceleration. Additional priorities include 
beam loading, higher transformer ratios, beam dynamics & tolerances, plasma source 
development, staging, off-ramp, and first applications. A detailed roadmap for beam driven 
plasma wakefield accelerator R&D for the next decade is summarized in Fig. 5. 

Figure 4:  High level R&D roadmap for particle beam driven plasma accelerators. 
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Plasma target development is required to enable the key experiments. Shaping and precise 
control of plasma target profiles is required for the collider application. In particular, 
development of longitudinally-tapered and near-hollow plasma channels, extending tens of 
centimeters, requires R&D. 

Of crucial importance will be a deep understanding of how to optimize the efficiency from laser 
beam to particle beam, and what the limitations are towards the ultimate performance that 
would make this technology operate at levels superior to present day technology for 
accelerators. Novel methods for extracting energy from plasma wakes via particle bunch shape 
(or current pulse) tailoring must be developed, techniques to reduce the remaining wake energy 
(and hence also reducing the power loading on the structuresȌ b� ǲsoaking upǳ the �ake energ� 
using additional laser pulses, and direct conversion of power in intense lasers exiting the plasma 
structures using photo-voltaic optical to electric conversion systems which is unique to using 
lasers as drivers. Methods for bunch shape tailoring and wake energy extraction would also 
benefit the beam driven plasma systems. 

Contemporaneously to the demonstration of key experiments, novel diagnostics for LWFA 
beams and plasma targets must be invented and high-fidelity and high-speed simulation tools 
must be developed. Modeling of plasma targets will require 3D magneto-hydrodynamic (MHD) 
codes to be developed, with the proper low-temperature physics and chemistry included. The 
development of the MHD codes will benefit from collaborations with LLNL and SNL, leveraging 
NNSA investments. Capabilities for rapid modeling of multi-GeV-LWFA stages (laser and beam 
plasma interaction) are required for parameter exploration and start-to-end modeling of LWFA-
based colliders. This requires a sustained community effort on development of open source code 

Figure 1:  Roadmap for the development of a LWFA based collider, which lays out phases for invention 
and discovery (during the next decade), the emergence of first applications, and prototype 
demonstrators. A conceptual design study could occur in the 2025-2035 time frame, followed by a five 
year technical design study, culminating with start of construction around 2040. 

Beam & Laser Driven Plasma Acceleration Roadmaps

Community representatives from universities and laboratories organized 
workshops and summarized priorities in the report



Who is working in this now? Are current facilities adequate?

PWFA R&D: 
• US: Collaborations @ FACET/FACET-II National User Facility (CU 

Boulder, Ecole Polytechnique, Fermilab, University of Oslo, SLAC, 
UCLA, UT Austin, University of Strathclyde) 

• Europe: FLASHForward @ DESY, AWAKE @ CERN (protons) 
• Asia: Tsinghua University 

LWFA R&D:   
• US: LBNL BELLA, Michigan, Rochester, LLNL, UCLA, Texas, NRL, 

BNL, Nebraska, … 
• Europe: ELI Beamlines, RAL, Oxford, Strathclyde, DESY, MPQ, 

HZDR, Jena, Ecole Polytechnique, Apollon, INFN, IST-Lisbon,… 
• Asia: Shanghai Jiao Tong University, SIOM, Tsinghua U., Kansai 

Photon Science Institute, CoReLs-GIST, …
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Programs will need increased collaboration, coordination and targeted 
investments in facilities to remain competitive as financial underdogs.
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