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Livingston Plot Illustrates the Moore’s Law for Accelerators

The Livingston curve shows the 
exponential growth in CM energy 
that has come from new 
accelerator physics & technology
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The Higgs has been found. Now what?

• Higgs Boson discovered at the LHC 
• Next big machine: linear e-e+ collider 
• SLC only linear collider so far: 

- 3 km long; 2 x 50 GeV beams 
• Next collider needs higher energy 

beams (250GeV - 1.5TeV) 
- ILC design: 30km long 
- CLIC design: 50km long 

• Limited by breakdown of metallic 
structures and/or cryo-technology 
- Accelerating gradient < 100MeV/m
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Time for a new acceleration technology!
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• High energy (multi-GeV) electron beams have many applications in HEP 
(SLC, PEP-II) and Photon Science (LCLS)
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So why don’t we just 
make all accelerators 

circular?

Why Aren’t Electrons Accelerated in Circular Machines?

• A charged particle emits radiation when accelerated. 

• The good: allows devices like synchrotron light sources and free electron lasers 
to work, and can be used to cool beams to make them brighter 

• The bad: radiating can degrade the beam (especially coherent radiation) 

• The ugly: power lost per revolution in a circular machine 
                 scales as P~γ4~E4/m4           low-mass electrons radiate too much!
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The Scale for a TeV Linear Collider

31 km

Today’s technology LC 
– a 31km tunnel:

Plasma Wakefield Technology LC:

The Luminosity Challenge:

4 km

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

High-efficiency



Like Prof. Hansen on Stanford Campus Many Decades Before

“We have accelerated electrons.”

~4 MeV ~40 GeV 60 years 
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Why Plasmas?

Relativistic plasma wave (electrostatic):

Large 
Collective Response!

ne=1014 cm-3
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Compare: SLAC linac ~ 20MeV/m

• Plasmas can sustain very large Ez field, acceleration 
• Plasmas are already ionized (partially), difficult to break down 
• High energy, high gradient acceleration! 
• Plasma wave can be driven by:

➡ Intense laser pulse (LWFA) 
➡ Short particle bunch (PWFA)
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The Electron Beam Driven Plasma Wakefield Accelerator
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• Blow-out when nb >> np 
• Large accelerating gradients ~ GeV/m 
• Strong ideal focusing ~ MT/m 
• Relativistic driver, no de-phasing



Plasma Frequency

• Imagine an electron layer displaced 
in one dimension by length

10

!
• Creates ‘two capacitor plates’ 

with surface charge density: ! = #$%&

• Electric field given by:

• Creates a restoring force:

• May be re-written as harmonic oscillator equation:

• With a characteristic 
electron plasma frequency 
and wavelength:

More rigorous derivation in, e.g. F.F. Chen “Introduction to plasma physics and controlled fusion”

!"~100&' ( )" ** 10+,⁄ .+ /⁄



Transverse Forces: Focusing in the Ion Column

• Uniform ion density ni = initial plasma density ne0 
• Focusing is balance between radial E and v x B ~ Er - cBphi 
• Assume nb/np > 1 and fully blown-out ion column 

- no plasma return currents within the beam (CFI) 
- In beam frame then no currents to drive Bphi 

• Focusing then simply obtained from Gauss law for an infinite 
cylinder (approximation) 

- linear in r (ideal lens, no geometric aberration) 
- May preserve incoming emittance
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Propagation in the Ion Column – Single Electron

• Motion of a single electron in the ion column:
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• Harmonic motion as long as no energy gain or loss:

• Relativistic electrons though, so will get synchrotron (betatron) radiation

or• Particles oscillate at:
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Propagation in the Ion Column for a Beam of Electrons

• Beam evolution described by the envelope equation:
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• No evolution of spot size (sigma) when have matched condition:

with

or

!" = $%recalling
• There is a matched beta (np dependent) – not a matched spot size (en 

dependent), e.g. np = 1017, c/wp = 17µm and Beta matched = 1mm 
(<<Lp!). For en = 1µm, E = 1GeV get a matched sigma = 0.7µm
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Measured Plasma Focusing for Matched & Mismatched Beams

• Start with beam evolution in vacuum
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Phase Advance Ψ =K*L∝ ne
1/2L

• Increase the density/focusing 
- Can’t always measure in plasma 
- Look on profile monitor downstream 
- Sigma(z) at fixed np same as sigma(np) at fixed z

• Focusing orders of 
magnitude larger than 
beamline quadrupoles  

• Well described by 
simple model 

• Enables high density 
beam propagation over 
long distances
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Accelerating Fields
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The solution is integrated over all charge in front of position ⇣ since nothing behind ⇣

a↵ects the plasma by causality. Using this expression for the perturbed density and

substituting it into Maxwell’s Equations results in a wave equation for E:
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where N is the number of electrons per bunch. Assuming a position relatively far
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This equation for linear theory indicates that the maximum wake amplitude, or ac-

celerating gradient, scales as N/�

2

z
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1.2.2 Non-linear Theory

In the case of dense (n
b

� n

p

), narrow (k
p

�

r

⌧ 1) beams, the system is in the

“blowout” regime, where the density of the plasma electrons is unable to neutralize

the beam space charge and all the plasma electrons are blown out of the beam’s path

to a radius �

r

p
n

b

/n

p

[13]. In addition to the plasma wake, which accelerates the tail

particles, there also exists a focusing force due to the plasma ion column. The plasma

ions are relatively stationary on such a short time scale, thereby creating a uniform

focusing force, F

r

= 2⇡n

p

re

2, in the blowout region.

In the 2 or 3-D non-linear regime, particle-in-cell simulations are usually necessary

to solve for the plasma wake fields. For the results presented in this dissertation, the

2-D Object-Oriented Particle-In-Cell (OOPIC) code is used to simulate the experi-

mental conditions [14]. Further discussion of the simulation code is in Chapter 2.
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Momentum/Force equation

Continuity equation

Gauss’s Law

Change variables

Equation for perturbed density

Driving term for E

Simplify in narrow beam limit

Finally an equation for Ez behind the beam

Maximized when bunch length matched to np
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A new scheme for accelerating electrons, employing a bunched relativistic electron beam in a
cold plasma, is analyzed. We show that energy gradients can exceed 1 GeV/m and that the driven
electrons can be accelerated from yomc to 3yomc before the driving beam slows down enough to
degrade the plasma wave. If the driving electrons are removed before they cause the collapse of the
plasma wave, energies up to 4yomc are possible. A noncollinear injection scheme is suggested in
order that the driving electrons can be removed.
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In the past several years, the laser-plasma interac-
tion as a mechanism for charged-particle acceleration
has attracted interest' because of the large electric field
which a plasma can support ( —100 GeV/m). Howev-
er, these "beat-wave" accelerators rely heavily on
the state of the art of laser technologies. For example,
the scheme requires a fine tuning between the plasma
frequency co~ and the beat-wave frequency of the laser
in order that the wake plasma wave excited by the laser
beat wave grows linearly. This in turn either puts a
severe constraint on the uniformity of the plasma den-
sity, or relies on very high-power lasers to shorten the
time of growth. In addition, it may be necessary to
deliver the laser energy in a pulse shorter than 10 ps in
order to avoid competing instabilities. 5

This Letter presents another scheme for a plasma
accelerator. Lasers are not required and large energy
gradients are attained. The idea is to inject a sequence
of bunched high-energy electrons into a cold plasma.
As in the two-stream instability, the streaming elec-
trons lose energy to the background plasma by exciting
a wake plasma wave. If a late-coming electron bunch
rides on the wave at a proper phase, it will be boosted
to a higher energy as a result of the longitudinal elec-
tric field in the wave.
Consider a system in which a chain of relativistic

electron bunches with initial Pp = ub/c & 1 stream
through a cold, uniform plasma along the z axis with a
constant separation d. With the assumption that the
longitudinal spread I& of each electron bunch is much
smaller than the plasma wavelength, X~, the whole
bunch of q electrons behaves as a single particle with
charge g = qe.
The linearized equation of motion and equation of

continuity for the cold, nonrelativistic background
plasma are Btv&~= —(e/m)E~ and ct, n~~+n&pV ' v&~= 0, respectively, where E~ is the electric field of plas-
ma and beam: E& =E»+ E&&, where the plasma velo-
city is v~ = v~p+ v&~ (vip= 0), and the plasma density

is n~ =n~p+n~t (n~p && n&~). For N driving-electron
bunches, the charge and current densities are

p, (x) = —en~, (x)—g +(x—x, ),

J, (x) = —en~ pvv ~ (x) —g vb X5(x—x, ),

V'(8,'+k,')@,=4 g ga,'n(x —x, ),
where

and

k~ =~p/ub = (4vrn~pe /m ub)

x—x; = pe~ —[(N —i)d —(]e3.
The solution of this equation requires that we solve

(tlt2+k~')@, = —g Qt)t2(1/(x —x; ~), (4)

respectively, where x = pc~ +z c3 in cylindrical coordi-
nates, x s are the instantaneous positions of the N
bunches, x; = [ubt + (N —i )d ]e3, and the summa-
tions are overi =1, . . . , N.
The longitudinal electric field in the wake of these N

bunches is Et = —(I/c)B, A~ —V'$&. For an ultrarela-
tivistic electron beam, where pp= 1, ub is approxi-
mately constant over several plasma wavelengths,
even though substantial energy is transferred to the
plasma wave. It is thus convenient to work with the
variable (=z —ubt ~ 0 which measures the distance
behind the last bunch, and we may put 8, = —ub t)& and
8, =8&. In the Coulomb gauge, the equation for the
scalar potential is '7 @~= —47rp&, and that for the vec-
tor potential is '7~A~ = —(4m. /c) J&—ppV'Btp, , where
V2~ is the transverse Laplacian and (1—pp) is neglect-
ed.
To solve for P, , we take the g derivative twice and

combine the result with the equations of motion and
continuity, and Eq. (1) to obtain

Qc 1985 The American Physical Society 693

With notable scaling:

e.g. 2E10, 30µm gives 50GeV/m!

!" =
8%&'
(")

*&+, ! = #$%&'% 2⁄with

M.J. Hogan, SSI2016 August 22, 2016



E-167: Energy Doubling with a 
Plasma Wakefield Accelerator in the FFTB 

• Acceleration Gradients of ~50GeV/m 
(3,000 x SLAC) 
- Doubled energy of 45 GeV 

electrons in 1 meter plasma 

• Single Bunch

16

Nature 445 741 15-Feb-2007

Next Step: Particle acceleration to 
beam acceleration @ FACET

Simulation

Data



Beam Loading in Non-linear Wakes

Theoretical framework, augmented by simulations

17

See:	M.	Tzoufras	et	al,	Phys.	Plasmas	16,	056705	(2009);	M.	Tzoufras	et	al,	Phys.	Rev.	Lett.	101,	145002	(2008)	and	References	therein

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

Ez ’
1

2
rb

drb
d!

¼ ' rb
2

ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
16

R
rb lð$Þ$d$ þ C

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
rb

drb
d!

¼ ' rb
2

ffiffiffi
2

p
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R4
b

r4b
' 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:

!

Rb
¼ 2E

$
arccos

$
rb
Rb

%&&&&&&&&
1

2

%
' F

$
arccos

$
rb
Rb

%&&&&&&&&
1

2

%
; (4)

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).
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and the wakefield are given by

8l0 ¼ r2b þ 1
2ð!$ !!s þ

ffiffiffi
2

p ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
8l0 $ r2!s

q
Þ2; (12)

Ez ¼ $1
4ð!$ !!sÞ þ Ezð! ¼ ! !sÞ (13)

and the innermost particle will reach the !-axis at !!s þ
"!!s, where "!!s ¼

ffiffi
2

p
r!s
ðR2

b $
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
R4
b $ r4!s

q
Þ. In this case, the

energy absorption per unit length is identical to that of an
optimal trapezoidal bunch 2"l0"!!shjEzji ¼ QsEs. The
difference in the accelerating force experienced by the
front and the back of the bunch will tend to increase the
bunch’s energy spread. This can be avoided either by
injecting the bunch with an initial energy chirp to compen-
sate for the effect caused by the field in Eq. (13) or by using
a monoenergetic trapezoidal bunch.

If the driver travels with a velocity slower than that of
the accelerating electrons, these electrons will move with
respect to the wake. In this context, it is interesting to see
what happens if a flat-top electron bunch optimized for
some !1 is instead placed at !2 and !3, both smaller than
!1.

In Fig. 2(a), we compare the lineouts of the wakefield
Ezð!; rb ¼ 0Þ from three 2D cylindrically symmetric simu-
lations with the theoretical results for flat-top beams. For
each simulation, an electron bunch with l0 ¼ 0:25R2

b and
length "! !s ¼ 0:27Rb is loaded at one of three locations:
!1 ¼ 0:67Rb, !2 ¼ 0:53Rb, !3 ¼ 0:31Rb. The open red

squares correspond to loading at !1, the solid blue dia-
monds to !2, and the open green circles to !3. The solid
lines are derived from the theory [for l0 > R4

b=ð8r2!sÞ, the
particle trajectory in the region ! !s & !< !m can be writ-
ten in terms of the integral Eð’jmÞ] and are in excellent
agreement with the simulations in all three cases.
We repeated the simulations using Gaussian bunches

with the same number of particles as in the flat-top cases
and NbðzÞ ¼ Nbffiffiffiffiffi

2"
p

#z
e$z2=ð2#2

z Þ, where #z ¼ "!!s=ð2
ffiffiffi
2

p
Þ.

Each bunch is placed so that its center is at a distanceffiffiffi
2

p
#z from !1, !2, and !3 for the three simulations. The

results, shown in Fig. 2(b), confirm that the Gaussian
bunches may be treated using the theory for flat-top
bunches. In both Figs. 2(a) and 2(b), we observe that the
wakefield is relatively flat regardless of the placement of
the bunch. The initial negative slope is balanced by a
smaller positive slope for most of the acceleration process.
Last we note that we started from Eq. (1), which is the

ultrarelativistic limit of Eq. (11) of Ref. [13] and is ex-
pected to hold for kpRb * 3. For lower kpRb the formalism
described here can still be applied if one numerically
solves Eq. (11) of Ref. [13].
Work supported by the Department of Energy under

Grants No. DE-FG02-03ER54721, No. DE-FG03-
92ER40727, No. DE-FG52-06NA26195, and No. DE-
FC02-07ER41500. Simulations were carried out on the
DAWSON Cluster funded under an NSF grant, NSF-Phy-
0321345, and at NERSC.
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Flat top

Gaussian

• Possible to nearly flatten accelerating wake – even with Gaussian beams 
• Gaussian beams provide a path towards ∆E/E ~ 10-2 - 10-3 
• Applications requiring narrower energy spread, higher efficiency or larger 

transformer ratio           Shaped Bunches

Quasi-static 
approximation, 

co-moving frame 
at v=c, by 

symmetry find 
Ephi, Bz, Br = 0 

and:
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Accelerating Particles to Accelerating Beams            FACET

18M.J. Hogan, SSI2016 August 22, 2016

• Two bunches externally injected 
• Dimensions and spacing ~ c/wp ~ 20µm 
• Blow-out when nb >> np 
• Plasma = highly efficient transformer



FACET Project History

Primary Goal: 
• Demonstrate a single-stage high-energy plasma 

accelerator for electrons 
Timeline: 

• CD-0 2008 
• CD-4 2012, Commissioning (2011) 
• Experimental program (2012-2016) 

A National User Facility:  
• Externally reviewed experimental program 
• >200 Users, 25 experiments, 8 months/year operation 

Key PWFA Milestones:  
✓Mono-energetic e- acceleration 
✓High efficiency e- acceleration (Nature 515, Nov. 2014) 
✓First high-gradient e+ PWFA (Nature 524, Aug. 2015) 
•  Demonstrate required emittance, energy spread (FY16)

19M.J. Hogan, SSI2016 August 22, 2016

20GeV, 3nC, 20µm3, e- & e+20GeV, 3nC, 20µm3, e- & e+

The premier R&D facility for PWFA: Only facility capable of e+ acceleration 
Highest energy beams uniquely enable gradient > 1 GV/m



2 GeV Energy Gain 
~2% dE/E 

~30% efficiency

High-Efficiency Acceleration of an Electron Bunch 
in a Plasma Wakefield Accelerator

20M.J. Hogan, SSI2016 August 22, 2016

9 GeV 
Energy Gain

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

Narrow energy spread acceleration with high-efficiency has been demonstrated 
Next decade will focus on simultaneously preserving beam emittance

Litos et al., Nature November 2014

Beam loading is key for: 
Narrow energy spread & high efficiency

Plasma 
OFF

Plasma 
ON

E
ne

rg
y



Laser Driven Excitation of Plasma Waves: 
Laser Wakefield Accelerator (LWFA)

• Standard regime (LWFA) 
- Pulse duration matches 

plasma period 
- Radiation pressure of 

intense laser pulse excites 
plasma wave (wakefield)

21

plasma

λp

laser pulse

electron motion high ne low ne

Tajima, Dawson (79); Gorbunov, Kirsanov (87); Sprangle, Esarey et al. (88), Esaray et al. Rev. Mod. Phys. 81, 1229 (2009)

! = !#sin(())

• Excitation possible with longer laser pulses too 
- SMI/Raman Forward Scattering 
- Beat wave 
- Scaling same as for beam drivers

• Electric field of plasma wave (n = density): 
     E ~ n1/2 ~ 100 GV/m  for  n ~ 1018 cm-3

• Laser Pulse length ~ plasma wavelength λp 

     L ~ λp ~ n-1/2 ~ 30 µm (100 fs) for n ~ 1018 cm-3

!" = 0.85×10*+, -. /" 0 1.2⁄ 4 25

e.g. a0~1 for 1µm, 1018W/cm2

M.J. Hogan, SSI2016 August 22, 2016



Self-modulated regime: 
•  Laser pulse duration  >  plasma period 
•  Laser power  >  critical power for self-guiding 
•  High-phase velocity plasma waves by 
  •  Raman forward scattering 
     •  Self-modulation instability

Sprangle et al. (92); Antonsen, Mora (92); Andreev et al. (92); Esarey et 
al. (94); Mori et al. (94)

SM-LWFA  experiments routinely produce electrons with:  
   1-100 MeV (100% energy spread),  multi-nC,  ~100 fs,  ~10 mrad divergence

Modena et al. (95); Nakajima et al. (95); Umstadter et al. (96); Ting et al. (97); 
Gahn et al. (99); Leemans et al. (01); Malka et al. (01)
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Laser beam
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Leemans et al. (02)

Few TW

1020 cm-3

nC’s

State-of-the-Art Prior to 2004: 
Self-Modulated Laser Wakefield Accelerator (SM-LWFA)

22
Courtesy of E. Esarey
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LWFA: Production of a ‘Mono-energetic’ Beam

1. Excitation of wake (e.g., self-modulation of laser) 
2. Onset of self-trapping (e.g., wavebreaking) 

• Requires high density 
- Large fields and slow vph 

3. Termination of trapping (e.g., beam loading) 
4. Acceleration  

• If  > dephasing length: large energy spread 
• If  ≈ dephasing length: monoenergetic

23

Wake Excitation Trapping Acceleration: Laccel ~Ldephase

1 42-3

€ 

Ldph ≈ λp
3 /λ2( )∝ ne−3 / 2Dephasing distance:

Courtesy of E. Esarey
M.J. Hogan, SSI2016 August 22, 2016



Breakthrough Results: High Quality Bunches

24
Courtesy of E. Esarey

30 Sep 2004 issue of nature: 
 Three groups report production of high quality e-bunches 

 Approach 1: Plasma channel 
• LBNL/USA: Geddes et al. 

• Plasma Channel: 1-4x1019 cm-3 

• Laser: 8-9 TW, 8.5 µm, 55 fs 
• E-bunch: 2×109 (0.3 nC), 86 MeV, ΔE/E=1-2%, 3 mrad 

 Approach 2: No channel, larger spot size 
• RAL/IC/UK: Mangles et al. 

• No Channel: 2×1019 cm-3 

• Laser: 12 TW, 40 fs, 0.5 J, 2.5×1018 W/cm2, 25 µm 
• E-bunch: 1.4×108 (22 pC), 70 MeV, ΔE/E=3%, 87 mrad 

• LOA/France: Faure et al.  
• No Channel: 0.5-2x1019 cm-3 

• Laser: 30 TW, 30 fs, 1 J, 18 µm 
• E-bunch: 3×109 (0.5 nC), 170 MeV, ΔE/E=24%,10 mrad 

 Channel allows higher e-energy with lower laser power

M.J. Hogan, SSI2016 August 22, 2016



Three Factors Limiting Energy Gain – Three D’s of LWFA

• Diffraction 
- Order ~mm for 1µm laser with 17µm waist 
- May be overcome with channel guiding or 

relativistic self-focusing 

• Dephasing:

25

• Depletion 
- For small intensities (a0<1) >> Ldephase 

- For relativistic intensities a0>1, Ldephase~ Ldepletion

E. Esarey et al. Reviews of Modern Physics 81 1229 (2009)

e.g. 1018/cc, 1µm = 3cm

M.J. Hogan, SSI2016 August 22, 2016



Race for Maximum Energy Gain

26

Laser Driven Plasmas: 
• 50 GeV/m fields, stable over cm’s 
• High quality <µm emittance beams created and accelerated in the plasma

Electron Energy [GeV]

Nature Physics 2, 696 - 699 (2006)

Nat Commun. 4:1988 doi: 10.1038/ncomms2988 (2013)

2 GeVHow to balance or overcome the three D’s of LWFA: 
• Diffraction (guiding), De-phasing (lower denisty, tailored plasma profiles), 
Depletion (more laser energy)

M.J. Hogan, SSI2016 August 22, 2016

2 GeV

1 GeV



BELLA Laser at Lawrence Berkeley Lab (LBNL)

Petawatt laser at 1Hz (40J/40fs)

27
PRL 113, 245002 (2014)

M.J. Hogan, SSI2016 August 22, 2016



2010 ICUIL World Map of Ultrahigh Intensity Lasers

Many groups looking into ways to improve not just peak energy, 
but also stability, beam quality

28
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Controlled Injection for Better Beam Quality & Stability

Standard Injection 
• Electrons circulate around the cavitated 

region before being trapped and 
accelerated at the back of the laser pulse 

29
See: Esarey et al, PhysRevLett.79.2682 and Victor Malka (2010). Laser Plasma Accelerators: towards High Quality Electron Beam, 
Laser Pulse Phenomena and Applications, Dr. F. J. Duarte (Ed.), ISBN: 978-953-307-405-4 and References within

Colliding Pulse Injection 
• Beatwave of two counter propagating laser pulses 
• Controls injection process/location for higher quality/stability  



Development of High-Brightness Electron Sources

LCLS Style Photoinjector 
• 100MeV/m field on cathode 
• Laser triggered release 
• ps beams - multi-stage 

compressions & acceleration 
- Tricky to maintain beam quality 

(CSR, microbunching…)

30M.J. Hogan, SSI2016 August 22, 2016

RF

UV	laser

Electron	beam

Plasma Photoinjectors 
• 100 GeV/m 
• fs beams, µm size 
• Promise orders of magnitude 

improvement in emittance 
• Injection from: TH, Ionization, DDR, 

CP…



2015/2016: Full Trojan Horse setup

• Two independently tunable main laser arms 
• Up to 5 laser beams (1 pre-ionization, 2 EOS, 1 Trojan 

photocathode, 1 probing) synchronized with the 
electron beam driver

31M.J. Hogan, SSI2016 August 22, 2016



Experimental Data from Trojan Horse Injection Experiment

32M.J. Hogan, SSI2016 August 22, 2016

Up	to	500	pC

Up	to	50	pC

laser on

off off off

on on

Laser Triggered Charge

laser before 
e- beam get 

DDR injection

laser with 
e- beam (bubble) 

TH injection

Up to 4 GeV measured



The Scale for a TeV Linear Collider

31 km

Today’s technology LC 
– a 31km tunnel:

Plasma Wakefield Technology LC:

The Luminosity Challenge:

4 km

GeV/m accelerating gradient

33M.J. Hogan, SSI2016 August 22, 2016

…and must do it for positrons too!

High-efficiency



Extending to Positrons is Not Trivial

34M.J. Hogan, SSI2016 August 22, 2016

“Blow-out”

“Suck-in”

No Plasma Plasma
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Experiments at SLAC FFTB in 2003 showed that the positron beam 
was distorted after passing through a low density plasma.

The nonlinear blowout regime will not work for positron PWFA



Positron PWFA

Multi-GeV Acceleration of Positrons
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New PWFA 
regime warrants 

further exploration 
and development 
towards plasma  

afterburner 
applications

Corde et al., Nature August 2015

Injecting a single high-intensity positron 
bunch produced a very surprising result! 

• Energy gain 4 GeV in 1.3 meters 
• 1.8% energy spread 
• Low beam divergence 
• No halo
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This technique can be used to accelerate a positron witness beam in the 
wake of an electron beam or a laser beam

• Reduced individual bunch charge then varied the incoming beam emittance: 
- Clear correlations in Emax, accelerated charge, transmitted charge, divergence 
- In agreement with transition to a more linear regime 

• Of interest to both the PWFA and LWFA for linear collider applications 

• Greater than 1 GeV energy gain of witness beam in 1.3 m-long plasma
Sinusoidal Wakefield

Simulation

Witness: 1.5E9 e+

Plasma 1E16e-/cc

Drive: 3E9 e+

Positron Acceleration with Low Density Drive-Witness Pair



Demonstration of a Positron Beam-Driven Hollow Channel Plasma Wakefield
Accelerator
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Plasma wakefield acceleration (PWFA) is a
promising scheme for building compact and af-
fordable accelerators1–3. Work on PWFA using
uniform density plasmas has demonstrated accel-
eration of both electrons4 and positrons5 by col-
lective fields in the plasma. Recent experiments
have demonstrated high-gradient and highly ef-
ficient e� and e+ acceleration in the extremely
nonlinear regime of PWFA6,7. Wakes in the non-
linear regime have strong focusing forces in ad-
dition to strong accelerating fields that pose a
challenge to preserving the extremely small emit-
tance (phase space density) of the accelerating
bunches8,9 that are required for high-energy col-
lider and next-generation light source applica-
tions. A possible solution for preserving the
emittance of beams accelerated in plasma is to
use beam-induced wakes in a hollow channel sur-
rounded by an annular plasma10–13. When a
drive electron or positron bunch propagates on-
axis through a hollow plasma channel, it induces
a wakefield within the channel. The wakefield,
moving synchronously with the beam, has an
oscillating longitudinal field that is uniform in
the transverse direction and a transverse force
that is zero everywhere. Therefore, an appropri-
ately placed trailing bunch of positive or negative
charge can be accelerated without an increase in
the emittance of the bunch. In spite of this criti-
cal advantage, there is little experimental work
on wakefield excitation in hollow channel plas-
mas14. Here, we produce and diagnose 8 cm long,
hollow plasma channels and measure the longi-
tudinal field of the wakes excited by a positron
bunch as it propagates through the channel. We
find that when the positron beam propagates on-
axis through the channel, there are no significant
changes in the spatial profile, indicating the ab-
sence of the transverse focusing forces within the
channel, thus demonstrating the merit of using

a)Electronic mail: sgess@slac.stanford.edu

hollow channel plasmas for PWFA.

The experiment was carried out at the FACET fa-
cility at the SLAC National Accelerator Laboratory15.
The hollow plasma channel is formed when a high in-
tensity laser with a high-order Bessel profile field-ionizes
a lithium vapor with number density n0 = 8 ⇥ 1016

cm�3. The lithium vapor is confined within a 130 cm
long heat-pipe oven at equal pressure with a helium bu↵er
gas16. The experimental setup is depicted in Figure 1.
The FACET Ti:sapphire laser17 delivered 100 fs FWHM
laser pulses with 34 mJ per pulse to the lithium oven.
The laser acquires a high-order Bessel profile by passing
through a kinoform, which imprints a phase pattern on
the laser (see Methods). The laser is focused close to the

Positron Beam Gold Mirror  
with 4 mm hole 

Kinoform 

Laser 

YAG Screen 
Dipole  
Spectrometer 

LANEX Screen 

Plasma Channel 

Without Plasma  
Channel 

200 µm 

La
se

r P
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Imaging  
Quadrupoles 

250 µm 

With Plasma  
Channel 

FIG. 1. Schematic of the experimental setup. The laser passes

through the kinoform and is coupled to the beam axis by a

gold mirror with a small central hole. The top right inset

shows the laser profile upstream of the lithium oven. A scin-

tillating YAG screen 1.95 m downstream of plasma is used

to measure the positron beam profile. The two insets on the

lower right show the positron beam spatial profile as imaged

on the YAG screen with the laser o↵ and no plasma present,

and with the laser on when the positron beam propagates

through the plasma channel. The two profiles are similar,

indicating that there are no net focusing forces due to the

plasma channel. A scintillating Lanex screen downstream of

the dipole measures the beam energy spectrum.

Hollow Channel Plasma Wakefield Acceleration – 
Engineer the Plasma Source to Control the Fields

37M.J. Hogan, SSI2016 August 22, 2016

Proof of principal experiments at FACET 
• Hollow plasma channel (but still neutrals) 
• No focusing on axis 
• Can study with electrons and positrons 
• S. Gessner, Stanford PhD Thesis

Benchmark predictions from theory and simulations
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Gessner et al., Nature Communications June 2016
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Paths to a Linear Collider
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Non-Linear 
Acceleration

Quasi-Linear 
Acceleration

Hollow  
Channel 

Acceleration

Advantages Challenges Open Questions

Extremely large gradients. 

Simple experimental setup.

Very large gradients. 

Works with a driving 
electron beam.

Emittance preservation by 
precise alignment. 

Works with a driving 
electron beam.

No known solution using an 
electron drive beam.

Scaling the plasma and 
drive beam parameters for 

an LC-quality witness 
bunch looks challenging.

Modest accelerating 
gradients.

What are the optimal beam 
and plasma parameters for 
an afterburner application?

Can the emittance of the 
witness beam preserved?

Can we increase the wake 
amplitude while maintaining 

the quality of the witness 
bunch?

These are critical questions on the path to a plasma-based Linear Collider



AWAKE Collaboration Will Study Proton Driven PWFA

40

Goals	of	the	AWAKE	Collabora2on:	
q >500	GeV	e-	in	single	long	plasma	cell	(400m)!	

q Requires	short	proton	bunches	(100µm	vs	10	cm)	

q Study	physics	of	self-modulaIon	of	long	p	bunches	
q Probe	wakefields	with	externally	injected	e-	

q Study	injecIon	dynamics	for	mulI-GeV	e-	

q Develop	long,	scalable	and	uniform	plasma	cells	

q Develop	schemes	for	producIon	and	acceleraIon	of	
short	p	bunches

Idea to Harness the Large Stored Energy in Proton 
Bunches to make High Energy Electrons

M.J. Hogan, SSI2016 August 22, 2016
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a b s t r a c t

The Advanced Proton Driven Plasma Wakefield Acceleration Experiment (AWAKE) aims at studying
plasma wakefield generation and electron acceleration driven by proton bunches. It is a proof-of-
principle R&D experiment at CERN and the world's first proton driven plasma wakefield acceleration
experiment. The AWAKE experiment will be installed in the former CNGS facility and uses the 400 GeV/c
proton beam bunches from the SPS. The first experiments will focus on the self-modulation instability of
the long (rms !12 cm) proton bunch in the plasma. These experiments are planned for the end of 2016.
Later, in 2017/2018, low energy (!15 MeV) electrons will be externally injected into the sample wake-
fields and be accelerated beyond 1 GeV. The main goals of the experiment will be summarized. A
summary of the AWAKE design and construction status will be presented.
& 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

AWAKE is a proof-of-concept acceleration experiment with the
aim to inform a design for high energy frontier particle accel-
erators and is currently being built at CERN [1,2]. The AWAKE
experiment is the world's first proton driven plasma wakefield
acceleration experiment, which will use a high-energy proton
bunch to drive a plasma wakefield for electron beam acceleration.
A 400 GeV/c proton beam will be extracted from the CERN Super
Proton Synchrotron, SPS, and utilized as a drive beam for wake-
fields in a 10 m long plasma cell to accelerate electrons with
amplitudes up to the GV/m level. Fig. 1 shows the AWAKE facility
in the CERN accelerator complex. In order to drive the plasma
wakefields efficiently, the length of the drive bunch has to be on
the order of the plasma wavelength λpe, which corresponds to
E1 mm for the plasma density used in AWAKE (1014–1015 elec-
trons/cm3). The proton beam for AWAKE has a bunch length of
σz ¼ 12 cm, therefore the experiment relies on the self-modulation
instability (SMI) [3], which modulates the proton driver at the
plasma wavelength in the first few meters of plasma. The SMI is a
transverse instability that arises from the interplay between

transverse components of the plasma wakefields and the wake-
fields being driven by regions of different bunch densities. The
modulation period sffiλpe and the modulated bunch resonantly
drives the plasma wakefields. The occurrence of the SMI can be
detected by characterizing the longitudinal structure of the proton
beam when exiting the plasma cell.

In the AWAKE master schedule, the experiment to obtain evi-
dence for the SMI corresponds to Phase 1, and is expected to start
by the end of 2016. In Phase 2, AWAKE aims at the first demon-
stration of proton-driven plasma wakefield acceleration of an
electron witness beam; this programme is planned to start by the
end of 2017. At a later phase it is foreseen to have two plasma cells
in order to separate the modulation of the proton bunch from the
acceleration stage. Simulations [4] show that this would optimize
the acceleration of external electrons and reach even higher
gradients.

1.1. Baseline design

In the baseline design of AWAKE at CERN, an LHC-type proton
bunch of 400 GeV/c (with an intensity of $ 3% 1011 protons/
bunch) will be extracted from the CERN SPS and sent along the
750 m long proton beam line towards a plasma cell. The AWAKE
facility is installed in the area, which was previously used for the
CERN Neutrinos to Gran Sasso facility (CNGS) [5]. The proton beam
will be focused to σx;y ¼ 200 μm near the entrance of the 10 m long
rubidium vapor plasma cell with an adjustable density in the 1014–
1015 electrons/cm3 range. When the proton bunch, with an r.m.s.
bunch length of σz ¼ 12 cm (0.4 ns), enters the plasma cell, it
undergoes the SMI. The effective length and period of the modu-
lated beam is set by the plasma wavelength (for AWAKE, typically
λpe ¼ 1 mm). A high power (E4.5 TW) laser pulse, co-propagating
and co-axial with the proton beam, will be used to ionize the
neutral gas in the plasma cell and also to generate the seed of the
proton bunch self-modulation. An electron beam of 1:2% 109

electrons, which will be injected with 10–20 MeV/c into the
plasma cell, serves as a witness beam and will be accelerated in
the wake of the modulated proton bunch. Several diagnostic tools
will be installed downstream of the plasma cell to measure the
proton bunch self-modulation effects and the accelerated electronFig. 1. CERN accelerator complex.

Fig. 2. Baseline design of the AWAKE experiment.

E. Gschwendtner et al. / Nuclear Instruments and Methods in Physics Research A 829 (2016) 76–82 77

up [11]. In addition to the beam–beam effect, the most efficient
electron injection into the plasma wake fields must be optimized.
The trapping of the electrons in the plasma was analysed with
respect to the transverse vertical position y and angle y0 at

injection [12]. Combining the results of these studies show a
possible optimized injection scheme; the electron beam is offset in
the common beam line and this offset is kept also at the injection
point (see Fig. 5). Adding a kicker magnet close to the plasma cell
and focusing the beam into the iris allows to inject the electrons
into the plasma wakefield with an offset of up to 3.25 mm and an
angle between 0 and 8 mrad [9].

2.4. Laser beam line

The laser system is housed in a dust-free, temperature-
stabilized area (class 4) and includes the laser, pulse compressor
and laser beam transport optics [13]. The laser beam line to the
plasma cell starts at the output of the optical compressor in the
laser lab and is transported via a newly drilled laser core. The laser
beam line is enclosed in a vacuum system, which is attached to the
compressor's vacuum chamber and to the proton beam line
vacuum system at the merging point, which is at a vacuum level of
10!7 mbar. The deflection of the laser beam will be performed
with dielectric mirrors held by motorized mirror mounts, installed
in the vacuum system. The size of the laser beam and the focusing
spatial phase will be controlled by a dedicated telescope just
before the pulse compressor. The focal distance is to be adjustable
in the range between 35 and 45 m.

A diagnostic beam line will be installed in the proton tunnel for
measuring the beam properties of a low energy replica of the
ionizing beam in exactly the distance which corresponds to the
plasma cell location.

The laser beam for the electron gun will be taken from the
second output of the base version of the laser system, further
amplified to E30 mJ, compressed to 300 fs using an in-air com-
pressor, frequency converted to 262 nm via a Third Harmonics
Generation and stretched to the desired pulse length of 10 ps.

2.5. Low-level RF and synchronization

The proton, electron and the high power laser pulse have to
arrive simultaneously in the rubidium plasma cell. The proton
bunch is extracted from the SPS about every 30 s and must be
synchronized with the AWAKE laser and the electron beam pulsing
at a repetition rate of 10 Hz. The latter is directly generated using a
photocathode triggered by part of the laser light, but the exact
time of arrival in the plasma cell still depends on the phase of the
RF in the accelerating structure. Each beam requires RF signals at
characteristic frequencies: 6 GHz, 88.2 MHz and 10 Hz for the

Fig. 3. Electron source and accelerating structure layout.

Protons 
from SPS 

Laser 
Merging 
Point 

Electron 
Source 

Electron 
Merging Point 

Common 
Beam Line 

Start of 
Plasma Cell 

Fig. 4. The integration of the AWAKE beam lines (proton, electron and laser) in the
AWAKE facility (formerly CNGS).

E. Gschwendtner et al. / Nuclear Instruments and Methods in Physics Research A 829 (2016) 76–82 79

CERN Accelerator Complex

AWAKE Experimental Area

M.J. Hogan, SSI2016 August 22, 2016
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The AWAKE Experiment

The Different Phases of AWAKE

● In the first phase of Run 1 the SMI of the proton bunch will be studied.

● In the second phase of Run 1 the proton wake will be studied using a long, 
externally injected electron bunch that will sample all phases of the wake.

● In Run 2 acceleration of a short bunch in the wake of an already self-modulated 
proton beam will be studied.

My simulation work is focused on the second plasma stage of the Run 2 setup.

Proposed setup for AWAKE Run 2.

The AWAKE Experiment at CERN

Run1: 
• 2016: SMI of long proton 

bunches in plasma 
• 2017-2018: Externally injected 

long electron bunches
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The Advanced Proton Driven Plasma Wakefield Acceleration Experiment (AWAKE) aims at studying
plasma wakefield generation and electron acceleration driven by proton bunches. It is a proof-of-
principle R&D experiment at CERN and the world's first proton driven plasma wakefield acceleration
experiment. The AWAKE experiment will be installed in the former CNGS facility and uses the 400 GeV/c
proton beam bunches from the SPS. The first experiments will focus on the self-modulation instability of
the long (rms !12 cm) proton bunch in the plasma. These experiments are planned for the end of 2016.
Later, in 2017/2018, low energy (!15 MeV) electrons will be externally injected into the sample wake-
fields and be accelerated beyond 1 GeV. The main goals of the experiment will be summarized. A
summary of the AWAKE design and construction status will be presented.
& 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

AWAKE is a proof-of-concept acceleration experiment with the
aim to inform a design for high energy frontier particle accel-
erators and is currently being built at CERN [1,2]. The AWAKE
experiment is the world's first proton driven plasma wakefield
acceleration experiment, which will use a high-energy proton
bunch to drive a plasma wakefield for electron beam acceleration.
A 400 GeV/c proton beam will be extracted from the CERN Super
Proton Synchrotron, SPS, and utilized as a drive beam for wake-
fields in a 10 m long plasma cell to accelerate electrons with
amplitudes up to the GV/m level. Fig. 1 shows the AWAKE facility
in the CERN accelerator complex. In order to drive the plasma
wakefields efficiently, the length of the drive bunch has to be on
the order of the plasma wavelength λpe, which corresponds to
E1 mm for the plasma density used in AWAKE (1014–1015 elec-
trons/cm3). The proton beam for AWAKE has a bunch length of
σz ¼ 12 cm, therefore the experiment relies on the self-modulation
instability (SMI) [3], which modulates the proton driver at the
plasma wavelength in the first few meters of plasma. The SMI is a
transverse instability that arises from the interplay between

transverse components of the plasma wakefields and the wake-
fields being driven by regions of different bunch densities. The
modulation period sffiλpe and the modulated bunch resonantly
drives the plasma wakefields. The occurrence of the SMI can be
detected by characterizing the longitudinal structure of the proton
beam when exiting the plasma cell.

In the AWAKE master schedule, the experiment to obtain evi-
dence for the SMI corresponds to Phase 1, and is expected to start
by the end of 2016. In Phase 2, AWAKE aims at the first demon-
stration of proton-driven plasma wakefield acceleration of an
electron witness beam; this programme is planned to start by the
end of 2017. At a later phase it is foreseen to have two plasma cells
in order to separate the modulation of the proton bunch from the
acceleration stage. Simulations [4] show that this would optimize
the acceleration of external electrons and reach even higher
gradients.

1.1. Baseline design

In the baseline design of AWAKE at CERN, an LHC-type proton
bunch of 400 GeV/c (with an intensity of $ 3% 1011 protons/
bunch) will be extracted from the CERN SPS and sent along the
750 m long proton beam line towards a plasma cell. The AWAKE
facility is installed in the area, which was previously used for the
CERN Neutrinos to Gran Sasso facility (CNGS) [5]. The proton beam
will be focused to σx;y ¼ 200 μm near the entrance of the 10 m long
rubidium vapor plasma cell with an adjustable density in the 1014–
1015 electrons/cm3 range. When the proton bunch, with an r.m.s.
bunch length of σz ¼ 12 cm (0.4 ns), enters the plasma cell, it
undergoes the SMI. The effective length and period of the modu-
lated beam is set by the plasma wavelength (for AWAKE, typically
λpe ¼ 1 mm). A high power (E4.5 TW) laser pulse, co-propagating
and co-axial with the proton beam, will be used to ionize the
neutral gas in the plasma cell and also to generate the seed of the
proton bunch self-modulation. An electron beam of 1:2% 109

electrons, which will be injected with 10–20 MeV/c into the
plasma cell, serves as a witness beam and will be accelerated in
the wake of the modulated proton bunch. Several diagnostic tools
will be installed downstream of the plasma cell to measure the
proton bunch self-modulation effects and the accelerated electronFig. 1. CERN accelerator complex.

Fig. 2. Baseline design of the AWAKE experiment.

E. Gschwendtner et al. / Nuclear Instruments and Methods in Physics Research A 829 (2016) 76–82 77

synchronization of the laser pulse, 400.8 MHz and 8.7 kHz for the
SPS, as well as 3 GHz to drive the accelerating structure of the
electron beam [14]. A low-level RF system and distribution has
been designed to generate all signals derived from a common
reference. Additionally precision triggers, synchronous with the
arrival of the beams, will be distributed to beam instrumentation
equipment to measure the synchronization. Phase drifts of the
optical fibers transporting the RF signals for the synchronization of
the SPS with AWAKE will be actively compensated by newly
developed hardware, which is essential to achieve a link stability
of the order of 1 ps.

3. Plasma source

AWAKE will use a rubidium vapor source [15] ionized by a short
laser pulse (see Table 1). Rubidium plasma consists of heavy ions,
that mitigate plasma ions motion effects. The plasma cell is 10 m
long and has a diameter of 4 cm. The density uniformity is achieved
by imposing a uniform temperature (within 0.2%) along the source.
For that purpose a heat exchanger with sufficient heat carrying fluid
flow is used. Synthetic oil is circulated inside a thermal insulation
around the tube containing the rubidium vapor. The oil temperature
can be stabilized to 70.05 °C. A threshold ionization process for the
first Rb electron is used to turn the uniform neutral density into a
uniform plasma density. The ionization potential is very low,
ΦRb¼4.177 eV, as is the intensity threshold for over the barrier
ionization (OBI), IIoniz " 1:7# 1012 W=cm2.

At the two ends of the 10 m long plasma cell fast valves were
foreseen originally, with the fast valves open only to let the proton,
laser and electron beam pass. However, gas dynamic simulations
of the Rb vapor flow showed that the fast valves were not fast
enough (1–3 m) to ensure a short enough density ramp: for

efficient electron trapping one needs the density ramp shorter
than E10 cm. To meet this requirement the vapor cell ends will
now have a continuous flow through orifices at each end [13]. The
Rb sources should be placed as close as possible to the orifices to
minimize the density ramp length. Thus there is continuous flow
of Rb from the sources to the plasma cell and afterwards from the
plasma cell to the expansion volumes through the orifices (10 mm
diameter). The walls of the expansion volumes should be cold
enough (39 °C, the melting temperature of Rb) to condense all Rb
atoms. The density gradient in the plasma cell will be controlled
by the temperature difference of the Rb sources at each end of the
plasma cell. In order to control a density gradient of 0.5–% with at
least 50% precision the relative reservoir temperatures must be
controlled with a precision of 0.1 °C or better.

4. Electron injection

In order to optimize the electron acceleration in the plasma
various schemes for electron injection have been investigated. The
history of the evolution on the optimized electron injection for
AWAKE is described in [16]. In the first experimental phase the
electron bunch will be at least one plasma period long in order to
avoid exact phasing with the proton bunch modulation and thus
cover several modulation cycles. Once the SMI is better under-
stood and optimal parameters are found, it is planned to inject
short electron bunches at the desired phase.

4.1. Oblique injection

At the plasma entrance the plasma density increases smoothly
from zero to the baseline density of 7#1014electrons/cm3. Elec-
trons initially propagating along the proton beam axis are not

Fig. 5. The 3σ envelope of the electron beam in the common beam line, in case the electron beam is coaxial with the proton beam (OnAxis) or with an offset to the proton
beam axis (Offset). The position and free aperture of the main beam line elements are represented by blue squares. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of this paper.)

rubidium vapor

plasma

laser pulse

proton bunch

electron bunch r

zf
laser pulsetrapped electrons

modulated proton bunch

e

αi
defocusing
region

Fig. 6. The oblique injection of the electrons into the plasma.
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E. Gschwendtner et al. N.I.M. A 829 (2016)

Run2 (after long LHC shutdown): 
• Short e- bunches in wake of pre-modulated p bunch

M.J. Hogan, SSI2016 August 22, 2016



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

Leemans & Esarey, Physics Today (2009)

35

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 2013M.J. Hogan, SSI2016 August 22, 2016



PWFA Research Roadmap: 
Goal is to Get To A TeV Scale Collider for High Energy Physics
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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)

PWFA-LC concepts highlight 
key issues and help us prioritize 

our research programs e.g. 
efficiency, positrons
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A Roadmap for Future Colliders Based on Advanced Accelerators 
Contains Key Elements for Experiments and Motivates New Facilities

Key elements for the next decade: 
• Beam quality – focus on emittance 

preservation at progressively smaller values 
• Positrons – use FACET-II positron beam 

identify optimum regime for positron PWFA 
• Injection – ultra-high brightness sources, 

staging studies with external injectors
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Figure 1: Layout of a 500 GeV PWFA Linear Collider. Each main bunch is accelerated by 25 GeV in each of ten plasma
stages. The plasma is driven by e− bunches, generated by a SCRF CW recirculating linac, and distributed co-linearly
with the main beams.

decelerating field; the transformer ratio. We design for a
transformer ratio of 11. A transformer ratio higher than 1
would reduce the drive beam energy, but tighten the main
bunch injection tolerances, as the main bunch needs to be
positioned closer to the trailing edge of the bubble. Using
Gaussian beam current profiles, the optimization yields [6]
a drive bunch charge of 2x1010, drive bunch length of 40m
(approx. the plasma wavelength/2π), a distance between
the drive bunch and the main bunch of 187 um and a final
main bunch energy spread of a few %. Assuming opera-
tion in the PWFA blow-out with the stated parameters and
electron bunches with a Gaussian charge profile, an over-
all drive bunch to main bunch power transfer efficiency of
50% is achieved in QuickPIC [7] simulations. The drive to
plasma transfer efficiency is 77% and the plasma to main
bunch transfer efficiency is 65% [6]. For positron accel-
eration other regimes such as the near hollow channel pro-
posed most recently by [8] shows promise, however precise
efficiency calculations have not yet been performed for this
regime.

DRIVE BEAM GENERATION
The plasma cells are powered by trains of bunches pro-

duced using recirculating linac acceleration. Each drive
bunch powers one single plasma cell accelerating one sin-
gle main bunch by 25 GeV, and is then ejected to a dump.
The process starts with a CW SC linac for optimum effi-
ciency and a recirculating beam line to reduce the overall
drive beam linac length and the associated cost and cryo-
genics power. The bunches are fed into an accumulator
ring to generate the time structure required to power the

1In the blow-out regime the transformer ratio could be chosen to be
significantly larger than 1.

plasma stages, see Fig. 1. When enough bunches to accel-
erate a single electron and positron bunch to their final en-
ergy have been accumulated in the ring, they are extracted
and distributed to the plasma cells from a co-linear distri-
bution system. This system uses fast kickers, small angle
bends and magnetic chicanes as delay lines to satisfy the
time constraints. Due to the co-linear drive beam, and ex-
ploiting the energy difference drive beam and main beam,
the kick angle required for drive beam injection before a
plasma stage is at most 9 mrad (varying with energy), and
we foresee that a solution based on conventional technol-
ogy (septa and kickers) will fulfill the timing requirements
of the PWFA-LC. More details about the drive beam gen-
eration and injection/extraction can be found in [9].

POWER ESTIMATES
The estimated total wall plug power consumption of the

complex is summarized in Fig. 2. It assumes 50% drive
to main bunch efficiency as discussed above, a realistic
power supply efficiency of 90% and a klystron efficiency
of 65% (based on LEP or CEBAF experience with CW op-
eration). With these efficiencies the rf power to accelerate
the drive beam up to the requested energy of 25 GeV varies
from 26 MW to 114 MW at center of mass energy of 250
GeV and 3 TeV respectively. In addition 1 MW to 13 MW
have to be provided to compensate for synchrotron radi-
ation losses in the accumulator ring. Thus the wall plug
power for drive beam acceleration varies from 61 MW to
211 MW corresponding to the lion’s share of the total wall
power consumption. The cryogenic power of the SC linacs
is only 15.7 MW using recirculation. The resulting drive
beam wall-plug to drive beam efficiency is 40%, and the
total beam acceleration efficiency of about 20% is partic-
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Planning for FACET-II as a Community Resource

• FACET stopped running in April 2016 to begin LCLS-II construction 

• Over the next few years FACET-II will add new capabilities: 

- LCLS style photoinjector with state of the art electron beam 

- Flexibility e.g. low-charge mode or ‘two color’ operation for two-bunch PWFA 

- Nominal e- parameters: 10GeV, 2nC, 15kA, 30Hz (2019) 

- Nominal e+ parameters: 10GeV, 1nC, 6kA, 5Hz (2021) 

- External injection 

• Continue to plan experimental program with Science Workshops (October 2015, 2016…)

FACET-II has been designed to address many of the R&D challenges 
of the Beam Driven Roadmap

SLAC Linac in 2025

Beam quality

Positron Acceleration

Staging studies, ultra-bright sources



Planning for FACET-II as a Community Resource

• FACET stopped running in April 2016 to begin LCLS-II construction 

• Over the next few years FACET-II will add new capabilities: 

- LCLS style photoinjector with state of the art electron beam 

- Flexibility e.g. low-charge mode or ‘two color’ operation for two-bunch PWFA 

- Nominal e- parameters: 10GeV, 2nC, 15kA, 30Hz (2019) 

- Nominal e+ parameters: 10GeV, 1nC, 6kA, 5Hz (2021) 

- External injection 

• Continue to plan experimental program with User Meetings, Science Workshops (10/2016)
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FACET-II has been designed to address many of the R&D challenges 
of the Beam Driven Roadmap

SLAC Linac in 2025

Beam quality

Positron Acceleration

Staging studies, ultra-bright sources

Are you a PhD or Postdoc &
looking for a challenge?

We are hiring!



National and International Context

ELI Beamlines: 
• Extreme Light Infrastructure, 10PW 

EuroNNAC, DESY: 
• Fully funded horizon 2020 proposal Eupraxia "European Plasma Research 

Accelerator with eXcellence In Applications" 
CERN 

• AWAKE Proton Driven Plasma 
DESY 

• The FLASHForward Project 
INFN 

• SPARC_LAB 
BNL 

• ATF & ATF-II 
Research and Discovery Phase 

• Worldwide Efforts at Universities and Smaller Labs – Breadth of expertise, 
genesis of new ideas, student recruitment and conceptual development
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Summary

• There is tremendous optimism and tremendous progress in plasma 
acceleration around the world 

• There is a healthy mix of competition and collaboration 

• Need larger projects AND smaller R&D – “can’t connect the dots looking 
forward” 

• Plenty of room for new ideas (positrons, ultra-dense beams, kHz rep rates...) 

• Need a bridge application on the way to HEP, likely photon science, maybe 
plasma based XFEL 

• Stability, reliability won’t get you the cover of Nature but they are crucial to a 
user facility so likely developed close to one 

• Combine compelling scientific questions, University-Lab collaborations, and 
state of the art facilities and experienced experimentalists, powerful scientific 
apparatus and rapid scientific progress follow naturally from these three 

Thank you to all my colleagues who contributed material for this talk!
49M.J. Hogan, SSI2016 August 22, 2016
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“People who say it cannot be done should not interrupt those who are 
doing it” – George Bernard Shaw


