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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 

• Time for a new acceleration 
technology!
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Important for Photon Science too!
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Not everyone has a 3km linac laying around 
to convert to an XFEL… 
• High energy enables short wavelengths
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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)



The Beam Driven Plasma Wakefield Accelerator

• Two-beam, co-linear, plasma-based accelerator 
• Plasma wave/wake excited by relativistic particle bunch 
• Deceleration, acceleration, focusing by plasma 
• Accelerating field/gradient scales as ne1/2 
• Typical: ne ≈ 1017 cm-3, λp ≈ 100 µm, G > MT/m, E > 10 GV/m 
• High-gradient, high-efficiency energy transformer 
• “Blow-out” regime when nb/np  >> 1
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~1m 
~100µm



Plasma Frequency

• Imagine an electron layer displaced 
in one dimension by length

7

!
• 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”
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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:



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



Measured Plasma Focusing for Matched & Mismatched Beams

• Start with beam evolution in vacuum
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• 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 

• Multiple foci within the 
plasma



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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Maximizing the wake with respect to the variable u determines the optimal density
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This equation for linear theory indicates that the maximum wake amplitude, or ac-

celerating gradient, scales as N/�

2

z

.

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

Poisson equation

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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Acceleration of Electrons by the Interaction of a Bunched Electron Beam with a Plasma
Pisin Chen~'~

Stanford Linear Accelerator Center, Stanford University, Stanford, California 94305

and

J. M. Dawson, Robert W. Huff, and T. Katsouleas
Department ofPhysics, University of California, Los Angeles, California 90024

(Received 20 December 1984)

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.

PACS numbers: 52.75.Di, 29.15.—n

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



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

13

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

14

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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FIG. 2 (color online). Wakefield lineouts for (a) a flat-top
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plotted from theory [solid lines (a)] and simulations [symbols
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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:



FACET Has a Multi-year Program to Study PWFA

20GeV, 3nC, 20µm3 Primary Goal: Demonstrate a single-stage 
high-energy plasma accelerator for electrons. 

• Meter scale ✓ 
• High gradient ✓ 
• Preserved emittance 
• Low energy spread ✓ 
• High efficiency  ✓ 

Timeline: 
• CD-0 2008 ✓

• Commissioning (2012) ✓ 
• Drive & witness e- bunch (2012-2013) ✓ 
• Optimization of e- acceleration (2013-2015) 
• First high-gradient e+ PWFA (2014-2016)

15

FACET user program is based on high-energy high-brightness beams 
and their interaction with plasmas and lasers



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

16

E
 (G

eV
)

x (mm)

Plasma ONNo 
Plasma

2 GeV Energy Gain 
~2% dE/E 

~30% efficiency

26 GeV

Single shot 
6 GeV 

Energy Gain

Nature 515, 92-95
(November 2014) 

• Inject two beams into the plasma 
- One drives the wake, one samples the wake 

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



Looking Ahead: Shaped Profile for Transformer Ratio ~ 5

17

ΔE/E < 1% 

see W. Lu et al “High Transformer Ratio PWFA for Application on XFELs”, PAC2009 Proceedings

Beam current
profile 

Initial wakefield 

Drive Beam
Trailing 
Beam

• Application to colliders & X-FELs  
• Reduced energy spread 
• Higher efficiency (beam power) 
• Fewer stages



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)

18

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



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)

Gas jet

Laser beam

Parabolic  
mirror

Mirror
CCDe- beam
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Detection Threshold

Energy Distribution

Red: 1000 psi He 
Blue: 500 psi He

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)

19Courtesy of E. Esarey



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:

20

• 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



LWFA: Production of a ‘Monoenergetic’ 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

21

Wake Excitation Trapping Acceleration: Laccel ~Ldephase

1 42-3

€ 

Ldph ≈ λp
3 /λ2( )∝ ne

−3 / 2Dephasing distance:

Courtesy of E. Esarey



Breakthrough Results: High Quality Bunches

22Courtesy 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



Race for Maximum Energy Gain

23

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 GeV

1 GeV

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



BELLA Laser at Lawrence Berkeley Lab (LBNL)

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

24
PRL 113, 245002 (2014)



2010 ICUIL World Map of Ultrahigh Intensity Lasers

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

25
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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 

26
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 laser counter propagating laser pulses 
• Controls injection process/location for higher quality/stability  



Underdense Plasma Photocathode 
a.k.a. the ‘Trojan Horse Technique’

• Plasma bubble (wake) can act as a high-frequency, high-field, high-brightness 
electron source 

• Photoinjector + 100GeV/m fields in the plasma = Ultra-high brightness beams 
- Unprecedented emittance (down to 10-8 m rad) 
- Sub-µm spot size 
- fs pulses

27

• Two gas species with relatively 
high & low ionization potential 

• Electron beam forms plasma in 
LIT gas and drives strong 
wakefield (bubble)  

• Injection laser (short pulse, tight 
focus, fs synchronization) releases 
HIT electrons in the bubble

B. Hidding et al. Phys. Rev. Lett. 108, 035001 (2012)

Experiment in progress at FACET - stay tuned!



Ionization-Induced Electron Trapping in 
Ultra-relativistic Plasma Wakes

28

Phys. Rev. Lett. 98, 084801 (2007)

Li

He+

He

Li+

Phys. Rev. ST – Accel. and Beams 12, 051302 (2009)

FACET Experiment 2015

A	  Capillary	  creates	  
localized	  helium	  region

Electrons	  ionized	  within	  wakefield	  
can	  get	  trapped	  and	  accelerated

Beam	  fields	  exceed	  ionization	  
threshold	  at	  betatron	  pinch

With lasers: A. Pak et al., PRL 104, 025003 (2010), C. McGuffey et al., PRL 104, 025004 (2010) 
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X-Ray Emission & Positron Production by X-Rays Emitted by 
Betatron Motion In A Plasma Wiggler 

Physical Review Letters 97, 175003 (2006)

e.g. 5GeV, 1017/cc, 10µm 
MeV critical energy!



Betatron Radiation & Search for First Applications

30

Femtosecond bursts of x-rays from electron acceleration (up to 800 MeV)  
can be used for phase contrast imaging

Hercules 100 TW, 
S. Kneip, et. al., APL (2011) 

S. Kneip et al.,, Nature Physics (2010) 

Petawatt, kJ laser 
S. Kneip, et. al., PRL (2008)

Rousse, PRL 93, 135005 (2004) 
Kneip et al., Nature Phys. 6, 980 (2010) 

Cipiccia et al., Nature Phys. 7, 867 (2011) 

at Michigan:

...and elsewhere:

Cu#
mask#

Al#
mask#

2"mm"0.25"mm"

W#wires#

Also Undulator Radiation, ICS...
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Figure 1 | Experimental set-up. A laser pulse (red) is focused into a gas cell, in which plasma waves accelerate electrons (yellow) to energies of several
hundred megaelectronvolts. The electron beam is collimated by a pair of quadrupole lenses. Plasma radiation and the laser beam are blocked by a 15 µm
aluminium foil. The electrons propagate through an undulator and emit soft-X-ray radiation into a narrow cone along the forward direction (blue). The
radiation is collected by a spherical gold mirror and characterized by a transmission grating in combination with an X-ray CCD camera. Stray light is
blocked by a slit in front of the grating. The pointing, divergence and spectrum of the electron beam are diagnosed by phosphor screens.
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Figure 2 | Effect of the magnetic lenses. a, Divergence of electrons traversing the magnetic lens assembly with energies of 190 MeV (red), 215 MeV
(yellow) and 240 MeV (blue). b, Simulated normalized on-axis flux of the fundamental undulator emission versus electron energy ⇠260 cm downstream
from the undulator exit (at the position of the detector). The narrow bandwidth of 9% FWHM is due to the energy-dependent electron-beam divergence
introduced by the magnetic lenses. c, Measured electron spectrum (blue) corresponding to the undulator spectrum of Fig. 3. The effective electron
spectrum (green) is determined by the product of the measured spectrum (blue) and the system response curve (red in b,c). It has a bandwidth of 6%
FWHM and a peak at 207 MeV.

In our experiment, the electron accelerator is driven by pulses
from a 20 TW (850mJ in 37 fs) laser system (see the Methods
section). Focused into a hydrogen-filled gas cell with a length of
15mm (Fig. 1), they produce stable electron beams showing a
quasi-monoenergetic energy spectrum with a stable peak in the
range of 200–220MeVand 7 pCof charge in thewhole spectrum.

For electron-beam transport from the plasma accelerator to
the undulator, we use a pair of miniature permanent-magnet
quadrupole lenses, which has proven to be a critical system
component for stable, reproducible operation of the undulator
source for two reasons. First, they reduce the angular shot-to-shot
fluctuations of the electron beamby an order ofmagnitude. Second,
the lenses also act as an effective energy-band-pass filter for the

undulator radiation and thus lower the photon-energy bandwidth
and fluctuations. These benefits arise from the chromaticity of the
lenses, which means that only electrons with a particular energy
are collimated, whereas the divergence of electrons with different
energies markedly increases (Fig. 2a). As each individual electron
emits its radiation in a narrow cone along its propagation direction,
the whole photon beam has the approximate size and divergence
of the emitting electron bunch. For that reason, it is possible to
control the on-axis photon fluxwith themagnetic lenses by focusing
the electron beam. In future applications, a small spot size on the
target can therefore be achieved even for hard X-ray beams without
the need for lossy optical focusing elements. For our set-up, a
slightly convergent electron beam at ⇠210MeV yields the highest
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Laser-driven soft-X-ray undulator source
Matthias Fuchs1,2, Raphael Weingartner1,2, Antonia Popp1, Zsuzsanna Major1,2, Stefan Becker2,
Jens Osterhoff1,2, Isabella Cortrie2, Benno Zeitler2, Rainer Hörlein1,2, George D. Tsakiris1,
Ulrich Schramm3, Tom P. Rowlands-Rees4, SimonM. Hooker4, Dietrich Habs1,2, Ferenc Krausz1,2,
Stefan Karsch1,2* and Florian Grüner1,2*
Synchrotrons and free-electron lasers are the most powerful
sources of X-ray radiation. They constitute invaluable tools for
a broad range of research1; however, their dependence on large-
scale radiofrequency electron accelerators means that only a
few of these sources exist worldwide. Laser-driven plasma-
wave accelerators2–10 provide markedly increased accelerating
fields and hence offer the potential to shrink the size and
cost of these X-ray sources to the university-laboratory
scale. Here, we demonstrate the generation of soft-X-ray
undulator radiation with laser-plasma-accelerated electron
beams. The well-collimated beams deliver soft-X-ray pulses
with an expected pulse duration of ⇠10 fs (inferred from
plasma-accelerator physics). Our source draws on a 30-cm-
long undulator11 and a 1.5-cm-long accelerator delivering stable
electron beams10 with energies of ⇠210MeV. The spectrum
of the generated undulator radiation typically consists of a
main peak centred at a wavelength of ⇠18 nm (fundamental),
a second peak near ⇠9nm (second harmonic) and a high-
energy cutoff at ⇠7 nm. Magnetic quadrupole lenses11 ensure
efficient electron-beam transport and demonstrate an enabling
technology for reproducible generation of tunable undulator
radiation. The source is scalable to shorter wavelengths
by increasing the electron energy. Our results open the
prospect of tunable, brilliant, ultrashort-pulsed X-ray sources
for small-scale laboratories.

Resolving the structure and dynamics of matter on the atomic
scale requires a probe with ångstrøm resolution in space and
femtosecond to attosecond resolution in time. Third-generation
synchrotron sources produce X-ray pulses with durations of
typically a few tens of picoseconds and can achieve 100 fs by using
complex beam-manipulation techniques12,13. They have already
proven their capability of imaging static structures with atomic
(spatial) resolution1 and upcoming X-ray free-electron lasers
hold promise for also extending the temporal resolution into the
atomic/sub-atomic range14–18. Both of these sources consist of an
electron accelerator and an undulator, which is a periodic magnetic
structure that forces the electrons to oscillate and emit radiation19.
Whereas current facilities require a kilometre-scale accelerator, new
laser-plasma accelerators offer the potential for a marked reduction
in size and cost as well as pulse durations of a few femtoseconds.

Femtosecond-laser-driven plasma accelerators have produced
quasi-monoenergetic electron beams2–7 with energies up to 1GeV
(refs 8, 9, 20, 21) from centimetre-scale interaction lengths. The
concept is based on an ultra-intense laser pulse, which ionizes atoms
of a gas target and excites a plasma wave. This trails the pulse at

1Max-Planck-Institut für Quantenoptik, Hans-Kopfermann-Str. 1, 85748 Garching, Germany, 2Department für Physik, Ludwig-Maximilians-Universität, Am
Coulombwall 1, 85748 Garching, Germany, 3Forschungszentrum Dresden–Rossendorf, Bautzner Landstraße 128, 01328 Dresden, Germany, 4University of
Oxford, Clarendon Laboratory, Parks Road, Oxford OX1 3PU, UK. *e-mail: stefan.karsch@mpq.mpg.de; florian.gruener@physik.uni-muenchen.de.

nearly the speed of light and generates longitudinal electric fields,
which are more than three orders of magnitude larger than in
conventional accelerators22. Plasma electrons can become trapped
and accelerated in these fields to a well-defined ultra-relativistic
energy, which is indicative of an electron bunch length confined
to a fraction of the plasma wavelength (in our case ⇠15 µm). This
intuitive picture is confirmed by particle-in-cell simulations, which
have revealed characteristic bunch lengths of the order of 3 µm,
corresponding to bunch durations of 10 fs (ref. 23).

Driving short-period undulatorswith these electron beams holds
promise for brilliant ultrashort X-ray sources on a university-
laboratory scale. So far, undulator radiation from laser-plasma-
accelerated electrons has been reported only in the visible to infrared
part of the electromagnetic spectrum24. Here, we demonstrate the
reproducible generation of tunable, ultrashort undulator radiation
in the soft-X-ray range by propagating electrons with energies
of ⇠210MeV through a specifically designed undulator with a
period of 5mm. The duration of this short-wavelength pulse is
dominated by that of the electron bunch and hence estimated
to be ⇠10 fs, about three orders of magnitude shorter than
that of typical pulses produced by synchrotron sources1 (for
more details on electron-bunch duration and elongation during
beam transport, see Supplementary Information). Detection of
undulator radiation in some 70% of consecutive driver-laser shots
indicates a remarkable reproducibility for a first proof-of-concept
demonstration experiment. It can be attributed to a stable electron-
acceleration scheme10 and the use of magnetic lenses11 to guide the
electron beam through the undulator.

Undulators have a sinusoidal transverse magnetic field with an
amplitude B0 and period �u that define the deflection parameter19
K / B0 · �u. In the rest frame of the relativistic electrons moving
through this field, �u is contracted by the Lorentz factor � , which
is defined as the total electron energy E in units of the electron rest
energy moc2. The undulator field causes the electrons to oscillate
transversely with an amplitude proportional to K , and as a result
of this acceleration to emit radiation. In the laboratory frame, this
emission occurs in a narrow cone in the forward direction. The
measured wavelength is once more reduced by � because of the
Doppler shift, which varies with the detection angle ⇥ . Taking
into account the reduced longitudinal electron velocity caused
by the transverse quivering motion, the detected wavelength for
the nth harmonic is

� = �u

2n� 2

✓
1+ K 2

2
+� 2⇥2

◆
(1)
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Figure 3 | Single-shot spatially resolved undulator spectrum.
a, Smoothed representation of the zeroth and the ± first diffraction order of
the measured undulator spectrum corresponding to the electron spectrum
of Fig. 2c. It consists of a fundamental peak at 17 nm and a second
harmonic peaked at 9 nm, with a high energy cutoff at ⇠7 nm. The
theoretical parabolic dependence of the wavelength on the observation
angle ⇥ is shown by solid lines. An electron energy of 207 MeV
corresponding to the peak of the effective electron spectrum of Fig. 2c was
used as a parameter. For the different emission characteristics of the
second harmonic, our simulation yields an on-axis radiation spectrum
peaked at a wavelength of 9.2 nm, which defines the parameter chosen for
the corresponding parabola. b, On-axis lineout summed over 10 pixel rows
around ⇥ = 0 (blue) and the underlying raw data (red).

on-axis photon flux at the detector, whereas deviations of a few
tens of megaelectronvolts cause this flux to drop sharply (Fig. 2b).
Thus, the magnetic lenses limit the energy range of electrons that
primarily contribute to the undulator radiation and therefore define
an ‘effective’ electron spectrum (Fig. 2c).

The influence of the electron-beam divergence on the angular
flux of the undulator radiation at the position of the detector
was computed with the code SRW (ref. 25), taking into account
all beamline components (see the Methods section) to generate a
‘system response’ curve (Fig. 2b). An effective electron spectrum
can be determined by multiplying this system response curve with
the measured electron spectrum (shown in Fig. 2c). This effective
band-pass filtering reduces the shot-to-shot fluctuations of the
spectral width and mean photon energy of the undulator emission
as well as the bandwidth of an individual shot significantly below
those of the corresponding electron spectra. For example, the
fundamental spectrum of a single shot, shown in Fig. 3, shows a
bandwidth of 22% (full-width at half-maximum, FWHM) at an
observation angle of ⇥ = 0 (after deconvolving the instrument
function deduced from the zeroth diffraction order), whereas a
bandwidth of 65% would be expected without the filtering of the
lenses. In 70% of consecutive laser shots we observed undulator
spectra, whereas in the remaining 30% the amount of charge
in the effective electron spectrum was insufficient to produce
enough radiation. The average charge within the effective electron
spectrum was 0.6 ± 0.3 pC, which produced 70,000 ± 25,000
photons in the undulator fundamental, integrated over a detection
cone of K/(2� ) = ±0.7 mrad, leading to a bandwidth of 30%
FWHM. The observed spectra show a fundamental wavelength at
18 nm and a second harmonic peak at 10 nm with shot-to-shot
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Figure 4 |Undulator wavelength versus electron energy. Detected
fundamental undulator radiation wavelengths plotted against the
corresponding maxima of the effective electron spectra (determined by the
method of Fig. 2c). The green and blue points correspond to consecutive
shots with two different positions of the magnetic lenses, demonstrating
the wavelength-tunability of the source (see Supplementary Information).
The error bars arise from measurement errors of the electron spectrometer,
the X-ray spectrometer, magnetic lens distances and the undulator field.
The asymmetric error bars of the blue points are due to a non-zero angle of
the electron beam with the spectrometer axis. The red points represent
shots that lie outside the stable electron acceleration regime. The
theoretical behaviour described in equation (1) is shown as a solid line.

standard deviations of about 5%. The wavelength of the second
harmonic is slightly longer than half the fundamental owing to
its emission characteristics. In contrast to the fundamental, its
flux distribution is peaked off-axis19 (⇥ > 0) with correspondingly
longer wavelengths according to equation (1). Owing to the
horizontally focusing mirror, these components are propagated
through the slit onto the detector, shifting the peak of the observed
on-axis spectrum to longer wavelengths.

Figure 3 shows the spectral and angular distribution of undula-
tor radiation measured in a single shot. The parabolic dependence
of the wavelength on the observation angle ⇥ as predicted by
equation (1) (see solid lines in Fig. 3a), is in excellent agreement
with the measured data. From the spectrum shown in Fig. 3,
we deduce (see the Methods section) that our source delivers
8,200± 3,100 photons per shot per mrad2 per 0.1% bandwidth.
An analytical estimation for the on-axis peak intensity in units of
photons per shot per mrad2 per 0.1% bandwidth for an undulator
with a deflection parameter of K < 1 is approximately given by19
Nph ⇡1.744⇥1014N 2

u ·E2(GeV)·Qe ·K 2/(1+K 2/2), whereNu is the
number of undulator periods, E is the electron energy andQe is the
charge of the electron bunch. According to this estimate, a charge
of 1.3 pC in the effective electron spectrum (green curve in Fig. 2c,
which produced the undulator spectrum of Fig. 3) corresponds to
9,500± 2,100 photons per shot per mrad2 per 0.1% bandwidth.
(The error is due to uncertainties in the calibration of the charge
measurement and in the lens settings, both of which determine
the amount of charge in the effective spectrum.) From the mea-
sured electron-beam divergence of ⇠1mrad and source diameter
of ⇠2 µm (derived from numerical simulations23 and plausibility
arguments involving the wakefield dimensions), we estimate the
normalized electron-beam emittance as "n = 0.8⇡mmmrad. For
the central energy of the effective electron spectrum, this translates
to a root-mean-square (r.m.s.) photon-beam size of 270 µm ver-
tically and 630 µm horizontally in the undulator, with respective
r.m.s. divergences of 180 and 170 µrad. Assuming a duration of
10 fs for the undulator radiation pulse, these estimates yield a peak
brilliance of ⇠1.3⇥ 1017 photons per second per mrad2 per mm2

per 0.1% bandwidth.
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Synchrotrons and free-electron lasers are the most powerful
sources of X-ray radiation. They constitute invaluable tools for
a broad range of research1; however, their dependence on large-
scale radiofrequency electron accelerators means that only a
few of these sources exist worldwide. Laser-driven plasma-
wave accelerators2–10 provide markedly increased accelerating
fields and hence offer the potential to shrink the size and
cost of these X-ray sources to the university-laboratory
scale. Here, we demonstrate the generation of soft-X-ray
undulator radiation with laser-plasma-accelerated electron
beams. The well-collimated beams deliver soft-X-ray pulses
with an expected pulse duration of ⇠10 fs (inferred from
plasma-accelerator physics). Our source draws on a 30-cm-
long undulator11 and a 1.5-cm-long accelerator delivering stable
electron beams10 with energies of ⇠210MeV. The spectrum
of the generated undulator radiation typically consists of a
main peak centred at a wavelength of ⇠18 nm (fundamental),
a second peak near ⇠9nm (second harmonic) and a high-
energy cutoff at ⇠7 nm. Magnetic quadrupole lenses11 ensure
efficient electron-beam transport and demonstrate an enabling
technology for reproducible generation of tunable undulator
radiation. The source is scalable to shorter wavelengths
by increasing the electron energy. Our results open the
prospect of tunable, brilliant, ultrashort-pulsed X-ray sources
for small-scale laboratories.

Resolving the structure and dynamics of matter on the atomic
scale requires a probe with ångstrøm resolution in space and
femtosecond to attosecond resolution in time. Third-generation
synchrotron sources produce X-ray pulses with durations of
typically a few tens of picoseconds and can achieve 100 fs by using
complex beam-manipulation techniques12,13. They have already
proven their capability of imaging static structures with atomic
(spatial) resolution1 and upcoming X-ray free-electron lasers
hold promise for also extending the temporal resolution into the
atomic/sub-atomic range14–18. Both of these sources consist of an
electron accelerator and an undulator, which is a periodic magnetic
structure that forces the electrons to oscillate and emit radiation19.
Whereas current facilities require a kilometre-scale accelerator, new
laser-plasma accelerators offer the potential for a marked reduction
in size and cost as well as pulse durations of a few femtoseconds.

Femtosecond-laser-driven plasma accelerators have produced
quasi-monoenergetic electron beams2–7 with energies up to 1GeV
(refs 8, 9, 20, 21) from centimetre-scale interaction lengths. The
concept is based on an ultra-intense laser pulse, which ionizes atoms
of a gas target and excites a plasma wave. This trails the pulse at
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Oxford, Clarendon Laboratory, Parks Road, Oxford OX1 3PU, UK. *e-mail: stefan.karsch@mpq.mpg.de; florian.gruener@physik.uni-muenchen.de.

nearly the speed of light and generates longitudinal electric fields,
which are more than three orders of magnitude larger than in
conventional accelerators22. Plasma electrons can become trapped
and accelerated in these fields to a well-defined ultra-relativistic
energy, which is indicative of an electron bunch length confined
to a fraction of the plasma wavelength (in our case ⇠15 µm). This
intuitive picture is confirmed by particle-in-cell simulations, which
have revealed characteristic bunch lengths of the order of 3 µm,
corresponding to bunch durations of 10 fs (ref. 23).

Driving short-period undulatorswith these electron beams holds
promise for brilliant ultrashort X-ray sources on a university-
laboratory scale. So far, undulator radiation from laser-plasma-
accelerated electrons has been reported only in the visible to infrared
part of the electromagnetic spectrum24. Here, we demonstrate the
reproducible generation of tunable, ultrashort undulator radiation
in the soft-X-ray range by propagating electrons with energies
of ⇠210MeV through a specifically designed undulator with a
period of 5mm. The duration of this short-wavelength pulse is
dominated by that of the electron bunch and hence estimated
to be ⇠10 fs, about three orders of magnitude shorter than
that of typical pulses produced by synchrotron sources1 (for
more details on electron-bunch duration and elongation during
beam transport, see Supplementary Information). Detection of
undulator radiation in some 70% of consecutive driver-laser shots
indicates a remarkable reproducibility for a first proof-of-concept
demonstration experiment. It can be attributed to a stable electron-
acceleration scheme10 and the use of magnetic lenses11 to guide the
electron beam through the undulator.

Undulators have a sinusoidal transverse magnetic field with an
amplitude B0 and period �u that define the deflection parameter19
K / B0 · �u. In the rest frame of the relativistic electrons moving
through this field, �u is contracted by the Lorentz factor � , which
is defined as the total electron energy E in units of the electron rest
energy moc2. The undulator field causes the electrons to oscillate
transversely with an amplitude proportional to K , and as a result
of this acceleration to emit radiation. In the laboratory frame, this
emission occurs in a narrow cone in the forward direction. The
measured wavelength is once more reduced by � because of the
Doppler shift, which varies with the detection angle ⇥ . Taking
into account the reduced longitudinal electron velocity caused
by the transverse quivering motion, the detected wavelength for
the nth harmonic is

� = �u

2n� 2
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the magnetic field so that every electron satisfies the reso-
nant condition Eq. (1) in the undulator. For a full cant angle
2! ! !y=ð!xÞ, the gradient parameter is

" ¼ 2!
1

K0

@K0

@y
¼ 2!

!
5:47

#u
% 3:6

g

#2
u

"
; (5)

where the last step uses Halbach’s formula [13] for hybrid
undulators and g is the average gap of the canted poles. We
note that the TGU concept has been recently discussed to
improve the spontaneous undulator radiation spectrum by
using a superconducting (SC) undulator [14]. The advan-
tage of a superconducting undulator is the combination of
smaller period, larger magnetic field and higher transverse
gradient.

The TGU analysis of Refs. [12,15] was aimed at low-
gain FELs. Here we study high-gain FELs which are more
relevant for LPAs. We first use the 1D FEL model and
ignore 3D effects. In a normal undulator, the gain length
dependence on the (Gaussian) energy spread can be
described by

LG ! #u

4$
ffiffiffi
3

p
%

!
1þ &2

'

%2

"
: (6)

This formula yields the right asymptotic behaviors for both
&' ' % and &' ( % [16] and agrees with the numerical
solution of the 1D FEL dispersion relation.

For a transverse gradient undulator, the beam is dis-
persed in the horizontal direction with an increased beam
size. This reduces the beam density and the coupling to the
radiation through the FEL parameter %. We can define an
effective % for TGU as

%T ¼ %
!
1þ (2&2

'

&2
x

"%1=6
: (7)

Because of the transverse field gradient, an intrinsic
horizontal beam size will also induce an effective energy
spread in a TGU as

&eff
' ¼ K2

0

2þ K2
0

&K

K0
¼ K2

0

2þ K2
0

"&x: (8)

The intrinsic beam size is determined by the horizontal
emittance "x and the beta function ). For a relatively short
undulator of length Lu considered here for LPAs without
external focusing, it is reasonable to take ) ! Lu=2, and

hence &x ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
"xLu=2

p
in Eq. (8). The 1D gain length for a

TGU equivalent to Eq. (6) is then
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Let us consider a LPA operating between 500 MeV to
1 GeV with the normalized emittance *0"x ) 0:1 +m and
a peak current of I0 ) 5 to 10 kA. For a few-meter undu-
lator length, we can expect &x ) 15 +m. Let us take #u ¼
1 to 2 cm, K ) 2 in order to reach EUV and soft x-ray
wavelengths. This leads to the estimation %) 5* 10%3.
We also assume the transverse gradient parameter ")
100 m%1 (see Table I below for more details), then the
dispersion is ( ! 1:5 cm. If we define the gain length
ratios as the gain lengths predicted from Eqs. (6) and (9)
over the ideal gain length #u=ð4$

ffiffiffi
3

p
%Þ, Fig. 2 shows these

ratios vs rms energy spread generated by the LPA in units
of %. We conclude that TGU can significantly reduce the
gain length when &' > % for these parameters.
Another method to reduce the gain length of a large

energy spread beam is by decompressing the electron
bunch longitudinally [17]. Decompression reduces the en-
ergy spread over an FEL slice at the expense of decreasing
the peak current. Figure 2 shows the estimated gain length
using this approach with a decompression factor of 10.
Although a similar gain length reduction may be obtained
this way, the transverse gradient undulator offers four
distinct advantages over the decompression method:
(i) Shorter x-ray pulse length (a few fs in duration) and
higher peak x-ray power; (ii) smaller radiation bandwidth;

TABLE I. Electron beam and undulator parameters used to
study transverse gradient undulator for compact EUV and soft
x-ray FELs.

Parameter Symbol EUV X-ray

Beam energy *0mc2 500 MeV 1 GeV
Norm. transv. emittance *0"x 0:1 +m 0:1 +m
Peak current I0 5 kA 10 kA
Flattop bunch duration T 10 fs 5 fs
Rel. rms energy spread &' 2% 1%
Undulator type Hybrid SC
Undulator period #u 2.18 cm 1 cm
Undulator length Lu 5 m 5 m
Undulator parameter K0 1.85 2
Transverse gradient " 43 m%1 150 m%1

Horizontal dispersion ( 3.7 cm 1 cm
Resonant wavelength #r 31 nm 3.9 nm

FIG. 1 (color online). Transverse gradient undulator by cant-
ing the magnetic poles. Each pole is canted by an angle ! with
respect to the xz plane. The higher energy electrons are dispersed
to the higher field region (positive x) to match the FEL resonant
condition.
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FELs may require novel configurations such as TGU



Imagine a New Generation of Light Sources

Drive	  Beam
Charge 3nC
Energy 500	  MeV
Rep	  Rate 1MHz
Bunch	  length 210µm,	  ramped
Peak	  Current 8.5kA
Normalized	  Emittance 2.25	  mm-‐mrad

Trojan	  Horse	  (plasma)
Plasma	  Density 1017	  e-‐/cc
Plasma	  Length 20	  cm
Transformer	  Ratio 5

Trojan	  Horse	  (beam)
Charge 3	  pC
Energy 2.5	  GeV
Energy	  Spread 2x10-‐4
Normalized	  Emittance 3x10-‐8	  m-‐rad
Peak	  Current 300A
Bunch	  length 12	  fs
Brightness 7x1017	  A/m2rad2

Undulator	  Parameters
Period 9	  mm
K 2
Number	  of	  periods	  (N) 660

Radiation	  Parameters
Wavelength 5.4	  Å
Single	  pulse	  energy 50	  µJ
Number	  of	  Photons >1011
Peak	  Power 1.6	  GW

Plasma Based FEL Concept

Leverage high rep-rate beam drivers with plasma as source 
of high-brightness high-energy electrons



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

33FACET Plasma Wakefield Acceleration Program - M.J. Hogan

…and must do it for positrons too!

High-efficiency



Laser-plasma Accelerator Based Collider Concept 

34

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 2013



Ecm = 1 TeV 
L = 1034 cm2s-1 

Efficiencywall plug ~ 11%

A conceptual PWFA-LC

SLAC-‐PUB-‐15426	  
http://arxiv.org/abs/1308.1145	  

E.	  Adli	  et	  al,	  IPAC14

FACET

10

FACET in the Middle of the 2nd Phase of PWFA

FACET-II program will optimize positron acceleration and investigate 
issues of staging multiple plasma cells for very high energy

• SLAC FFTB demonstrated electron acceleration with 50GeV/m for 85cm 
• FACET addresses issues of a single stage 
• FACET-II staging, high-brightness beams

35



Extending to Positrons is Not Trivial

36

“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.



Multi-GeV Acceleration of Positrons

37

This study is important for plasma afterburner as an energy doubler

Narrow Energy Spread

6 GeV Energy gain per meter

Submitted for 
publication

New regime: focusing and accelerating region for positrons in the 
wake of a positron beam



Understanding the Result:  
Longitudinal and Transverse Beam Loading

38

Unloaded Loaded

Some plasma electrons remain on axis and both guide the 
positron beam and flatten the accelerating fields!



E225: Hollow Channel Plasma Wakefield Acceleration

39FACET & FACET-II Briefing June 15, 2015 – Hogan, Yakimenko
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Accelerating Fields with 
No Focussing Forces

We use a spiral phase grating to 
create hollow laser beams
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AWAKE Collaboration Will Study Proton Driven PWFA
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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-‐modulaMon	  of	  long	  p	  bunches	  

q Probe	  wakefields	  with	  externally	  injected	  e-‐	  

q Study	  injecMon	  dynamics	  for	  mulM-‐GeV	  e-‐	  

q Develop	  long,	  scalable	  and	  uniform	  plasma	  cells	  

q Develop	  schemes	  for	  producMon	  and	  acceleraMon	  of	  
short	  p	  bunches

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



Conclusions

• 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!
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Plasma Source Development: Jets to Capillaries

42
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Plasma source starts with a heat pipe oven: Scalable, n0 = 1014-1017 e-/cm3, L = 20-200 cm

Beam Experiments Using Meter Scale Plasmas: 
Alkali Metal Vapor, Hydrogen Cells…
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or Ar or Aror Rb

See D. Bruhwiler et al, Physics of Plasmas 2003

...but can suffer from Head Erosion

Low ionization potential alkali vapors can be ionized by the beam or a laser



Use a Laser to Turn Lithium Vapor into a Plasma – 
Axicon Geometry Determines the Plasma Length
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July ’13 ~250mJ: November 2014 ~500mJ:

Bessel beam 
intensity can ionize 2mm 

diameter Li column

Line focus 
defines plasma channel 

aligned onto e- beam orbit

Measured Transverse Profile Side View of Plasma Column



Use Laser Infrastructure to Directly Image Wakefields

• Plasma has many roles: laser waveguide, electron source, accelerator... 
• Structure is dynamic and evolving – would like to ‘see’ this in the lab
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Confirm details of wake structure: 
• Relativistic wave front curvature 
• Peaks grow, narrow & break behind pump

Wakefield	  snapshots	  see	  laser-‐plasma	  
accelera2on	  physics	  in	  unprecedented	  detail

Frequency-‐domain	  tomography	  (FDT)	  records	  
mul2ple	  phase	  streaks	  in	  one	  shot…

Z.	  Li	  et	  al.,	  Nature	  Commun.	  (2014)	  

Frequency-‐Domain	  “Streak	  Camera”	  Records	  
EVOLUTION	  of	  Plasma	  Bubble	  in	  ONE	  shot

Z.	  Li	  et	  al.,	  Opt.	  Le1.	  35,	  4087	  (2010)	  
Research	  Highlight,	  Nature	  Photonics	  5,	  68	  (2011)

“Frequency	  Domain	  Holography”	  
Images	  Wakefields	  in	  a	  Single-‐Shot

N. Matlis et al., “Snapshots of laser wakefields,” 
Nature Physics 2, 749 (2006)

P. Dong et al., “Holographic Visualization of Laser Wakefields,” 
New Journal of Physics 12, 045016 (2010).



Beams vs Lasers

Physics: 
• Wakes and beam loading are similar 

- Minor differences in transverse profiles 

• Driver propagation and coupling efficiency: 
- Beams more easily propagate over meter scales (no channel needed) 

- Beams have higher coupling efficiency to wake (~2x) 
- Lasers can distort due to de-phasing, dispersion, photon deceleration, but to the plasma a 

25GeV and 2GeV beam are nearly identical 

Economics: 
• Lasers can more easily reach the peak power requirements to access large amplitude 

plasma wakes 
- $100K for a T3 laser vs $5M for even a 50MeV beam facility 

• Average power costs sets the timescale for HEP applications 
- $104/Watt for lasers currently x 200MW ~ $2T driver. Much research on developing high 

power lasers but... 
- $10/Watt for CLIC-type RF x 100MW ~ $1B driver 
- Lasers need considerable development and $/Watt costs are guess
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Why aren’t electrons accelerated in circular machines?
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