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Why	  plasma?	  
Plasma based Acceleration

The key is the super high accelerating gradient!

T.Tajima and J.M. Dawson PRL (1979) LWFA

P.Chen, J.M. Dawson et.al. PRL (1983) PWFA
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e.g.	  	  np=1018	  cm-‐3,	  the	  accelera4ng	  field	  will	  be	  100	  GeV/m!	  
103	  orders	  of	  magnitude	  higher	  than	  the	  fields	  in	  conven4onal	  accelerators	  !	  



CLARA	  
•  Compact	  Linear	  Accelerator	  for	  Research	  and	  Applica1ons	  

•  A	  world	  class	  FEL	  test	  facility	  that	  can	  try	  out	  many	  of	  
these	  new	  ideas	  so	  they	  can	  be	  implemented	  directly	  in	  
a	  future	  light	  source	  facility	  

•  In	  parallel	  we	  will	  also	  be	  able	  test	  “Advanced	  
Accelerator	  Technologies”	  

•  The	  rela(vely	  small	  investment	  required	  for	  CLARA	  could	  
pay	  for	  itself	  in	  the	  money	  we	  will	  save	  in	  the	  capital	  cost	  
of	  a	  future	  light	  source	  

•  More	  importantly,	  it	  will	  also	  make	  any	  na4onal	  future	  
light	  source	  a	  world	  beater	  !	  

4	  03/06/2013	   EAAC2013,	  Elba,	  Italy	  

(J.	  Clarke)	  



Why	  PARS	  at	  CLARA?	  
	  

•  Why	  it	  makes	  sense	  
–  Free	  space	  available	  close	  to	  CLARA	  beam	  line	  
–  Unique	  beam	  proper1es	  (low	  emi_ance,	  high	  charge,	  rela1vis1c)	  
–  Diverse	  beam	  opera1on	  modes	  (tes1ng	  of	  scaling	  laws	  of	  PWFA)	  
–  Well	  developed	  beam	  diagnos1c	  equipment	  for	  VELA	  and	  CLARA	  (deflec1ng	  

cavi1es,	  longitudinal	  bunch	  length	  measurement,	  etc.)	  

•  Possible	  contribu4ons	  to	  advanced	  accelerator	  community	  
–  Two	  bunch	  experiment	  for	  energy	  doubling	  of	  CLARA	  beam	  
–  High	  transformer	  ra1o	  (laser	  shaping	  of	  the	  bunch	  density	  profile,	  hard-‐edge	  

bunch	  for	  an	  efficient	  wakefield	  excita1on)	  
–  Plasma	  undulator,	  plasma	  focusing	  effect,	  etc.	  	  
–  Hybrid	  wakefield	  accelera1on	  
–  The	  self-‐modula1on	  effect	  for	  a	  long	  beam	  (same	  gamma	  as	  SPS	  beam)	  
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Plasma	  accelera1on	  research	  sta1on	  
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PARS	  beam	  line	  at	  CLARA	  
Another	  chicane	  may	  be	  needed	  to	  compress	  the	  electron	  bunch	  
Addi(onal	  beam	  diagnos(cs	  (OTR,	  CTR,	  EOS,	  ICT…)	  are	  needed.	  
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PARS	  beam	  line	  design	  

VELA	  

PARS	  at	  CLARA	  

(D.	  Angal-‐Kalinin)	  



•  The	  proposed	  dogleg	  beam	  line	  design	  using	  “–I	  “	  
transform	  between	  the	  dipoles	  using	  two	  FODO	  
doublets	  keeps	  the	  transverse	  beam	  emi_ance	  blow	  
up	  due	  to	  coherent	  synchrotron	  radia1on	  within	  
acceptable	  limits	  for	  250	  pC	  at	  250	  fsec	  bunch	  length	  
and	  	  for	  20	  pC	  at	  30	  fsec.	  	  

•  	  The	  possibility	  of	  using	  the	  addi1onal	  take	  off	  line	  at	  
lower	  angle	  (~6°)	  from	  the	  30°	  dipole	  for	  high	  energy	  
diagnos1cs	  spectrometer	  or	  a	  seeding	  dogleg	  dipole	  
is	  being	  inves1gated.	  

•  	  The	  proposed	  beamline	  is	  contained	  within	  the	  
CLARA	  shielding	  area	  with	  a	  transverse	  centre-‐to-‐
centre	  offset	  of	  ~1.5m.	  	  

Extract	  CLARA	  beam	  at	  full	  energy	  of	  250	  MeV	  

Dipoles	  -‐6°	  

Dipoles	  +6°	  

PARS	  at	  CLARA	  



Plasma	  Accelerator	  Research	  Sta1on	  at	  CLARA	  

•  Compared	  to	  electron	  driven	  plasma	  wakefield	  
experiments	  at	  ATF@BNL,	  FACET@SLAC,	  beam	  
energy	  at	  CLARA	  is	  intermediate,	  easy	  to	  handle	  and	  
less	  radia1on.	  

•  Many	  interes1ng	  topics	  will	  be	  inves1gated:	  	  
•  Two	  bunch	  experiment	  (craMing	  two	  bunches	  via	  laser	  or	  mask	  

collimator,	  one	  for	  driving	  plasma	  wakefield,	  the	  other	  for	  
sampling	  the	  wakefield);	  for	  demonstra1ng	  energy	  doubling	  of	  
CLARA	  beam.	  

•  Beam	  shaping	  study	  for	  high	  transformer	  ra1o	  (beam	  density	  
profile	  shaping	  by	  shaping	  the	  laser	  pulse),	  e.g.	  mul1-‐bunches	  or	  
hard-‐edge	  beam	  can	  be	  an	  ideal	  driver	  beam;	  

•  Self-‐modula1on	  of	  a	  long	  electron	  bunch—provide	  inputs	  to	  CERN	  
proton-‐driven	  PWFA	  experiment	  (AWAKE);	  

•  As	  the	  electron	  injector	  for	  a	  laser-‐driven	  wakefield	  accelera1on	  
(combined	  with	  LWFA	  research).	  
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CLARA	  parameters	  (v	  2.0)	  

11	  

CLARA%Parameters%
Draft&2.0&

Operating&
Mode&

Long&Pulse& Short&Pulse& Ultra&Short&
Pulse&

Multibunch& High&Rep&Rate&

Motivation& Flat&top&for&
seeded&FEL&
experiments&

SASE&FEL& Single&Spike&
SASE&FEL&

Oscillator&FEL&
(RAFEL)&

Technology&
demonstration&
&&commercial&
applications&

Max&Beam&
Energy&(MeV)&

250& 250& 250& 250& 100&

Max&
Macropule&
Rep&Rate&(Hz)&

100& 100& 100& 100& 400&

Bunch&Charge&
(pC)&

250& 250& 20&to&100& 250& 250&

Number&of&
Bunches&per&
macropulse&

1& 1& 1& 20& 1&

Bunch&Spacing&
(ns)&

N/A& N/A& N/A& ~100& N/A&

RF&Pulse&
Width&(µs)&

2& 2& 2& 3& 2&

Peak&Current&
at&FEL&
Entrance&(A)&

400/125& 400& 1500& 400& N/A&

Nominal&
Bunch&Length&
(fs)&

250/800&(flat&
region)&

250&(rms)& <30fs& 250&(rms)& &

Normalised&
Projected&
Emittance&
(mm.mrad)&

<1& <1& <1& <1& <1&

Normalised&
slice&
emittance&
(mm.mrad)&

<&0.5&over&flat&
region&(20fs&
slices)&

<&0.5&(20fs&
slices)&

& & &

Rms&slice&
Energy&Spread&
(keV)&

<25&over&flat&
region&

<100& 150& <100& &

Gun&RF&
Frequency&
(MHz)&

2998& 2998& 2998& 2998& 2998&

Linac&RF&
Frequency&
(MHz)&

2998& 2998& 2998& 2998& 2998&

Linearising&
Cavity&RF&
Frequency&

11992& 11992& 11992& 11992& 11992&

J.	  Clarke	  
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Plasma	  parameters	  

•  The	  drive	  bunch	  length	  should	  sa1sfy	  
	   σ z / λpe ≅

1
2π

λpe = c / fpe fpe =ω pe / 2π

ω pe = npee
2 /ε0me( )

1/2

npe =
1.4×1015cm-3

5.6×1016cm-3

"
#
$

%$

	  for	  uncompressed	  bunch-‐-‐-‐	  Scenarios	  1	  	  

	  for	  compressed	  bunch	  -‐-‐-‐	  Scenarios	  2	  

12	  03/06/2013	   EAAC2013,	  Elba,	  Italy	  

Ewb =
3.7 GeV/m
23.6 GeV/m

!
"
#

	  for	  uncompressed	  bunch-‐-‐-‐	  Scenarios	  1	  	  

	  for	  compressed	  bunch	  -‐-‐-‐	  Scenarios	  2	  

E0 =
mω pec
e

≈ 0.96npe
1/2 V/cm[ ]



VORPAL	  simula1on	  
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m
(x, y) m
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x
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(J.	  Smith)	  



VORPAL	  simula1on	  
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Simulation*Parameters*for*Electron*Driven*Plasma*Wakefield*at*CLARA*
*

(September)6th,)2012,)updated)Jan)29th,)2013))
)
We)are)now)investigating)the)electron)driven)plasma)wakefield)acceleration.)The)
proposed)experiment)will)be)conducted)at)CLARA)facility)at)Daresbury)Lab)in)
UK.)The)PIC)simulation)results)will)be)the)basis)for)the)experiment)design.)
)
For$test$runs:$
Test)run)1:)One)bunch)electron)beam)driven)plasma)wakefield)acceleration.)

)
Electron)beam)parameters)

Beam)energy) 250)MeV)
Bunch)length) 75)μm)
Beam)size)(x,)y)) 20)μm))
Bunch)charge) 250)pC)
Bunch)intensity) 1.56×109)
Energy)spread) 0.1[1%)
Normalized)emittance) 1)mm.mrad)

Plasma)parameters)
Plasma)density) 3×1015)cm3)
Plasma)length) 50)cm)

)
For)test)run)1,)we)want)to)see)the)longitudinal)wakefield)amplitude)vs.)the)
propagation)distance)in)the)plasma)channel.))
)

Eacc MV/m[ ] = 244 Nb

2×1010
600µm
σ z

"

#
$

%

&
'

2

Emax~	  1.15	  GV/m	  

Eacc_theory	  =	  	  1.2	  GV/m	  !	  

nb = N / (2π )
3/2σ r

2σ z
!" #$

(J.	  Smith)	  



VORPAL	  simula1on	  
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Energy	  distribu1on	  Accelera1on/decelera1on	  structures	  

(J.	  Smith)	  



Self-‐modula1on	  
•  Long	  bunch	  gets	  modula1on	  in	  the	  wakefield	  excited	  by	  itself	  (bunch	  head).	  
•  Many	  ultra-‐short	  bunch	  slices	  (scale	  of	  a	  plasma	  wavelength)	  are	  produced	  and	  

then	  excite	  the	  wakefield	  and	  add	  up	  coherently	  to	  a	  high	  amplitude	  (AWAKE	  
experiment	  at	  CERN).	  

•  CLARA	  beam	  has	  a	  similar	  gamma	  factor	  (gamma	  ~	  500)	  as	  SPS	  beam,	  many	  
plasma-‐beam	  dynamics	  could	  be	  similar	  and	  could	  be	  tested	  here	  at	  PARS.	  
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1.	  Plasma	  wiggler	  study,	  the	  plasma	  can	  be	  used	  as	  
undulator	  to	  produce	  high	  brightness	  beam	  of	  keV	  to	  MeV	  
photons	  via	  betatron	  radia1on.	  
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Other	  research	  topics	  at	  PARS	  
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X-Ray Emission from Betatron Motion in a Plasma Wiggler

Shuoqin Wang,1 C. E. Clayton,1 B. E. Blue,1 E. S. Dodd,1 K. A. Marsh,1 W. B. Mori,1 C. Joshi,1 S. Lee,2 P. Muggli,2
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1University of California, Los Angeles, California 90095
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3Stanford Linear Accelerator Center, Stanford, California 94309

4CERN, Switzerland
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The successful utilization of an ion channel in a plasma to wiggle a 28.5-GeV electron beam to
obtain broadband x-ray radiation is reported. The ion channel is induced by the electron bunch as it
propagates through an underdense 1.4-meter-long lithium plasma. The quadratic density dependence of
the spontaneously emitted betatron x-ray radiation and the divergence angle of !"1 3# 3 1024 radian of
the forward-emitted x-rays as a consequence of betatron motion in the ion channel are in good agreement
with theory. The absolute photon yield and the peak spectral brightness at 14.2-keV photon energy are
estimated.

DOI: 10.1103/PhysRevLett.88.135004 PACS numbers: 52.59.Ye, 52.40.Mj, 52.59.Px, 52.59.Rz

Synchrotron light sources are used for basic and applied
research in physical, chemical, and biological sciences,
and in engineering [1]. These use magnetic undulators
and wigglers to generate high brightness photon beams
in the x-ray region using relativistic electron beams. In
this paper we show that an ion channel induced by an
electron beam as it propagates through a plasma can wiggle
the beam electrons to generate x-ray radiation. Because
a dense column of ions can provide an effective wiggler
strength that can be much greater than that provided by
a conventional magnet, such plasma wigglers/undulators
[2–4] could impact future generation light sources.

It is well known that an electron beam injected into an
ion column undergoes betatron oscillations of its trans-
verse envelope or beam size [5]. An individual electron
within this beam executes simple harmonic motion about
the axis of the ion channel with betatron frequency vb !
kbc ! vp$

p
2gb , where vp !

p

4pne2$m is the plasma
frequency, n is the plasma density, and gb is the rela-
tivistic Lorentz factor of the beam. The betatron motion
of a relativistic electron with an initial displacement
r0 from the axis of the ion channel is described by

"r ! "r0 cosf, leading to "br ! 2"r0kb sinf, and
#"br !

2 "r0kbvb cosf with #f ! vb. The total radiation
power as a consequence of this motion is given by

[6] P"t# ! 2e2g2
b

3m2c3 % #"p
2

2 m2c2 #g2
b& ' 2

3 ce2g4
br2k4

b cos2f

where "pr ! gbmc "br . Therefore the total power is propor-
tional to v4

b which scales as the square of the plasma den-
sity. The spectrum of this betatron radiation has resonance
frequencies at vr ! 2mhg2

bvb$%1 1 K2$2 1 "gbV#2&
where mh ! 1, 2, 3, . . . is the harmonic number [7]. The
wiggler strength K is given by K ! gbvbr0$c, and
V ø 1 is the observation angle measured from the axis.
For a beam with a transverse size sr , each electron has a
different r0 and radiates a different vr and the spectrum

of radiation therefore tends to be broad. If K ¿ 1,
high harmonic radiation dominates the spectrum and a
broadband spectrum is generated as from a conventional
wiggler. This broadband spectrum is characterized by the
critical frequency [6] given by vc ! 3g3

bcr0k2
b$2. The

full width at half maximum (FWHM) beam divergence
angle is u ! K$gb which can be extremely narrow for an
ultrarelativistic beam. Although microwave radiation has
been observed in this underdense or ion-focused regime
[8], no measurements of x rays have been reported to our
knowledge.

The experiment was carried out at the Stanford Linear
Accelerator Center (SLAC) using the final focus test beam
(FFTB). The 28.5 GeV SLAC beam containing typically
1.8 3 1010 electrons per bunch (with sr ! 40 mm and a
longitudinal bunch length sz ! 0.7 mm) was focused near
the entrance of a lithium plasma of length Lp ! 1.4 m
produced by single photon ionization of a lithium-vapor
column by an ArF laser [9]. Therefore the plasma den-
sity, in the optically thin limit, is simply proportional to
the total laser energy absorbed by the plasma. The plasma
density was thus varied by varying the laser energy. The
plasma density deduced from the UV absorption measure-
ments was calibrated against a more direct measurement
of plasma density using CO2 interferometry in an offline
experiment [10]. The typical plasma diameter was 2 mm.
A schematic of the experimental setup is shown (not to
scale) in Fig. 1. The electron beam had a small and ap-
proximately linear “head-to-tail” tilt when it entered the
plasma [11]. Over the range of plasma densities used in
this experiment, the peak beam density was larger than
the plasma density. In this so-called underdense plasma
regime, the head of the beam expels the plasma electrons
creating an ion channel. This ion channel in turn exerts
a transversely linear and longitudinally uniform focusing
gradient on the main body of the electron beam. At the
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FIG. 4 (color). Processed image produced on the fluorescent
screen as recorded by the CCD camera showing the “betatron”
x rays produced by the plasma (circle at the top) and a vertical
stripe of remnant synchrotron radiation produced by the bend
dipole magnet.

obtain this image, a plasma-off image was subtracted
from a plasma-on image. With the plasma off, the x-rays
producing the fluorescence are generated by synchro-
tron radiation due to all the multipole magnets (not
shown in Fig. 1) upstream of the dipole bend magnet,
bremsstrahlung from the metallic foils, and synchrotron
radiation due to the dipole bend magnet used to separate
the photons from the electrons. With the plasma on, the
fluorescence is generated by x-rays from all the above
mentioned sources and x-rays due to betatron motion in
the plasma. Because of the small initial tilt on the beam,
the beam exits the plasma with a small deflection angle.
This makes perfect subtraction of the contribution of
the downstream dipole bend radiation impossible. Thus
Fig. 4 shows a round spot corresponding to the “betatron”
x-rays and a vertical tail that is left over from subtraction
of this misaligned dipole bend radiation. The FWHM
of the plasma “betatron x-ray” fluorescence image is
approximately 4 mm which gives a full-beam divergence
angle of 1024 rad. The theoretical estimate for the angle
is roughly K!gb " 0.9 3 1024 for the present condition.
Thus the measured angle is in good agreement with
the theory, particularly since the fluorescent image is
dominated by lower energy x-ray photons. These results
are the first observation of plasma betatron radiation in
the x-ray region to our knowledge.

We have shown that an ion channel induced by the beam
can wiggle beam electrons to produce x radiation. Such
a plasma wiggler comprising only a plasma cell offers
simplicity of construction, flexibility in undulator wave-
length, and potential savings of cost over its magnetic
wiggler counterpart in future generation of light sources.
The electron beam hosing instability could ultimately limit
the number of periods of oscillation by causing transverse
breakup of the beam in such a device [18].
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No. DE-AC-03-76SF0098, and No. DE-FG03-98-DP-
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Other	  research	  topics	  at	  PARS	  
4.	  Some	  advanced	  beam	  dynamics	  issues	  can	  be	  
inves1gated	  in	  this	  test	  bed	  as	  well,	  e.g.	  

•  Coherent	  synchrotron	  radia1on-‐CSR	  (THz	  radia1on),	  
microbunching	  instability	  and	  its	  countermeasures,	  
etc.	  -‐-‐-‐-‐crucial	  to	  FEL	  opera1on	  

•  Beam	  manipula1on	  and	  emi_ance	  exchange	  
(deflec1ng	  cavi1es	  +	  dipole	  magnets)-‐-‐-‐-‐for	  novel	  
FEL	  modes	  like	  EEHG	  

•  Beam	  diagnos1cs	  R&D	  for	  ultra-‐short	  electron	  beam	  
(Electro-‐op1cal	  sampling,	  Smith-‐Purcell	  radia1on	  
etc.)	  
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Summary	  

•  The	  Plasma	  Accelerator	  Research	  Sta1on	  (PARS)	  at	  CLARA	  
will	  provide	  an	  ideal	  plasorm	  to	  inves1gate	  the	  key	  issues	  
in	  plasma-‐based	  accelerators.	  

•  It	  is	  expected	  that	  a	  high	  accelera1ng	  gradient	  can	  be	  
achieved	  with	  the	  rela1vis1c	  CLARA	  beam.	  

•  For	  the	  two-‐bunch	  experiment,	  a	  trailing	  bunch	  can	  gain	  
energy	  from	  the	  wakefield	  and	  preserve	  its	  low	  emi_ance	  
and	  low	  energy	  spread	  and	  get	  energy	  doubled.	  

•  Many	  other	  issues	  on	  the	  advanced	  beam	  dynamics,	  beam	  
diagnos1cs,	  hybrid	  wakefield	  accelerators	  etc.	  can	  be	  
inves1gated	  at	  PARS	  as	  well.	  
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Thanks	  !	  
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A	  genuine	  PARS	  project	  
Work	  packages:	  
•  Electron	  Beam	  Delivery	  	  

(design,	  opera1on	  and	  op1miza1on	  of	  electron	  beam	  to	  the	  PARS;	  
dogleg,	  final	  focus,	  e-‐	  beam	  dump,	  laser	  beam	  dump)	  

•  Plasma	  Source	  
(produce	  a	  10-‐50	  cm	  long	  plasma	  source	  with	  diameter	  of	  ~1	  mm,	  density	  
of	  1015-‐1016	  cm-‐3,	  laser	  facility	  for	  photoioniza1on	  of	  Lithium	  gas,	  plasma	  
diagnos1cs,	  density	  and	  temperature)	  

•  Beam	  Diagnos1cs	  
(measurement	  of	  beam	  specifica1ons	  before	  and	  aMer	  plasma,	  emi_ance,	  
energy,	  beam	  size,	  bunch	  length,	  charge,	  etc.	  energy	  spectrometer,	  CTR,	  
OTR,	  CCD,	  ICT,	  EOS,	  etc.)	  

•  Simula1ons	  
(electron	  beam	  simula1on,	  PIC	  simula1on	  of	  interac1ons	  between	  plasma	  
and	  beam,	  code	  benchmarking,	  benchmarking	  the	  simula1on	  results	  
against	  the	  experimental	  data,	  op1mize	  beam	  and	  plasma	  parameters	  for	  
next	  round	  of	  experiments	  etc.)	  
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Two-‐bunch	  experiment	  

22	  

Simulation*Parameters*for*Electron*Driven*Plasma*Wakefield*at*CLARA*
*

(September)6th,)2012))
)
We)are)now)investigating)the)electron)driven)plasma)wakefield)acceleration.)The)
proposed)experiment)will)be)conducted)at)CLARA)facility)at)Daresbury)Lab)in)
UK.)The)PIC)simulation)results)will)be)the)basis)for)the)experiment)design.)
!
For!test!runs:!
Test)run)1:)One)bunch)electron)beam)driven)plasma)wakefield)acceleration,)

basic)beam)and)plasma)parameters.)
Electron)beam)parameters)

Beam)energy) 250)MeV)
Bunch)length) 30)μm)
Beam)size)(x,)y)) 100)μm))
Bunch)charge) 250)pC)
Bunch)intensity) 1.56×109)
Energy)spread) 1%)
Normalized)emittance) 1)mm.mrad)

Plasma)parameters)
Plasma)density) 5×1016)cm3)
Plasma)length) 50)cm)

For)test)run)1,)we)want)to)see)the)longitudinal)wakefield)amplitude)vs.)the)
propagation)distance)in)the)plasma)channel.))
For!test!runs!2:!

Test)run)2:)Two)electron)bunches)experiment,)
basic)beam)and)plasma)parameters:)

)
Drive)bunch)

Beam)energy) 250)MeV)
Bunch)length) 30)μm)
Beam)size)(x,)y)) 50)μm))
Bunch)charge) 250)pC)
Bunch)intensity) 1.56×109)
Energy)spread) 1%)
Normalized)emittance) 1)mm.mrad)

Witness)bunch)
Beam)energy) 250)MeV)
Bunch)length) 10)μm)
Beam)size)(x,)y)) 50)μm)
Bunch)charge) 50)pC)
Bunch)intensity)) 3.1×108)
Energy)spread) 0.5%)

Plasma)parameters)
Distance)between)drive)and)witness)beam) 140)μm)

Plasma)density) 5×1016)cm3)
Plasma)length) 50)cm)
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Twiss	  func4ons	  and	  ηx	  	   R56	  and	  T566	  
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Tracking	  of	  Gaussian	  bunch	  through	  PARS	  beam	  line	  
Star1ng	  normalised	  emi_ance	  =	  1mm.mrad	  
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σs=9e-‐06,	  Q=100pC,	  σdp=0.001	  
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σs=9e-‐06,	  Q=20pC,	  σdp=0.001	  •  For	  bunch	  length	  9μ	  and	  bunch	  charge	  
100pC,	  the	  normalised	  emi_ance	  increases	  
from	  1	  mm.mrad	  to	  2.7	  mm.mrad	  

•  For	  the	  same	  bunch	  length,	  the	  emi_ance	  
growth	  is	  marginal	  for	  bunch	  charge	  of	  
20pC.	  	  

•  Achieving	  transverse	  beam	  size	  (σ)	  of	  ~25μ	  
at	  PARS	  loca1on	  is	  possible	  with	  Gaussian	  
beam	  in	  all	  the	  three	  cases	  shown	  here.	  


