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A.	  Caldwell	  

Apology	  
	  
There	  are	  many	  people	  here	  who	  know	  a	  lot	  more	  about	  the	  ILC	  and	  
CLIC	  Technology	  than	  I	  do,	  so	  I	  will	  focus	  more	  on	  the	  Plasma	  Wakefield	  
AcceleraAon	  …	  
	  
But,	  I	  have	  ‘borrowed’	  some	  material	  from	  nice	  lectures	  by	  Nick	  Walker	  
at	  last	  year’s	  school,	  and	  from	  ICHEP	  as	  well	  as	  material	  from	  Steinar	  
Stapnes	  from	  a	  DESY	  seminar.	  
	  
	  



PracAcal	  limit	  for	  accelerators	  at	  the	  energy	  fronAer:	  Project	  cost	  
increases	  as	  the	  energy	  must	  increase!	  New	  technology	  needed…	  

The	  Livingston	  plot	  shows	  a	  saturaAon	  …	  

A.	  Caldwell	  



Future	  Lepton	  Collider	  	  

But,	  charged	  parAcles	  radiate	  
energy	  when	  accelerated.	  	  	  
	  	  
Power	  α	  (E/m)4	  
	  

Need	  linear	  electron	  accelerator	  !	  	  
Muon	  Collider	  can	  be	  circular.	  

Leptons	  preferred:	  
Collide	  point	  
parAcles	  rather	  
than	  complex	  
objects	  

P	  P	  proton	  

A.	  Caldwell	  



INTERNATIONAL LINEAR COLLIDER 
•  200-500 GeV cm (extendable to 1 TeV) 

•  L ~ 1.8×1034 cm-2s-1 (@ 500GeV) 

•  7.8 Billion ILCU + 23 Million p-hrs 

•  >20 years R&D worldwide 
•  A truly global effort 

•  Over 2,000 man years 

•  >300 M$ globally 

•  Cost driver: SRF technology 
•  17,000 1.3 GHz Nb cavities 

•  1,800 cryomodules 

•  Mature SRF technology 

6 From N. Walker	




1.3	  GHz	  SuperconducAng	  RF	  Cavity	  

•  solid	  niobium	  
•  standing	  wave	  
•  9	  cells	  
•  operated	  at	  2K	  (LHe)	  

•  35	  MV/m	  
•  Q0	  ≥	  1010	  

A.	  Caldwell	   From	  N.	  Walker	  



Why SCRF 
•  High RF à Beam-power efficiency 

–  low-loss cavities 

•  Ease of RF power generation 
–  low frequency (1.3 GHz) 
–  Long pulse / fill time 

•  Emittance preservation 
–  Large cavity iris 
–  low transverse and longitudinal wakefields 

A.	  Caldwell	   From	  N.	  Walker	  



RF	  Power	  GeneraAon	  

A. Caldwell 

10 MW klystron

shield wall

3x LPDS (39 cavities)

WR770

location of 
upgrade klystronshield	  wall	  

accelerator	  cryomodules	  

From	  N.	  Walker	  



AC	  Power	  (Linac)	  

Wall Plug RF Power Generation 
(Modulator, klystron, 

Waveguide distribution) ηRF→beam =
tbeam

tbeam + t fill
≈ 60%

t fill ∝
Vacc
Ibeam

Pbeam = Vacc ×Ibeam ≈ 20 MW 

PRF ≈ 32 MW  PAC(RF) ≈ 76 MW  

η ≈ 44% 

to beam dump 

56 MW to remove! 
+24 MW water (CF) 

Cryogenic 
Power 
33 MW 

132 MW 

A.	  Caldwell	   From	  N.	  Walker	  



Compact LInear Collider (CLIC) 

10 

CLIC Layout 3 TeV 
  

 

Drive Beam 
Generation Complex 

Main Beam 
Generation Complex 3 TeV cm layout	


power-extraction and transfer structure (PETS)

accelerating structures

quadrupole quadrupole

RF

BPM

12 GHz, 68 MW

0.5 TeV: 8,300 MCHF (ℒ ~ 1.4×1034) 	


Ga ~ 100 MV/m 	
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4.2-100A	


From N. Walker	




power-extraction and transfer structure (PETS)

accelerating structures

quadrupole quadrupole

RF

BPM

12 GHz, 68 MW

(c)FT

Compact	  Linear	  Collider	  -‐	  CLIC	  

CLIC	  TUNNEL	  CROSS-‐SECTION	  

Main	  beam	  –	  1	  A,	  200	  ns	  	  
from	  9	  GeV	  to	  1.5	  TeV	  

12	  GHz	  –	  140	  MW	  

5.6	  m	  diameter	  

• 	  	  Novel	  Two-‐Beam	  AcceleraAon	  Scheme	  
•  Cost	  effecAve,	  reliable,	  efficient	  	  
•  Single	  tunnel,	  no	  acAve	  power	  components	  
•  Modular,	  staged	  energy	  upgrade	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

• 	  	  High	  acceleraAon	  gradient:	  >	  100	  MV/m	  	  	  
•  	  Compact	  collider:	  total	  length	  <	  50	  km	  at	  3	  TeV	  
•  	  Normal	  conducAng	  acceleraAon	  structures	  at	  high	  	  
	  	  	  	  	  	  	  RF	  frequency	  (12	  GHz)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

Long	  RF	  Pulses	  
P0	  ,	  t0	  
	  

Short	  RF	  Pulses	  
PA	  =	  P0	  ×	  N	  
tA	  	  =	  t0	  /	  N	  

Electron	  beam	  
manipulaAon	  :	  	  

Power	  compression,	  
Frequency	  mulAplicaAon	  

‘few’	  Klystrons	  
Low	  frequency	  
High	  efficiency	  

	  
Accelera1ng	  Structures	  

High	  Frequency	  –	  High	  field	  
-‐>	  short	  pulses	  

Drive	  beam	  -‐	  100	  A,	  240	  ns	  
from	  2.4	  GeV	  to	  240	  MeV	  

Compact	  rf	  pulses:	  by	  e-‐	  compression	  

A.	  Caldwell	  
From	  S.	  Stapnes	  



Possible	  
CLIC	  stages	  
studied	  

Key features:  
•  High gradient (energy/length) 
•  Small beams (luminosity) 
•  Repetition rates and bunch 

spacing (experimental 
conditions) 

A.	  Caldwell	  
From	  S.	  Stapnes	  



Compact	  LInear	  Collider	  (CLIC)	  
>20 years of R&D 
CDR published in 2012 
Currently undergoing rebaselining (à 2018) 

High-gradient structure tests 

29 

CTF3 

34 

CLIC Diagnostics tests 

Beam loading/BDR  
experiment 

Power production,  
RF conditioning/testing 

with DB & further 
decelerator tests 

Two-Beam Module, Wake-field 
monitors, Two-beam studies 

RF pulse shaping 

Phase feed-forward, 
DB stability studies 

CTF3	  

ATF2 (KEK) 
 - nanobeams, stabilisation 

FACET (SLAC) 
 - emittance preservation / tuning 

2012-2018 programme: 
-  rebaselining (cost, MW, Ecm staging) 
-  Further high-gradient R&D 
-  Systems testing (CTF3,ATF2,FACET) 
-  Tech. systems development (CLIC module) 
-  Physics studies… 

Currently the 
only option to 
multi-TeV e+e- 

Synergy with ILC 
18 From	  S.	  Stapnes	  
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Plasma	  Wakefield	  AcceleraAon	  
Original	  Proposal:	  T.	  Tajima	  and	  J.	  W.	  Dawson,	  Phys.	  Rev.	  Le+.	  	  43	  (1979)	  267.	  

Plasma	  frequency	  depends	  only	  on	  density:	  

Produce	  an	  accelerator	  with	  mm	  (or	  less)	  scale	  ‘caviAes’	  
	  
100	  GeV/m	  acceleraAon	  demonstrated	  !	  

A.	  Caldwell	  

edge, this is the smallest divergence ever measured for a beam
emerging from a plasma accelerator. Figure 2b shows the deviation
of the beam when a magnetic field is applied. The image shows a
narrow peak around 170MeV, indicating efficient monoenergetic
acceleration. For comparison, Fig. 2c shows an image obtained at
higher electron density in the plasma (n e ¼ 2 £ 1019 cm23). Here,
electrons are randomly accelerated to all energies and the number of
high-energy electrons is low. In addition, the beam divergence
is much larger than in Fig. 2b. Figure 3 shows an electron
spectrum after deconvolution. The distribution is clearly quasi-
monoenergetic and peaks at 170MeV, with a 24% energy spread
(corresponding to the spectrometer resolution).

Finally, the charge contained in this beam can be inferred using an
integrating current transformer: the whole beam contains
2 ^ 0.5 nC, and the charge at 170 ^ 20MeV is 0.5 ^ 0.2 nC.
From the above, we can deduce that the electron beam energy was
100mJ. Thus, the energy conversion from the laser to the electron
beam was 10%.

Experimentally, this regime could be reached in a narrow range of
parameters: stretching the pulse duration above 50 fs was sufficient
to lose the peaked energy distribution. Similarly, when the electron
density was increased from 6 £ 1018 cm23 to 7.5 £ 1018 cm23,
the energy distribution became a broad plateau, similar to
previous results5. Above 1019 cm23, the electron distribution was
maxwellian-like with very few electrons accelerated at high energy.
Below 6 £ 1018 cm23, the number of accelerated electrons
decreased dramatically, although the distribution was still mono-
energetic. The evolution of electron spectra with experimental
parameters indicates that using laser pulses shorter than the plasma
period is beneficial for high-quality and monoenergetic electron
acceleration.

To reach a deeper understanding of the experiment, we have run
three-dimensional (3D) particle-in-cell (PIC) simulations using the
code Virtual Laser Plasma Laboratory21. The simulation results are
shown in Fig. 4a–c. The simulation suggests that our experimental
results can be explained by the following scenario. (1) At the
beginning of the simulation, the laser pulse length (9 mm) is nearly
resonant with the plasma wave (lp ¼ 13.6 mm); but its diameter
(21 mm . lp) is larger than the matched diameter. (2) As the pulse
propagates in the plateau region of the gas jet, it self-focuses and
undergoes longitudinal compression by plasma waves (Fig. 4a).
This decreases the effective radius of the laser pulse and increases the

Figure 3 Experimental and simulated electron spectra. Blue line with crosses, electron
spectrum corresponding to Fig. 2b, after deconvolution. Dashed line, estimation of the

background level. Red horizontal error bars, resolution of the spectrometer. Green line,

electron spectrum obtained from 3D PIC simulations. dN/dE is the number of electrons per

MeV (E is the electron energy in MeV).

Figure 4 3D PIC simulation results. a, b, Distributions of laser intensity (a) and electron
density (b) in the x–z plane, which is perpendicular to the polarization direction and passes
through the laser axis. The laser pulse runs from left to right, and has propagated 2mm in

the plasma. The bubble structure is clearly visible. The laser pushes the electron fluid

forward at the bubble head and creates a density compression there. Behind the laser we

see the cavitated region with nearly zero electron density. The radially expelled electrons

flow along the cavity boundary and collide at the X-point at the bubble base. Some

electrons are trapped and accelerated in the bubble. The beam of accelerated electrons is

seen as the black rod in b. These electrons are propagating behind the laser pulse (a) and
are not disturbed by the laser field. c, Electron phase space density f (x,g) in arbitrary
units. g is the relativistic factor of the electron: g ¼ (1 2 v 2/c 2)21/2, and v is the

electron velocity. We see that the electrons have dephased and have self-bunched in the

phase space around g .. 350. This self-bunching results in the mono-energetic peak in

the energy spectrum (Fig. 3). The red horizontal dashed lines indicate the location of the

mono-energetic peak in the phase space.

letters to nature

NATURE |VOL 431 | 30 SEPTEMBER 2004 | www.nature.com/nature 543©  2004 Nature  Publishing Group

Figure	  from	  	  
J.	  Faure	  et	  al.,	  
Nature	  43	  	  	  



But	  –	  AcceleraAon	  is	  DEPLETION-‐LIMITED	  
i.e.,	  the	  lasers	  do	  not	  have	  enough	  energy	  to	  accelerate	  a	  bunch	  of	  
parAcles	  to	  very	  high	  energies	  
	  

1010 electrons · 1012 eV · 1.6 · 10�19 J/eV = kJ

e.g.,	  

This	  is	  orders	  of	  magnitude	  larger	  than	  what	  can	  be	  done	  today.	  	  	  
	  
If	  use	  several	  lasers	  –	  need	  to	  have	  relaAve	  Aming	  in	  the	  10’s	  of	  fs	  range	  

A.	  Caldwell	  



Strawman Design of a TeV LPA Collider 

Electron

500-1000 m, 100 Stages

500-1000 m, 100 Stages10 GeV

Gas
jet 

Laser

1 TeV

Capillary

Laser in coupling

1 TeV

Positron

Laser

e+

e–

Leemans & Esarey, Physics Today, March 2009 

Laser 
       Injector 
              Plasma Channel 

Multiple 10 GeV LPA stages 

A.	  Caldwell	  



A.	  Caldwell	  

There	  are	  very	  interesAng	  
developments	  ongoing	  in	  the	  
Laser	  community	  that	  could	  
have	  great	  impact	  on	  a	  future	  
Laser	  Driven	  PWA.	  
	  
IZEST/ICAN	  



driving	  force:	   Space	  charge	  of	  drive	  
beam	  displaces	  
plasma	  electrons.	  

restoring	  force:	   Plasma	  ions	  exert	  
restoring	  force	  

Beam	  driven	  PWA	  

Space	  charge	  oscilla1ons	  
	  	  	  (Harmonic	  oscillator)	  

+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + 

- - - - - -- - - - - - - - - - - - - - - - 
- - - - - - 

- - - - - - - - - - 
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- - - - - - - - - - - - 
- - - - - - - - - - - - - - - - - - - - - - - - - 

- 

- - - - - - - - - 
- 

- 
- - - - - - 

- - - - - - - - - - - - - - 
- - - - - - 

- - - - - - - - - 

- - - - - - - - 

- - - - - - - - 
- 

- 
- - - - electron 

beam 

+ + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + + - 

- - - 

- 
- - - - 

Ez	  

Approximately mm-wave length! 

Electric	  fields	  can	  accelerate,	  decelerate,	  focus,	  defocus	  

Plasma	  also	  provides	  super-‐strong	  focusing	  force	  !	  	  
(many	  thousand	  T/m	  in	  frame	  of	  accelerated	  par1cles)	  

A.	  Caldwell	  



UCLA!

Located in the FFTB!

e- or e+!

N=2·1010!

!z=0.6 mm!

E=30 GeV!

Ionizing!
Laser Pulse!
(193 nm)!

Li Plasma!
ne"2·1014 cm-3!

L"1.4 m!

Cerenkov!
Radiator!

Streak Camera!
(1ps resolution)!

Bending!
Magnet!

X-Ray!
Diagnostic!

Optical Transition!
Radiators!

Dump!
12 m!

#Cdt!

Experimental Layout (E-157)!

FFTB 

A.	  Caldwell	  



!"#$%&'()*#&'I.	  Blumenfeld	  et	  al.,	  Nature	  445,	  741	  (2007)	  

A.	  Caldwell	  



Are	  electrons	  the	  obvious	  drivers	  ???	  
There	  is	  a	  limit	  to	  the	  energy	  gain	  of	  a	  trailing	  bunch	  in	  the	  plasma:	  
	  
	  
	  
	  
	  
(for	  longitudinally	  symmetric	  bunches).	  
	  
	  
	  
This	  means	  many	  stages	  required	  to	  produce	  a	  1TeV	  electron	  beam	  

from	  known	  electron	  beams	  (SLAC	  has	  45	  GeV)	  
	  

See	  e.g.	  SLAC-‐PUB-‐3374,	  R.D.	  
Ruth	  et	  al.	  

R =
�Twitness

�T drive
� 2 T is the kinetic energy

A.	  Caldwell	  



A.	  Caldwell	  Chan	  Joshi	  PresentaAon	  at	  SLAC	  
Annual	  Program	  Review	  2008	  



Proton	  Drivers	  for	  PWFA	  

Ez,max = eNk2
p exp

⇤
�
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p�2

z

2
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2
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�
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p�2
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,

Assuming	  Gaussian	  beams:	  

Linear	  regime	  	  (nb<n0):	  

Ez,max � 2 GeV/m ·
�

Nb

1010

⇥
·
�

100 µm
�z

⇥2

Need	  very	  short	  proton	  bunches	  for	  strong	  gradients.	  	  Today’s	  proton	  
beams	  have	  

�z ⇥ 10� 30 cm

Compression	  of	  proton	  bunch	  needs	  to	  be	  solved	  for	  PDPWA	  !	  A.	  Caldwell	  



Issues	  with	  a	  Proton	  Driven	  PWA:	  
	  
•  Small	  beam	  dimensions	  required	  	  

	  
	  
Can	  such	  small	  beams	  be	  achieved	  with	  protons	  ?	  	  Typical	  proton	  bunches	  in	  high	  energy	  

accelerators	  have	  rms	  length	  >20	  cm	  

	  
•  Phase	  slippage	  because	  protons	  heavy	  (move	  more	  slowly	  than	  electrons)	  
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Few	  hundred	  meters	  possible	  but	  depends	  on	  plasma	  wavelength	  

A.	  Caldwell	  



Issues	  with	  a	  Proton	  Driven	  PWA	  conAnued:	  
	  
•  Longitudinal	  growth	  of	  driving	  bunch	  due	  to	  energy	  spread	  	  

€ 

d = Δv ⋅ t ≈ Δβ ⋅L = γ 1
−2 − γ 2

−2( )L ≈ 2 ΔE
E

( 
) 

* 
+ 
MP
2c4

E 2
L

€ 

For d =100µm, L =100m, E =1.TeV , ΔE
E

= 0.5

Large	  momentum	  spread	  is	  allowed	  !	  

A.	  Caldwell	  



Issues	  -‐	  conAnued	  

•  Proton	  interacAons	  

€ 

λ =
1
nσ

<
1

n(10−23  cm2)
n =1⋅1015cm−3 ⇒ λ =1000 km

Only	  small	  fracAon	  of	  protons	  will	  interact	  in	  plasma	  cell	  
	  
Biggest	  issue	  idenAfied	  so	  far	  is	  proton	  bunch	  length.	  	  	  
	  
Need	  large	  energies	  to	  avoid	  phase	  slippage	  because	  protons	  are	  heavy.	  	  
	  
Large	  momentum	  spread	  is	  allowed.	  

A.	  Caldwell	  



Bunch	  Compression	  
Producing	  a	  short	  proton	  bunch	  is	  criAcal.	  	  Different	  ideas	  are	  under	  invesAgaAon.	  

6/23/09 LPWA09 Workshop, Kardamili 

Greece, June 22-26, 2009 

13 

Short proton bunch production 

Schematics of fast bunch rotation in storage ring 

Emittance exchange 

Nanochopper gets the microbunch 

A.	  Caldwell	  



6/23/09 LPWA09 Workshop, Kardamili 

Greece, June 22-26, 2009 
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Magnetic bunch compression (BC) 

!!Beam compression can be achieved: 

    (1) by introducing an energy-position correlation along the bunch with     

         an RF section at zero-crossing of voltage  

    (2) and passing beam through a region where path length is energy dependent:    

        this is generated by bending magnets to create dispersive regions. 

-z 
!E/E 

 lower energy trajectory 

higher energy trajectory 

center energy trajectory 

!!  To compress a bunch longitudinally,  trajectory in dispersive region must be 

     shorter for tail of the bunch than it is for the head.   

    Tail  

(advance) 
Head (delay) 

A.	  Caldwell	  



6/23/09 LPWA09 Workshop, Kardamili 

Greece, June 22-26, 2009 
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Phase space of beam 

See A. Caldwell, G. Xia et al., Preliminary study of proton driven plasma wakefield acceleration, Proceedings of 

PAC09, May 3-8, 2009, Vancouver, Canada  

A.	  Caldwell	  



SimulaAon	  study	  

Nature	  Physics	  5,	  363	  -‐	  367	  (2009)	  
A.	  Caldwell,	  K.	  Lotov,	  A.	  Pukhov,	  F.	  Simon	  

Quadrupoles	  used	  
to	  guide	  head	  of	  
driving	  bunch	  

Assume	  proton	  bunch	  compression	  
solved	  !	  

A.	  Caldwell	  



SimulaAon	  
Table 1: Table of parameters for the simulation.

Parameter Symbol Value Units
Protons in Drive Bunch NP 1011

Proton energy EP 1 TeV
Initial Proton momentum spread ⇤p/p 0.1

Initial Proton longitudinal spread ⇤Z 100 µm
Initial Proton bunch angular spread ⇤� 0.03 mrad
Initial Proton bunch transverse size ⇤X,Y 0.4 mm
Electrons injected in witness bunch Ne 1.5 · 1010

Energy of electrons in witness bunch Ee 10 GeV
free electron density np 6 · 1014 cm�3

Plasma wavelength �p 1.35 mm
Magnetic field gradient 1000 T/m

Magnet length 0.7 m

The proton beam transverse size and angular spread also needed optimization. As expected, the
plasma wave focuses and guides the tail of the bunch. However, the plasma field was too low to guide
the head of the bunch. Without additional focusing, the proton bunch head would diffract over a distance
of a few meters, whereas for TeV acceleration one needs hundreds meters of propagation. To overcome
the natural beam diffraction, we simulated a magnetic quadrupole guiding system as discussed above (see
also Fig. 1). The magnetic field gradient was taken to be 1 T/mm. Given the quadrupole strength and the
assumed proton beam emittance, we can calculate the required beam radius of ⇤r = 0.43 mm=2 k�1

p ,
where kp = ⌅p/c. This driver radius is not matched with the plasma density. Thus, the tail of the
driver is subject to transverse betatron oscillations at the beginning of acceleration. Yet, after a few
betatron periods it reaches dynamic equilibrium and becomes matched, while its head is guided by the
quadrupoles.

The plasma wave generated by the proton driver is shown in Fig. 2. The rightmost region of high
electron density in frames b) and d) result from plasma electrons being “sucked in” by the proton bunch.
The electrons then continue to move across the beam axis and create a depletion region very similar to
the blow-out region seen in the case of the electron driver. The electron witness bunch is placed on the
left edge of the first bubble, where the longitudinal fields are strongest. The maximum accelerating field
of the wave is about 3 GeV/m as shown in Fig. 2e). The accelerating gradient in this region increases
as one approaches the left edge of the bubble, providing a stable regime of acceleration of the electron
bunch. The transverse electric fields in this region are also strong and act to focus the witness bunch.

To reach an energetically efficient regime of acceleration, we have to load the plasma wave with a
matched witness bunch. Thus, the maximum accelerating field of the loaded wave will be somewhat
lower. In our PIC simulations, we chose a witness electron bunch with 1.5 ⇥ 1010 particles and initial
energy of 10 GeV. The electric field and electron density from the loaded plasma wave are shown in
Fig. 2c)-d). The maximum accelerating field is about 1.7 GeV/m and is nearly constant over the witness
bunch.

The acceleration over hundreds of meters of plasma has been simulated using the quasi-static code
LCODE. Figure 3a)-d) shows snapshots of the particle phase space (energy versus distance from the
front of the proton bunch) at several distances along the channel. The proton bunch is initially distributed
around 1 TeV, while the electron bunch has a fixed energy of 10 GeV. Further down the channel, it is seen
that the tail of the proton bunch loses significant amounts of energy, while the electron bunch picks up
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Producing	  short	  proton	  bunches	  not	  possible	  today	  w/o	  major	  
investment.	  	  Not	  an	  opAon	  for	  the	  short	  term	  …	  
	  
	  
Instead,	  we	  invesAgated	  modulaAng	  a	  long	  bunch	  to	  produce	  a	  series	  of	  
‘micro’-‐bunches	  in	  a	  plasma.	  
	  
The	  microbunches	  are	  generated	  by	  a	  transverse	  modulaAon	  of	  the	  
bunch	  density	  (transverse	  two-‐stream	  instability).	  	  The	  microbunches	  
are	  naturally	  spaced	  at	  the	  plasma	  wavelength,	  and	  act	  construcAvely	  to	  
generate	  a	  strong	  plasma	  wake.	  	  InvesAgated	  both	  numerically	  and	  
theoreAcally	  (N.	  Kumar,	  A.	  Pukhov,	  and	  K.	  V.	  Lotov,	  Phys.	  Rev.	  Lew.	  104,	  255003	  (2010)).	  
	  
	  

PWA	  via	  Modulated	  Proton	  Beam	  
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Courtesy	  Wei	  Lu,	  Tsinghua	  University	  
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Fields	  >	  GV/m	  also	  
possible	  with	  
modulated	  long	  
beam	  !	  

Courtesy:	  Jorge	  Vieira	  
IST,	  Lisbon	  



Outlook	  
	  
Long	  term	  prospects	  for	  modulated	  proton	  bunch	  intriguing:	  

simulaAon	  of	  exisAng	  LHC	  bunch	  in	  
plasma	  with	  trailing	  electrons	  …	  
	  
A.	  Caldwell,	  K.	  V.	  Lotov,	  Phys.	  Plasmas	  18,	  13101	  (2011)	  

Electron	  energy	  gain	  

Miracle:	  no	  guiding	  magneAc	  fields	  necessary	  !	  

But	  –	  luminosity	  will	  be	  big	  issue	  !	  
A.	  Caldwell	  



AWAKE	  Experiment	  at	  CERN	  
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5 Plasma Sources
For the baseline design, the plasma for the AWAKE experiment must have a number of characteristics:

– length L ⇡ 10 m.
– radius Rp larger than approximately three proton bunch rms radii or ⇡ 1 mm.
– density ne within the 1014 � 1015 cm�3 range.
– density uniformity �ne/ne on the order of 0.2% or better.
– reproducible density.
– gas/vapor easy to ionize.
– allow for seeding of the SMI.
– high-Z gases to avoid background plasma ion motion [25].

We are currently exploring three options for the plasma. The source for the first experiments will be a ru-
bidium vapor source ionized by a short and intense laser pulse. The general laser and plasma parameters
for the source are listed in Table 2. Because of the laser ionization process this source does not scale well
to much longer lengths. Therefore we are investigating discharge plasma sources and a helicon source
for plasma lengths longer than ten meters.

5.1 Metal Vapor Plasma Source
Pure rubidium (Rb) vapor with neutral density n0 in the 1014 � 1015 cm�3 range can be produced at
temperatures between 150 and 200 �C (see Fig. 8a) and the Technical Note [26] for more details).The
vapor density uniformity is achieved by controlling the temperature of the tube containing the vapor
to ±0.5 �C (or about 0.2% around 450 K). This is achieved by circulating around the tube containing
the Rb vapor synthetic oil from a heater that can stabilize the oil temperature to ±0.01 �C [27]. The
system can be operated with a single oil temperature. The thermal insulation consists of a vacuum tube
surrounding the tube containing the oil. Vacuum suppresses convection, the main cause of heat loss at
these temperatures. If necessary, the temperature uniformity will be increased by including an external
heated tube (Theat) around the vacuum tube (not shown in Fig. 8). These heating insulation techniques
are common in temperature calibration devices where uniformities at the 0.001 �C level are achieved,
although in smaller-size devices [28].

The Rb vapor will be produced by a commercially available source [29]. The vapor will be con-
tained in a ⇠ 2 cm radius tube closed at both ends by fast opening/closing valves (a few tens of ms
opening/closing time). These valves are being developed in collaboration with industry. In the pressure
range considered here (4 ⇥ 10�3 � 4 ⇥ 10�2 mbar at room temperature) and with the 2 cm radius of
the source tube, the Rb is in the molecular to transitional flow regime (see the Technical Note [30] for
more details). Calculations show that when the valves open the Rb density simply decreases from the
location of the valves towards the tube middle length as a rarefaction wave with a rather slow velocity
(⇠ 10 m/s). In this regime the atoms inside the tube do not know that the valves open until the rarefaction
wave reaches them. This means that within a few tens of milliseconds the Rb density uniformity remains
at the required level over most of the 10 m length of the tube, except for a few tens of centimeters at each
end. In these end regions the vapor density is very low and does not affect the ionization, acceleration or
injection processes.

The very uniform neutral density is turned into a correspondingly uniform plasma density by using
a threshold ionization process for the first Rb electron, over the barrier ionization (OBI). Since Rb has a
low ionization potential (�Rb = 4.177 eV), the intensity threshold for OBI (Iioniz / �4) is relatively low,
Iioniz

⇠= 1.7⇥1012 W cm�2 (when compared e.g. to⇠ 2⇥1015 W cm�2 for the first helium electron). A
short (30 � 100 fs) Ti:Sapphire laser pulse (�0 = 800 nm) with 20 � 40 mJ is sufficient to provide both
the energy necessary to ionize the atoms in the plasma volume (Eioniz ⇠ n0�Rb⇡R2

pL) and the intensity
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Few	  50	  mJ,	  few	  TW	  laser	  required	  to	  ionize	  
the	  vapor	  



Science	  Program	  (first	  three	  years	  aZer	  start	  of	  data	  taking):	  
1.  Benchmark	  experiments	  –	  first	  ever	  proton-‐driven	  plasma	  wakefields	  
2.  Detailed	  comparison	  of	  experimental	  measurements	  with	  simulaAons	  
3.  DemonstraAon	  of	  high-‐gradient	  acceleraAon	  of	  electrons	  
4.  Develop	  long,	  scalable	  &	  uniform	  plasma	  cells;	  test	  in	  AWAKE	  experiment	  
5.  Develop	  scheme	  for	  producAon	  and	  acceleraAon	  of	  short	  proton	  bunches	  
	  
Goal:	  Design	  high	  quality	  &	  high	  energy	  electron	  accelerator	  based	  on	  acquired	  
knowledge.	  

2013	   2014	   2015	   2016	   2017	   2018	  

Proton	  beam-‐
line	  

Experimental	  
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Electron	  
source	  and	  
beam-‐line	  
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Time-‐scale	  for	  AWAKE	  	  

ModificaAon,	  Civil	  Engineering	  and	  installaAon	  

Study,	  Design,	  	  
Procurement,	  Component	  preparaAon	  

Study,	  Design,	  	  
Procurement,	  Component	  preparaAon	  
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Collider	  design	  issues	  based	  on	  proton-‐driven	  plasma	  wakefield	  
acceleraAon 	   	  G.	  Xia	  et	  al.,
hwp://dx.doi.org/10.1016/j.nima.2013.11.006	  

A	  possible	  future	  	  
	  

electron-‐positron	  collider	  based	  on	  proton	  driven	  plasma	  wakefield	  
acceleraAon	  
	  
and/or	  
	  
Electron-‐proton	  collider	  based	  in	  PDPWA	  
	  
Following	  based	  on	  
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Are	  there	  fundamental	  parAcle	  physics	  topics	  for	  high	  energy	  but	  low	  
luminosity	  ?	  
	  
Important	  discussion	  –	  power	  requirements	  of	  future	  colliders	  criAcal	  …	  
	  
Some	  examples	  here:	  
• 	  growth	  of	  QCD	  scawering	  cross	  secAon	  with	  energy:	  	  sensiAvity	  via	  
energy	  dependence	  to	  physics	  at	  very	  high	  energy	  scales	  ?	  

• 	  could	  a	  similar	  effect	  also	  happen	  in	  electroweak	  scawering	  ?	  	  
ClassicalizaAon	  and	  the	  black	  hole	  –	  parAcle	  duality	  

A.	  Caldwell	  



Conclusions	  
	  

Accelerator	  based	  parAcle	  physics	  has	  had	  a	  tremendous	  impact	  on	  our	  
knowledge	  and	  has	  been	  the	  key	  to	  the	  development	  of	  the	  Standard	  
Model	  of	  parAcle	  physics.	  
	  
But,	  we	  are	  in	  need	  of	  novel	  ideas	  …	  
	  
Plasma	  Wakefield	  AcceleraAon	  has	  been	  proposed	  many	  years	  ago	  –	  
steady	  progress	  in	  developing	  the	  technology,	  but	  there	  is	  sAll	  a	  long	  
way	  to	  go.	  	  InvesAgate	  new	  opAon	  –	  proton-‐driven	  PWA.	  
	  
Expect	  interesAng	  results	  within	  the	  next	  5	  years	  –	  stay	  tuned	  

A.	  Caldwell	  



The Luminosity Issue 
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